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AFOSRTR- 94 0285
ABSTRACT

The thrust of the research carried out under this grant has been the development and
study of wide, specially shaped graded quantum wells for electrons in semiconductors, as
synthesized by high-precision epitaxial growth. In basic characterization of the wide wells,
fundamental measurements of charge density, energy levels, and electron motions in the
wells were pursued. The achievement of high-Q solid state electron resonators at Terahertz
frequencies in the wide wells was stressed. Highly resonant cavities with electron
scattering times nearly two orders of magnitude larger than for electrons in high-purity
uniformly doped wells of comparable electron concentration have been grown. Structures
were also achieved in which the resonant frequency of the electrons could be changed by
application of a potential to a control electrode. Modification of the parabolic potential by
superposition of periodic potentials and the extension of the parabolic well concept to
remotely doped hole wells were also emphasized.
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OBJECTIVES

The basic thrust of our research was the development and study of wide, specially
shaped wells for electrons in semiconductors, as synthesized by high-precision epitaxial
growth. In general, our work has attempted to exploit the flexibility in well design and
the advantages of modulation doping in order to achieve new electrical and optical
phenomena, especially in the Terahertz frequency regime, where these materials can form
highly resonant and controilabie solid state electron resonators. Our growth effort is
aimed to be closely coupled with the UC Santa Barbara Quantum Institute, which has
developed a strong capability in the Terahertz frequency region. It is also closely coupled
with the Joint Services Electronic Program laboratories at Harvard University for
specialized low temperature and high magnetic field electrical and optical measurements
and for theoretical consultation. Collaboration with researchers at Wright-Patterson
Laboratories has also been initiated under this contract to study cyclotron resonance in
graded quantum wells as well as the application of dielectric mirrors based on digital-
alloy growth. As indicated in the publication list, this has been a productive effort during

the past three years, with the publication of over thirty papers and additional manuscripts
in press or in preparation.
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GROWTH OF WIDE PARABOLIC WELLS

Concept

The concept of achieving a nearly three-dimensional electron gas while reducing
electron-impurity interactions was introduced by Gossard and Halperin! who proposed
the growth of remotely doped wide parabolic quantum well structures as a means of
achieving the nearly ideal electron gas. In such wells, the conduction band edge potential
V(z) = Az2 of the undoped well mimics the potential of a uniform positive slab of
material of positive charge density ng = A£/2pe2, where € is the dielectric constant of the
material and e is the electron charge. The band profiles in the doped and undoped
parabolic well are illustrated in Figure 1. In the AlGaAs system, the conduction band
edge potential is nearly proportional to the aluminum content in the alloy. This allows
the creation of a parabolic potential by quadratic variation of aluminum content in the
growth direction in an AlGaAs heterostructure. Electrons are introduced into the system
by remotely doping the wide parabolic well structure with donor atoms in the barrier
layer regions outside the well. The electrons from the donors fall into the well, where
they screen the parabolic potential of the well and distribute themselves in a nearly
uniform layer of density equal to the positive charge density that would produce the
original unscreened parabolic potential. Electron mobilities in this system are roughly
two orders of magnitude higher than bulk GaAs due to separation of free carriers from the
ionized impurities. In addition, densities below the metal-insulator transition can be
achieved with this method since carrier freezeout is not a concern.2 Mobilities in excess
of 100,000 cm?2/Vs (and as high as 350,000 cm?/Vs for a 3DEG with density = 10!6 cm-3)
have been obtaired in a variety of 3DEGs with densities ranging from as low as 4 x 1015
cm-3 up to 1017 ¢cm-3.3.4




Zero-Charge Band Diagram of Parabolic Well:

- w >

dz%c 3 A
N*=E. =3¢,
D7 dx WwE

Figure 1. Band profile in undoped and doped parabolic well where doping is added
outside the well.
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Growth Techniques

Wide parabolic quantum wells have now been grown both by a high precision
grading technique that involves computer-controlled chopping of the aluminum
molecular beam in a short period (~20 A) graded superlattice? and by a temperature -
controiled aluminum oven deposition technique that varies the aluminum oven
temperature during growth? .

i

i

i

' The digital alloy technique is shown schematically in Figure 2. A superlattice
with a constant period of 20 A is grown. The duty cycle of the Al in each period is varied

l in the desired fashion, for instance, parabolic, by computer control of the Al oven shutter
in the MBE machine. The carrier 'sees' an average Al mole fraction, in effect an analog
alloy. Using the fact that the bandgap of AlxGa]-x As is directly proportional to the Al

. mole fraction over a large range of x values (0 to 0.45), the result is a graded bandgap
directly proportional to the graded alloy composition. To synthesize a uniformly quasi-

I doped semiconductor with a carrier density of ~ 2x1016 cm3 would require a 2000 A
wide parabolic well in which the Al mole fraction went quadratically from zero at the

l center to 0.2 at the edges.

In comparison, the analog alloy technique involves the changing of the

I temperature of the aluminum molecular beam furnace to create a variation of the beam
flux over time. Although this method produces a potential without the sharp variation in

l local potential created in the digital alloy, several problems exist. Due to thermal time
constants, thermal gradients, and heat capacities of the furnaces, there will be time delays

l between the set point of the furnaces and the actual desired flux rate from the effusion
cells, although these delays can be partially compensated for by using iteratively learned

l control loops for the furnaces.5 Additionally, this method requires precise calibration of
the aluminum flux over a wide range of temperatures in comparison to the relatively

l simple RHEED oscillation growth rate measurement used in the digital alloy technique.

i
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Figure 2. Digital alloy and analog alloy parabolic well compbsitional profiles.
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. ition Dete, qination by Flux Profil

In c.uer to determine epitaxial growth rates and composition profiles for wide
parabolic wells and other graded heterostructures, we developed a sensitive and fast
method for pre-growth calibration of our graded structures’ . The profiles are measured
in calibration runs by using a fast picoammeter to track the ion-collector current of the
beam flux monitor ion-gauge (facing the ovens) and by integrating the ion current with
time to calibrate the profile of Al mole fraction vs. depth deposited in growth of graded
AlxGa_xAs alloys. A computer is used to either ramp the Al oven temperature (analog
alloy), or pulse the Al beam (digital alloy), with a fractional monolayer depth resolution
that permits a wide range of averaged alloy profiles to be obtained. Parabolic quantum
wells have been grown by both techniques and the corresponding measured profiles
compared to each other and to the design profile. The ability of the digital-alloy
technique to generate arbitrary graded-alloy profiles is illustrated in Figures 3 and 4.
Figure 3 shows the measured flux profiles in comparison with a target sinusoidal flux
profile for beam flux control by oven temperature variation (analog alloy) and for beam
flux control by periodic molecular beam shuttering (digital alloy) control. It is our
contention that the degree of attainable accuracy in composition profile is greater with the
digital alloy control especially for structures with rapidly varying potentials. It is also
evident that the degree of measurement accuracy for the flux profile is greater by our ion

gauge measurement than it is by post-growth profiling by, for example, sputter Auger or
sputter SIMS profiling® . For electron gases in wide parabolic potential wells the design
parameter of interest is the well curvature, inasmuch as the carrier density profile is
controlled by it. Curvature vs. depth profiles calculated from digital and analog alloy
profiles are shown in Fig. 4 and compared to the constant design curvature. The
development of this technique has been extremely useful for pregrowth calibrations. The
curvature of the composition is still more sensitive to the accuracy of the graded alloy
compositional profile than the composition itself. Our experimental results on
measurements of the electron density profile confirm that the uniformity of the three
dimensional gas is very sensitive to the uniformity of the curvature of the wells. Again,
the precision of the digital shuttering technique and the accuracy of the fast ionization

gauge profile measurement are evident in comparison with analog alloy and sputter
profiling techniques.
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Figure 3. a) Measured aluminum molecular beam flux composition profiles x(z) in
comparison with a target sinusoidal flux profile (solid curve) for beam flux control by
oven temperature variation (analog alloy, dashed curve)) and for beam flux control by
computer-controlled molecular beam shuttering (digital alloy, dotted curve) control. b)
Deviations Dx in average aluminum concentration x(z) between measured molecular
beam flux profiles and the target sinusoidal flux profile.
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compared to the constant design curvature (solid curve).




ELECTRICAL PROPERTIES

In conjunction with the Harvard group, measurement of the capacitance between a
front gate and the electron gas in a wide parabolic well was used to study the subband
structure and the uniformity of the electron gas layer in the wells® . Performing these
measurements in an in-plane magnetic field allows features that arise as a result of
subband depopulation to be differentiated from those due to charge density fluctuations
as a result of potential perturbations. Features in the C-V profiles that do not shift with
magnetic field are attributable to non-uniform features in the electron distribution,
whereas observed features in the C-V profiles that shift with magnetic field (as illustrated
in Figure 6 for fields between zero and 8 tesla) are attributable to the filling and emptying
of quantum-confined subbands in the wide quantum wells. Figure 7 shows both the
capacitance and resistance of the same sample as a function of in-plane magnetic field.
The resistance features caused by depopulation of the subbands coincide with the
occurrence of capacitance features.

Capacitance-voltage profiling is now a standard tool to measure the width,
density, and modulation of the electron gas in wide graded structures (see sections on
hole gas and wide electron gas with periodic density modvulation). A thorough theoretical
and experimental study of C-V profiling on several types of graded heterostructures has
been done in which carrier profiles extracted from capacitance data are compared to
theoretical carrier distributions!?. This method has also been used to measure the
conduction band offsets in the AlxGa.xAs system for different values of aluminum mole
fraction, x. It was found that DEc(meV) = 720 x,, in good agreement with existing
measurements.




*

Figure 5. Contacting and gate bias configuration for measurements of capacitance
between gate electrode and electron gas in a graded well.

A A B B A B A At R e B e o S

i 12801 P31 1A . ]

€CRY GFN)

0 b iaas laasa o s s daeaebasaadaasadsssatosandonsadssistan

-1.0 08 0.6 0.4 0.2 0.0

pooe vahage (V)

Figure 6. Derivative of capacitance (dC/dV) between gate electrode and electron well as
a function of gate voltage for a parabolic potential well in magnetic fields between O tesla
(bottom trace) and 8 tesla (top trace). Features that move with applied magnetic field are
due to subband filling, while features in high field that do not move are due to non-
parabolicities in the potential profile.
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Figure 7. Curve at top shows capacitance between gate and electrons in wide parabolic
well as a function of magnetic field at zero gate voltage. Peaks at 0.6 tesla and 1.8 tesla
are caused by depopulation of new subbands and occur at nearly the same magnetic fields
as the corresponding peaks in the electrical resistance as a function of magnetic field that
are shown in the lower half of the figure.
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Wide parabolic wells offer new insights into the electron scattering that
determines the electrical conductivity of semiconductors. The principal sources of
electron scattering are potential fluctuations due to impurities, alloy fluctuations, an
lattice vibrations.

Another source of scattering has been proposed and calculated by Wladislaw
Walukiewicz at Lawrence Berkeley Laboratories!! , in response to experimental data
from our wide parabolic wells. This new source of scattering is size effect scattering of
high-mobility electrons at the edges of the electron gas. It occurs when the potentials at
the edges of the gas are not uniform, allowing the edge of the electron gas to expand in
regions of potential fluctuations (Figure 8). This allows non-specular electron scattering
from the soft walls of the parabolic potential. With this mechanism, Walukiewicz has
been able to explain, for the first time, the magnitude and temperature dependence of the
electron mobility in the three-dimensional electron gas in wide parabolic wells (Figure 9).
A similar effect had been proposed for thin semiconductor films!2, and for silicon
inversion layers!3, but had not been identified experimentally because of the relatively
hard edges and steeply sloping potentials for the two-dimensional electron gas in
MOSFET's. The effect could be important in graded heterostructures, though, where the
edges of the electron gas are softer. It had not been observed in uniformly-doped
semiconductors because of the short mean free paths of carriers. In the uniformiy doped
case, the path lengths are generally much shorter than sample dimensions.




Figure 8. Schematic illustration of sc

attering of electrons at fluctuations in edges of
an electron gas.




v
.

a
= 7]
x
&
0
2
P
Z a3 -
Q
E -
Q Lo
> 21— P4 - -
= -
’-"—.’v
4."'."
1~ -
0 10 20 30 40 50 80

Temperature (K)

Figure 9. Calculated inverse mobility versus temperature for wide parabolic GaAs
quantum well with ionized impurity concentration nj = 2.3 x 1014 cm-3 and no size effect
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Ouantum Hall effect

At high magnetic fields, the integral quantum Hall effect was observed in
parabolic wells (Fig 10)'4. The data show how the integral quantum Hall effect makes a
transition from two-dimensional toward three-dimensional behavior as electrons are
added to the well via the persistent photoconductivity effect. As the thickness of the
electron layer increases on filling of the well, the magnetic field position of the v=1
filling factor Hall step remains fixed, indicating a nearly constant Fermi energy; positions
of Hall steps at higher filling factors change due to the decreasing subband energy
spacings as the electron layer gets wider.
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Figure 10. Quantum Hall effect and magnetoresistance versus magnetic field in a 4000 A
wide parabolic well: (a) before illumination, (b) and (c) after increasing periods of
illumination, which raise the number of electrons from 0.78x101! cm-2 to 1.12x1011 cm-
2
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Electron transport in parabolic wells has also been studied under the influence of a
gate bias applied to a semitransparent (Ti/Au) front gate!S . For certain orientations of the
magnetic field with respect to the sample, even integer quantum Hall states were
observed to be suppressed and recovered as a function of gate bias. Figure 11 shows Hall
resistance for several gate biases showing clearly the suppression and recovery of the v =
4 plateau. This effect can be explained quantitatively by a self-consistent calculation that
considers the interplay of occupied Landau levels belonging to different subbands. In
addition, a double minimum structure for the v = 3 has been observed, reflecting the
different exchange enhancement of the spin splitting of the two lowest subbands.
Parabolic well samples have also been studied in the fractional quantum hall regime
where very different signatures have been seen compared to a standard high mobility
2DEG3.
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Figure 11. Hall resistance py for different carrier densities. The arrows indicate the v=4
plateau which vanishes and reappears in this range of Ns.
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OPTICAL PROPERTIES

Photolumi { Photolumi Excitati

To verify the parabolicity of the conduction and valence bands in the parabolic
wells grown by digital alloy, PL and PLE experiments were performed on a sample
consisting of ten undoped 520A wide parabolic wells with Al content going from O at the
center to 0.3 at the edges as shown in Fig. 12!6. The peaks in the excitation spectrum
reflect the harmonic oscillator like transitions between electron and hole states and
confirm the electron and hole energy level spacing for parabolic wells.

Our collaborators at Harvard have measured PL and PLE on undoped parabolic
wells as well as p-type and n-type modulation doped wells!? . The modulation doped
parabolic wells no longer show a simple harmonic oscillator ladder spacing. As electrons
(holes) fill the well, a uniform quasi-3D gas is created which screens the parabolic
potential leaving a flat conduction (valence) band profile. The valence (conduction) band
in this case is still parabolic, but with an increased curvature. Although this becomes a
very complicated problem with exchange and correlation effects making significant
contributions to the absolute energies, data show that energy levels are qualitatively
consistent with the picture of a uniform density slab of carriers screening a parabolic
potential.

Also in collaboration with the Harvard group, the hydrostatic pressure
dependences of the harmonic oscillator spacings of an AlGaAs parabolic well were
measured by photoluminescence excitation spectroscopy !®. The pressure dependence of
the conduction band offset for GaAs/AlGaAs heterojunctions could be determined from
these results, and it was shown that the band gap difference in the conduction band may
increase with pressure by as much as 10% at pressures of 25 kbar. Thus previous
determinations of conduction band offsets by use of pressure data are shown to be subject
to an overestimation by up to ten percent.

Resonant inelastic light scattering, performed by the Harvard group!? , was used
to probe the excitations of wide parabolic quantum wells. In each sample, a series of
spectra for excitations near the spin-orbit split-off band gap showed two strongly resonant
light scattering peaks. The resonance curves for the peaks were separated by an energy
equal to the scattering peak separation, and are consistent with a model in which the
electron gas in the well is distributed as a uniform density slab, giving rise to a square




17

well effective potential, in confirmation of the theoretical behavior of an ideal modulation
doped parabolic well.
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Figure 12. Energy levels and optical interband transitions in an undoped 520 A parabolic
quantum well are shown at top. Observed photoluminescence excitation spectrum and
emission peak are shown at bottom.




(g -

18

Nonlinear P ,

Second harmonic generation at infrared frequencies requires an asymmetric
crystal structure and offers another application for the parabolic well family that has been
explored. The second harmonic generation should be greatly enhanced in asymmetric
parabolic potential wells, especially the half parabolic well, as compared to certain bulk
materials which themselves are highly non-linear (Fig. 13). This structure was proposed
by our collaborator, Professor Mark Sherwin, in the UCSB Physics Department. The first
non-linear susceptibility coefficient, x(2) for half parabolic wells has been calculated and
it was found to be more than four orders of magnitude greater that lithium tantalate and
more than six orders of magnitude greater than for gallium arsenide.

These structures have been grown and examined in the intense pulsed far-infrared
beam of the UCSB free electron laser?®. Strong second harmonic response was seen
from the half parabolic wells as well as from single heterojunctions and measured as a
function of incident beam intensity for incident photon energies in the 30 to 50 cm-1
range (Fig. 14). In addition, ionization of carriers from the wells by the intense FEL
beam was achieved. From the persistence of the carrier decrease after irradiation, it was
deduced that the electrons that are removed from the wells are bound at DX centers in the
AlGaAs barriers.
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Figure 13. Design of the structure containing ten half-parabolic electron wells for study
of harmonic generation. Aluminum content versus distance is plotted, and location of
doping layers is shown.
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Figure 14. Second order susceptibility %(2) as a function of transverse component of
electromagnetic electric field for half parabolic wells at T = 7 K at a fundamental

frequency of 29.5 cm-1.
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Surface Plasmons

l Coupled surface plasmons in high mobility three dimensional electron gases in
parabolic wells were observed for the first time in collaboration with Professor Beth

l Gwinn in the UCSB Physics Department and her graduate students Paul Pinsukanjana,
Esther Yuh, and Naggi Asmar?!. The parabolic well electron gas gives a unique

' opportunity to observe such modes because 1) the electrons are spaced further apart than
in a metal, 2) the electron scattering is small in the modulation doped parabolic well, and

. 3) the width of the electron gas in the parabolic well can be varied by means of a gate
electrode. This has allowed Professor Gwinn and her group to study and gain access to
the parts of the dispersion relation between the zone boundaries and the zone centers that

l could not be reached in previously available materials. Using this technique, coupled
plasmon modes having the configurations shown in Figure 15a were observed. The

l predicted frequencies of the modes with increasing width w of the electron gas are shown
in Fig. 15b; the studied well is shown in Fig. 15c; and the grating coupler/gate and

l configuration of the parabolic well are shown in Fig. 15d. Transmission spectra at two
different gate biases are shown in Figure 16. The two lowest frequency resonances are

l coupled surface plasmons with the stronger one corresponding to a plasmon with
wavevector parallel to the surface and equal to the grating wavevector. The weaker mode
corresponds to a surface plasmon with wavevector equal to twice the wave vector of the

' grating. The high frequency resonance occurs near the plasma frequency @p of the
sloshon mode and is assumed to arise from the positively coupled surface modes of

l frequency w*. These surface plasmon modes shift with changing width of the occupied
region as gate bias is changed. This occurs because the surface modes on opposite sides

l of the electron slab are coupled with each other and the coupling changes as the slab
width changes. The system is particularly tractable to analyze because the parabolic

' potential continues beyond the edges of the occupied slab.

Coupled surface plasmons have also been studied in more complicated

' heterostructures such as a bi-metallic well??. This structure consists of two parabolic
regions of different curvature which meet smoothly creating an electron distribution
with a step in the electron density. Additional structure in the absorption spectra was

' seen due to the additional interface between regions of different electron density.
These studies have provided information as to how excitations of a thin metal with

. internal density gradients evolve into surface plasmons of a three dimensional layer.

i

e —————————————
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Figure 15. a) Charge and electric fields of coupled plasmon modes of electrons in wide
parabolic potential wells. b) Predicted frequencies of the modes as a function of the
width w of the electron gas slab. c) Dimensions and composition and potential profile
(for empty well) of the modulation doped well in which the coupled plasmon modes were
observed. d) The grating coupler and well configuration, the grating wavelength Ag, the
incident photon direction (sine wave arrow) and the internal electric field distributions
(curved arrows) for measurement of the coupled plasmon modes.
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Figure 16. Relative transmission -AT/T of modulation doped parabolic well as a function
of frequency. Dashed and solid lines show transmission spectra before illumination for
gate voltages -0.2V and +0.2V respectively. The baseline for the solid curve has been
offset. Inset shows illumination-induced splitting of the low and high frequency modes
for gate voltage -0.5V.
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Far-infrared S  Wide Parabolic Well

Sharply resonant behavior of electrons in wide graded wells has now been
seen using several different coupling techniques??. Working with Professor
Elizabeth Gwinn in the UCSB Physics Department and with Dr. Achim Wixforth, we
have made structures in which resonant electron behavior has been seen in a)
cyclotron resonance, b) hybrid cyclotron-plasma resonances and ¢) in pure plasma
resonances2*. Observation of sharp resonances in the wide graded structures is made
possible by the enhanced carrier scattering times (T) due to the high mobilities in the
structures. To observe clear resonant behavior requires that wt » 1. This condition
implies that a mobility near 1000 cm2/Vs is required at submillimeter wavelength
frequencies. Low temperature mobilities typically two orders of magnitude greater
than this limit in our structures enable the first enhanced-Q electron resonators in this
frequency range to be built for electrons in semiconductors.

A plot of the observed plasma frequencies as a function of gate voltage for a
2000 A wide well in a magnetic field tilted with respect to the sample surface is
shown in Figure 17. When the gate on the sample is biased, the total number of
electrons in the well is changed, but the observed plasma frequency, as shown in
Figure 17, is found to be independent of the total charge density, in confirmation of
the so-called Kohn theorem for the parabolic well?> . The Kohn theorem?6 states that
electrons in a perfect parabolic well with a magnetic field in an arbitrary direction will
absorb long wavelength light only at the two frequencies (plasma and cyclotron or
admixtures thereof) corresponding to the motion of the center of mass of the electron
system. The striking feature is that the intersubband resonance remains constant in
frequency as the well is filled with electrons even though the single particle levels are
changing dramatically from evenly spaced harmonic oscillator energy levels to square
well like quadratically spaced levels. The Kohn theorem is applicable to all systems
with parabolic confinement, the most notable being electrons in electrostatically
defined potentials (i.e quantum dots)?’ .

In addition to observation of the hybrid plasma/cyclotron resonance for magnetic
fields tilted and parallel with respect to the surface, the plasma resonance has also been
observed directly with normally incident radiation without the use of a magnetic field
(Wixforth et al., 1991) by using a grating coupler to couple to the plasma resonances.
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Parabolic wells with widths 75 nm and 200 nm in which the number of electrons in the
well was controlled and varied by a semitransparent front gate electrode have been
studied. The resonance positions for the fundamental absorption mode are also
independent of gate voltage and carrier densities within the precision of the measurement.
Thus, the determined value of the plasma frequency was in agreement for the different
measurement techniques, as shown in Figure 18.
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Figure 17. Observed resonance frequencies as a function of gate voltage (upper plot)
for a 2000 A wide well in a magnetic field tilted with respect to the sample surface.
The total charge density per unit area in the well and the charge density profile in the
well are shown for the same range of gate voltages in the bottom half of the figure.
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Figure 18. Resonance frequencies as a function of gate voltage for a modulation doped
parabolic well measured by three different techniques. Filled circles represent
frequencies measured in tilted magnetic field, stars represent resonant frequencies
determined from measurements with magnetic field parallel to the surface, and open
circles show resonant frequencies measured by direct absorption measurement with a
grating coupler.

We have also grown a number of structures in which the potential profile differs
from a pure parabola, either due to intentional nonparabolicities or due to the effect of the
edges of the potential. Because of the simplicity of the Kohn theorem result (that the
fundamental absorption frequency in parabolic wells is independent of the total number
of electrons in the well), the absorption spectrum of the conduction electrons in a wide
well becomes a sensitive test of the shape of potential wells with small deviations from
parabolicity. For wells that are not purely parabolic, the plasma and cyclotron
frequencies are shifted and transitions between other states of the electron system are
allowed. In our experiments on wells of 750 A width with sharp external barriers, the
energies of the fundamental plasmon excitations were shifted only slightly from those of
the perfect wells, but satellite resonant absorption lines were observed (Figure 19). There
are many modes close to the cyclotron frequency, and this accumulation of modes shows
up as a heavy line at the cyclotron frequency in the 23 degree orientation of Fig. 20. The
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observability of modes with frequencies (square points) different from the center of mass
modes occurs because the parabolic symmetry is broken by the edges of the well and the
influence of the gate electrode that controls the carrier concentration in the well. The
theory calculation of the frequencies and intensities of these modes has been carried out
by our Harvard theory collaborators2®. The agreement between the theory and the
experimental points suggests that the experimentally observed modes are closely related
to the calculated magnetoplasmon modes. The small satellite resonances observed at zero
magnetic field demonstrate the coupling of the far infrared radiation to the internal
oscillations of the electron system.

—t Pl b

Figure 19. Relative transmission spectra of -AT/T versus frequency for electron
resonances measured experimentally at different gate voltages in parabolic wells of 750 A
width with sharp external barriers. Traces A and B were taken after illumination of the
sample, which further increased the carrier density in the well. In both the limits of high
and low electron concentration, deviations from the harmonic oscillator behavior are
observed as satellite absorption lines are observed.
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Figure 20. Electron resonance frequencies as a function of magnetic field in the sample
of Figure 19. Open points are experimentally observed resonance positions and closed
circles are theoretically calculated resonance energies. The diameters of the closed
circles represent the theoretically calculated relative intensities of the resonances. The
observability of modes with frequencies (square points) different from the center of mass
modes occurs because the parabolic symmetry is broken by the edges of the well and the
influence of the gate electrode that controls the carrier concentration in the well.
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Thres Dimensional Hole G

The concept of creating a wide, uniform density layer of electrons by modulation
doping of a parabolic well with Si donors can be extended to create a three dimensional,
high mobility hole gas?®. A schematic diagram of the valence band and conduction band
edges and the energy levels in the p-type modulation doped parabolic wells is shown in
Figure 21. The materials used for making the three dimensional hole gases were digital
alloy AlGaAs wells with beryllium doping in the barriers. The hole concentrations in the
wide parabolic wells, unlike hole concentrations in uniformly doped materials, do not
freeze out at the lowest temperatures, and hole mobilities that are strongly enhanced with
respect to uniformly doped p-type layers have been observed (Fig. 23). Thus, they offer
the first opportunity to observe quantum effects in the electrical resistance of three-
dimensional holes and to produce hole resonators. Clear oscillations of the
magnetoresistance with multiple periods have been observed as well as plateaus in the
Hall resistance (Fig. 24).

These AlxGa)-xAs parabolic wells were formed by the digital alloy technique, and
it was not fully understood whether the holes with their substantiaily heavier effective
mass would be able to effectively screen the fine period superlattice. Analysis of the
charge distribution and energy levels in the digital alloy parabolic well were carried out
by a simple perturbation theory treatment. The result of this treatment is that a sinusoidal
superlattice potential superimposed on a uniform electron gas changes the electron
effective mass from mo* for a uniform potential to mq* {1 + 0.5[U(G)/E(G/2)]2} for a
potential to which a sinusoidal potential of magnitude 2U(G)cos(Gz) has been added.
Eo(G/2) is the energy for carriers with the bulk effective mass at wavevector G/2 = n/d,
where d is the period of the perturbation. The change in mass of the carriers for motion
perpendicular to the digital alloy superlattice is thus proportional to the fourth power of
the superlattice period. At a superlattice period of 20 A, a hole of mass 0.50 me is
increased to electron mass 0.513 me, while the energy of the band is shifted by an amount
4.6 meV. Although the hole charge density has ripples of size about +/- 23% for this
structure, the electron motion is not significantly perturbed at this period of digital alloy
superlattice.
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Figure 21. Schematic diagram of the composition profile and the valence band edge
profile in p-type modulation doped parabolic well.
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Figure 22. Hole concentration per cm2 as a function of temperature measured by Hall
effect in parabolic well hole gas before (crosses) and after (circles) illumination. The

design curvature of the parabola corresponds to a uniform hole concentration of 4 x

1016 holes per cm?.
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Figure 23. Hole mobility from Hall effect measurements as a function of
temperature in parabolic well hole gas before (closed circles) and after (open circles)
illumination.
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Figure 24. In-plane electrical resistance and Hall resistance as a function of transverse
magnetic field for boles in wide parabolic well.
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Superlattice i a Parabolic Well

The growth of parabolic wells containing superlattices has been shown to
produce a wide, high-electron mobility, periodically modulated electron gas 303! .
This technique allows the realization of layered electron gases with far higher
mobility than ever before for layers that are close enough to each other for significant
coupling between the electrons. The principle of the structure is illustrated in Figures
25 and 26. Figure 25 comy res structures for producing coupled sheets of electron
gases. The top figure illustrates band edges before transfer of electrons form donors
to the wells and the bottom figure shows band edges and carrier distributions after
electrons transfer to the wells for a) the modulation doped superlattice and b) a
superiattice in a parabolic well with only the exterior barriers doped. Reduced
ionized impurity scattering at low temperatures due to the removal of donors from
superlattice barriers gives mobilities almost an order of magnitude higher for the
superlattice in the parabolic well. Figure 26 shows the electron densities and effective

potential profiles calculated quantum mechanically by a self-consistent Poisson-
Schrodinger equation solver for a superlattice in a parabolic well having the
dimensions and compositions of a sample that we have grown, as well as the

corresponding electron densities and effective potential calculated for a parabolic well
without a superiattice.

Two samples, similar to the ones for which calculations were presented in Fig.
26, were grown. Mobilities as high as 1.8x105 cm?2/Vs at a sheet density of 2.5x1011
cm-2 for the bare parabolic well, and 1.1x105 cm?2/Vs at a carrier density of 2.0x1011
cm-2 for th. parabolic well with superimposed superlattice were observed2. The
low-temperature mobility measured in the plane of the layers for the density-
modulated 3DEG is an order of magnitude higher than is available in a standard
modulation-doped superlattices of the type shown in Fig. 25.

Capacitance versus voltage (CV) measured between the surface gate and the
electron gas in the graded well for both samples are shown in the inset in Fig. 27.
Whereas the capacitance falls off smoothly with voltage for the bare parabolic well
(PB31), the CV trace for the parabolic well with a superlattice (PB32) displays ripples
superimposed on the decrease. These ripples are associated with the sweeping of the
leading edge of the electron gas through successive periods of the superlattice with more
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negative bias. From the CV measurement one can extract an apparent electron
disiribution versus depth shown in Fig. 9 for both samples. A modulation of the apparent
electron density is readily seen for the electron gas in the parabolic well with
superimposed SL; no such modulation is seen for the 3DEG in the bare parabolic well.
We believe this to be the most direct evidence to date of the density-modulation produced
in such structures. Theoretical studies of this system>* predict novel electrical and
optical properties which are currently being investigated.

. k< 10,000 cm2/Vs p > 100,000 cm2/Vs

Figure 25. Comparison of structures for producing coupled sheets of electron gases.
The top sketches of band edge profiles and location of dopant atoms shows band edges
before transfer of electrons form donors to the wells. The bottom sketches show band
edges and carrier distributions after electrons transfer to the wells for a) the modulation
doped superlattice and b) a superlattice in a parabolic well with only the exterior barriers
doped. The larger spacing between the dopants and the electron gases gives far higher
mobility (more than ten times larger) in case b) (superlattice in a parabolic well).
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Figure 26. Electron densities (solid lines) and effective potential profiles (dashed lines)
for a superlattice in a parabolic well having the dimensions and compositions of a sample
that we have grown (top curve), as well as the corresponding electron densities and
effective potential calculated for a parabolic well without a superlattice (bottom curve).
Energies Ej of the edges of subbands are also shown.
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Figure 27. Electron density profile as a function of distance measured by capacitance
profiling between a surface gate electrode and the electron gas in a graded well for
samples containing a superlattice in a parabolic well (solid curve) and a parabolic well
with no superlattice (dashed curve). Inset shows capacitance versus voltage measured for
the same samples.
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Tunable Electron Resonator

Another example of a graded heterostructure based on the parabolic well is a
widely tunable high-Q Terahertz-frequency electron resonator’ . These modulation-
doped asymmetric wide wells have been shown to give electric field-induced shifts of
the electron resonances of more than 200% (from resonant absorption frequencies of
1.1 Thz to 3.7 Thz, i. e. from 35 cm™! to 125 cm-!) for modest gate voltages35. By
contrast, purely parabolic wells have resonant absorption frequencies that are
remarkably independent of electron occupation of the wells and independent of
applied electric fields. Thus the new resonators operate in an interesting regime
between a purely parabolic well (in which an applied electric field or a depletion of
the well causes no shift whatsoever in resonance frequency) and in square wells (in
which only much smaller shifts can be produced). The resonances are strong and do
not require magnetic field or exotic low temperatures.

The devices are based on a wide graded “logarithmic” well structure with the
shape illustrated in Figure 28. Using a surface gate, an epitaxially grown back gate,
and a contact to the electron gas, we produce the shift in the far infrared collective
electronic resonant response by moving the electron gas through the asymmetric well.
By controlling the electron density in the well, we can separately tune the absorption
strength. In comparison, previous work on narrower (~100 A) asymmetric step wells
has yielded much weaker shifts in the frequency of the intersubband optical
absorption. Narrow band detectors and emitters based on cyclotron resonance have
comparable tunability, but require strong magnetic fields.

We synthesized a bare well potential V(z) in which the harmonic oscillator
frequency g at the potential minimum varies linearly with applied electric field E(z)

= E across the well:

asz(zmin)

2
a)o(zm)={7nl—*-[———87—]} = #(aemb) )

where a and b a¢ constants, e is the electronic charge, Vr(z) = V(z)+ €Ez is the total

potential in the absence of electrons in the well, and the second derivative is evaluated
at the minimum point of V1(z). We studied the solution of Eq. (1), V(z) = -a~
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2in(abz+1) + zb/a, in which we give the empty well a tunability 5—:‘—6% =20cm
1/(kV/cm) by setting a = 0.0751 (meV)-1/2 and b = 0.0263 (meV/A2) /2. The well

edges are z = -450 A and z = 1005 A.

GaAs/AlyGa |_x As samples were grown by molecular beam epitaxy to
simulate the potential V(z) shown above. Far-infrared transmission measurements
were made using a stripline geometry (inset of Fig. 29) with radiation coupled into the
edge of the sample. The large tunable absorption in the logarithmic well is

demonstrated in Fig. 29, which shows the observed absorption spectra for a series of
Vfg at fixed V,p. Compiled in Fig. 30 are the frequencies of the dominant absorption

peaks versus Vg for equally spaced Vrg- The filled data points have approximately
the same ng(Ve,,Vpg) ~512x 1010 cm-2, and demonstrate that it is possible to Stark
shift the singie sharp absorption peak from 35 cm-! to 125 cm-! by moving the
electron gas through the logarithmic well, while maintaining approximately constant
ng and integrated absorption strength. These collective electronic resonances make
this structure a B = O voltage-tunable modulator. Similar graded well structures could
form the basis for tunable, narrow band, Terahertz solid state oscillators and harmonic

generators.
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Figure 28. Compositional structure x A] of AlxGa].x As graded tunable potential well
with quantum well back gate (QW), low temperature GaAs insulating barrier (L.T),
and modulation doping (shaded layers) on either side of the tunable well.
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Figure 29. Experimentally observed transmission spectra for far-infrared Terahertz
radiation passing through tunable well in a paralle] direction at a series of front gate
applied potentials from -1.2 Volts to +0.2 Volts. Back gate potential is 0.0 Voits.
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Figure 30. Frequencies of peak absorption for tunable well as a function of back gate
voltage Vg for a series of front gate voltages from -1.4 to +0.2 Volts. Filled circles
correspond to conditions at which the electron occupation of the tunable well are all
approximately equal.
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Parabolically Graded Mirror Stacks in VCSEL’

In collaboration with Professor Larry Coldren at UCSB, we have successfully
applied the design and synthesis techniques that we developed for wide graded wells
to the design and synthesis of improved interfaces between the layers of doped multi-
layer Bragg mirrors for vertical cavity surface emitting lasers (VCSEL’s)*¢. The
techniques of high precision compositional grading, modulation doping, and digital-
alloy growth developed so far under this AFOSR program have opened a path to
improvement in growth and performance of VCSEL’s. Such lasers rely heavily on
high reflectivity Bragg mirror stacks through which it is necessary to inject laser
current with low loss and low voltage drop. We have recently shown that
modulation-doped precision-graded structures based on the techniques developed
under this AFOSR program can accomplish this current injection through the mirrors
far more efficiently than the former brute-force approaches that simply used massive
doping and uncontrolled grading profiles to try to beat down the mirror series
electrical resistance. The concept is shown in Figure 31, which illustrates the
flattening of the valence band profile in a parabolically graded interface achieved by
excess acceptor ions and holes introduced by modulated doping. The new approach
achieves a substantially higher mirror conductivity with a substantially lower carrier
concentration and thus gives the important added advantage of reduced optical losses
due to light absorption by the free carriers in the mirror. This in turn has the further
important advantage that laser mirrors can be made with materials components such
as higher aluminum-content alloys that were previously considered to be
insufficiently dopable for good electrical performance. This in turn will let structures
with higher optical performance be used, leading to yet greater laser operating
efficiency and speed. The mirror improvement has already been demonstrated
experimentally. The improved interfaces are producing substantially reduced series
electrical resistance and improved optical properties in test structures as well as in
surface emitting lasers, where record high efficiencies and low operating voltages are
being obtained.
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Fi 31. Band edge diagram for engineered high-conductivity interface between
wiiie‘u{egap and narrow-gap p-type materials. The interface is composed of
parabolically graded, modulation-doped regions as indicated. a) shows band edges
for undoped case; b) shows doping profile; and c) shows band edges in the
modulation-doped parabolically graded structure.
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QOTHER HETEROSTRUCTURES

In addition to the work performed on graded heterostructures, a large amount
of research has been carried out on a number of high quality 2-dimensional electron
gas (2EDG) systems. Much of this work was carried out in collaboration with
researchers from the Center for Free Electron Laser Studies (CFELS) bere at UCSB
(Dr. Beth Gwinn, Dr. Mark Sherwin, and Dr. Jim Allen). Here we briefly mention
several such projects.

Measurements have been performed of the in-plane dc conductivity of a
2DEGQG subject to electric fields in the 0.25 to 3.5 THz range provided by radiation
from a free electron laser (FEL)37 . This experiment allows a measurement of the
energy relaxation time of hot carriers in a 2DEG as well as providing information as
to the mechanisms for carrier relaxation (phonon emission) at different frequencies of
the applied electric field.

Another research thrust involves resonant harmonic generation in asymmetric
double quantum well structures3® ., This system approximates a quantum
mechanically simple two level system with level spacing near 10 meV. A resonance
in the second (third) harmonic generation was measured when the depolarization-
shifted absorption peak is tuned by the application of a front gate bias (Stark effect) to
2 (3) times the pump frequency of the FEL. This shows the importance of many body
effects due to the fact that the resonance is associated with the depolarization-shifted,
instead of the bare, intersubband energy.

Work on superlattice transport in intense terahertz fields has also been carried
out using the free electron laser®®. The I-V characteristics of a GaAs/AlGaAs
superiattice were measured while the strong electric ficlds generated by the FEL were
concentrated on the sample. The low voltage superlattice conductance was found to
have an oscillatory dependence on the terahertz field strength as predicted?® and the
I-V characteristic showed steps indicative of photon mediated sequential tunneling
occurring when neighboring levels differ in energy by an integer number of photon
energy quanta (inhw).
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In collaboration with the Westervelt group at Harvard, experiments on high
quality near surface 2DEG samples have been performed. In particular, micron scale
heterostructures have been fabricated using electron-beam lithography for the study of
chaotic scattering in ballistic microstructures*! . In these devices, the mean free path
of electrons is larger than the device size so that motion of electrons is ballistic. This
means that essentially all large-angle scattering takes place as specular reflection from
the electrostatically defined potential walls. Low-temperature magnetoconductance
measurements (20mK) on a circle of sub-micron diameter (0.88 um) and a "chaotic"
stadium show large, aperiodic, conductance fluctuations as a function of
perpendicular magnetic field and a zero-field resistance peak indicating geometry-
dependent enhanced backscattering.
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CONSULTATIVE AND ADVISORY FUNCTIONS WITH OTHER
LABORATORIES

H { University:

We have continued close interactions with researchers at Harvard University
throughout the period of this contract. Professor Westervelt spent the Fall, 1992 semester
with us at Santa Barbara. He and his students worked on transport in our wide graded
wells, with special emphasis on capacitance studies of the subband filling and on the
transport and capacitance in the presence of a superlattice potential. Professor William
Paul's graduate student John Burnett also worked on the optical properties of the wide
parabolic wells at Harvard.

UCSB Quantum Iostitute:

We also continued to collaborate with several researchers in the UCSB Quantum
Institute and Center for Free Electron Laser Studies. The arrival of Professor Jim Allen as
director of the Quantum Institute increases its strength in the submillimeter wave field and
adds a special interest in the behavior of electronic devices in intense Terahertz fields.
Work with Professor Mark Sherwin in studies of non-linear and chaotic infrared properties
of our materials also continued. Professor Beth Gwinn extended her research in the studies
of the infrared plasmon properties of the new materials. Mani Sundaram, who was the first
graduate student supported under this AFOSR program, worked as a postdoctoral fellow in
the Quantum Institute making extensive infrared measurements in our materials.

Wright-P Lal .

During the period of this contract, we have initiated collaboration with several
researchers at Wright-Patterson Labs. Cyclotron resonance and electronic properties of
wide graded structures grown at UCSB are being studied by Omar Manasreh. Ron Caspi
and K.R. Evans are looking at structures grown by the digital alloy technique at UCSB to
compare that growth technique to the mass desorption spectrometry technique developed at
Wright-Patterson. In addition, Lorene Samoska, a student of Professor Gossard and
Professor Herbert Kroemer from the UCSB MBE laboratories is cooperating with Gail
Brown on the growth and properties of arsenide/antimonide short period strained
superlattices for infrared detection.
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University of Munich. G .

Professor Jorg Kotthaus from the University of Munich continued to interact
extensively with us. We grew several new structures with Professor Kotthaus that involve
multiple layers in three-dimensional systems and that are currently under investigation in
his laboratories. Former UCSB postdoctoral fellow Klaus Ensslin is now a faculty
member at Munich and is making further magnetotransport investigations, particularly on
coupled wells, with our materials. We are also extending our work on far infrared
properties of our materials in collaborz’:on with our former postdoctoral researcher Dr.
Achim Wixforth who is also now a facuity member in Professor Kotthaus' laboratory in
Germany.

Other Interactions:

Our results on sub-millimeter wave second harmonic generation from wide,
specially shaped quantum wells have formed the basis for a fledgling company that two
former students of Professor Mark Sherwin have formed. The goal of the company is to
develop submillimeter wave parametric oscillators and mixers based on wide, asymmetric
wells.

We continued a collaboration with Professor Gottfried Dohler of the University of
Numnberg and Erlangen in Germany. We have grown two n-i-p-i doped graded well
structures and work is now underway at Erlangen to investigate the properties of these
alternately doped structures.

We also initiated a collaboration with Dr. Don Heiman at the MIT Francis Bitter
Magnet Laboratory in which Dr. Heiman is investigating the optical properties of relatively
narrow, n-type modulation doped parabolic wells in the high magnetic fields at the Bitter
Magnet Laboratory.

In other advisory and organizational contributions not directly involved with the
work of this contract, but benefiting it indirectly, Professor Gossard was active in national
and international professional activities. He completed his term on the editorial board of
the Journal of Applie " «*:. sics and Applied Physics Letters. He has also completed a
review chapter on wiuc graded wells and digital alloys that will appear in a volume on
Epitaxial Microstructures that he is editing for the Willardson and Beer Academic Press
series, "Semiconductors and Semimetals", edited by R.Willardson, A. Beer. He served on
the review board for the University of Utah Materials Science and Engineering Department.
He was a member of the selection committee {or the American Physical Society
International Prize for New Materials, and was named chairman of the committee for this
year. He was one of the most highly cited authors of the 1980's, with over 9900 citations




4

in the 1980's to papers of his that were published in the 1980's. This placed him as the
second most highly cited author in the physical sciences for this period.




BERSONNEL
Professor Arthur C. Gossard (Principal Investigator)

Dr. Gossard received his PhD degree in Physics from University of California, Berkeley
in 1960. His PhD thesis title was "Nuclear Magnetic Resonance in Ferromagnetic
Materials". He was at AT&T Bell Laboratories from 1960 to 1987, with the exception of
a year of research at the Centre d'Etudes Nucleaires, Saclay France from 1962 to 1963.
He has been Professor of Materials and of Electrical and Computer Engineering in the
University of California, Santa Barbara from July, 1987 to the present. His special
interests are in the field of growth and properties of new artificially structured materials.
He has 12 patents in this area and over 490 publications. He is a member of the National
Academy of Engineering, a Fellow of the American Physical Society, and a former
Distinguished Member of Technical Staff in Bell Laboratories.

Dr. Mani Sundaram, Graduate Student, Research Assistant

Dr. Sundaram received his Bachelors Degree in Electrical Engineering from the Indian
Institute of Technology, Madras, in 1985. He came to UCSB in 1985 and did research
with Professor Steve Long on high speed GaAs field effect transistor devices before
starting his research on the fabrication and properties of high quality three-dimensional
electron gases. He earned his Ph.D. in September of 1991 and continued to work at
UCSB as a postdoctoral researcher in the Physics department with Dr. Jim Allen.
Currently he is a member of the technical staff at Jet Propulsion Laboratory.

Dr. Peter F. Hopkins, Postdoctoral Research Engineer.

Postdoctoral researcher, Dr. Peter F. Hopkins, joined the UCSB research program in
June, 1990 immediately after receiving his Ph.D. degree in Physics from Harvard
University, where he worked under Professor Robert Westervelt on electrical and optical
measurements of wide parabolic well materials generated at UCSB under this program.
In his work at Harvard, he observed the quantum Hall effect and associated
magnetotransport phenomena in the parabolic well structures and participated in the
discovery of the new features in the optical spectra of the doped wells. He previously
received his B.S. degree in Engineering Physics from University of California, Berkeley
with highest honors. His appointment at UCSB ended in September of 1993.

Mr. Kenneth L. Campman, Graduate Student, Research Assistant.

Kenneth Campman is a graduate student research assistant who has been working under
this contract since June, 1991. He received the B.S. degree from Caltech in May, 1991 in
Engineering Physics. He had an outstanding scholastic record at Caltech and holds an
Office of Naval Research Graduate Fellowship. He has been involved in the growth of a
number of graded well structures for observation of electron resonances in single and
coupled wells and with setting up the new enhanced-performance molecular beam
epitaxy system. He has also been working on the quantum mechanical simulation of
charge distributions and energy levels in graded superlattices.

Mr. Kevin Maranowski, Graduate Student, Research Assistant.

Mr. Maranowski received his Bachelors Degree in Electrical Engineering from Camegie
Mellon University, Pittsburgh, in June, 1993. He joined Professor Gossard's current
AFOSR program on the growth and electrical and far-infrared properties of wide electron
wells in semiconductors in July, 1993. Kevin is an outstanding student and graduated
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from Carnegie Mellon in only three years, while achieving an overall 3.97 grade point
average and holding technical industrial positions during summers. He was highly
recruited for graduate school, and we feel fortunate to have him in this program.
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DISCOVERIES AND INVENTIONS

No further patent applications were filed during the period of this report.




-l
-

OTHER STATEMENTS

The work supported under this grant has high visibility and is attracting interest
from leading researchers from a number of institutions around the world. It has led to an
unusually large number of publications, key ones of which are attached to this report.

Technically, the research is pushing our control of electrons in semiconductors
from the optical frequency range toward the millimeter wave frequency range and is
compressing the range of difficulty between the two frequency regimes. The work has
my highest interest and priority, and has been my only single-investigator grant.
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| Band-gap engineered digital alloy interfaces for lower resistance
vertical-cavity surface-emitting lasers ‘

M. G. Peters, B. J. Thibeauit, D. B. Young, J. W. Scott, F. H. Peters, A. C. Gossard,
and L. A. Coldren

Deparement of Electrical and Compuser Engineering, University of California. Santa Barbara,
Californie 93106

(Received 2 August 1993; accepted for publication 18 October 1993)

We report on a technique of grading the heterobarrier interfaces of a p-type distributed Bragg
reflector mirror to reduce the operating voltages of vertical-cavity surface-emitting lasers
(VCSELs). We repart VCSELs with lower operating voltages (2-3 V) and record
continuous-wave room-temperature power-conversion efficiencies (17.39%). We experimentally
demonstrate that by using a parabolic grading and modulating the doping correctly, a flat
valence band is generated that provides low voltage hole transport. The low resistance mirrors

are achieved using low Be doping, digital-alloy grading and 600 °C growth temperatures.

Vertical-cavity surface-emitting lasers (VCSELs) are
promising candidates for computer interconnections and
optical communication because of their ability to be inte-
grated as arrays on a single chip, high efficiency coupling to
fibers, and single longitudinal mode operation. The VCSEL
structure shown in Fig. 1 has the advantage of uniform
current injection and simple processing that requires no
regrowths, critical alignments, or implants. This type of
structure has yielded record results for VCSELs in many
areas.'* The dominant limitation of this structure’s per-
formance is the interface potential barriers of the p-type
distributed Bragg reflector (DBR) mirror which the cur-
rent must be driven through. The high resistance causes
power loss and joule heating of the device, and operating
voltages are typicaily higher than logic level drive specifi-
cation (>$ V).

Several solutions to lower the resistance of the p-type
mirror have been developed. The early attempts used dig-
ital alloy linear grading and heavy doping (~5x 10"
cm™’) at the AlAs/GaAs interface which lowered the
VCSEL threshold voltage to less than 3 V.! Growing DBR
stacks with lower barrier combinations, such as
Alg 7Gag 33As/GaAs instead of AlAs/GaAs, also with
heavy doping ( ~6X 10'® cm™3) produced threshold volt-
ages less than 2 V with differential resistances of 3.6 10~*
0 cm?® for a 45 um square device.* Recently, total resis-
tances as low as 1.9 10~*Q cm? have been reported for
Alg Gag9As/Alg9Gag jAs mirrors grown with heavy dop-
ing (~3x10'" cm™%) and piecewise continuous grading
formed by group III cell temperature variation.® A more
elegant approach of valence band engineering was reported
by Shubert ez aL” The method uses parabolic grading and
modulation doping in the interfaces to create a flat valence
band. Their implementation relies on the precision control
of alloy composition by Group III cell flux variation to
grade between GaAs and AlAs.

Theoretically, with an absolute control of doping and
composition, there are an infinite variety of DBR mirror
interface designs that would flatten the valence band, but
VCSEL performance and technical limitations must be
considered. For better VCSELSs, lower doping is required
to reduce free-carier loss and improve VCSEL efficiency, so

the average doping level is kept low in our design. To
reduce the total potential barriers, instead of an AlAs/
GaAs stack, Al ;Gag 13As/GaAs mirrors are used. Also,
since the p-type doping source is beryllium, which is
known to redistribute in AlAs,® by using AlGaAs/GaAs
continuous alloy layers, better Be doping control is
achieved. The other consideration is the speed and control
of changing material flux through the cell temperature.
This requires feedback to control the group III (Ref. 6) or
group v (Ref. 9) cells. However, using digital alloys, ac-
curate grading profiles over a few hundred angstroms can
be generated without the need for cell tempersture feed-
back control. Since the Be doping rate aiso depends on the
cell temperature variation, a series of constant steps is cho-
sen for the doping profile.

From Poisson’s law, constant space charge creates par-
abolic band bending, so by compensating a parabolic grade
with constant space-charge regions, a flat valance band can
be theoretically generated. Figure 2 is a graphical explana-
tion of the grading profile used. On the left-hand side of
Fig. 2 is a GaAs abrupt p-n homojunction. At the interface,
within the depletion region, the bands bend parabolically
following Poisson’s law. The energy discontinuity (AE)
and the width of the depletion layer (W) are determined

FI1G. 1. Schematic of VCSEL structure, which is a circular pillar. Curreat
is driven through the DBR mirrors and light is emitted out the substrate.
The active region consists of three 30 A IngGaggoAs quantom welh
lasing at 980 am.
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FIG. 2. Explanation of parabolic grading concept: the parabolic band
bending of an sbrupt p-n junction is created by using and p*-i interface.
The parabolic band bending compensates for the parabolic grade to creste
& nearly fist vaience band. Part (a) is the intrinsic band diagram, (b) is
the intended doping profile, and (¢) is the result.

by the doping concentrations and can be derived from Eq.
(1) for the abrupt diode:'?

e

where Np and N, are the n and p doping levels, ¢ is the
electron charge, and ¢, is the dielectric permittivity. The
p-n homojunction equation is reprinted here because it is
used as a first approximation to design the p-type hetero-

The Al,Ga;_,As/GaAs heterojunction, shown on the
right-hand side in Fig. 2, has a valence-band discontinuity
which is weil known'! and is graded parsbolically between
compositions. If this is doped witts a p-» like abrupt junc-
tion, the parabolic band bending and the parabolic grading
will cancel, yielding an approximately flat valence band.
The estimation of the grading and doping required goes as
follows. First, for efficient hole transport the average car-
must be p type. In addition, for a flat valance-band E,—E,
must be kept constant at all points, therefore the hole con-
centration must be constant in every section of the mirror,
ignoring small material differences. Second, to reduce free-
carrier loss, the average aumber of holes should be kept
low, so we choose ~ 1% 10" cm~>. Third, to obtain the
must be an excess of holes on the AlGaAs side of the
graded region and a deficit of holes (or excess of electrons)
on the GaAs side. To have an average of 1% 10'® cm™3
boles in the grading region after redistribution requires
N+1x10" cm=3 acceptors on the AlGaAs side and N-1
X 10'* cm~? donors on the GaAs side. The value of ¥
affects the width of the grading region; a larger ¥ equais a
parrower grading width from Eq. (1). Other consider-
ations are that high values of N (e.g., 5X 10'* cm™?) re-
quires changing the Be cell temperature dramatically at the
interface and high doping in the grading region will cause
optical loss from ionized impurity scattering. If V is chosen
to be equal to the average concentration, 1X 10'% cm =3,
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FI1G. 3. lterative Poisson solution of the valence band £, bending for four
different DBR interfaces. Simulations (a) and (b) are lineasly graded
AlpsGag 1;A3/GaAs DBRs with 1 X 10'* and § 10'* cm ™~ doping at the
interfaces. Simulation (d) is a parabolically graded AlAs/GaAs DBR
undoped on the GaAs side of the interface (soe Ref. 7). Simulation (¢) is
the Intest design Al (;Gaq 1yA3/GaAs DBR, with parabolic grading and
an sbrupt step of doping at the interface, whick demonatrates both & low
energy barrier for holes and low free-carrier loss.

then the GaAs side of the interface will be nonintentionally
doped (NID) and the AlGaAs side will be doped with
2% 10"® cm™? acceptors, eliminating all donor atoms.
Equation (1), using GaAs material parameters, provides a
first estimation for the heterojunction grading required for
the given doping. For an Aly;Gag3;A3/GaAs DBR mir-
ror, AE is ~146 meV," and for N, =Np=N=1x10"
cm™>, Eq. (1) yields a depletion width of 224 A. There-
fore, 224 A is the thickness of the graded region which
bends parsbolically between GaAs and Alyg; Gag 33As.

To self-consistently solve for the band bending across
the interface, 8 computer program which solves the Pois-
son equation iteratively is used. The digital alloy is grown
with a 10 A period, 30 in the program it is modeled a3 a
series of 10 A steps of varying composition. The program
output, shown in Fig. 3, is the calculated valence band
energy using different interface designs. In cases (a), (b),
M(c),nndo}mginxlo“cm"inmepmmm
1.1% 10" ecm ™ in the Aly¢;Gaq;3As region so E,—E, is
equal in both regions. Curves (a) and (b) are interfaces
linearly graded over 180 A with 1 10'® and 5x 10'* cm~*
doping, respectively. Curve (d) is the interface design pro-
posed by Shubert et al’ between GaAs and AlAs. In case
(d) the GaAs side of the interface is a NID region, but the
AlAs side does not have twice as much doping as the av-
erage, so the bands do not flatten out optimally. Curve (c)
is our parabolically graded interface as described previ-
ously without any changes to the first approximation de-
sign except to raise the Aly.,Gag ;A8 doping due to the
different material parameters. Qur parabolic interface de-
sign has the smallest voitage barrier and approaches the
idesl flat valence band.

DBR mirror stacks were grown to test the prediction
and Fig. 4 shows the experimental current density versus
voitage (J-V) characteristics. Since high mirror reflectivity
is a requirement for VCSEL operation, the number of al-
ternating layers in each growth was chosen to yield equal

Peters of &l. 3412

—




12

2 P . . 10
Current Density (KAJoav?)

FIG. 4. Messured current density vs voitage for different MBE grown
DBR mirror stacks (with contact, substrate, oic. effects suberacied out).
M(a)u(b)mmwmmuuon
mirrors, with 1 10 and 5 x 10" doping at the interfaces and curve (c)
is the parabolically graded AlyyGagAs/GaAs DBR mirvor. Deshed
curves (e) and (f) are lincarly graded p- aad »-type AlAs/GaAs stacks
with 5 10'® cm~? doping at the interfaces for comparison. The differ-
ential and total resistiviry (X 10™* £} cm?) of the stacks are shown at 5

. kA/em? drive,

reflectivity ( >99.9%). Curves (a), (b), and (c) are the
Aly 7Gag 33As/GaAs (30 period) DBR mirrors corre-
sponding to simulations (a), (b), and (c¢) in Fig. 3. Mir-
rors (b) and (c¢) have linear J-V characteristics, and there
is a noticesble improvement in the resistance between
curves (b) and (c). More importantly, the average p-type
doping drops by one-half for the parabolically graded mir-
ror. The lower doping decreases the optical loss by half and
should improve the external differential efficiency, 7,,
{photons-out/electrons-in) of 2 typical VCSEL from 7,
=40% to 7,=50%. For comparison, curves (¢) and (f)
are p- and n-type AlAs/GaAs stacks (18 periods) with 180
A linear graded interfaces and 5% 10'* cm ™ doping at the
interfaces. Notably, #-type mirrors have not been a prob-
lem because of the lower resistance and lower free-carrier
loss for electrons.

To truly test the parabolic grading concept, VCSEL
material must be grown using the new mirror design. The
cw experimental characteristic of & 20 ym VCSEL using
the improved DBR mirror is shown in Fig. 5. The I-V
characteristics are improved'- yielding a threshold voltage
of 1.86 V and operating voltages of 2-3 V with a differen-
tial resistance of 1.32X 10~} cm®. These VCSELs dem-
oustrate a differential efficiency of ~45%, and a record
unmounted cw peak power of 36 mW (for a 70 um de-
vice). A comprehensive parameter for laser performance is
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FIG. 5. Light-current-voltage curves of an example VCSEL using the
DBR mirror with the parabolic interfaces. A pesk wall plug eficiency of
17.3% is observed.

the wall plug efficiency (defined as total optical power out
divided by total electrical power in) which reaches a
record 17.3% (improved from 14%*) for the 20 um de-
vice.

In conclusion, by applying simple modeling to the
problem of high-barrier p-type DBR mirror interfaces, a
flatter valence-band discontinuity has been generated. The
parabolic grading technique requires no extra effort or
growth time than 2 linear grade, and yields lower loss and
lower resistance DBR mirrors. The VCSELs fabricated us-
ing material grown with the new mirror are the best de-
vices to date with up to 17.3% wall plug efficiency.

This work was supported by the Office of Naval Re-

search through the Optoelectronics Technology Center.

IR. S. Gesls, $. W. Corzine, and L. A. Coldren, IEEE J. Quantum
Electron. 27, 1359 (1991).

ID. B. Young, J. W. Scott, F. H. Peters, B. J. Thibesult, S. W. Corzine,
M. G. Peters, S.-L. Lee, and L. A. Coldren, IEEE Photon. Tech. Lett.
S, 129 (1993).
3F. H. Peters, M. G. Peters, D. B. Young, J. W. Scott, B. J. Thibesolt,
S. W. Corzine, and L. A. Coldren, Electron. Lett. 29, 200 (1993).

‘M. G. Paters, F. H. Patars, D. B. Young, J. W. Scott, B. J. Thibesnit,
and L. A. Coldren, Electron. Lett. 29, 170 (1993).

31. D. Walker, D. M. Kuchta, snd J. S. Smith, Appl. Phys. Lent. 99, 207
(1991).

‘K. L. Lear, S. A. Chalmers, K. P. Kileen, and J. Zolper, CLEO '93
Technical Digest, Baltimore, MA, 1993, paper CTuD2.

R, F. Schubert, L. W. Tu, G. J. Zydzik, R. F. Kop{, A. Benvenuti, and
M. R. Pinto, Appl. Phys. Lett. 68, 466 (1992).

SR. F. Kopf, E F. Schubert, S. W. Downey, and A. B. Emerson, Appl.
Phys. Lett. 61, 1820 (1992).

K. R Evam, R. Kaspi, C. R. Jones, R. E. Sheriff, V. Jogai, and D. C.
Reynolds, J. Cryst. Growth 127, 523 (1993).

10§, M. Sze, Semiconductor Devices, Physics and Techne sy, “Wiley, New
York, 1985), pp. 70-108.

UH. C. Casey, Jr. and M. B. Panish, Heterostructure Lavers Part A (Ac-
ademic, New York, 1978), pp. 191-19%4.

Peters ot al 3413

. |




Reprinted from

Journal of
APPLIED PHYSICS

15 August 1992

Volume 72

Wide electron gas with periodic density modulation

M. Sundaram, A. Wixforth,¥ P. F. Hopkins, and A. C. Gossard
Department of Elactrical and Computer Enginesring, and Materials Department, Umdm
Santa Barbare, California 93106

pp. 1460-1463

a publication of the American institute of Physics

AlP




m
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We report the growth and characterization of a high-quality wide ( ~2000 A) three-dimensional
dmmp(BDBG)mthpu\odscdnntymoduhmu(pa\od~mA)ma

wide parsbolic potential well with a2 superimposed superiattice.
Computer-controlled molecular beam epitaxy is used to synthesize the potential well as a graded
Al,Ga, _ ,As digital alloy. The density-modulated 3DEG is compared to a uniform 3IDEG of the
same average density and width in a parabolic well without the superiattice. The Al mole
fraction profiles for the two samples are measured in calibration runs immediately prior to actual
growths. The density-modulated 3DEG has a low-temperature in-plane mobility in excess of 10°
cm?/Vs, compared t0 ~2X10° ecm?/Vs for the uniform 3DEG. Capacitance-voltage
measurements directly reveal the modulation of the density of the electron gas in the parabolic
well with superimposed superiattice, and the absence of any density modulation for the gas in

the bare parabolic well.

i. INTRODUCTION

Applying a periodic potential to an electron gas gives
rise to novel electrical properties arising from the creation
of a superiattice (SL) band structure in the SL direction.’
Periodic modulation of the density of an electron gas offers
a system for the systematic study of collective excitations
and interactions between electrons in different periods as
the strength of the modulation is turned up from zero to a
value high enough 10 break the coatinuous gas into uncon-
nected layers of two-dimensional electron gases (2DEGs).
Interactions between two 2DEGs in neighboring quantum
wells separated by a thin barrier have recently been inves-
tigated. > An externally tunable periodic potential is usu-
ally applied in the plane of a 2DEG by lithographicaily or
holographically patterning a periodic one-dimensional or
two-dimensional array of connected metal gates on the
sample surface.* Feature sizes in e-beam lithography and
holography are currently limited to dimensions of several
hundred A, with the level of uncertainty and nonunifor-
mity being of the same order of magnitude. Also, inasmuch
as the patterned surface gate is spatially removed from the
2DEG by at least a few hundred A, the induced lateral
periodic potential is smoothed on the same length scale as
this spatial separation.* The amplitude of this potential is
therefore smaller than when the periodic potential is di-
rectly immersed in the electron gas itself. Smaller periods
(~100 A) can be obtained by incorporating a lateral su-
periattice (LSL) in or near a 2DEG at & GaAs/AlGaAs
single interface grown on a vicinal GaAs surface.’ The
resulting periodic potential has manifested itself in aniso-
tmpncelec:ronmnsponoﬁheZDBGpnnudmdpapen
dicular to the LSL,* but terrace-width noauniformity and
intermixing between the GaAs and AlGaAs components of
the LSL® remain serious biocks to applying potentials of

sddress: Universiciit Miinchen, Sektion Physik, Geschw.-Scholl-
" Platz 1, D-9000 Miinches 22, Germany.
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uniform period and large amplitude. Recently, cleaved
edge overgrowth (CEQ) has been used to realize a periodic
potential (with small and uniform period) on a 2DEG,
mwnmthechvededgeofmm-phneSLmdmby
conventional molecular beam epitaxy (MBE).” With a
low-temperature mobility of ~4x 10* cm?/V s, this, like
other CEO structures, offers exciting possibilities for the
study of novel electronic properties ariting from additional
confinement and/or applied periodic potentials with length
scales determined by MBE to atomic precision, but pro-
cessing on 150 um cleaved edges is nontrivial at this time.
Direct immersion of a periodic potential in an electron gas
has also been attempted in 8 SL with barriers that are
selectively doped and thin enough that the electron states
are extended in the growth direction [Fig. 1(a)).! But the
scattering of electrons by the ionized donors in the barriers
reduces the low-temperature in-plane mobility drastically.

Immersing the SL in a thick electron gas of high mo-
bility produced by some other means than doping the SL
barriers themselves suggests itself as a means of getting a
high-mobility electron gas with a strong periodic potential.
Such thick (~2000 A) three-dimensional electron gases
{3DEGs) have been produced in modulation-doped wide
parabolic potential wells, in which the the 3D density is
controlled by the curvature of the parabola.®!? A SL added
to the parabolic well, as schematically illustrated in Fig.
1(b), is expected to modulate the density of the uniform
3DEG produced by the slowly varying parabolic potential.

A self-consistent solution of the Poisson—Schrodinger
equation for this structure confirms this scenario [Fig.
2(a)). The solution for a 2000-A-wide parabolic well is
shown for comparison {Fig. 2(b)), and is seen to produce
a wide electron gas in the well fairly uniform at the curva-
ture density Ng~2.6X 10" cm™>. With the addition of a
SL.thedeccondmtyumodumedbyumuchsso%
However, the cnergy spectrum for a single electron in the
bare parabolic well is only slightly perturbed, for the SL
period shown.
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FIG. 1. (a) Modulation-doped superiattics (SL) with thin doped basri-
ers used (o produce an extended clectron gas with periodic potential (b)
SL superimposed on a modulation-doped wide parabolic well to produce
the same density modulaticn as in (a) oa & wide eloctron gas of uniform
density determined by the curvature of the parabols.

Such structures have been grown and their low-
temperature transport properties measured,'"!? and some
of their electrical and optical properties calculated.'* These
transport measurements yield the energy spectrum, but af-
ford only an indirect measure of the electron-density mod-
ulation. A more direct signature of this effect is needed.
Such a measurement is presented below, along with other
characterizations of the sample that highlight features of
this design technique.
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FIG. 2. Seif-consistent potential and electron distribution for a wide par-
sbolic weil with SL (top) and without (bottom), showing the density-
modulating effect of the SL. N ym 2,61 10'* cm =" is the curvature of the
parabola. While the uniform clectron distribution (bottom) is strongly
modified (top) by the SL, the energy cigenvalues are not substantiaily
changed for the SL period shown. The Fermi energy E, is the zero ref-
erence energy on the potential energy scale.
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it. EXPERIMENTS AND DISCUSSION

Two sampies, similar t0 the ones for which calcula-
tions were presented in Fig. 2, were grown by solid-source
MBE: PB31, a modulation-doped 2000-A-wide parabolic
well, and PB32, a modulation-doped 2000-A-wide para-
bolic well with a SL of 200 A period superimposed. The
two samples were identical in every respect, save for the
density-modulating SL in PB32, and were grown oae after
the other to minimize system variations. The potential
wells were realized as graded Al,Gs,_ As digital alloys,'*
i.e., by controlled puising of the Al beam in the presence of
constant Ga and As beams incident on a semi-insulating
GaAs substrate, which was held at 580 °C. The digital al-
loy is therefore itself composed of a fine SL, whose period
was selected t0 be 20 A, a value small enough for an elec-
tron to see a local average Al mole fraction x. The com-
plete layer sequence for both samples is: 5000 A GaAs
buffer/2000 A Al {Ga7As buffer/40 A Aly;GagsAs Si
doped at 1.1X10" cm=%/200 A Aly;Gag,As spacer/
graded potential well/200 A Aly 1Gag;,As spacer/40 A
Al ;GagyAs Si doped at LIX10" em™/170 A
Aly;GagiAs Si doped at 5x107 cm~'/2000 A
Al ;GagrAs cap/100 A GaAs cap. The Al,Ga,_,As in the
2000-A-wide parabolic wells of PB31 and PB32 was varied
quadratically from GaAs at the well center to Aly,GagsAs
at the well edges, jumping abruptly to the barrier
Alg3Gag7As there. The bigger SL in the parabolic well of
PB32 has a period of 200 A, composed of a 160-A-wide
well and a 40-A-wide barrier, with A x,, between the well
and barrier being 0.1. All widths of the big SL are integer
multiples of the finer digital-alloy SL period of 20 A.

The variation of Al mole fraction versus depth in the
graded potential wells was measured in a calibration run
immediately prior to actual sampie growth. The variation
of the collector current of an ion gauge used in place of the
substrate was monitored as a function of time as the Al
beam was puised with the same controiled sequence as for
the subsequent actual growth.'* The Al mole fraction pro-
files for both samples (Fig. 3) show fairly small deviations
from the design profiles and testify to the level of control
achievable 1n digital alloys to obtain these complex poten-
tials.

Cloverleaf pattern Van der Pauw mesas were etched on
both samples, and indium was alloyed to the ohmic-
contact pads. Hall measurements were performed in a
cold-finger cryostat from 300 to 10 K, and in liquid He
(4.2 K). The variation of the in-plane mobility (u) and
electron sheet density (,) with temperature is shown for
both samples in Fig. 4. The reduced ionized-impurity scat-
tering at low temperatures resulting from the spatial sepa-
ration of the electrons in the well from the donors in the
barriers surrounding the parabolic well results in 2(4.2 K)
as high as 1.8%10° cm?/V3s at N(4.2 K)=2.5x10"
cm ™ for the bare parabolic well, and (4.2 K)=1.1x 10°
cm?/V s at Ny(4.2 K)=2.0x10" cm™? for the parabolic
well with superimposed SL. The low-temperature mobility
for the density-modulated 3DEG is an order of magnitude
higher than was obtained i m a modulation-doped SL of the
type shown in Fig. 1(a).} Since the samples were grown
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FIG. 3. Ion-gange messured Al mole fraction profiles for wide parabolic
well with SL (t0p) aad without (bottom), for a MBE-grown digital
AlGaAs alloy composed of a fine SL of 20 A period. The stight tilt of the
walls of the SL (top) is due t0 the 20 A resolution of the messurement,
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FIG. 4. Mobility vs tempersture for both samples, showing the benefits of
modulation doping at low temperature. Insst shows mobility of both
samples decressing with incressing electron sheet density at 7=10 K.
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one right after the other, and the densities N, (4.2 K) are
comparabie, the difference in (4.2 K) must be attributed
at least partly to the greater Al coatent in PB32 with its
attendant enhanced alloy-disorder scattening. Mouoy-gissder
being inversely proportional to Sx(1—x)dz'® the higher
Xowg Of 0.037 for PB32 over the extent of the clectron gas,
when compared to 0.017 for PB31 over the same extent,
implies a reduction in mobility by a factor of ~1.7 on
addition of the SL to the bare parabolic well just from this
effect. The roughness of the walls of the 160-A-wide wells
in the SL is an important issue.'? For a single quantum well
of this width and infinite potential depth, the interface-
scattering limited mobility is in excess of 10°
cm®/V s.!” The coupling between the SL wells through the
40-A-wide barriers should increase this estimate even fur-
ther, and suggests that for this structure, interface rough-
ness is not a critical issue. The mobility for both samples
decreases with increasing electron sheet density (inset in
Fig. 4) at a fixed temperature T=10 K, probsbly a resuit
of the spread of the electron distribution from the center
into regions of more Al mole fraction at the well edges with
the attendant enhanced alloy-disorder scattering there.
Ti/Au (200 A/72000 A) was then evaporated on the
mesas and the smail-signal capacitance versus voltage (C-
¥) measured between the surface gate and the electron gas
in the graded well, for both samples, using standard lock-in
techniques. The results were found to be independent of
ac-voltage frequency, dc-voltage-bias sweep rate, and
sweep direction. C-V profiles (T=4.2 K) for both samples
are shown i: ue inset in Fig. 5. Two features are apparent
in these profiles. First, the capacitance falls off, with more
negative gate bias, from zero bias to threshoid (where all
the electrons are depleted from the well), for both samples.
This decrease is mainly attributed to the increased spacing
between the two plates of the parallel-plate capacitor
formed by the surface metal gate and the electron gas in
the well, respectively, as the leading edge of the gas is
pushed deeper toward the substrate with more negative

. voltage bias at the gate.'® Furthermore, whereas the capac-

itance falls off smoothly with voltage for the bare parabolic
well (PB31), the C-¥ profile for the parabolic well with SL
(PB32) displays ripples superimposed on the decrease.
These ripples are associated with the sweeping of the lead-
ing edge of the electron gas through successive periods of
the SL with more negative bias. In both cases, there is
concurrent depopulation of the subbands occupied by the
electron gas, but the ripples expected in the C-¥ traces
from this effect are calculated to be small,'” a fact that is
experimentally underscored by the relative absence of rip-
ples in the C-¥ trace for the parabolic well. From the C-¥V
measurement, one can extract an apparent electron distri-
bution versus depth using N(z) =2/g€ [d(1/C%)/dV]~" as
the apparent electron density at the apparent depth z=¢,/
C, where C is the capacitance per unit area between surface
ptemddectrongasatvolta#ebhs ¥V, and ¢, is the uni-
form permittivity assumed.™ Using €,=12.2 (of the
Alg ;Gag 7AS cap), we arrive at the apparent electron pro-
files shown in Fig. 5 for both samples. A modulation of the
apparent electron density is readily seen for the electron
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FIG. 5. 4.2 K apparent-electron-density distributions extracted from the
C-¥ traces (inset) show strong density modulation of the electron gas in
the parabolic weil with SL (PB32) and the reiative absence of modulation
for the parabolic well without SL (PB31) (the seasitivity of the technique
allowing us to measure the unintentional nonuniformities in the well cur-
vature at the level that can be achieved with current MBE technology).
The effect of the SL on electron distribution is most directly seen in the
C-¥ traces in inset. Threshold gate voltage for both samples ~ —1 V.

gas in the parabolic well with superimposed SL; no such
modulation is seen for the 3DEG in the bare parabolic
well. The average periodicity of the apparent-electron-
density modulation in the C-¥ measurement is ~230 A, in
reasonable agreement with the nominal SL period of 200
A. We believe this to be the most direct evidence to date of
the density modulation produced in such structures.

il. CONCLUSIONS

In summary, we have fabricated a high-mobility
3DEG with periodic density modulation using computer-
controlled MBE to make a digital AlGaAs alloy with ac-
curate Al mole fraction variation. This variation is directly
measured with an ion gauge, and the resulting periodic
modulation of the electron density is directly seen in a
simple capacitance-voltage measurement. An attractive
feature of this technique is the possibility of applying peri-
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odic potentials to high-mobility clectron gases of different
shapes. The average-density profile is defined by the cur-
vature of a wide potential well; density modulation is
achieved with a SL of narrower period inserted in this wide
well. More compiex electron deasity distributions can, of
course, be achieved with the appropriate Al mole fraction
profiles in digital A1,Ga,_,As alloys.
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quantum wells
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Using the digital alloy technique, a series of high-mobility remotely doped GaAs/AiGaAs
coupled muitiple quantum well structures have been produced by the superposition of 2 wide
parabolic quantum weil and a square superlattice potential. Structures containing up to
twenty superlattice periods with low temperature Hall mobilities from 23 000 to 100 000 cm-/
Vs have been produced. Fourner analysis of low field Shubnikov-de Haas oscillations,
capacitance-voltage and Hall measurements of a 200 A period superlattice in a 1600 A wide
parabolic well indicate the occupation of four superlattice periods with subband spacings in good

agreement with theory.

Semiconductor superlattices have been studied for
many years for their interesting physical properties and
applications.'* The electron mobility in these structures at
low temperatures is typically limited by ionized impurity
scattering.’ A large improvement in mobility was achieved
by modulation doping in which the donors are placed in
the superlattice barriers.* Considerably larger mobilities
have recently been achieved by removing the dopant atoms
from the superlattice altogether using a wide parabolic well
(WPBW) superimposed with a superlattice, as shown in
Fig. 1(a). The finite width of the parabolic potential re-
stricts the number of superlattice periods forming the cou-
pled muitiple quantum well structure. Parabolic structures
with both sinusoidal® and square® superlattices were re-
cently reported. In this letter we present a quantitative
comparison of Shubnikov-de Haas oscillation data with
theory and capacitance-voltage profiles. which demon-
strate high quality remotely doped square superiartices.

In WPBWs, the parabolically varying band edge, by
Poisson’s equation, mimics 2 uniform positive charge dis-
tribution of three dimensional density nyp = 8eA/ew?,
where w and A are the width and height of the parabolic
potential, ¢ is the dielectric constant, and e is the electronic
charge. The electrons from dopants placed outside the pa-
rabola move to screen this fictitious charge forming a uni-
form electron gas of width w, = n/n;p and sheet density »,
inside the parabolic well.”® When a superlattice of suffi-
ciently short period is superimposed on the parabolic back-
ground, the electrons can screen the parabolic potential but
not that of the superlatticc.’ producing a self-consistent
potential as shown in Fig. 1(b): the electron density is
spatially modulated by the superiattice potential, but the
average electron density is approximately n;p.

The samples were grown via molecular beam epitaxy
(MBE) using the digital alloy technique.” The average Al
concentration along the growth direction was varied by
computer-controlled shuttering of the Al furnace, allowing
control of the band edge profile during growth of the
WPBW with superlattice. Before well growth, the Al con-

1873

Appl. Phys. Lett. 61 (13), 28 September 1992 0003-6951/92/381573-03503.00

centration versus position in the well was measured with
an ion gauge substituted for a wafer in the MBE chamber.
This information was used to correct for the shutter re-
sponse time, improving control of barrier width and
height, and minimizing deviations from parabolicity.

In this letter we discuss one sample SL6, with 83 meV
high, 80 A wide superlattice barriers inside a parabolic well
of width w=1600 A and height A=210 meV. These pa-
rameters were chosen so that the Fermi level lies in the gap
between the first and second minibands of the superiattice
potential. Carriers were supplied by Si dopants set back
105 A from the we!l edges, in delta-doped sheets on either
side of the well in a fine AlAs/GaAs superiattice with a
period 21 A and average Al concentration x=0.35. From
the depth of the donors beiow the conduction band edge'®
the well was expected to be only partiaily full at liquid He
temperatures. This well was one of a series of superlattice
structures also investigated. Samples containing 8-20 pen-
ods with a range of characteristics were grown and tested.
For all, the bandwidth of the lowest miniband was main-
tained at 2 meV and the superiattice period was fixed at
d=200 A. Barrier widths b ranged from 40 to 80 A and
barrier heights /# from 83 to 175 meV. The parabolic weil
width w ranged from 1600 to 4000 A and height A from
87.5 to 210 meV (see Fig. 1), corresponding to a range of
electron density from n,5=4.0x 10" t0 4.6 x 10'® cm ™.

The sample was cooled in the dark inside a top-loading
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\w SUNELEEFIE
L ; /‘ '

12 empy 1by parvatly fuil

FIG. |. Schematc diagram of (2) an empty and (b} 2 partaally full wide
parabolic well with superiattice. The Fermu level for the partially full weil
is indicated to lie between the (wo lowest energy bands represented by the
hatched regions.
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Oxford Model 200 dilution refrigerator. Using standard
low frequency lock-in techniques, magnetotransport mea-
surements were made at T=50 mK. Low currents (less
than | nA) and slow magnetic field sweeps (less than 0.04
T/min) were used to avoid sample heating. The magne-
toresistance and Hall effect data are shown in Fig. 2 from
which a Hall sheet density of n,=4.3% 10"' cm~? and mo-
bility =23 000 cm*/V s were obtained. This mobility is
several times greater than that achieved in standard mod-
ulation doped superiattices which typically have mobilities
less than 10 000 cm?/V s.2 The integer quantum Hall effect
is observed with the location of the magnetoresistance ze-
ros consistent with the low field Hall sheet density. Hall
steps up to v=20 can be identified in the data. In strong
magnetic fields above 3 T, a simple estimate predicts that
only the lowest Landau level of the lowest miniband states
is occupied. In weaker magnetic fieids below 3 T, higher
Landau levels are also occupied and a complex series of
level crossings occurs, resulting in missing or weak Hall
plateaus as shown in Fig. 2. Characteristic missing quan-
tum Hall steps aiso occur in wide parabolic wells without
superiattices in which several subbands are occupied.'!
Muitiply periodic Shubnikov—-de Haas (SdH) oscilla-
tions in the magnetoresistance data were used to measure
the Fermi level and subband energies of the superiattice
sample. The magnetoresistance oscillation associated with
a given occupied subband is periodic in inverse magnetic
field 1/H with period Aie/m (E,—E,), where m,=0.067 m,
is the electron effective mass, E, is the bottom of the ith
subband, and E/ is the Fermi energy, both in zero field. We
assume that the two spi states of each subband are not

Encrgy tmeV)

FIG. 3. (a) Multiply periodic low field SdH oscillations for sample SL6
indicating the occupation of several subbands and (b) the power spec-
trum of the SdH osciltations over the field range H=0.03-0.35 T,

resolved at the iow magnetic fields used for this measure-
ment. Using this expression, the separations (£,—E,) be-
tween the Fermi level and the subband bottoms can be
calculated by Fourier analysis of the SdH oscillations, and
the total sheet density n, can be determined by summing
the contributions from each subband #,=Xm,(E,—E))/
##. Magnetoresistance data for magnetic fields less than
0.4 T at T=50 mK are shown in Fig. 3(a) together with
the corresponding SdH power spectrum in Fig. 3(b) com-
puted from interpolated magnetoresistance data spaced
equally in 1/H. For convenience. the horizontal axis of the
power spectrum in Fig. 3(b) has been given in electron
energy (E,~E,) using the expression for the SdH period
given above. Four peaks are clearly visibie in the power
spectrum, indicating that four subbands of the superlattice
are occupied, each with two spin states. The total sheet
density obtained by summing subbands is n,=4.4x 10"
cm~?, in excellent agreement with the Hall sheet density
n,=4.3% 10" cm =2 Table [ lists the measured Fermi level
E; and the energies E, of the occupied subbands, all given
relative to the lowest subband £,.

To compare these experimental results with theory. a
self-consistent solution of Schrodinger’s and Poisson’s
equation, including the exchange-correlation potential in

TABLE . Comparison of Shubaikov-de Haas measurements of the Fermi energy and subband encrgies with theory: all energies are in meV.

——

Theory-Superlattice Theory-Parabola
Experiment (1370 A) (1370 &) {1600 A)
E -E, $.93%0.06 5.89 798 6.56
E,~E, 1.2220.10 1.23 234 1.36
E,-E, 279=0.14 278 L) 143
E,~E, 4032014 417 .10
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FIG. 4. Capacitance vs gate voltage at T=0.43 K. Each step corresponds
to an occupied period of the superiattice sysiem. As the electron layer in
the period nearest the gate is depleted the capacitance shifts (0 the value
associated with the occupied period next nearest the gate.

the local density functional approximation,'? was calcu-

lated using the experimentally determined sheet density as
input, assuming symmetric filling about the well center.
The parabolic well width is position dependent because the
source guns are angled with respect to the wafer, and the
wafer is not rotated during growth to avoid aliasing effects,
resuiting in a uniform gradation in well width across the
sample. A 209 gradient in the growth rate of GaAs across
unrotated test wafers was measured via RHEED oscilla-
tions. Using the parabolic well width as the only adjustable
parameter we found exceilent agreement, shown in Table I,
between experiment and theory for a wel! which is 1370 A
wide, well within the range of growth parameters. Table I
also shows theoretical energy level spacings for WPBWs
identical to SL6 with widths 1370 and 1600 A but no
superlattice. It is clear the measured energy levels are not
those of a plain WPBW:; the level of agreement cannot be
significantly improved by altering the well width. The
spacing of the observed subband energies is relatively uni-
form, and the Fermi energy is reduced relative to a simple
WPBW, as expected for a superiattice.’

The electron density profile in the superlattice was di-
rectly probed using capacitance-voltage measurements."
The sample was cocled in the dark to 0.43 K in a pumped
He-3 immersion system. The capacitance between a Cr/Au
front gate evaporated on the sample and the electron gas in
the parabolic well was measured using lock-in techniques
with a superimposed ac voltage (20 mV,,, @402 Hz) and
dc voltage applied between the gate and the electron gas as
the width of the gas waz swept to depletion. Experimental
results were checked for several different frequencies and
amplitudes of the applied ac signal with good agreement.
The measured C-V profile shown in Fig. 4 has four well-
defined plateaus, indicating that the electron density profile
has four well-defined layers in agreement with the calcu-
lated number of occupied superiattice wells for the mea-
sured sheet density and parabolic well width w=1370 A.
From the steps in capacitance between piateaus in Fig. 4.
we determined that the electron layers were uniformly
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spaced at 175+ 10 A consistent with the spacinz cctained
from SdH data above.

Combining the number of occupied superizitice peri-
ods from C-V dawa with the number of occupiec su-bands
from SdH datwa. we find that one subband wita ™0 spin
states is occupied for each of four superiattice pzmicds. Itis
interesting to interpret these resuits in terms < 1 simpie
tight-binding model. In the absence of electrons. k¢ indi-
vidual square wells of the superlattice are not aligned in
+ 1ergy as they are superimposed on a parabolic potential.
. a full well the parabolic potential is approximateiy can-
celled by the electrostatic potential of the electron layer,
bringing all superiattice wells into energy alignment. For
the sample studied here the WPBW is half fuil s0 oniy four
superlattice periods are occupied and in approximate en-
ergy alignment. The lowest miniband of a tignt binding
model for this case is full, with four energy levels and two
spin states per level. This configuration is consistent with
the design of the structure, for which the Fermi energy lies
in the gap above the lowest miniband (see Fig. 1).

In summary we have produced and characterized re-
motely doped high-mobility multiple quantum well struc-
tures with a range of three-dimensional electron densities
from n;p=4.0%10" to 4.6x10'®*cm™. Magnetotrans-
port and C-¥ measurements for one structure show a spa-
tially modulated electron density profile occupying four
periods of a square superlattice potential. demonstrating
control of both the electron density profile and energy sub-
band structure of a wide electron gas.
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Growth and characterization of Be modulation doped wide parabolic
GaAs/Al Ga,_, As wells

P.F. Hopkins, K.L. Campman and A.C. Gossard
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California 93106, USA

Remotely-doped, p-type wide ( ~ 1000 A) parabolic GaAs/Al Ga, _, As quantum wells grown on (100) substrates were used to
create high mobility, low density, wide layers of hole gas. Low temperature capacitance-voltage and magnetotransport measure-
ments were used to characterize these structures. Hole gas widths ~ 700 A, sheet deasities > 3x 10! cm~2, and mobilities
>23,000 cm?/V-s at T =0.1 K have been achieved in wells with a curvature corresponding to a three-dimensional deasity
~4x10' cm ™3, These mobilities are more than three orders of magnitude higher at low temperature than bulk p-type GaAs with

similar three-dimensional density.

By parabolically tailoring the conduction band
edge of an undoped GaAs/Al,Ga,_,As het-
erostructure along the growth direction z, the
conduction band potential #(z) is, by Poisson’s
equation, equivalent to a uniform density n, of
background positive charge: d’®/dz?=en /¢,
where e is the electronic charge and ¢ is the
dielectric constant {1]. When remotely n-doped,
the electrons from the dopant fall into the
parabolic well, and are expected to form a thick
slab of nearly uniform density n(z) = . Quan-
tum mechanical calculations of the electron den-
sity profile in these wide (= 1000 A) structures
confirm this classical idea {2]. Using these con-
cepts, high quality structures with a variety of
electron density profiles have been constructed
by appropriate tailoring of the band edge poten-
tial [3,4].

Because the dopant atoms are spatially re-
moved from the well, high electron mobilities and
low carrier densities that do not freeze out at low
temperatures have been achieved {5]. n-Type
modulation doped wide parabolic wells (WPBWs)
have been used previously to create high mobility
(to > 200,000 cm?/V - 5), wide electron layers (to
~ 2000 A) of low, nearly uniform density (down
to <10' cm~3) providing access to new elec-

tronic and optical phenomena {1,3,6]. In this pa-
per, we extend this work to p-type structures and
report on the growth and characterization of Be
doped WPBWSs; we have obtained wide (~ 700
A), high mobility (> 23,000 cm?/V -s at T =0.1
K) hole gas layers in wells with curvature corre-
sponding to a 3D density p(z) ~ 4 X 10 cm~’.
This 3D density is below the critical metal-insu-
lator transition density for p-type doped bulk
GaAs, providing unprecedented access for inves-
tigations of the electronic and optical properties
of low density wide hole gas layers at low temper-
atures.

There have been two techniques used to grow
wide parabolic GaAs/Al Ga,_,As wells by
molecular beam epitaxy: (1) controlling the tem-
perature {4] of the Al furnace so that the Al flux
is varied with time (analog alloy technique) and
(2) dividing the wide well into a fine period
superlattice (of period d, typically ~20 A) of
GaAs and Al,Ga,_,As and controiling the shut-
tering of the Al furnace so that the average Al
composition x per period varies parabolically
(digital alloy technmique) [7,8]. The first technique
has the advantage that a more uniform alloy is
obtained, but has the disadvantage that precise
calibration of thermal time lags of the Al flux and

0022-0248 /93 /306.00 © 1993 ~ Elsevier Science Publishers B.V. All rights reserved
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precise controi of the flux versus furnace temper-
ature are needed. The second technique has the
advantage that the Al furnace temperature can
be kept constant throughout the growth, but has
the disadvantage that the periodic potentiali mod-
ulation caused by the fine superlattice may affect
the relevant properties of the well that we wish to
study [9). The superlattice must be fine enough to
allow sufficient tunneling of the carriers between
layers. However, as the period of the superlattice
is made finer, shuttering times of the Al source
(at typical growth rates) can become smail ( < 100
ms), requiring precise calibration of the Al shut-
ter opening and closing times and/or designing
wells with nonzero Al composition at the center
of the parabolic well. This suggests that there is
an optimal range of superlattice periods to use
which depends on the well structure, carrier ef-
fective mass, height of the Al Ga,_, As barriers,
growth rates, etc. We believe that with careful
choice of these parametears, the digital alloy tech-
nique allows more exact control of the average
composition profiles than the analog alloy tech-
nique, especiaily for profiles too rapidly changing
in time during the growth for the Al furnmace to
track precisely (8].

To determine the optimal range of superlattice
periods to use, we use simple second order
Rayleigh-Schrddinger perturbation theory to es-
timate the change in the effective mass, energy
levels, and charge distribution for free carriers in
a sinusoidal potential perturbation 2U(G)cos(Gz).
The perturbed effective mass m™ in the growth
direction and at the zone center (E(k = 0)) is:

m* = m{1 +0.5(U(G)/E«(G/2)|}, (1)

where £, = A*(G/2)*/2m is the energy for carri-
ers with bulk effective mass m at wavevector
G/2=m/d, where d the period of the perturba-
tion; note that the correction term is proportional
to d*. The Fourier transform power spectra for
our digital alloy potential show a peak at the
frequency f = 1/d corresponding to the superiat-
tice period, and smaller amplitude peaks at the
higher harmonics f=n/d, where n=2,3,4,....
Because of the strong dependence on d, we ap-
proximate our superiattice potential as a single

Fig. 1. Aluminum mole fraction x,, (aiso valence band cdge

energy) versus depth of WPBW structure. The 1000 A wide

di;iulalbywellmmmedﬁmazoﬂpedod
GW/NQ”GIQ.“AS superiattice.

wavevector perturbation; the correction in eq. (1)
due to the nth harmonic is smaller by more than
a factor of n~*. To model the actual structure
presented in this paper, we use d =20 A, U(G)
=AE,/w=41.6 meV and m = 0500 m,, and
obtain an estimate m* = 0.513 m,. The energy
spectrum of the valence band E(k) is shifted up
into the bandgap by 4.6 meV, aithough the lowest
energy level spacings change only by ~ 2.5%.
The first order change in the ground state wave-
function creates 20 A period (= d) ripples in the
charge density p(z) Of size (Pppes ~ Pave)/Puve ~
23% due to localization of the carriers in the
GaAs wells. The approximation given by 2q. (1)
breaks down_ sharply for superlattice periods d
above ~ 40 A (see also ref. [9].

The design of one of a series of samples made
isshowninﬁg.landwasmwnbyMBEon'a
semi-insulating GaAs (100) substrate. The 1000 A
wideparabolicwellmconstructedfmmaZOA
period digital alloy superiattice of GaAs and
Alg3sGaggsAs. The average Al concentration x
in the well is x = 0.2 at the edges and x = 0.01 in
the center; the shortest time that the DC oper-
ated Al shutter is open is > 100 ms, much larger
than the uncertainty (~ 10 ms) in the shutter
opening and closing times. Using the conduction
band /valence band offset ratio for Al,Ga,_,As
of 0.7/0.3 gives AE, = 131 meV and the equiva-
lent background charge density for the parabolic
well p;p =4 x 10' cm~3. Holes were introduced

 the well from Be 3-doped regions (2 x 10"

2 per 3-doped sheet, 18 A spacing) set back
5 A on either side. The RHEED measured
growth rates for GaAs and AlAs were 1.0 and
0.54 um/h, respectively. The substrate was kept
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Fig. 2. Hall density and the Hall mobility for the range

T = 4.2-300 K for the p-type modulation doped WPBW and a

Be-doped heterojunction, and T = 25-300 K for bulk Za-
doped p-type GaAs from ref. [10].

at a pyrometer-measured temperature of 580°C,
except for the Be §-doped regions which were
grown at 520°C to reduce dopant migration. To
avoid effects due to the incommensurability of
the rotation period and the varying Al shutter
timing, the substrate was nc. uwsted during the
growth of the digital alloy +=i! resulting in a
caiculated change in the well density p,p, of < 3%
for a typical sample taken <1 cm from the wafer
center. Hall bar (25 mm x .26 mm) sampies
were photolithographically defined and ohmic
contacts were made by annealing In/Zn at 410°C
for 60 s. For the capacitance measurements, a 50
A/1500 A Ti/Au front gate was e-beam evapo-
rated onto the sample.

Fig. 2 shows the temperature dependence of
the Hall sheet density p, and the Hall mobility u
for the range T = 4.2-300 K after the Hall bar
was illuminated with a red LED. The density was
measured from the Hall voltage for the magnetic
field B range of —0.5<B <05 T and the Hall
mobility was obtained with the Hall density and
the B = ( resistance values. The Hall factor 1 was
used. In comparison, data from 2 Be modulation-
doped normal interface GaAs/Aly;Gag,As het-
erojunction (700 A from the surface) and from a

buik Zn-doped (p-type) GaAs sampie {10] with
Psp=1x10"7 cm™? are also shown. The sheet
density p, for the parabolic well and the hetero-
junction are nearly constant for 7<80 K, in
contrast to the strongly decreasing 3D carrier
density for the bulk doped sampie for T < 150 K
caused by carrier freeze-out. Similarly, the mea-
sured Hall mobility » for the parabolic well and
the heterojunction both monotonically increase
with decreasing temperature, while the mobility
for the bulk doped sampie increases slightly with
decreasing temperature and then strongly de-
creases for T <70 K. The low temperature (T <
20 K) mobility for the parabolic well with curva-
ture corresponding to a three-dimensional den-
sity p;p = 4 X 10' cm ™3 is over 3 orders of mag-
nitude greater than the mobility of the bulk doped
sample with similar density p;p=1X 10'7 cm™>.
The low temperature mobility of the bulk sample
is limited by ionized impurity scattering, while
scattering from acoustic phonons and background
impurities play a more important roie for the
remotely-doped heterojunction [11] and the
WPBW. Additionally, scattering of holes in the
WPBWs due to alloy disorder and size effect [12]
is expected.

Capacitance-voitage measurements of the
same sample cooled in the dark were made at
T = 0.1 K in a dilution refrigerator and are shown
in fig. 3. A DC gate bias and small (10 mV
peak-peak) 647 Hz AC signal were applied be-
tween the Ti/Au front gate and the ohmic con-

capucituce/area (10? Frm®)

01 02 03 04 05 06
gase voltage (Voits)

Fig. 3. Low temperature capacitance versus gate voltage for

the WPBW and the Be-doped beterojunction taken at 10 mV,

647 Hz excitation. The fit (——-—) to the WPBW data is
described in the text,
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tacts to the hole gas. The induced current is
measured by a current preamplifier and fed into
a phase-sensitive lock-in amplifier. The data show
a smooth monotonic decrease in the capacitance
with increasing DC gate bias as the depletion
edge is moved through the structure. In contrast,
the 4.2 K measured capacitance for the p-type
heterojunction is essenatially flat and then de-
creases sharply near +0.5 V, as the depth of the
hole gas is essenmtially fixed at the Al Ga,_,
As/GaAs interface. For both structures, the
impedance measured was purely capacitive, ex-
cept at the pinchoff voltage near +0.5 V, and no
significant changes in the data were found over
the frequency range 200-2000 Hz,

The capacitance data for the parabolic well
were fit to a simple geometric formula used to
describe the depletion edge moving through a
uniformly doped semiconductor:

C(V) = [2V - Vo) /eepsn + C2(Ve)] ™2,
(2)

where C is capacitance per unit area, V, is the
voitage at which the well starts to depiete, and
P3p is the 3D hole density in the sample. The
values pyn =4.5x 10" cm™3, GaAs dielectric
constant € =13, and ¥, =0.05 V were used to
obtain the fit. Deviations of the capacitance from
this fit are believed to be primarily due to
nonuniformities in the hole density profile p(z)
caused by nonparabolicities in the well potential,
with small effects due to subband depopulations
[13] From the capacitance values of C(V,) and
C(~0.47 V) and assuming ¢ = 13, we estimate
the width of the hole gas to be ~T00 A, or an
order of magnitude wider than the expected width
of a 2D hole gas at the GaAs/Al Ga,_ As het-
erojunction.

Hall and magnetoresistance measurements at
T=0.1 K and zero gate bias are shown in fig. 4
for the sample cooled in the dark. Shubnikov-De
Haas oscillations are observed in the magnetore-
sistance and quantized Halil plateaus are forming
at the filling factors v =2, 3, and 4.

In conclusion, we have extended the con-
cept of modulation doped GaAs/Al Ga,_ As
WPBWs to the case of holes. The inherent qual-

Hull resistance (ohins)

Fig. 4. Magnetoresistance and Hall resistance of the WPBW
at T = (.1 K for the magnetic field range 0-9 T.

ity of the wide hole gas in these structures should
provide unprecedented access to low temperature
electronic and optical properties of 3D hole gas
systems; for example, the parameter 7,, which is
the interparticle spacing in units of the Bohr
radius and which is also the ratio of the un-
screened Coulomb repuision energy to the 3D
Fermi energy for the holes, is much larger in the
p-type than in the n-type WPBWSs, because of the
heavier hole mass. This suggests that collective
phenomena (e.g. spin density wave or Wigner
crystal formation) may be more accessible in the
p-type WPBWs [14].

We thank J. English, H. Kroemer and M.
Sundaram, for valuable discussions, J. Baskey and
A. Rimberg for advice on the capacitance mea-
surements, and E. Gwinn and her group for use
of the dilution refrigerator. This work was sup-
ported by the Air Force Office of Scientific Re-
search under grant AFOSR-91-0214.
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Onset of 3D Collective Response in Bimetallic Jellium Films: Surface and Mode Sensitivity
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We use experimental and calculated excitation spectra of bimetallic jellium films with widths of up to
a few Fermi wavelengths to explore how excitations of a thin metal with internal density gradients evolve

into surface plasmons of a three-dimensional layer.

We find that the onset of 3D plasmons is mode

specific, and sensitive to surface potentials, even for small surface wave vectors.

PACS aumbers: 73.20.MI(, 71.45.Gm, 72.30.+q

The excitations of thin electron gases with widths of up
to a few Fermi wavelengths remain incompletely under-
stood. In particular, little is known about how excitations
of a thin gas evolve into the plasmons of a 3D metal slab
as the gas widens and effects of level quantization dimin-
ish (1]. The sensitivity of excitations of thin gases to sur-
face potentials has also been little explored, while for 3D
metals the existence of multipole surface plasmons
(MSP’s) and the dispersion of ordinary surface plasmons
(OSP's) are sensitive to surface barrier shapes [2]. Re-
cent studies of alkali films on Al substrates relate to these
questions: Submonolayer alkali overlayers clearly modify
surface conditions [3]. However, because electrons pass
freely from the thin overlayer into the 3D substrate, the
role of quantum confinement is unclear.

AlGaAs heterostructures are ideally suited for address-
ing these questions, because they can realize arbitrarily
thin, metallic films. Complex effects arising from crystal-
linity in elemental metals are also eliminated: The
effective positive background in the heterostructure close-
ly approximates the “jellium” limit. Here we study a
bimetallic film in a special AlGaAs heterostructure, in
which the thicknesses of both metal layers are on the or-
der of a Fermi wavelength or less. The rich excitation
spectra we see in experiment and calculations for this
two-density system allow us to probe the effects of quan-
tum confinement and nonlocality on the dynamic response
of electron layers with quantum dimensions. We find a
strikingly mode-dependent onset of OSP’s characteristic
of a 3D, bimetalilic layer, arising from nonlocal effects.
Further, we demonstrate that altering surface barrier
shapes dramatically changes excitation spectra of thin,
bimetallic gases.

Flgures 1(a)=1(c) show the ground state of a bimetal-
lic gas in an Alg(:)Gaj-x(:)As heterostructure. The
potential well in the conduction band edge, E.(z), con-
fines the electrons [Fig. 1(a)l. E. was tailored during
molecular-beam-epitaxy growth (4] so that £, =nz2(e?/
2erep) for z <0 and E, =nqz %% 2¢ere for z > 0, where
& ax13, and z is along the growth direction. By Poisson’s
equation, this well stimulates adjacent slabs of positive
charge with densities n4y =n; for 2 <0 and n4 =n; for

2126

2>0. Our heterostructure has n,=2.7x10'® cm ™3
(r,=2.1) over a width of 1100 A, and ny=1.35x10'¢
cm ™3 (r;=2.6) over 1500 A. Outside the well in Fig.
1(a), the Al fraction x=0.26, giving E. a 225 meV
depth.

To screen n+, electrons (from Si donors set back 50 A
from the well edges) form a bimetallic layer with density
n.=n, for z <0 and n,3=n; for z > 0. The solid line in
Fig. 1(b) shows n,, and Fig. 1(c) the corresponding
single-electron potential Uy, both found in the local-
density-functional approximation [{5). The small width of
the gas quantizes electron energies into subbands
Eo(gy) =ea+h%qi/2m*, where g, [horizontal lines in
Fig. 1(c)] are eigenvalues of U Figure 1(b) shows that
n+ (dotted line) is wider than the electron gas, causing a
quadratic rise in U, outside it [Fig. 1(c)]. Thus, the
partly filled well in Fig. 1(c) realizes an effectively non-
neutral bimetallic film. Figures 1(d)-1(f) illustrate a
companion neutral film to be discussed below.

Our experimental spectra are for such non-neutral

; 200 A
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= = 14 '

=) |
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FIG. 1. Bimetallic electron gases: (a)-{(c) non-neutral film,

and (d)-(f) neutral counterpart. Vertical line at z =0 separates
low- and high-density regions of n+. (a) Potential £, due to
n+; (b) electron density n (=) (solid line) and n+ (dotted line):
(c) one-electron potential U\«(z); dashed horizontal lines are
6. (b) and (c) are for well in (a) filled 10 N, =3.2x10" cm ~2.
(d)~(f) Neutral bimetallic film with the same N,. Dotted, vert-
ical lines mark outer surfaces of n+.
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bimetallic films, with electron sheet densities N, < 2.1
x10'" cm ™% in the well of Fig. 1(a). We study the de-
pendence of the gas’s transmission spectrum on its total
width wig, for wie =0 to ~1.5(A¢) (three occupied sub-
bands), where (1) =765 A is the mean Fermi wave-
length of 3D gases with densities n, and n;. To vary wyy,
a dc voltage bias is applied between a semitransparent
NiCr gate on the sample’s top surface, and an Ohmic
contact to the gas [6]. Normally incident, far-infrared
radiation couples to excitations of the gas with fixed
gv=2x/ko, via an Au grating of period Ag=2 um that
overlies the gate [7]. A Fourier transform spectrometer
and He’-cooled detector collect transmission spectra
T(w) over 20-100 cm ~'. Displayed —AT/T spectra
are normalized to the transmission Tg of the empty well:
=AT/T=(Ty—T)/Ty. The sample was held at 1.5 K,
well below Tr~40 K.

Figures 2(a)-2(d) show —AT/T spectra for increas-
ing wyo. The insets are n,(z) calculated using N, and gas
widths found from gate-to-gas capacitance measurement
{6]. In Fig. 2(a), the gas lies entirely in the region of
lower background density n4 =n,, about 600 A from the
step in 74+ (at z=0), and a single resonance appears near
35cm~'in —AT/T. This peak grows as the low-density
gas widens [Fig. 2(b)]. When the edge of the gas crosses
the step in n4+ and a second slab with higher density
ne~n, begins to form, broad absorption appears near 50
cm ™! [Fig. 2(c)], and grows strong as the higher-density
gas widens. In Fig. 2(d), the gas has well-defined cegions
of both high and low density, and has resonances peaked
at 35 and 50 cm ~'. The feature near 50 cm ~' is broad,
over twice the width of the 35 cm ™' peak.

We compare the data in Figs. 2(a)-2(d) to predictions
of two models: a local, macroscopic *'local optics™ model,
and the full random-phase approximation (RPA), a mi-
croscopic. nonlocal model that works well for alkali sur-
faces at small g5 [2,3). These models allow us to probe
how quantum confinement and nonlocal response affect

the onset of collective excitations characteristic of a mac-
roscopic, bimetallic (*3D") slab.

Local optics ascribes the Drude electric function to ad-
jacent gases with densities n; and a;. The oscillating
charge on of OSP’s is confined to sheets at surfaces of the
gas. Applying clectrostatic boundary conditions gives
three OSP’s, with frequencies Qiow. Omit. and Qpign.
Coupling of the exponentially decaying potentials from
én at the different surfaces causes the Q1's to vary with
slab widths w, and w;. For qaw;>» | and qaw;>> |, sur-
faces decouple and 8n localizes at the outer surface of the
low- (high-) density gas for the Qiw (Qmig) mode, while
dn localizes at the interior interface for the Qpign mode.
In this limit, the Q’s give OSP frequencies accurately at
gv=0, regardiess of surface barrier shapes [8}. Because
the ¢y dispersion of OSP modes should have little effect
(~1% shift [9]) for the small gy studied here, qu/kr
~0.04, we expect OSP frequencies of the bimetallic gas
to converge toward the Qs as the gas widens.

Figure 2 compares data [Figs. 2(a)-2(d)] to RPA ab-
sorption spectra A(gi,w) [Figs. 2(e)-2(h)] calculated
(10] for an external potential that approximates the effect
of the grating coupler [11]. Vertical lines in Fig. 2 show
Qmid and Qpign (Qiow is below our range of observation).
The solid lines in Figs. 2(e)-2(h) are 4(qy, ) calculated
for a collisien damping time t =2 psec, comparable to
the sample’s measured momentum relaxation time; dotted
lines are for £ =6 psec. The A{gs @) with r =2 psec
resemble the experimental —AT/T spectra in Figs.
2(a)-2(d): Prominent resonances in both data and
A(gy,m) lie close to Qmg and Qygn. However, the r =6
psec calculations reveal that the broad structure in the
data near 50 cm "' is nor a single, well-defined OSP, but
rather a cluster of resonances spread by collision damping
into a single feature. This accounts qualitatively for the
large width of the peak at 50 cm ~! in the data, although
other damping mechanisms (e.g., due to width-dependent
layer roughness) may also contribute.
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FIG. 2. Dynamic response of effectively non-neutral, bimetallic films. Vertical lines show Q's. (a)-(d) Experimental 1.5 K
transmission spectra. Insets show calculated n.(:) based on measured gate-to-gas capacitance (zo=600 A: n, is in units of 10'
electrons/cm?). (e)=(h) A(gs.w) at T =0, for ¢ =2 psec (solid line). and for r =6 psec (dashed line). (a).(e) N, =1.7x10'" cm ~2.
®),(0) N, =9.3x10"cm =2 (c),(g) N, =1.7x10" cm =2 (d).(h) ¥, =2.1x10" cm "2,
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To understand how the resonances in Fig. 2 relate to
OSP’s characteristic of a 3D gas, we extend our calcula-
tions to gas widths greater than obtained experimentally.
Figure 3(a) shows dependences of RPA and local optics
frequencies on wyy (frequencies are all normalized to o,
the bulk plasma frequency of the higher-density gas: wiq
is normalized to (Af), and for the largest w,y shown,
gywin=1.9). For simplicity, in Fig. 3 sheet densities of
the adjacent gases are kept equal, so that wyg =3N,/4n;.
Solid lines in Fig. 3(a) show the Q's; x’s denote reso-
nances with > 4.3% of the spectral weight, and O’s, reso-
nances with weight between 1.8% and 4.3%. Figures
3(b)-3(d) are 6n (shaded) [12} and n, (dashed lines) for
resonances marked in Fig. 3(a). Figures 3(e)-3(g) show
example 4{qy, @) spectra for three values of e, (dashed
lines locate the Q's).

Figure 3(a) shows that the approach of RPA resonance
frequencies to the QU's is mode dependent. A resonance
lies at 0w for all w. In contrast, resonance frequen-
cies converge to Qmid and Qpign gradually as wye in-
creases, in a distinct manner for each mode. For wy
greater than roughly (Af), RPA frequencies approach
Qmia Smoothly, while resonances near Qpign are grouped
into branches that cut through Qpgy at discrete values of
win. Deviation from the Q's is produced by quantum
confinement and nonlocal response. Figure 3(a) shows

W, /<A
0 l % toté F> 6
1 -;.:'éé:;ig;éfza:,;u

FIG. 3. Mode and surface sensitivity of the onset of macro-
scopic dynamic response. (a) RPA and local optics resonance
frequencies vs wio, for g (3.14%10* cm ") used in experiment.
Frequencies are normalized to ay; width, to (Ar). RPA reso-
nances are O and x (> 1.8% and > 4.3% of spectral weight, re-
spectively). Solid lines are local optics 2's. (b)-(d) RPA é&n
(snapshot of the oscillating charge in a given mode) and 7,
(dashed line) for resonances in (a) marked by arrows. (e)-(g)
Non-neutral and (h)-(j) neutral RPA spectra for wix marked
by vertical dotted lines in (a). Vertical dashed lines locate Qiow,
Ormid, and Qpign.

that the frequency of the RPA resonance at Qw—an in-
trasubband “2D" plasmon for small w—is insensitive
to these effects [13]. Also, dn for this mode resembles its
local optics counterpart for all wig; €.g., or wig =8(As),
Fig. 3(d) shows &n localizing at the outer surface of the
low-density gas.

Unlike Qiga. resonances near Qmig and Qpgn evolve
from intersubband excitations of the gas, and for small
Wi 3T€ sensitive to changes in subband occupation. For
wi less than roughly 1.5(&f), the scattered resonance
frequencies in Fig. 3(a) reflect the addition of new inter-
subband absorption channels. (Three subbands are occu-
pied at wi=1.5f).) For wiu above ~1.5(f), the
smooth approach of RPA frequencies toward Qmaq 1S
unaffected by changes in subband occupation, indicating
that the resonances have plasmon character. The
smoothly decaying offset from fmiq reflects the diminish-
ing influence of nonlocality as OSP’s at different faces
decouple. For gywiu > 1, the 8n approach the expected
local optics form, eventually localizing to the outer sur-
face of the denser gas, as Fig. 3(c) shows.

The more complex behavior of resonance frequencies
near Qpigy results from the two-density form of . and
nonlocal dispersion. The bulk plasmon (BP) frequency in
an infinite electron gas increases as w@z(g.) =wy(0){1
+B32], where the dispersion coefficient § would be zero
in a local response model, and ¢ is along z. In a bime-
tallic gas, Quign is greater than @; (the BP frequency of
the lower-density gas), so that the OSP is degenerate
with a bulk plasmon in the lower density gas, for some
g.- In adjacent, semi-infinite gases, coupling between
density oscillations at the interior interface and
throughout the lower-density gas has been shown to pro-
duce plasmons with mixed bulk and surface character,
with frequency at gy =0 given by the large-width limit of
Onigh {sl.

Here the low-density gas has finite width, so one ex-
pects a standing-wave condition g,~nx/wz to allow
discrete BP frequencies w,(n) =w7(0)[1 +(82x)nY/wil,
where wj is the width of the lower-density gas. Thus, no
BP is degenerate with Qpign for general wi. However,
Fig. 3(a) and A4(qu,w) spectra [Figs. 3(f) and 3(g)} show
that a near degeneracy with g is sufficient to greatly
strengthen modes with bulk character in the lower-
density gas: Resonances on the branches in Fig. 3(a)
strengthen dramatically as they approach Quign. Their on
have form consistent with mixed surface-bulk character,
as the example in Fig. 3(b) shows. Within each branch,
the number of nodes in &n across the low-density gas is
constant as the gas widens, while at fixed wio, the num-
ber of nodes changes by 1 between branches. This behav-
jor in Sn, the falling frequency along each branch, and
the decrease in the branch spacing with increasing gas
width, are all as expected for modes with BP standing-
wave character in the low-density gas. The dn lose this
regular standing-wave form as their frequency moves
away from Qpigh, indicating that the resonance character

' :
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is evolving from plasmon- to single-particle-like.

Thus, as the film widens, modes with clear plasmon
character evolve from intersubband excitations at the lo-
cal optics frequencies expected for a 3D plasma. Coaver-
gence of excitation frequencies towards Qmia for wey
=] ~2(As) indicates that level quantization ceases to be
important for surprisingly small film widths. The more
complex behavior near (g is primarily due to a cou-
pling of surface and bulklike density oscillations allowed
by nonlocal response in this two-density system. Hydro-
dynamic calculations [14], which are nonlocal but do not
include level quantization, support this conclusion: For
layer widths above ~1.5(s), frequencies of RPA and
hydrodynamic modes near Quig are in good agreement.

We now show that the unusual, “non-neutral” surface
barriers for the gases discussed above strongly affect our
results. Figures 1(d)-1(f) compare a neutral bimetallic
jellium, the appropriate model for uncharged metal films
{2,3], with the non-neutral case. The sheet density of
electrons N, = [n.(z)dz for the neutral film is the same
as in Figs. 1(b) and 1(c), but termination of n+ at the
dotted vertical lines in Fig. 1(e) makes N4 =fn.(z)dz
= V,. This neutrality forces U/ to soften outside the gas
and eventually become flat {Fig. 1(f)]. Thus, for the neu-
tral film the s, above Ef are closely spaced, forming a
continuum at high energies. £ and the occupied &, are
nearly identical in both neutral and non-neutral cases;
but the wnoccupied s, are quite different, due to the
different surface barriers.

The A(gy,®) calculated for the neutral film in Figs.
3(h)-3(j) show that surface conditions strongly affect ab-
sorption spectra: All features above 0w are broader
than for the non-neutral film [Figs. 3(e)-3(g)). This is
due to the large number of transitions from occupied
states to the neutral film’s empty coatinuum. In the
non-neutral film, degeneracy of plasmon and surface
plasmon excitations is improbable at the small gy studied
here, due to the discreteness of the g, for all energies.
Thus, Landau damping is suppressed in the nca-neutral
system (linewidths in Figs. 3(e)-3(g) are primarily due
to the t =20 psec collision time], but plasmons in the
neutraj film are Landau damped.

Sensitivity of A{qi, @) to surface conditions is most
dramatic for thin layers [Figs. 3(e) and 3(h) and 3(f)
and 3(i)]. For larger wyy [Figs. 3(g) and 3(j)], OSP fre-
quencies approach the local optics Q’s in both neutral
and non-neutral films. This is expected for a macroscopic
film, because OSP frequencies are rather insensitive to
surface conditions at small ¢q;. However, Figs. 3(f) and
3(i) and 3(g) and 3(j) show that neutral surface barriers
heavily blur the multiple resonances near Qpgn in the
non-neutral film. Studies of alkali films on Al substrates
(in which electrons see a neutral surface barrier) (3] have
not discussed plasmons near Qpign. Because the density
contrast in the alkali/Al system is large (n\/n2~7, com-
pared to ny/ny=2 here), these were probably suppressed
by Landau damping, as discussed in {8]. The steep sur-

face barriers in our non-aeutral system also eliminate
[15) MSP's, while 8a for some weak resonances of the
ncutral film have multipole character.

General implications of this work are the following:
(1) The plasmons characteristic of a macroscopic metal
slab emerge in a strongly mode-dependent manner from
excitations of thin electron gases; (2) in thin films with
internal deasity gradieats, non-neutral surface barriers
enhance plasmons with mixed surface and bulk character;
and (3) absorption spectra in thin films are particularly
sensitive to surface barrier shapes: Non-neutral surface
barriers dramaticaily narrow absorption features. This
narrowing may also be observable in positively charged,
clemental metal films or clusters, in which the charging
would force the continuum to higher znergies.
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We report studies of the surface plasmon modes of a layer of clectron gas that is embedded in a

wider, effective positive background, provided by a parabolic Al,Ga;-.As well. Although conditions in

Electron gases in Al,Ga,-,As heterostructure wells
provide experimental access to aspects of metal surface
physics that are inaccessible in conventional metals. The
principal advantages of the semiconductor system are as
follows: the near-surface Jensity profile of the electron gas
can be tailored; the effective positi: - background can be
chosen to be smooth; and the thickness of the electron gas
i8 continuously variable from zero to a few Fermi wave-
lengths, so that the interesting crossover regime between
two and three dimensions can be probed.

By their nature, the surface collective modes of an elec-
tron gas are sensitive to surface electronic structure. '
We ipvestigate surface plasmons on an electron gas that is
embedded in a wider, effective positive background, pro-
vided by a parabolically graded, Al,Ga;-;As well.’*
The unusual nature of the surfaces in this non-neutral jel-
lium produce a qualitatively different surface plasmon
spectrum from that of a neutral jellium slab.? Although
the optical, magneto-optical, and transport properties®~'2
of parabolic Al;Ga,-,As wells have been studied previ-
ously, this work presents an experimental study to address
surface-related phenomena in such structures.

In Al,Ga;-;As heterostructure wells, varying the Al
fraction, x, along the growth direction, z, varies the
conduction-band edge, E., to realize a potential well for
electrons. The well curvature K =d?E./dz? determines
an effective background charge density n,, which by
Poisson’s equation is ny(z) =¢K(z)/e2.” Remote donors,
.which lie in planes that are set back from either side of the

well, provide conduction electrons. The nearly uniform,

static fields of the planar sheets of ionized donors cancel in

the well region between the donor planes, and should have

little effect on the dynamic response of the electron gas. '
Neutral jellium is realized by adding a sheet density of

electrons '/, =nywp to the potential well produced by a

slab of positive charge with density 7, and width wy. The

electrostatic potential due to the positive slab is parabolic
within the slab, and linear outside, as sketched by the dot-
ted line in Fig. 1(a). The vertical, dashed lines show the
slab boundaries, and the solid line shows a parabolic po-
tential, for comparison. Non-neutral jellium is realized
when N, < nywy: The layer of electron gas is then embed-

in a wider positive background. In both the neutral

non-neutral cases, the electron gas forms a layer with
density n, 2%y, over a width w, sxwy. The nominal width

46

the interior of the electron gas are nearly identical to those in a neutral jellium slab, the more abrupt
electronic surfaces in the parabolic well produce a qualitatively different ‘surface plasmon spectrum.

of the electron gas w, =N,/n,. For the parabolic well
studied here, the effective positive background extends at
least four Thomas-Fermi screening lengths on either side
of the electron layer, so the electron gas is well embedded.

In the interior of the electron gas, the parabolic well
and neutral jellium are similar: The spacing of occupied
single-clectron levels are the same to within a fraction of a
percent,* and the electron gas is nearly uniform. For tem-
peratures below the Fermi temperature Tr~50 K, the ra-
tio of the characteristic potential and kinetic energies is
similar to that in simple metals, although the electronic
density in the semiconductor structure is ~6 orders of
magnitude smaller. For the parabolic well studied here,
7,=2.07, where r, =ro/a®, (4xrd/3)n, =1, and a* is the
Bohr radius in GaAs.

The conditions at the surfaces of the electron gas in a
parabolic well are different from those at neutral jeilium
surfaces. Figure 1(b) plots the self-consistent potential
¥(z) that resuits from adding a sheet density of electrons
Ne=nywy to the confining potentials £, shown in Fig.
1(a), for n, =2.75%10'6 cm =3 and w, =880 A. The ex-
tension of the positive background beyond the electron gas

o
4
—
o

wn

E; (2) (meV)
8
V(z) (meV)

b .

B

FIG. 1. (a) The dotted line shows electrostatic potential du¢
to a uniform slab of positive charge with width wy =880 A and
deasity ny =2.75x 10 cm 3. Dashed, vertical lines show boun-
daries of positive slab. The solid line shows parabolic potential
for my=2.75x10" cm =3, (b) Total, self-consistent potential
V(z) for the wells in (a), for a sheet density of electrons
Ne=mwy. (c) Conduction-band edge E.(z) for PB31 (empty)-
Donor planes (not shown) are set back from the well edges bY
200 A. (d) Grating coupler; here gg =1.60x 104 cm ~!. Vectors
sketch fringing field.
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$ SURFACE COLLECTIVE MODES OF NON-NEUTRAL JELLIUM

in the parabolic well produces a steeper surface potential
{solid line in Fig. 1(b)], and a corresponding steeper decay
in the density at the surfaces of the electron gas. The
gifferent surface conditions shown in Fig. 1(b) have a
marked effect on the surface plasmon spectrum.

Extensive investigations of collective electronic excita-
iions in heterojunctions, square wells, and superlattices of
square wells have been carried out.'* All of these struc-
tures realize electron gases with density profiles that are
sharply peaked in one or more sheetlike layers, and have
different plasmon modes from the thick, nearly uniform
layer of electron gas exglored here.

We have studied a2 sample from a high-quality,
molecular-beam epitaxy (MBE) grown parabolic well
structure. Measurements of the Al flux during pro-
grammed growth sequences indicate that the well follows
the design parabola closely, and extensive magnetotrans-
port studies'? show that the measured single-clectron sub-
band spacings agree with self-consistent calculations at
the 3% level. Figure 1(c) sketches the conduction-band
edge, E., for the empty well. The Al fraction, x, increases
quadratically from x =0 at the well center to x=0.2 at
the well edges at z=2510 A and z=4510 A, where z is
measured from the sample surface. At the edges of the
well, x steps up to 0.3. The design density!® is n,
:2.5%10'¢ cm 3, and corresponds t0 w, =50 cm .

We study the dependence of the surface plasmon spec-
trum on the continuously variable width, w,, of the elec-
tron layer. A negative dc voltage bias ¥ applied between
a semitransparent gate that covers the sample surface,
and an Ohmic contact to the electron gas, reduces w, by
moving the top edge of the electron gas away from the
gate. We obtain the sheet density V. (V) and the width
we =N,./ny from the integral of C(¥;), the measured ca-
pacitance between the gate and the electron gas. Magne-
totransport measurements give N, (V) in agreement with
tha: ottained from the capacitance. We also obtain 7 the
separation between the gate and the top surface the
electron gas, from the capacitance. '*

To excite surface plasmons, we used a 3.92-um period
grating of Au bars to spatially moduiate normally in-
cident, far-infrared radiation.'” Figure 1(d) skeches the
[ringing fields in the near field of the grating, which excite
surface plasmons with wave vectors gy =™nqg, where g¢
=2x/A¢, Ag is the grating period, and n=1,2,...."7 A
300-mK composite Si bolometer and a Bomem DAC.002
Fourier-transform spectrometer, set at nominal 0.5 cm ™!
fesolution, were used to collect far-infrared transmission
data. The 2.90-mm diam sample was held at 1.5 K for ail
Mmeasurements.

Transmission spectra display both low- and high-
frequency resonances, which arise from the coupling of
charge fluctuations on opposite faces of the electron layer.
Figure 2(a) shows the normalized transmission, —AT/T

={To~T(w,)}/Tq, where Ty is the transmission throuih
the empty well. The solid line corresponds to w, =880 A,
and the dotted line to w, =580 A. As discussed betow, we
identify the resonances below 20 cm ~' and near 50 cm ™!
s jow and high frequency, coupled surface plasmons, o -
ind w,. Because we probe q1#0 only, we cannot measure
o} =n,e/em* directly, but estimate that w, lies in the
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FIG. 2. (a) Solid and dotted lines show —AT/T prior to il-
lumination for w, =880 A and w, =580 A (baseline offset), re-
spectively. Insets to the right show illumination-induced split-
ting of the m-(gg) resonance (top) and of the w+ resonance
(bottom), for w,~500 A. (b) Calculated absorptior spectrum
for a pzrabolic well with ny =2.75% 10" em =%, and w, =880 A
for qu=g=1.6x10* cm~! (solid line) and for gu:=2gg
=3.2x10*em ™' (dotted line). Inssts to the right show the cal-
culated, fluctuating surfars plasmon charge 6n(z, gi=qc) for
the o~ and w+ resonar zes. (c) Calculated absorption spectrum
for a neutral jelliun: slab with 2, =2.75x10'* cm 3, and
w, =880 A,

range 51-54 cm ™', based on the observed range of w+
with w,.

For q¢=0, the w4+ resonance becomes the parabolic
well sloshing resonance discussed in Ref. 10. Because the
confining potential E. is harmonic, the frequency of the
sloshing mode is independent of w,, and is equal to w,.'®
Resonances in parabolic wells at waxw, have been ob-
served bz' other groups, and identified as the sloshing reso-
nance.*® Surface plasmons are a more general type of
collective mode, which have frequencies that do depend on
We.

Surface plasmon spectra for both neutral and non-
neutral jellium layers have been calculated in the time-
dependent, local-density approximation (TDLDA).? To
simulate the grating coupler, an external potential
59¢xc =explilgix — o1])exp(gsz) was used, where g is
the wave vector of the surface plasmon, and the electron
gas lies at z <0. Surface plasmon resonances appear as
peaks in Im{M (g, ®)], where

MgLo)= {f:_dz e"‘&n(z.q.,m)} ,

and 8n(z,qy,@) is the induced charge density. The calcu-
lations assume m*/mg=0.069 and ¢/¢g=~13; a constant
Im(w) =1/¢, with @, r =300; and include an image plane
above the electron gas, which mimics the effects of the
metallic gate and grating on the surface of the sample.
Figures 2(b) and 2(c) show the absorption spectrum
o Im{M (g, @)} for the parabolic well and for the neutral
slab, respectively, for ny =2.75x10" cm ™} (w,=52.2
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cm ~') and w, =880 A. These parameters correspond to
the experimental spectrum shown as a solid line in Fig.
2(a). The relative amplitudes of the calculated spectra
for gy =g¢ (solid lines) and qy =29 (dashed lines) have
been scaled to account for the coupling efficiency of the
grating to the low-frequency resonance, in the limit that
the clectron gas becomes a two-dimensional sheet.!” The
unperturbed electron gas is calculated to occupy three
subbands of the self-consistent potential V(z) for w,
-=880 A.

The form of the calcula. :d parabolic well spectrum is
simple: only two resonances appear, for fixed ¢y As
shown in the inset to the right of Fig. 2(b), the calculated,
fluctuating charge of the surface plasmon, n(z,w+), is
localized near the surfaces of the electron layer. In con-
trast to the parabolic well, the calculated spectrum for the
neutral jellium slab has a large number of weak reso-
nances. The resonance near 0.8, (~42 cm ~') has been
identified? as the thin-layer analog of the multipole sur-
face plasmon. This resonance becomes much stronger for
lower electron densities and larger gy.

The qualitative differences between the spectra for the
parabolic well and the neutral slab are due to the more
abrupt electronic surfaces of the embedded electron gas.
The multipole mode, for example, occurs only at electron-
ic surfaces that are sufficiently diffuse.'® This association
of the simple spectrum for the parabolic well with its steep
electronic surfaces is corraborated by calculated results
for electron gases with surfaces that are steeper than in
the parabolic well.} For example, if the central parabolic
region occupied by the electron gas is bounded with quar-
tic, rather than by quadratic, extensions, the absorption
]

2
2wy

spectrum still shows only two resonances, with resonance
frequencies w+ and w - that are both shifted slightly up-
wards from those of the parabolic well.?

The experimental transmission spectra for the parabolic
well, shown in Fig. 2(a), are similar in form to the calcu.
lated spectra in Fig. 2(b). The two low-frequency reso-
nances in the data can be identified from their dependence
on w, as w-(gg), and w-(29¢). The strong resonance
near 50 cm ™' is the antisymmetric, coupled surface
plasmon, w+. In the spectum for w, =880 A, an addition-
al, small peak appears above the main w+ resonance,
This feature is not apparent in spectra for smaller w,, and
is discussed below. Because the damping processes that
occur in the physical system are more complex than in the
calculations, we do not expect agreement in the resonance
strengths for the experimental and calculated spectra.

Figure 3(a) shows the dependence of the experimental
@- on w,. The vertical lines indicate subband occupation:
Self-consistent calcuiations for n, =2.75x10'¢ cm ™3
show that the second subband begins to fill at w, =360 A,
and the third subband at w, =690 A. The dependence of
the experimental w+ on w, is shown in Fig. 3(b). No
sharp features associated with subband filling are ap-
parent in the data, for either resonance, in agreement with
TDLDA calculations.

The resonance frequencies can also be estimated from a
nonretarded, local optics model, in which the dielectric
function of the eclectron gas is taken to be e=é(l
—w}/w?) over its width w,. Dielectrics with e=¢
separate the electron gas from the gate, which is treated
as a perfect conductor, and bound the back side of the
clectron gas. We obtain

ok

In the limit d— o, for ¢ =¢; Eq. (1) reduces to
o% = { olll Fexp(—quw,)], as is appropriate for a
symmetric slab.! In the limit w,— 0, Eq. (1) becomes
¥4+ =a)p and

- o} (qiw,) - e’quN,
T (ei/e)li +coth(gad)]  eym®[1+coth(qed)] '’

(2)

the well-known dispersion relation for the two-dimen-
sional plasmon on an clectron sheet of vanishing thick-
ness.!” For the range of g and w, used in the experiment,
the resonance frequencies calculated for the embedded
electron gas in the TDLDA agree with Eq. (1), which be-
comes inaccurate for larger ¢y and w, than studied here.
In contrast, for the neutral jellium slab, the local optics
model fails qualitatively, even for small qyw,.

Figure 3(a) shows @- from Eq. (1) (solid lines) and
Eq. (2) (dashed lines), for gy =g (lower curves), and for
¢1™2q¢ (upper curves). Figure 3(b) shows @+ (g¢) from
Eq. (1). We have used 7, =2.75x10'¢ cm =3, ¢, =12.5¢
in the diclectric layers surrounding the electron gas, and
e2=13.1ég and m* =0.069m,, which are the average
values over the pan of the well occupied by the electron

ey (&1/€3) (coth(gaw, )1 +coth(gid)] £ fcoth?(gaw, ) (1 +coth(qad)12 =4} 12)

(m

I

from the calculated values by as much as 6%. Possible
origins for this discrepancy include variation in the curva-
ture across the well, the abrupt step in the confining po-
tential at its extreme edges [see Fig. 1(c)], and the spatial
variation in m* and ¢.

Large-scale changes in the curvature of the part of the
well occupied by the electron gas should produce extra
resonances in the transmission spectra, which are not ob-
served for w, <880 A. Fluctuations in the curvature may
be responsible for the larger linewidth of the w+ mode rel-
ative to the @ - mode.

0 . —
sk @i ]
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[ hd : [
3 sf/ Saf
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FIG. 3. (a) Dependence of w- on w,. The solid lines sho¥
- calculated from Eq. (1). The horizontai dashed lines sho¥
the 2D limit. Eq. (2). (b) Dependence of @+ on w,. The solid
line is @+ (¢1=¢¢) from Eq. (1).
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We estimate that the step in E.(z) at the edge of the
parabolic well occurs ~400 A from the nearest surface of
the electron gas, for w, =880 A, if the density profile of
the gas is idealized as rectangular. This is roughly 4 times
the Thomas-Fermi screening length for an electron gas
with n,=2.75x10'® cm ~>. The depth of the parabolic
part of the well above the Fermi energy is at least ~100
meV, or ~16Aa,, for the data shown here. As w, is in-
creased, a weak resonance first appears above the main
o+ peak in the spectrum for w, =880 A (see Fig. 2(a)l.
This may indicate the onset of the interaction of the tail of
the electron density with the step at the edge of the
confining potential. For larger w,, transmission spectra
show a series of several, substantially broadened reso-
gances near 50 cm ',

The dependence of ¢ and m® on the local Al fraction®®
produces ~2% variation in the average of em* over the
clectron layer with w,. Because the fluctuating charge of
the surface plasmon is concentrated at the edges of the
electron gas, the variation of ¢ and m* at the surfaces
may be more relevant. At the top surface on the electron
gas, we estimate that m* and ¢ vary by 9% and 2%, re-
spectively, as the well is depleted.

The effects of static, spatial modulation of w, on the ex-
perimental spectra are consistent with identification of the
observed resonances as surface plasmons. Periodic modu-
lation of w, was produced by briefly illuminating the sam-
ple from its back side with an infrared LED. Because the
gold grating has higher reflectivity than the Ti gate, w, is
weakly modulated, due to the persistent photoeffect. ! Al-

though a detailed analysis of the surface modes of a corru-
gated clectron layer is complex,® qualitatively one ex-
pects that the moduiation in w, should open gaps in sur-
face plasmon dispersion relations a(qi), for gy =ma/ig,
where m=(x 1, £2,...). Because the grating coupler
excites plasmons with wave vectors qy=2nx/ig, for
n=1.2,..., these gaps should split surface piasmon reso-
nances, as has been observed for two-dimensional
plasmons.?® The insets in Fig. 2(a) show the effect of il-
lumination on @+ and -, for w,~500 A. Both reso-
nances split into two peaks, with a fractional splitting
Aw/wax12% and 9% for the @+ and @~ resonances, re-
spectively. If the @, resonance were the parabolic well
sloshing mode, '° which has frequency independent of w,,
one would expect weak, static modulation of w, to have
little effect on the line shape.

We have shown that Al,Ga; - As heterostructures can
be used to realize quasi-three-dimensional metals with
unusual surface properties, and that they provide a physi-
cal system in which to probe in detail the effects of surface
conditions on surface electronic excitations. More de-
tailed calculations are needed to understand the depen-
dence of the observed resonance frequencies on w,.
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ANISOTROPIC BAND STRUCTURE OF A PARABOLICALLY CONFINED ELECTRON SYSTEM
SUBJECTED TO AN IN-PLANE MAGNETIC FIELD
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and
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The anisowopy of the effective mass in a wide electron layer confined in a parabolic
potential well has been determined tfrom plasmon resonance experiments for the case of
an in plane magnetic fieid. For this system. the resuiting band structure can be described
in werms of a hybridization of the electrical and the magnetic confinement and free motion
in the plane of the electron system. The effective mass shows a strong anisotropic
behavior along the two principal directions with respect to the magnetic field. For a purely
parabolic confining potential one can derive analytical expressions for this anisotropy
which are in excelient agreement with the experimental results. Similarities to the
collective excitation spectra of one-dimensional quantum wires are discussed.

The collective excitation spectrum of an clectronic
system contains valuable information as it is one of its most
fundamental properties. For two-dimensional electron
syswems (2DES) as realized in space charge iayers in semi-
conductors the study of plasmonic (intrasubband-) excita-
tons as well as intersubband-transitions have proven
invaiuable in the charscterization and understanding of
these systems!. More recently2, also the collective excita-
tions in quasi-one-dimensional electron syseems (Q1DES,
quantum wires)>¢ and quasi-zero-dimensional (QODES,
quantum dots)® have attracted very much anention. On the
other hand, the collective intersubband-like excitations of
wide electron layers in so-called parabolic quantum wells
(PQW) which form a quasi-three-dimensional electron
system6--? (Q3IDES) has led to the generalization of
Kohn's theorem10, Subsequently, this theorem has been
very successfully applied to explain many experimental
observations also on Q1DES and QODES. It states thatin a
purely parabolically confined electron sysiem long-wave-
length radiation couples only to the center of mass coordi-
nmes and its motion. Relative coordinases and thus particu-
larly electron-clectron imeractions in such syswems do not
affect the resonance frequency of the observed transitions.

Here, we report on the investigation of the collective
excitations of a wide electron sysiem in a PQW az finice
wave vector?. If such a system is subjected to an in-plane
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magnetic field the resulting band structure is very closely
related 10 the one of a 1D quantum wire in a perpendicular
magnetic field. The reason is that 1D quanum wires in
most cases can be described in good approximation by an
external parabolic confining potential. The main advantage
of a PQW, however, is the exact knowledge of the shape
of the potentiai which allows to directly deduce anaiytical
expressions for the expected spectrum of the collective
excitations. Moreover, the case of an ideal parabolic
quantum well in a parallel magnetic field is particularly
simple and can be quantized in analytical form?1.12,
Referring the reader 10 a more detailed description of
the growth procedure and fundamental propertes of a
PQW in refs. 6..9, we give here only a short list of the
parameters for the sample used in the present experiment:
Our sample is a parabolic AlyGa}.xAs quanwum well of
width W=200nm and energetical depth of A} =150meV. It
has additional vertical sidewalls of height A2= 75meV. The
curvawre of the parabolic part of the weil corresponds w0
the potential of a positive background density
n*=2-2.1016cm-3. On 10p of the sampie we have a
semitransparent NiCr gate and an Ag grating coupler of
periodicity as2um. Ohmic contacts are made 10 the electron
system by alloying In at T=430°C in reducing aunosphere.
By application of a bias between the gate and the clectron
system!3 we can change the carrier density in the well from
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Ngw»0 10 Ng=2.6-10} lem-2. The grating coupler provides
a plasmon wave vector g = 2a = - 106 m- 1.

As has been shown before!d.!5, 1 quasi 3DES
contined in a PQW can support intra-subbind excitations
that for small q resemble the weil knowa surface
piasmon!6 of a 2DES. Its dispersion is given by

: N,e'q

w 1
P 2mE(q)e, o

where £(g) denotes an effective dielectric constant
containing sample parameters and geometry, and mp an
cffective plasmon mass. The other symbols have their
usual meaning. For our sample hw, = 15cm™, depending
on the carrier density in the well. The sample is mounted in
Voigt geometry in the center of a superconducting solenoid
providing magnetic ficlds up to 15T parailel to the plane of
the electron system. It is held at a temperature of T=4.2K.

The experiment are performed in transmission using a rapid

scan Fourier transform spectrometer under normal
incidence of unpolarized far infrared radiation (FIR).

Experimentally we determine the relative change in
transmission

AT _ T(0)-T(Ny)
T T(0)

@

which is proportional to the real part of the dynamic
conductivity G(@)of the electron system. The geometry of
our experiment is depicted in Fig. 1. Here, both principal
orientations of the plasmon wave vector with respect to the
magnetic field are already skeiched. By rotwting the sample
by /2 we can excite surface plasmons with q being either
parallel or perpendicular to the magnetic field.

y
-

Fig. 1. Sketch of the geomerry of the experiment. The
unpolarized far-infrared radiation is incident in y-direction,
the magnetic field is directing paralie! to the electron layer
(x-y-plane). The plasmon wave vector q is defined by use
of 2 metal grating on wp of the sample, and can direct either
panalie] or perpendicuiar 10 the magnetic field.

Vol. 84, No. 9
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Fig. 2. Typical specra as obtained in transmission and
Voigt geomerry for different magnetic fields B. Both cases
of q being perpendicular (a) and parallel (b) to B are
depicted. In both experiments we observe three resonances,
which are related 1o the intra-subband plasmon at finite
wave vector (0,9), the inter-subband plasmon at finite wave
vector (1,q), and the inter-subband plasmon at zero wave
vector (1,0). The latter is also cailed plasma shifted
cyclotron resonance. In (a) the resonance (0,g) has a
characteristic negative magnetic field dispersion, whereas
(1,q) and (1.0) follow the dispersion for 2 magnetw-electric
hybrid excitation as described in the text. In contrast to (a),
for panallel configuration (0.q) has no magnetic field
dependence as expected from the simple model (b).

Typical spectra for both orientations of the plasmon
wave vector with respect to the magnetic field are shown in
Fig. 2. Here. ve plot the observed relative change in
transmission vs. energy for different magnetic fields. In
perpendicuiar geometry, i.c. the plasmon wave vector
being normal to the magnetic field (Fig.2a) we observe
basically three resonances. The lower frequency mode
q around L6cm-) at low B is identificd with the surface
plasmon and exhibits a negative dispersion with the
magnetic field, which is a unique fearure of an edge
magnetoplasmon type of oscillation!?.18, The higher
frequency modes W) q and @) o are the grating coupler
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induced intersubband-type excitation? and the plusma
shifted cyclotron resonance’8 at gm0, respectively. The
oscillator strength of the later is zero for zero magnetic
field and then increases as the field increasesd, which can
be clearly seen in the figure. This excitation is formally
identical to the magneto-clectric subband hybrid in a 1D
quantum wire. For parallel geometry (Fig. 2b), we also
observe three oscillations, but Wg 4 now has no significant
magnetic field dependence. This striking difference
contains information about the magnetic field induced
anisotropy of the effective band structure that we like 10
discuss in this Communication.

Using the coordinate system of Fig.! and omitting the
spin, the initizl eigenenergy equation for 2 PQW subjected
t0 an in-plane magnetic field reads!2

*
[zlt(P"‘eA) = ;’LOYI]V=EV 3)

where m* @}, /2 characterizes the parabolic potential in
growth (y-) direction. This frequency is given by the bare
exsernal potential of the PQW and due to Kohn's theorem
independent of the number of electrons in the well. It has
been shown before5-10 thag this frequency @) g for q=0 is
solely determined by the curvarure of the extemal parabolic
potential and is given by

38

Wims

ol = @
where A} is the energetical height of the parabolic parn of
the potential, and W its width in confini..g direction. At
finite wave vector g, the mode exhibits a dispersioni4.15
which is determined by the quantity qd, d being the width
of the electron system in the direction of confinement:

2
w?, = 3”2—’-0 +e™™) )

Taking A = ~(By,0.0) and separating the vasiables in the
usual way one obumins form (3)

2 42
(2,: :y, +1'-Q—ir’)/(y)= Ef5) (©

where Q* = ], + @} is the effective hybrid frequeacy,
Fmy=y, with yg= hkya). / m* Q. The resulting energy

dispersion then turns out to be given by
hlkl AI 2
E:uﬂ(n-t-l/2)+2m_:, - ™
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This dispersion describes a harmonic oscillator-like quan-
tization in the confining direction of the parabolic potential
with a charactenstic frequeacy Q. representing the inter-
subband-type collective excitation that obeys Kohn's
theorem. The free motion in the plane of the Q3DES is
represented by the quasi-momenta ky and k7. Eq. (7) has
exactly the same form for a IDES in parabolic
approximation (quantum wire) if one replaces the term
containing kz by a 2D subband energy, since it is also
confined in this direction. The term containing ky is then
related to so-calied one-dimensional plasmons propagadng
along the wire?. The hybrid oscillator erm is governed by
the 1D intersubband plasmon. The interesting fact for a
PQW, however, is the occurrence of an anisotropic band
structure in the plane of the electron system with respect 1
the direction of the magnetic field. The same anisooopy has
been observed before, although as a much weaker effect,
for high quality 2DES on GaAs/AlGaAs heterostruc-
tures!9. The theoretical description in that case, however,
is rather complex and not straightforward20. Using eq. (7)
one can define a very simple expression for the effective
mass for a PQW and the geometry under consideration

=m* 8

wl
m,.:=m‘(l+zf-) and m,

e

in the plane of the electron system. The subscript symbols
for m* indicate the direction with respect to the magnetic
field. With incrzasing magnetic field the 'perpendicular
effective mass increases quadratically. The effective mass
parailel to the magnetic field, respectively, remains
unaltered and is given by m*. Using this expression for the
plasmon mass we obtain the magnetic field dispersion of
the surface plasmon.

2 -}
Woa(9,)= wﬁ[“%ﬁ) Do qpEe; )
@,

The result is shown in Fig. 3, where ‘ve piot the ex-
tracted resonance positions of (g q for both principal
orientations of q as a function of the magnetic field. For
high magnetic fields (B>3T) we are not able to follow the
negative dispersion of Woq (¢, ) since we are approaching
the noise limit of our spectrometer close 10 10cm-1. The
magnetic field independent resonance Woq forq U B,
however, does not deviate significantly from its low field
behavior up to B=15 T. This part of the data has beea
omitied in the plot for clarity. Nose that no fit parameser has
been used since all quantities can be measured independent-
ly. From cyclotron resonance’$ in Voigt-geometry one can
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m* = 0.067m g ;w1‘qa 0cm!

-1
18 i 16.2cm
Wp= qll®

RESONANCE POSITION (cm-1)

A du

0 1 2 3 4
MAGNETIC FIELD B(T)

Fig.3. Resonance positions as extracted from Fig. 2 for
both orientations of the plasmon wave vector g with respect
to B. They reflect the magnetic field induced anisotropy of
the plasmon mass. Symbols represent the experimental
data, whereas the solid lines are the result of the simple
model as described in the text. The parameters used are
given in the inset.

extract m*, Plasmon resonance experiments'4 in Faraday
geomery, i.e. the magnetic field directing normal to the
sample surface are used 10 extract (W q. The q=0 resonance
@y can be determined by tilted field experiments3.6.8,
where no grating coupler is needed to exite it.

In summary, we have investigated the collective
excitations of a parabolically confined electron system
subjected to a magnetic field perpendicular to the gradient
of the confinement. The magnetic field induces a strong
anisotropy of the effective band structure, which is
reflected in the magnetic field dispersion of a finite q
plasmon parallel to the electron layer. The resulting band
structure is formally identical to the one of a 1DES as
confined in a quantum wire in harmonic approximation.
The orientation where g is normal to the magnetic field
results in an edge magneto-plasmon type excitation that in a
1DES is propagating along the wire and usually is referred
to asa |D plasmon.
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PHYSICAL REVIEW B

Resonant inelastic light scattering in remotely doped wide parabolic
GaAs/Al, Ga,_, As quantum wells
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We have used resonsnt inelastc light-scartering spectroscopy in the depolarized backscattering
configuration 2{y‘,x")Z to probe the single-particle excitations of two a-type remotely doped wide para-
bolic GaAs/Al,Ga,-,As quantum wells, with design curvacures corresponding to empry cocduction-
band barmonic-oscillator spacings of 4.4 and 3.3 meV. For the former sampie, a senes of spectra, for ex-
citations near the £, +Aq gap of the bulk material at the center of the well, reveal two light-scattering
peaks with shifts ~0.85 and ~ 3.0 meV, which are strongly resonant with resopance widths of <3 meV.
Separate resonance curves were extracted, and the two resonance peaks are found to be separated by an
energy approximately equal to the scattering peak separadon. For the latter sampie, similar spectra
were obtained which reveal two strongly resonant light-scattering peaks with energy shifts ~0.65 and
~2.0 me', with resonance maxima separated by an energy approximately equal to the scattering peak
separation. We have interpreted these resuits in terms of singie-particle transitions berwesn
conduction-band subbands and have found them quantitatively consistent with a model for the elecaron
gas in the well distributed as a uniform density slab, giving rise t0 a square-well-like effective potentiai,

as predicted for this system.

L INTRODUCTION

Inelastic light scattering has been shown to be a useful
technique for measuring electronic intersubband spacings
in two-dimensional electron gas (2DEG) systems."* Fol-
lowing the proposal by Burstein, Pinczuk, and Buchner’
to measure excitations in 2DEG"s using inelastic ligat
scattering and the observarion by Pinczuk er al.* that
both single particle and collective excirations in bulk a-
type GaAs are strongly resonant near the E,+A, gap,
Abstreiter and Ploog! reported evidence for intersubband
transitions by carriers in the accumulation layer at a sin-

- gle GaAs/n-Al,Ga,_ As interface using this technique.

Subsequently, Pinczuk er al? reported observation by

* resonant inelastic light scattering of intersubband excita-

tions of the multilayer 2DEG in modulation-doped
GaAs/Al,Gs, ., As heterojunction superiattices. The in-
tersubband epergies measured were in good agresment
with the calculated values for this structuce.

This technique has been applied to other structures.
Menéndez et al.’ reported resonant inelastic light scatter-
ing in photoexcited parabolic GaAs/Al, Ga,.,As quan-
tum wells (PBW’s) to accurately measure the
conduction-band harmonic-oscillator levels, with spacing
~25 meV. From thesze measurements they determined

.small deviations from parabolicity, and obtained the

conduction-band offset. In this paper we report resonant
inelastic light scattering in n-type remotely doped wide
parabolic GaAs/Al,Ga, ., As quantum weils, a strucrure
with altogether different characteristics from the empty

0163-1829/93/48(7)/4524(6)/306.00 43
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PBW’s investigated by Menéndez er al.’

Remotely doped wide parabolic GaAs/Al Ga,_,As
quantum wells have generated interest because they have
been demonstrated to create relatively thick (> 1000 A)
layers of uniform density, high-mobility electron gas,®™’
and the properties of this electron gas are a subject of ac-
tve research. As illustrated in Fig. 1(a), PBW's are creat-
ed in the conduction band [, (CB), heavy- and lignt-hole
valence bands 'y (VB's), and spin-orbit spiit-off baad [,
{SOB) by varying the average Al concentration in a para-
bolic profile. For an empcy PBW this resuits ideaily in
simple-barmonic-oscillator (SHO) energy levels for ejec-
trons, heavy holes, light holes, and spin-orbit split-off
holes, with energy-level spacings given by %2, #Anj,,
fwd, and #Aw), respectively, where for electrons
@d=(K g /m 12 m} is the electron effective mass and
Koy is the CB edge curvature given by
difference between the energies at the center of the PBW
and at the edge, and L. is the width of the weil. Analo-
gous definitions apply for the hoie levels.'°

When electrons are added to the well by remote dop-
ing, for filling beyond singie subband occupancy, seif-
consistent quantum-mechanical calculations!! verify
semiclassical arguments, that they become distributed as
a slab with rou)%hly uniform three-dimensional (3D) num-
ber demsity, n*’=2AE ye/meLl. (Here, ¢ is the elec-
tron charge and ¢ is the statc dielectric constant.) The
poteatial of this charged siab cancels the parabolic band-
edge potential over the siab width w,, which is propcr-

©1993 The American Physical Sociery



.

< RESONANT INELASTIC LIGHT SCATTERING IN REMOTELY ...

tional to the filling, i.c., the sheet density n, (=w,a30).
This leaves a fat-bottomed seif-consistent potential in the
CB over 3 width ~w, and PBW’s with greater curvatures
Kz ~Xvy and X + Koy in the VB's and the SOB, re-
spectively, as indicated in Fig. 1(b), where Ky, Kvy, 20d
Keop are the curvatures for the corresponding empty
PBW's. Furthermore, the 3D deasity and Fermi level are
roughly independent of n,, depending only on the bare
parabolic curvature, and the occupied subband emergy
levels behave like a square-well spectrum E, <n}/wg.

Here, 7, is the quantum number, and w4 is an effective
well width given by w, plus a constant needed to account
for the exponential tail of the wave function.!' These
pred.xcuons have besn given support by transport mea-
surements.™® In this work we mvsngated the predicted
square-well-like subband spacing in the CB with inelastic
light scattering, using the harmonic-oscillator-like sub-
bands in the SOB as resonance levels.

II. EXPERIMENT

The PBW samples were fabricated by molecule-beam
epitaxy on (100) GaAs substrates, as described by Sun-
daram er al.5 The parabolic band-edge variations were
constructed from a 20-A period superlattice, each period
containing 2 GaAs and an Al,Ga,__As layer, with the
relative width of the two layers varied using a compurer-

e { g et
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(a) empry (b) remotety doped

FIG. 1. Schematic. diagram of the conducton-band edge,
valence-band edge, and spin-orbit spiit-off band-edge profiles in
(2) an empty Al ,Ga,_,As parabolic well, with k, =k, =0 ener-
LY levels being simpie-harmonic-like, and (b) an a-type remotely
doped Al,Ga,..As parabolic weil, with k, =k, =0 energy lev-
els being simpie-harmonic-like in the VB and S0OB, but square-
well.like in the CB. (Oniy the heavy-hoie leveis in the VB are
shown.) The effective width of the square well is given approxi-
mately by the width w, of the electron siab indicated by the
charge-density profile shown at the bottom of (b).
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controlled shutter to produce an average Al concentra-
tdon with a parabolic profile, with x nesr zero at the
center. The electrons were introduced into the CB well
fror doped layers, set back symmetrically from both
sides .1 the well with spacer layers in the Al,Ga,_ As
barriers. We have made measurements on. four PBW
samples which showed similar effects. We will here dis-
cuss measurements on two samples. Sample | was grown
with 2 nominal PBW width of L,=2800 A, with
x =0.005 at the center and x =0.2 at the edge, giving a
design density of n'P=1.22X 10" cm ™. It was symme-
trically & doped with spacer layers of ;00 A. The Hall

effect sheet density and mobility measured in the
dark were 2, =(1.7=0.2)X10" cm~? and u=0.8X 10’
cm® V™ 'sec™!, respectively. The sheet density increased
reversibly when esposed to lignt at low temperature.
When illuminated at 2 K it saturated at
n,=(1.8=0.2)X 10" cm~?, corresponding 10 a fractional
ﬁlhng of 055 and an effective well width of

,s- ~1900=250 A. The Fermi level E £ determined by

730 was 2.9 meV.

Sample 2 was grown with a nominal PBW width of
L,=4640 A, with x =0 at the center and x =0.3 at the
edgc, giving a design density of #'°=6.8X 10" cm™3. It
was symmetrically § doped with spacer layers of 400 A.
The sheet density and mobility measured in the dark
were n,=(1.420.2)X10" em~™? and u=2.4Xx10°
cm? V™ 'sec™!, respectively, and Shubnikov-de Haas
measurements showed that three subbands were occu-
pied. When exposed to light at 2 K the sheet deusity in-
creased to n,=(1.720.2)X 10" cm™?, corresponding to
a fractional ﬁllmg of the well of 0.54 and an effective well
width of wc¥= ~2900=400 A. The Fermi level £ deter-
mined by n°~ was 1.9 meV.

The samples were cooled to 2 K using a He vapor flow
optcal cryostat, and excited with a dye laser, pumped by
an Ar-ion laser. The inelastic light-scatrering spectra
were obtained using 2 double monochromator, with a
cooled GaAs photomultiplier tube, photon counting elec-
tronics, and 4 computercontroiled dara-acquisition sys-
tem. The spectra were obtained in the depolarized back-
scattering configuradon z(y',x" 12, with the incident pho-
ton energy #w, (1.89-1.94 V) near the £4,+A4q gap of
GaAs. Inthiscou.ﬁgumionthespectraareexpectedto
exhibit electronic single-particle intersubband transi-

" tions.?

Recently it was shown by Pinczuk er al.”® that with the
depolarized configuration the dominant peaks actually
correspond to spin-density excitations, which are shifted
from the singie-particle transition snergies by the ex-
change Coulomb interaction. We assume, as is done in
the other refercnces cited here,'~%1%1=16 ¢thae this
difference is small compared to the peak energy shift and
width. This is especially justified here due to the low 3D
densities of electron gases investigated. Thus we inter-
pret the peaks as giving the energy spacing of the quan-
tum weil subbands.

II. MEASUREMENTS
Figure 2 shows a series of light-scartering spectra of
sampie 1, taken at 2 K, for excitation energies ranging
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FIG. 2. Light-scartering spectra of sampie | for various exci-
tation energies shown to the right, taken in the z(y’.x")7
configuration at 2 K. Instrumental resolution is 0.1 meV. All
spectra have the same scale factor and the top four are dis-
placed vertically. The figure shows a peak at an energy shift of
‘~3.0 meV, resonant near 1.932 ¢V, and a peak at an energy
shift of ~0.35 meV, resonant near 1.930 ¢V. The broad peak
evident in the top two spectra is due to0 luminescence across the

Eq+44 gap.

from 1.927 to 1.936 ¢V. The focused illumination power
density was 5§ W/cm? and the instrumental resolution was
0.1 meV. The spectra clearly show two peaks resonant at
different excitarion energies. Deconvolutions of the dou-

. ble peak structure with Lorentzians show that one peak

has an energy shift of 3.0+0.3 meV with a full width at
half maximum (FWHM) of 3.220.4 meV, which is reso-
nant for excitations near 1.932 eV. The other peak has
an energy shift of 0.85%0.20 meV with a FWHM of
1.020.2 meV, which is resonant for excitations near
1.930 eV. The two peaks are spaced apart by an energy
of 2.15£0.4 meV. (The upper three curves are seen to be
distorted by a broad peak which has an increasing energy
shift with increasing excitation energy. In fact, it has a
constant pesk energy, and is due to the weak lumines-
cence across the E,+A, gap.) Resonant enhancement
curves, showing the excitaton energy dependence of the
intensities of the two peaks at their maxima, determined
from the deconvolution of the double peak structure for
the various spectra, are shown in Fig. 3. These curves
show a resonance width (FWHM) for the lowest energy
shift peak of ~2.5 meV, and for the higher-energy shift
peak of 3.0 meV. The resonant maxima for the two pesks
differ by 2.0+£0.4 meV, approximately equal to the spac-

A series of light-scattering spectra with different exci-
tation ecaergies for sample 2, taken at 2 K, shows
behavior similar to that observed for sample 1. The s:ec-
tra reveal a peak with an energy shift of 2.0%£0.2 meV,
which has maximmum intensity for excitatons near
~1.902 eV, and 2 much smaller peak with an energy
shift of 0.65+0.10 meV. The maximum intensites for
the two peaks occur for excitations separated by an ener-
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Scautering Peak Intensity (arth. units)
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F1G. 3. Normalized scattering intensity for the peak maxima
of the two light-scattering peaks of sample 1, as a function of in-
cident photon energy. The solid lines are cubic spline fits to the
data.

gy 1.520.5 meV, approximately equal to the spacing be-
tween the two peaks.

Similar sets of measurements were made on thess sir
ples for different angies (from 0° to 45%) between th: ia-
cident photon direction and the normal to the plane of
the sampie. For both samples the peak shifts were in-
dependeant of this angle, sliminating the possibility of the
peaks being associated with plasma oscillations.'? The
peak shifts were aiso independent of power for power
densities ranging from 0.03 to 10 W/cm*.

IV, DISCUSSION

The z(y',x')T light-scattering spectra of sample 1,
shown in Fig. 2, display several noteworthy characteris-
tics: (1) the spectra show peaks with energy shifts near
0.85 and 3.0 meV, which are strongly resonant with exci-
tation energy resonance widths (FWHM) of S3 meV, (2)
the difference in energy between the shifts is approxi-
mately equal to the energy difference between the peaks
of their respective resonance curves, and (3) the widths of
the resonance curves are ~Ex=2.9 meV. These charac-
teristics suggest a model similar to that proposed by Bur-
stein, Pinczuk, and Buchner’ and used by Pinczuk et al.’
to analyze the inelastic z(y’,x’)Z light-scattering spectra
of modulation-doped GaAs/Al, Ga,..,As heterojunction
superiattices, for which several peaks with energy shifts
220 meV and resomance widths 230 meV were ob-
served. However, there are expected to be significant
differences for the two cases. For the heterojunction su-
periattices studied by Pinczuk er al., the CB levels were
relatively widely spaced (220 meV) due to the narrow
accumulstion layeriike effective potentals in the CB, -
while the SOB levels were relatively narrowly spaced.
For the case of remotely doped wide PBW’s, however,
the sitnation is reversed. The CB levels are expected to
be relatively closely spaced ( < | meV for the first few lev-
els) due to the wide square-well-like effective potentials in
the CB, but the SOB leveis are expected to be more wide-
ly spaced ( > 2.5 meV) due to0 the narrower PBW effective

potentiais.
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In the scattering mechanism proposed by Burstem,
Pinczuk, and Buchner’ for the depolarized backscarter-
ing geometry z(y’,x’)Z, the peaks in the inelastic light-
scartering spectra correspond 10 single-particle - transi-
dons from occupied CB subband states below the Fermi
level to unoccupied CB subband states above the Fermi
level, with opposite spin. These transitions can oceur if
the occupied intermediate states have mixed spins, due,
for example, to the spin-orbit interaction, as in the SOB
states. For incident and scattered photon wave vectors
perpendicular to the heterostructure plane, the transi-
tons must be vertical, i.e., the inidal, intermediate, and
final states must have the same vaiue for the in-plane
J
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wave vector k. Two such transitions for the remotely
doped PBW structure are illustrated in the £ versus k di-
agram in Fig. 4. Here, the inirial and final states are in
the square-well-level-like subbands of the CB and the in-
termediate states are in the harmonic-oscillator-levei-like
subbands of the SOB.

The matrix elements for these spin-flip intersubband
transitions can be obtained from an extension to the case
of 2 2DEG of the matrix elements for a 3DEG, obtained
by Wolff'* and Hamilton and McWhorter.!* For the case
depicted in Fig. 4, where the intermediate state is 2 SOB
subband state, the matrix element is given by'> !¢

M, (k) =8, X%||Peg 508> 3,

v

Here, €;, k;, and w; are the unit polarization vector,
wave vector, and frequency of the incident photons; €
and kg are the corresponding quantities for the scattered
photons; &,(z) and &(z) are the square-well-like envelope
functions of the initial- and final-state CB subbands; ¢ (2)
are the harmonic-oscillator-like envelope functions of the
intermediate-state  SOB subbands; k is the two-
dimensional in-plane wave vector commeon to all three
states; Pcp gop is the momentum matrix element berween
the cell periodic parts of the CB and SOB wave functions;
and E (k,v) is the resonant energy given by

E(k,v)=Eg+E,+E, +#k*/2m} +#ki/2m; , (2
where E; is the £, +A, gap of bulk Al ,Ga,_,As at the

FIG. 4. Schematic diagram of severai CB, VB, and SOB sub-
bands for the remotely doped parabolic weil shown in Fig. 1(b).
Also shown are two vertical allowed inelastic scattering transi-
tions, using a SOB subband state as intermediate state. The +
and — signs on the left of the bands indicate the parity of the
States.

(N

E(k,V)-‘ﬁfd]

-
PBW minimum, E, and E, are the k=0 energies of thz
final- and intermediate-state subbands measured from the
CB and SOB edges of bulk Al Ga,.,As at the PBW
minimum, and m,” and m are the effective masses of the
CB and SOB subbands. The sum over v in Eq. (1) is over
all intermediate-state subbands. The total scattering in-
tensity resulting from the traasitions / — / is proportional
to | M {k)|* summed over all k which correspond to an
occupied initiai CB subband state and an unoccupied
final CB subband state. _

The electric dipole approximation, e e
can be applied since k; ~ kg << 1/Lyy, where Loy is the
size of the wave function of the smallest extent in Eq. (1),
namely é,(z) with Lop~400 A for v=], [n this case,
the selection rules are determined by the product of the
envelope function averiap integrais,

(op2)lg f2)) (S (2)e(2)) .

—ikgs

—-l'

(3)

' Since the remotely doped PBW structure depicted in Fig.

1(a) has reflection symmetry about the center of the well,
the envelope functions in Eq. (3) have definite parity, and
it is clear that for the matrix element to be nonzero all
thres states must have the same parity. The envelope
functions associated with the lowest subbands of the CB,
VB, and SOB all have even parity, and alternate parity
for higher subbands as indicated in Fig. 4. Thus, for ex-
ample, the lowest-energy-allowed inelastic scartering in-
tersubband transiton is from the first to the third CB
subband, CB(1)— CB(3), resonant off the lowest SOB sub-
band, SOB(1), and the next lowest-energy transition from
CBi1) is CB(1)—CB(5), as depicted in Fig. 4. For the as-
sumed square-well-like potentials, the two splittings re-
ferred to above have the ratio (33 ~12)/(53—12)=1, The
transition energies are independent of k assuming para-
bolic subbands and subband index independent effective
masses, assumptions appropriate for the smail k’s and
low-order subbands comsidersd hers. Thus, summing
over the contributions from all k obeying the occupancy
requirements for the various bands discussed earlier, the
two scattering peaks resuiting from the two transitions
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depicted in Fig. 4 should have energy shifts with a ratio

-

We will now use this model 10 analyze our measure-
mencs on samples ! and 2. For sample, !, we assume an
effective well width of w.g= ~1900=250 A, determined
from the measured n,, and an average electron effective
mass of m,=0.071m,, determined by averaging the Al
concentration dependent mass over the width of the siab.
Then the square-well-like levels are caiculated to have
splittings of Eegy~Ecm;=1.1£0.2 meV and
Ecxs)y—Ecp1)=3.4%£0.6 meV, compared to the mea-
sured energy shifts of 0.85=0.2 and 3.0%0.3 meV, re-
spectively. These measured energy shifts for the two
peaks have the ratio 0.85/3.0=0.282=0.07, consistent
within the error bars with the ; ratio expected for square
wells. Equations (1) and (2) predict that for vertical tran-
sitions using the same intermediate state, the peaks of the
resonance curves for two different final-state subbands
CB(f) and CB(/’) should have an energy separation of
AEa(Ecg —Ecgp). For sample 1 the scarttering
peaks are separated by 2.15:0.4 meV, which is approxi-
mately equal to the separation of the resonance curve
peaks, 2.01+0.4 meV. The resonance curve widths of 2.5
and 3.0 meV are on the order of the calculated Fermi lev-
el E,=2.9 meV for this structure, as expected.

For sample 2, we assume an effective well width of
W= ~ 2900400 A, determined from the measured n,,
and an average electron effective mass of m,” =0.070m,,
determined by averaging the mass over the width of the
slab. Then the square-well-like levels are calculated to
have splittings of Ecp3) —E g =0.522=0.15 meV and
EQ,)‘E@(USI.6¢0.5 meV, compared to the mea-
sured energy shifts of 0.6530. 10 and 2.0%£0.2 meV, re-
spectively. These measured energy shifts for the two
peaks have the ratio 0.65/2.0=0.33=0.06, approximate-
ly equal to the | ratio expected for square wells. The
peak spacing of 1.3520.2 meV is consistent with the sep-
aration between the resonance maximum excitation ener-
gies for the two peaks, 1.50.5 meV.

Inelastic scattering involving other intersubband spin-
fiip transitions are allowed for this strucrure. For
example, for the same lowest-energy SOB subband inter-
mediate state, SOB(1), the transition CB(3)—CB(5) is al-
lowed. Also, using SOB(2) (odd parity) as intermediate-
state, transitions CB(2)—CB(4), CB(2)—CB(6), and
CB(4) —CB(6) are allowed. None of these are evident in
the spectra. There are several possible reasons for
this. When SOB(2) is used as an intermediate state, by
Egs. (1) and (2), the resonance maxima should be shifted
up in energy by an amount Egqpyq, —Eson(y), Which is 3.5

meV for sample !. This resuits in maximum resonance
excitation energies in the range where the photoiumines-
cence starts 1o dominate the spectra as seen in Fig. 2, and
thus this photoluminescence may swamp the scattenng
peaks. Also, as observed by Pinczuk er al.}, peaks associ-
ated with higher subband transitions are weaker and
broader than those associated with the lower subband
transitions. Thus, for example, the peak associated with
the transidon CB(2)—~CB(4) might be expected to be
small compared to the CB(1)~CB(3) and CB(1)—CB(S)
peaks. Thus, it is not unreasonable that the specira
would be dominated by the CB(1)—CB(3) and
CB(1)—CBI(5) ransinions, indicated in Fig. 4.

V. CONCLUSIONS

Our measurements of the z(y’,x')Z inelastic light-
scattering spectra of n-type remoteiy doped wide parabol-
ic Al,Ga,_,As quantum wells have revealed, for two
samples, two peaks with energy shifts in the ratio ~1.
For each sample, a series of spectra, for excitations in a
range near the Eq<+4, gap of the bulk marerial at the
center of the well, shows the peaks to be strongly reso-
nant with resonance widths SZ¢~3 meV. The reso-
pance curves sbow the resonances maxima have an enpergy
separation approximately equal to the scatten'ng peak
separation. Interpreting the peaks in the z{y’,x')Z spec-
tra as single-partizle spin-flip verrical transitions betwesn
CB subbands,>*!~!® we have found the observed energy
shifts quantitagvely consistent with a model for the elec-
tron gas in the remotely doped PBW being distributed as
a uniform deasity electron siab, with an effective square-
well-like potential, giving rise to square-well-like sub-
bands. This confirms calculations of the energy-level
structure for this system, compiementing evidence for
this behavior from transport measurements,”? and sug-
gests thac this technique could, in principle, be used 10
give 2 measure of the eiectron siab width. The sharpness
of the resonances and the small size of the peak shifts dis-
cerned also attest to the semsitivity of this technique for

" measuring precise subband levels in heterostructure sys-

tems.
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p-type, remotely doped, wide (~ 1000 A) parabolic GaAs/Al, Ga, ., As quantum wells were investigat-
ed by photoluminescence excitation speciroscopy. For threc samples, with valence-band edge curvatures
equivalent to the potendals of fictitious uniform slabs of charge with three-dimensional (3D) deasities of
02, 3, and 4 X 10" cm~?, the spectra show uniformly spaced peaks with spacings which scale with these
5D densities. This peak strucrure is similar to that ouserved for n-type, remotely doped parabolic
GaAs/Al,Ga, -, As quantum wells. A simple single-partcle model is presented which is quanutatively
consistent with the spectra for the three samples, assuming the hole gas forms 2 wide slab in the valeace
band with densiry given by the designed 3D density. These results support the conclusions from trans-
port measurements of the existence of wide hole-gas layers in these .-~uctures.

Wide layers (2700 A) of high mobility, low-density
hole gas have recently been created! using the technique
of parabolic well (PBW) confinement, analogous to that
which has been used for electron gases.>* By varying the
Al content in an Al Ga,__As heterostructure quadrati-
cally in the growth direction, one can create a structure
with band-edge PBW's in the conduction band (CB) and

valence band (VB), as shown in Fig. 1(a). When eiectrons-

are added to the well by remote dopirg, seif-consistznt
quantum-mechanical calculations® verify semiclassical ar-
gumeants, that the electrons become distributed as a near-
ly uniform densiry slab. The potestial of the electron slab
cancels the band-edge potential over the width of the siab
w,, which is proportional to the filling, leaving a fat bot-
tomed effective potential in the CB. This behavior has
been substantially verified by transport measurements. >’
Investigations of the wide, uniform density electron-gas
siab created by this technique have revealed new elec-
tronic and optical phenomena. ®’

By analogy, it was speculated that if, instead of elec-
trons, holes are added to this PBW system by remotely
doping with Be, a slab of nearly uniform density hole gas
would be created, with 3D density given by
Pip =2AEype/meL}, determined by the bare parabolic
curvature of the VB.'! Here AEy is the difference be-
tween the band-edge emergies at the center of the VB
PBW and at the edge, ¢ is the dielectric constant, ¢ is the
electron charge, and L. is the width of the well. The po-
tential of the hole gas slab cancels the PBW potential in
the VB over the width of the slab w,, which is propor-
tional to the filling, i.e., w, =*p, /p;p, Where p, is the hole
sheet density. This leaves a flat bottomed effective poten-
tial well in the VB as shown in Fig. 1(b). This hole-gas
system, however, is not entirely analogous to the
electron-gas system created in the n-type doped PBW

0163-1829/93/48(11)/7940(4)/506.00 48

strucrure because of the valence-band degeneracy, and so
the validity of this model is not obvious.

The successful realization of this system would open up
new opportunities for invesrigating the electronic and op-
tical properties of wide, low-density hole-gas layers
at low temperatures. Initial magnetotransport and

B W e |y e

= /N
) e
£
L :
2 i
l‘z
- accepox
vB =) -1
‘-'h-—
n(z)é | \
(a) empry (b) remotety doped
FIG. 1. Schemadc illustration of the conduction- and

valence-band-edge profiles in (a) an empty Al,Ga,..As para-
bolic weil, with z-confined energy levels simple-harmonic-like
{evenly spaced) in the CB and VB, and (b) 2 p-type remotely
doped parabolic well, with energy levels simple-harmonic-like
in the CB, but square-weil-like in the VB. (The square-well levei
spacings are shown greatly expanded for clarnity, and oaly the
heavy-hole levels in the VB are shown.) Tae effective width of
the square well is given approximately by the vidth w, of the
hole slab indicated by the charge-density profile shown at the
dottom of (b).
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capsacitance-voltage measurements on remotely Be doped
PBW's have verified the creation of wide, high mobility
hole-gas layers in these structures.! Further understand-
ing of this system could be obtained from measurements
of the subband energy-level structure. We report here an
investigation of this system using photoluminescence ex-
citation spectroscopy (PLE), which gives spectra with
peaks at the energies of exciton absorption transitions be-
tween occupled VB subbands and unoccupied CB sub-
bands.®

The PBW samples were fabricated by molecular-beam
epitaxy on GaAs (100) substrates, as discussed by Hop-
kins, Campman, and Gossard.' The parabolic band-edge
variations were constructed from 20-A period superiat-
tices, each period containing a GaAs aod an
Al,Ga,_ As layer, with the relative width of the two
layers varied using a computer controlled shutter to pro-
duce an average Al concentration with a parabolic
profile, with x near zero at the center. The holes were in-
troduced in the VB well from Be §-doped regions set
back 100 A on each side.

Three structures with different design densities p;p and
sheet densities p, were studied, and are labeled samples 1,
2, and 3 in the order of increasing pyp. Sample 1 had
L,=5200 A, with a design density of p;p=0.2X10'
em™?. It was made with GaAs/Al, ;Gag ,As layers with
the average x given by x =0.005 at the center of the well
and x =0.233 at the edge. It had a measured sheet densi-
ty and mobility of p, =0.75X 10!"' cm™2 and x=18000
cm? V™! sec™!, respectively, determined by the Hall effect
at 4.2 K. Sample 2 had L, =2400 A, with a design densi-
ty of p;p=3%X10' em™’. It was made with
GaAs/Alg 9Gag 3, As layers with the average x given by
x =0.015 at the center of the well and x =0.69 at the
edge. It had a measured sheet density and mobility of
P2, =2.3%X10" em™? and u=15000 cm*V~'sec™', re-
spectively, measured by the Hall effect at 4.2 K. Sample 3
was extensively studied.! It had L,=1000 A, with a
design density of p;p =4X10'6 cm™). It was made with
GaAs/Aly 35Gag ¢sAs layers with the average x given by
x =0.01 at the center of the well and x =0.2 at the edge.
The sheet density and mobility were p, =3X 10! cm ™2
and £=23000 cm? V™ 'sec™' respectively, measured by
the Hall effect at 0.1 K. Low-temperature (T $4.2 K)
capacitance-voltage measurements indicated that the hole
gas had roughly uniform density and a width of w, ~700
A, in rough agreement with the expected width of
wy =p,/Psp-

Figure 2 shows PLE spectra for the three samples at
2.2 K, taken in the backscattenng configuration with
power density of 0. W/cm? and instrumental resolution
of 0.1 meV. Each of the three spectra is seen to have a
relatively sharp peak (compared to the higher-energy
structures) at the band edge. For higher energies each
spectrum is dominated by a series of uniformly spaced
peaks, with spacings which scale with the design density
Pip- The uniform spacings are not the resuit of optical
interference in the sample or apparatus. For all samples
the peak positions were independent of the angle of the
sample with respect to the incident and scattered light,
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FIG. 2. PLE spectra, taken in the backscattering

configuration at 2.2 K, of three remotely Be doped Al,Ga; -, As
parabolic wells. Sample | (inset), sample 2, and sample 3 have
design densities of pyp =0.2, 3, and 4X 10'¢ cm ™ respectively,
and sheet densities of p, =0.75, 2.3, and 3X 10" cm™?, respec-
tively. The spectra were scanned at a constant power density of
0.1 W/cm?. The resolution is 0.1 meV.

and the peaks were observed to shift rigidly with temper-
ature with the temperature dependence of the GaAs band
gap. Also, PLE measurements on empty PBW’s and re-
motely Be doped single heterojunctions with similar sheet
densities did not show the uniformly spaced peaks ob-
served in the doped PBW's. Thus this behavior seems to

be related to the presence of a hole gas in a PBW poten-

tial.

The structure of the PLE spectra for remotely Be
doped PBW'’s is similar to that observed for remotely n-
type doped PBW’s, for which uniformiy spaced peaks
with spacmgs scaling with the CB design density were re-
ported.” For the remotely n-type doped PBW system a
simple model based on single-particie transitions between
the VB and CB subband leveis determined by the effective
potentials was suggested.’ A related model can account
for the uniformly spaced peaks in the remotely Be doped
PBW PLE spectra. Due to the hole slab in the VB, the
self-consistent effective potential for the holes is not para-
bolic, but square-well-like, giving a nonuniform energy-
level spacing [see Fig. 1{b)]. However, a uniform spacing
survives in the CB, since the self-consistent effective po-
tentia) in the CB is still parabolic, but with the spacing
rietermined by the sum of the bare band-edge curvatures
of the CB and VB. This gives a CB subband energy-level
spacing given by

Kep+Kvg |'?

m;

AE=#H , (1

where Kcp yp=d?Ecg vy /dz?=8AEcp yp/L}and m is
the electron effective mass in the CB. Due to the large
size of the heavy-hole mass (m ), =0.51m,) and the wide
(2700 A for ail three samples) flat bottomed effective
well in the VB, for the first several occupied (by electrons)
VB subbands, the subband spacing is very small ( <<
meV). Thus allowed transitions from the low-energy,
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nearly degenerate occupied subbands of the VB to the
more widely spaced CB subbands. are expected to be
separated by approximately AE. A plot of the measured
peak spacing vs the calculated AE for the three samples is
shown in Fig. 3, with the line representing the prediction
of the model. The figure shows that this simple model fits
the data well within the error bars for samples | and 2
and just within the vertical error bar for sample 3. The
vertical error bars come primarily from the uncertainty
in the well width L,, which is ~20% for sample 3 due to
the measurement being taken from a sample near the
edge of the nonrotated wafer. The fit occurs with no ad-
justable parameters for the samples with design densities
ranging in magnitude by a factor of ~20.

Though this single-particle model for the uniformly
spaced PLE peaks for this p-type doped PBW structure is
certainly not proved, it is remarkable that closely related
single-particle models quantitatively account for uniform-
ly spaced peaks in the spectra for both the a-type and p-
type doped PBW structures, in spite of the different po-
tentials and effective masses of the two bands, CB and
VB, containing the particle gas in the two cases.” For the
n-type doped PBW structure the potentials are the re-
verse of that shown in Fig. 1(b), with the square-well-like
effective potential in the CB and the PBW-like effective
potential in the VB. The single-particle model offered as
an explanation of the uniformly spaced peaks in these
PLE spectra gives a peak spacing AE given by Eq. (1),
but with m replaced with m}, and with an additional
factor 2 multiplying the right-hand side of the equation.’
The factor 2 occurs because in this case, due to the much
lighter electron mass, the square-well-like levels in the
CB are spaced by energies on the order of | meV and
thus cannot be considered degenerate. Therefore, com-
paring a particular strongly allowed transition (one be-
tween VB and CB subbands with the same quantum num-
ber) with other strongly allowed transitions, the energy
differences are not spaced by the VB harmonic-oscillator
spacing. However, for a given final CB state (with
definite parity), allowed transitions occur from VB states
of the same parity, i.e., from alternate VB harmoaic-
oscillator levels, thus giving rise to peak separations of
twice the VB harmonic-oscillator spacing. Transitions to
other CB states have the same energy separations, thus
preserving the periodicity in the PLE spectra. What the
two modeis for the two complementary structures have in
common is that the siab of charge in one of the two bands
in each case resuits in an effective potential in the other
band which remains parabolic. and this gives rise to
strong periodic oscillations in the PLE spectra (or
equivalently the absorption spectra®).

This model for the optical transitions in p-type doped
PBW structures, if valid, has several implications for the
Be doped PBW samples investigated here. The uniform
spacing of the peaks and their quantitative agreement
with AE give further verification of the creation of wide
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FIG. 3. Comparison of the measured peak spacing vs the cal-
culated CB effective parabolic weil eaergy-level spacing AE, Eq.
(1), for three remotely doped PBW's. Samples |, 2, and 3 have
VB band-edge curvatures corresponding to three-dimensional
densities 0f 0.2, 3, and 4X 10" cm ™.

hole-gas slabs in these structures. The extent to which
the uniformly spaced peaks range in energy above the
low-energy edge of each- spectrum gives a lower bound
for the width of the slab for that sample. This is because,
as seen in Fig. 1(b), for transitions to CB states near or
above the band-edg. energy corresponding to the edge of
the hole slab, the energy-level spacing changes. For ex-
ample, the extent of the uniformly spaced peaks in sam-
ple J implies a uniform slab width of 2 500 A, compared

" to a value of 700 A determined by capacxtancc-voltage

measurements. The uniformity of the peak spacing in
principle gives some measure of the uniformity of the
hole-gas density over the layer width, although this is
difficult to quantify. Nevertheless, large deviations from
uniform density can be ruled out by the peak spacing uni-
formity, in this model. '°

In conclusion, PLE measurements of three Be-
remotely-doped PBW’s show uniformly spaced peaks
whose uniform spacing scales with valence-band-edge
PBW curvature, or 3D design density pyp. This behavior
is similar to that observed for n-type remotely doped
PBW’s, for which a simple single-particle model was
found quantitatively consistent with the measurements:
For the Be doped PBW’s a related single-particie model
is found quantitatively consistent with the spectra for the
three samples, assuming the hole gas forms a roughly uni-
form density slab with density given by the design density
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Single-particle subband spectroscopy in a parabolic quantum well via transport experiments
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The transport properties of a parabolic quantum well are investigated at low temperatures 0.5
K <T <4 K. A front-gate voltage is used to tune the carrier density and hence the subband structure
over a wide range. Various orientations of a magnetic field 8 with respect to the normal of the sample
0° Sa S90° are investigated. For a=Q°, where B is oriented along the surface normal of the sample,
quantum Hall states can be suppressed and recovered depending on the carrier density of the sample.
This effect is explained quantitatively by a seif-consistent caiculation that considers the interplay of oc-
cupied Landau levels belonging to different subbiinds. A suppressed quantum Hall state can also be
recovered via a tilted magnetic field. The resonant-subband-Landau-level coupling leads to a repulsion
of the levels and, therefore, to the creation of an energy gap. For T <0.5 K the spin splitting of the Lan-
dau levels appears in the magnetoresistance. In the regime of carrier densities where the quantum Hall
plateau corresponding to filling factor v=4 is suppressed, a double minimum structure for v=3 is ob-
served, reflecting the different exchange enhancement of the spin splitting of the two lowest subbands.
For magnetic fields oriented in the plane of the sample, a band structure arises that leads 10 an aniso-

tropic conductivity for current flow perpendicular and parallel to the magnetic-field orientation.

I. INTRODUCTION

Subband spectroscopy in low-dimensional semiconduc-
tors is usually accomplished with optical experiments.'
Transitions from occupied to empty states in a two-
dimensional electron (2DEG) have been studied by Ra-
man .'.pec:tmsc:cbpyz and by far-infrared (FIR) spectrosco-
py in a strip-line configuration.’ In tilted magnetic fields
the resonant-subband-Landau-level coupling (RSLC) was
used*~? to determine the subband separations from the
coupling of the cyclotron resonance and the intersubband
resonance. These powerful experimental techniques
suffer from the fact that the enex?is they determine are
influenced by collective effects.'®!' This is especially true
in parabolic quantum wells where there exists the unique
situation that the RSLC indeed cccurs between the plas-
ma frequency and the respective Landau levels. This has

bee’nushown theoretically'? and confirmed experimental-
ly.”

In this paper we present a series of magnetotransport
experiments that allow the direct determination of the
single-particle subband separations in a parabolic quan-
tum well. For magnetic fields oriented perpendicular to
the sample a series of equidistant Landau levels deveiops
on each subband. The carrier density and therefore the
subband structure can be controlled reproducibly via a
front-gate voltage. For a given set of parameters two
Laadau levels belonging to different subbands can be de-
generate at the Fermi energy. In this case the corre-
sponding quantum Hall state is suppressed. It can be
recovered by lifting the degeneracy of these Landau levels
via a suitable gate voltage. If the magnetic field is tilted
with respect to the normal of the sample these Landau
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levels repel each other and the degeneracy is also lifted.
In both cases the corresponding quantum Hall state is
recovered. These experiments depend sensitively on the
subband structure and ailow a detailed comparison of ex-
periment and calculation. At low temperatures, T <0.5
K, the Zeeman splitting of the Landau levels is resolved.
An especially interesting situation occurs when the quan-
tum Hall state for filling factor v=4 is suppressed, while
a double minimum structure in the vicinity of v=3 is ob-
served in the magnetoresistance. This behavior is ex-
piained by the subband dependent exchange enhance-
ment, that leads to an effective charge transfer between
the two subbands. An anisotropic band structure arises
for magnetic fields oriented in the plane of the sample.
This is caused by the fact that the effective mass as well
as the scattering time depend on the direction of the fieid
within the sample plane. This is strongly apparent in the
conductivity for current flow parallel and perpendicular
to the magnetic-field orientation. The features in the
magnetoresistance arising from the magnetic depopula-
tion of subbands are much more pronounced for current
flow perpendicular to the magnetic-field orientation com-
pared to the parallel orientation. This independent
method of determining the single-particle subband ener-
gies in a transport experiment gives resuits that are in
good agreement with the experiments described before.
The paper is arranged as follows: Section II describes
in detail the selt-consistent confining potential and sub-
band occupation of the sample, Sec. III presents magne-
totransport experiments for a=0, where a is the angie
between the normal of the sample and the magnetic-field
orientation. In this case transport is dominated by the
formation of Landau levels.'* Section IV shows that the
spin splitting of Landau levels dramatically influences the
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magnetoresistance. Section V focuses oa the tilted field
case 0Sa<60° with emphasis on the manifestation of
resonant-subband-Landau-level coupling.!® Section VI
contains results from the in-plane feld case a=90",
where the magnetic depopulation of the subbands dom-
inates the transport properties. Section VII summarizes
' *he resuits.

II. CONFINING POTENTIAL
AND OCCUPATION OF SUBBANDS

The GuaAs-Al Ga,_,As parabolic quantum well
(PQW) is grown by molecular-beam epitaxy. On top of
the semi-insulating substrate there is a 400-am GaAs
buffer layer, followed by 200-nm Al,;Ga,,As, 16-nm

lAlMGaMAs with Si doping (Np=2.5X10'" cm™?), 20-
am Al ;Gag ;As spacer, the 75-nm-wide parabolic well
with varying 0 <x <0.1. The Al content x is varied
through a defined sequence of shutter openings and clos-
ings producing a 2-nm period superlattice to achieve a
parabolic variation of the conduction band.'® The cap is
formed by a 20-nm Al, ;Ga, ;As spacer and a 101-nm Si-

ldoped Aly;Gag ,As (Np=2.5X10"7 cm™3) layer. The
well is designed to have a symmetric electron distribution
within the well. At 7=4.2 K and ¥, =0 the total carrier
density is N,=5X 10" cm~? and the mobility of the elec-
tron gas in the well is 4=100.000 cm?®/Vs. The mesa
structure consists of two Hall bars that are oriented per-
pendicular to each other. The width of the current path
i8 50 um and the spacing between the voitage probes is
150 um. Obhmic contacts are made by annealing
AuGe/Ni and a front gate (Ti/Au) is evaporated onto the
sample. This allows us to tune the carrier density in the
parabolic well and with it the width of the electron layer
and the number of occupied subbands.!” The low-
frequency (vas30-Hz) transport experiments are per-
formed in a superconducting magnet (0~12 T) and the
sampies are cooled by He exchange gas at temperatures
0.5 K< T <4.2 K. For this section the magnetic field is
oriented perpendicular to the plane of the electron gas.
The samples are cooled down in the dark.

Figure | presents the results of a self-consistent calcu-
lation for the conduction-band edge, the occupied sub-
bands, and the wave functions of the investigated sample.
The carrier density is N, =5% 10'' cm~2 The surface of
the sample is on the left-hand side of the figure. The inset
shows the region of the potential where the electrons ac-
tually reside. The symmetry of the wave functions indi-
cates that the hard-wall potential on the right-hand side
of the potential does not affect the electron density or the
energy levels strongly. The flatness of the potential over
a wide region (almost 40 nm) as well as the total carrier
distribution shows the quasi-3D nature of the filled para-
bolic potential. According to the generalized Kohn's
theorem'? an optical intersubband spectroscopy experi-
ment will alwa}'s detect the plasma frequency of the elec-
tron system®% ! independent of the electron-electron in-
teraction and therefore the number of electrons. A trans-
port experiment will rely on the single-particle energy

llcvels and therefore depend on the energies and wave
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FIG. 1. Self-consistent calculation of the potential of the par-
abolic well with the surface of the sample (front gate) on the
left-hand side of the figure. The inset is an enlarged scale of the
potential well and the wave functions weighted by their corre-
sponding subband carrier densities.

functions as depicted in Fig. 1.

Figure 2 presents experimental results on the mobility
of the electrons as a function of carrier density. The eval-
uation of the mobility from the magnetoresistance is usu-
ally not a straightforward procedure for systems with
more than one occupied subband.'®~% In cyclotron reso-
nance®®? the scattering time of a subband can directly be
deduced from the linewidth of the respective resonance.
In a transport experiment a model has to be used to ex-
tract scattering times of various subbands.'>**® Van

0.9
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“low flieid" Hall effect
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N (10" em?)

FIG. 2. Mobility at T=4.2 K as a function of carrier density
tuned by a garte voltage. The arrows indicate where \he E, and
E, subbands become populated and consequently a channel for
intersubband scattering opens up.
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Houten ¢r al. (Refl. 24) showed that for a high-mobility
2DEG with two occupied subbands a positive magne-
toresistance AR occurs, with AR /R = (uy—u, ), u, being
the Drude mobility of the carriers in subband i. The
measurement of the magnetoresistance p,., on the
presented PQW reveals a flat behavior, i.e., p,, does not
depend on B for very small magnetic fields B <0.2 T and
for all temperatures and gate voltages investigated. We
thus assume that the scattering time in all occupied sub-
bands is nearly the same and we can therefore simplify
the analysis of the mobility as presented in Fig. 2. The
Hall effect p,, has been measured for a low magnetic field
as a function of gate voltage. A linear relation between
the carrier density .V, and the gate voltage V, is obtained
in agreement with the evaluation of the 1/B periodicity
of the Shubnikov-de Haas oscillations at high magnetic
fields. The data in Fig. 2 clearly show a nonmonotonic
behavior for the mobility 4 as a function of carrier densi-
ty. For two-dimensional electron gases with only one oc-
cupied subband a power-law dependence of u(N,) has
been observed?® and explained by ionized impurity
scattering. The same is observed in our sample below
N,=2.5X10" cm~% For higher carrier densities a
second subband becomes populated which cpens up an
additional scattering channel, i.e., intersubband scatter-
ing occurs. This explains the structure in Fig. 2 marked
by the first arrow. Similar effects have been observed in
GaAs heterostructures (Refs. 18 and 24). A much more
pronounced structure however occurs in our data around
N,=4.5X 10" cm™?, where the mobility has a maximum
and then drops for increasing N,. At this value of the
carrier density a third subband becomes populated lead-
ing to a further increased intersubband scattering rate.
The wave-function overlap which determines the strength
of intersubband scattering is especially large between the
lowest (denoted by quantum number / =0) and the third
(i =2) subband. This explains the drop of u as a function
of increasing N, as soon as the third subband becomes oc-
cupied. This sets the limits for the experimentally acces-
sible parameters of this parabolic quantum well.

III. SUPPRESSION AND RECOVERY
OF QUANTUM HALL STATES

We will now concentrate on the transport properties of
the electron gas under high magnetic fields B that are
oriented perpendicular to the surface of the sample. Fig-
ure 3 presents data for the Hall resistance p,, as a func-
tion of magnetic field at a low temperature T=0.45 K.
Three specific values of N, are selected. The quantum
Hall plateau for filling factor v=2 (v=hN,/eB) is very
wide and almost independent of the value of IN,. The
well-defined plateau for v=3 at v, =4.6 X 10" cm ™2 be-
comes weaker and finally vanishes for decreasing ..
This is explained by the decrease of the mobility which
leads to an overlap of the broadened spin-split Landau
levels. A more detailed discussion on the intriguing be-
havior of the spin states follows in Sec. IV. The interest-
ing filling factor in this figure is however v=4. The cor-
responding quantum Hall plateau is well developed for
N,=4.6X 10" cm ™2, completely suppressed for an inter-
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T=(0.45 K
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FIG. 3. Hall resistance curves for three different carrier den-
sities measured at low temperatures 7=0.45 K. The quantum
Hall plateau corresponding & v=4 vanishes and reappears in
this range of V.

mediate value of N,=3.8X10"" cm~? and entirely
recovered for N, =3.0X 10! cm™2. A similar behavior is
observed for filling factors v=8 and 12, whereas the
suppression of quantum Hall plateaus for v=2 and 6 is
never observed experimentally. The magnetoresistance
Pxx is always correlated with the Hall resistance p,,: 2
pronounced minimum in p,, leads to a quantum Hall pia-
teau in p,,, a suppressed minimum in p,, consequently
results in a suppressed quantum Hall plateau in p,,. We
will concentrate in the following discussion on the behav-
ior of p,,, because it can more easily be compared with a
theoretical calculation. We will neglect spin splitting in
this section, because it is not resolved in the presented
measurement.

Figure 4(a) presents a series of magnetoresistance mea-

‘surements at T =2 K. The curves are vertically offset for

clarity. The positions of filling factor v=4 are marked by
arrows. In this range of carrier densities two subbands
are occupied (see Fig. 1) at B =0, so that a mirimum in
Pxx does not necessarily coincide with the position of an
integer filling factor. For intermediate carrier densities
there is actually a maximum in Fig. 4(a) for v=4. In the
following we denote the total filling factor of the PQW by
v; the filling factor of the subband i is given by
v'=hN/eB, N/ being the carrier density of subband i. In
high magnetic fields carriers may be redistributed among
the different subbands but the total carrier density N,
does not depend on B. To understand the data as
presented in Fig. 4(a), we solved self-consistently
Schrodinger’s and Poisson’s equation in the presence of a
magnetic field. All parameters for the calculation are
given by the structure design. The Landau levels are
modeled by a Gaussian density of states®® (DOS) with full
width at half maximum [[meV]=0.5X(B{T])"
These parameters described reasonably well previous
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magnetocapacitance measurements on samples with

ilar mobilities. Consequently, there are no adjustable
Enmeters. We did not take into account complications
h as spin splitting of the Landau levels, a constant-
und DOS (Ref. 32) or a filling-factor-dependent
S.%® The results are not qualitatively changed by a
refined model of the DOS. From the DOS we cal-
culate the magnetic-field-dependent  conductivity
(B2 Since the Hall resistance behaves almost classi-
*Ily in the interesting regime due to the suppression of
e Hall plateaus it is reasonable to assume
0., ™ —eNs /B for the Hall conductivity. This allows us
calculate p., (B) as presented in Fig. 4(b). The overall
ent between experiments [Fig. 4{a)] and theory
[Fig. 4(b)] is very good, especially the position of v=4
ith respect to the minima and maxima of p,,. The same
of caiculating the magnetoresistance but using a
magnetic-field-independent subband structure was ap-
ied by Gobsch, Schulze, and Paasch® to explain the
ila of Guldner et al.** on heterostructures with two oc-
pied subbands.

An interesting feature in Figs. 4(a) and 4(b) is the dou-
minimum structure in the range 2.5 T<B <3 T. The
part of Fig. 5 presents a calculated magnetoresistance

trace for NV, =3.2Xx10'' cm~2 The three figures of the
er part show the DOS for three magnetic fields that
Enspond to the regions on the p,, trace as marked by
arrows. Note that the DOS of each subband as well

as the total DOS are plotted below and above the Fermi
E;. The Landau levels will be denoted in the fol-

ing by |i,n ), where i is the subband index and n the
Landau-level index. In going from B=2.4 T to B=2.9
the state {0,1) (dashed line) approaches |1,0) (dotted
because, |0,1) shifts up from the bottom of i =0

d E, with }#w, while [1,0) moves up by 1Aw,

from E,. For an intermediate field B=2.65 T the |1,0)

a SINGLE-PARTICLE SUBBAND SPECTROSCOPY INA ... 1369

state is just in between the {0,1) and [0,2) state making
the total DOS at the Fermi energy small. In this way the
double minimum structure in p,, can be explained.

For low carrier densities N, =3.0X 10'! cm ~? (see Fig.
3) the upper subband is just barely populated (Fig. 2) at
B =0. For high magnetic fields the upper subband be-
comes depopulated at integer filiing factors and therefore
v=4=y"+v!=4+0. At high carrier densities
N, =4.6X10" cm™? the upper subband can gain carriers
at the cost of the lower one and v=4=2+2 will be real-
ized. This results in a quantum Hall state and N?=N.
Such a situation cannot be realized in a triangular shaped
potential because there the carrier density in an upper
subband N,' will always be much lower than N?. Conse-
quently the upper subband will be depopuiated at v=4.
For intermediate carrier densities N, =3.8X 10" cm™?
the influence of the magnetic field on the subband struc-
ture is not strong enough to either depopulate the upper
subband or match the carrier densities of the two sub-
bands. Two Landau levels originating from different sub-
bands [0,1) and |1,0) can be degenerate at the Fermi en-
ergy and the quantum Hall state corresponding to v=4 is
suppressed (see Fig. 3).

The question arises whether the degeneracy of Landau

BM
2 2.2 2.4 2.6 2.8 3 3.2
3 ™ T ] T
vag N =32x10'' an?
25 *
. [ = 0.5meV x (B(TH2
]
s
E
3
o
. 8
g

FIG. 5. Calculated magnetoresistance trace presented with
an enlarged scale compared to Fig. 5. The lower part of the
figure presents three situations for the density of states as
marked by the arrows. The dashed line marks the DOS of the
lower £, subband; the dotted line marks the DOS correspond-
ingly of the E, subband, and the solid line indicates the total
DOS. The thin solid vertical line represents the position of the
Fermi energy E-=0.
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levels can also lead to the suppression of quantum Hall
states for samples with very high mobility at very low
temperatures. We therefore calculate the magnetoresis-
tance p,, for very narrow Landau levels
[[meV]=0.005X(B[T])'/? at T=0. The subband
structure is caiculated self-consistently in the presence of
a magnetic field and p,, is then obtained as described be-
fore. Fig. 6(a) presents the results in an enlarged scale
compared to Fig. 4(b). The features are much sharper
due to the narrow Landau levels but at intermediate car-
rier densities NV, =3.6X 10'! cm™? the position of v=4 is
situated in a2 maximum of p.,. Thus there exists a carrier
density even for high mobility samples at very low tem-
peratures where Landau levels will be degenerate and the
corresponding quantum Hall state is expected to be
suppressed.

For a comparison we calculate the subband structure
self-consistently for B =0 and modeled the Landau levels
on top of these subbands. The effects of the magnetic
field on the subband structure are intentionally neglected.
The results for p, are presented in Fig. 6(b). The narrow
Landau level moves through the p, trace leaving the
v=4 minimum almost unchanged. We conclude that the
influence of the magnetic field on the subband structure
itself is especially important for samples with very high
mobility. The Hartree interaction tends to pin Landau
levels of different subbands together to avoid a jump of
the Fermi energy from a Landau level from subband i =0
to another Landau level from subband i =1. The pinning
of Landau levels has also been observed via optical spec-
troscopy in high-density In,Ga,_ As-InP quantum
wells. 33

It is interesting to discuss which even integer quantum

self-consistent linear Landau levels
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FIG. 6. {(a) Self-consistent caiculation of the magnetoresis-
tance traces for very narrow Landau levels and T =0. The vert-
ical arrows mark the position of filling factor v=4. It is impor-
tant to note that for intermediate carrier density N, =3.5X 10"
cm™? the position of the arrows sits in a maximum of p,,. (b)
Calculated magnetoresistance with a constant subband separa-
tion £y, independent of magnetic field. The position of filling
factor 4 as marked by the arrows is always in a minimum of p,, .

Hall state can be suppressed. We again neglect spin split-
ting for this discussion. Filling factor v=2 is realized
when only one Landau-level and therefore only one sub-
band is occupied. This is true as iong as the Landau-level
width [ is smaller than the subband separation E
which is practically the case for all 2DEG’s in GaAs het-
erostructures. Consequently the quantum Hall state cor-
responding to v=2, i.c., the quantum lines, can never be
suppressed. The v=4 state can be suppressed as present.
ed in Fig. 3 and discussed above. In our experiments we
never observed a situation where the quantum Hall state
corresponding to v=6 is suppressed. The width of the
plateau may change, but the plateau is always well
developed. The v=38 state can again be suppressed as
discussed in Ref. 15. In general, an even integer quantum
Hall state can be suppressed if odd filling factors can
occur simultaneously in the respective subbands. This
means that an even number has to be represented by the
sum of two odd numbers, implying a similar ratio for the
carrier densities in the two subbands, since the electrical
confinement will always dominate the magnetic-field-
induced energy changes. To suppress a quantum Hall
state at even v, this filling factor has to be the sum of odd
v and odd v'. The carrier density within a subband, in
general, depends upon the magnetic field. To suppress a
quantum Hall state two Landau levels have to be degen-
erate at the Fermi energy resulting in a large DOS at the
Fermi energy. In such a “relaxed” situation the carrier
densities in the two subbands have to be close to their
B =0 values. Otherwise carriers could be easily distri-
buted between the subbands due to the large DOS at £,
without changing E , very much. We conclude that two
conditions are important to observe the suppression of an
even-integer ?uantum Hall state: (1) two odd filling fac-
tors +° and v' with v*+v'=v have to be realized in the
respective subband; (2) the ratio of the carrier densities at
B =0 should be close to N*/N,=+%/v'. Furthermore v’
and v' should be as close as possible to each other. Oth-
erwise the magnetic field depopulates the higher subband
and no quantum Hall state can be suppressed.

For example, the v=4 state is suppressed if
v=4=y04+y!=3+1. With the same argument we find
two possibilities for the v=6 state: v=6=v"+v/=1+5
and v=6=y"+v'=3+3. The latter condition does not
exist because it implies N2=N,' and therefore a vanishing
subband separation. The first condition v=1+35 corre-
sponds to the already discussed situation. The carrier
density in the upper subband ,' is much smaller than N?
and high magnetic fields wiil therefore depopuiate the
upper subband. We do not exclude that in very speciaily
designed samples the v=6 state can also be suppressed,
but we argue that it is much easier to suppress the v=4
state. Using the same reasoning we find two conditions
to suppress the v=38 state: v=8=v'+v!=5+3 or
v=8=y"+y!=1+7. The latter condition is again not
favorable because high magnetic fields will depopulate
the higher subband. The condition v=5-+3 can however
easily be realized leading to a suppression of the v=8
state. Figure 7 presents a schematic illustration for the
suppression conditions of v=4,8,12. The Landau levels
of the lower (upper) subband are indicated on the left-
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F1G. 7. Schematic illustration of three situations of the ener-
gy levels as observed in the experiments. On the left- (right-)
hand side the Landau levels of the lower (upper) subband are in-
dicated. Spin splitting is not considered in this picture.

{right-) hand side of the diagram. Along the same line we
find for v=10 three possibilities: v=10=9+1,
v=10=7+3, and v=10=5-+5. The last case is exclud-
ed because it implies degeneracy of the electrical subband
energies. The first two cases suggest again a situation
where N! <<N? which leads to a depopulation of the
upper subband in a magnetic field. We note that we do
not observe a suppression of the v=10 in the experiment
in agreement with the presented argument. For filling
factor v=12 again three possible scenarios are imagin-
able: v=|2=m7+5 y=12=9+3 and v=I12=]1+1.
The last possibility is not realistic due to the above-
presented arguments, the first condition v=12=7+5 can
be realized in the experiment. The situation v=12=9+3
implies N2 3N! at B =0 and therefore coincides with
the suppression of v=4 with v=4=3+1. Indeed we do
observe a simultaneous suppression of the v=4 and 12
state. However the precise evaluation of the data for
large filling factors is difficuit because of the many over-
lapping Landau levels in this case. We conclude that
there is a good understanding why and in which range of
N, and B a given even integer quantum Hall state can or
cannot be suppressed.

IV. DEGENERACY OF SPIN SPLIT LEVELS

So far the Zeeman spin splitting of Landau levels in a
magnetic fleld has been neglected. Nevertheless it should
be possible to study the situation where spin-split levels
originating from different subbands are degenerate at the
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Fermi energy. We restrict the following discussion to the
intriguing behavior of the v=13 state. It is the best
developed spin-split state in the presented experiment
and theoretically it allows for a transparent discussion.
Figure 3 presents a senes of p,, data measured at low
temperatures 7 =0.45 K for a range of carrier densities
where the suppression of the v=4 state occurs. For high
carrier densities and Vg = —150 mV (lowest-lying curve)
pronounced minima are observed for v=2,3,4,5,6 and so
on. The uppermost curve with ¥g=—390 mV shows
well-developed p,, minima at v=1,2,4,6 and a weak
minimum at v=3. The curves for intermediate carrier
densities —390 mV < Vg < — 150 mV indicate many com-
peting minima for v=3 and 4. The minima do not lie on
the precise position of the respective filling factor.

Figure 9 presents the corresponding p,, data for the
same range of gate voltages. Well-developed quantum
Hall plateaus are observed for v=1 and 2. For filling fac-
tors v=3 and 4 the quantum Hall plateaus display a
variety of features. Especially interesting is the case
where p,, drops for increasing B and then rises again.
This situation cannot be observed at high temperatures
where spin splitting is not resolved. The fact that strong
spin splitting can be observed in the magnetoresistance
Prx Of GaAs heterostructures® is based on the exchange
enhanced g factor.”’” For odd filling factors a filled Lan-
dau level at the Fermi energy is fully spin polarized be-
cause all occupied states are filled with electrons of the
same spin orientation. According to Ando and Uemura
(Ref. 37) the exchange enhanced g factor can be written
as

v g-'-390 mv
Av g=2(JmV

Py (arb. units)

0 2 4 6 8 10 12

8(M

FIG. 3. Experimental magnetoresistance traces for a series of
gate voltages at low temperacures 7 =0.45 K. The arrows mark
the position of filling factors. The curves are vertically offset for
clarity. An interesting double minimum structure occurs for in-
termediate carrier densities around filling factor v=3.
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FIG. 9. Hall effect p,, for the same range of carrier densities
as in Fig. 10. Overshoots of the Hall plateau occur for v=13 and
4.
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g=g|l+

Here V(q) is the effective two-dimensional Coulomb po-
tential of the electrons, e(g,0) the dielectric function, and
Jix(q) the matrix element of the interaction between
electrons in Landau levels N and N’. The population
difference of ihe two spin-split levels is denoted by
nyy—ny;. The value of nl (n 1) is the number of all spin
down (up) electrons in all occupied Landau levels of sub-
band i. In a simplified form this can be written as

g =g(l+a,(nt—nl)],

where a,, now depends on the exchange interaction and
also on the subband quantum number i: The important
consequence for our experiment is that the energy separa-
tion of spin-split Landau leveis depends on the filling of
these levels (nt,n}) as well as on the subband quantum
number. We will therefore denote the bare g factor in
subband i by g;, the enhanced g factor by g*. To realize
filling factor v=3 there are, in principle, two possibilities
that are indicated schematically in Fig. 10. If the
[i=0,n=1) and [1,0) levels are degenerate the ex-
change enhancement may lead to a situation where the
spin down (1) level of the {0, 1) state drops in energy and
v=]3 is realized by v=v’++'=3+0. Alternatively the
enhanced spin splitting may occur in the higher-lying
subband resulting in v=3=2+1. These two cases differ
dramatically in the carrier densities they assign to the
two electrical subbands. The exchange enhancement in
the second case will be larger because the upper subband
is completely spin polarized (n 1 =0) whereas the situa-
tion as sketched on the left hand side of Fig. 10 occurs
due to the spin splitting of the n =1 Landau level in the
lower subband. The enhanced g factor g4 will be smailer
because of the spin-unpolarized Landau level n =0 below

FIG. 10. Schematic representation of two situations that re-
sult in three occupied Landau levels. The bare g factor of the
System is marked by g, and g,, the enhanced g factor of the
upper and lower subband by g and g/, respectively.

the spin-polarized state in the 2 =1 Landau level. We
conclude that the interesting double minimum structure
in Fig. 8 around v=13 occurs because the enhancement of
the g factor is different in the two subbands.

This effect will also influence the suppression behavior
of the v=4 state, since, for resolved spin slitting, v=4
can be expressed as v=4+0 or v=3+1. Again these
two situations result in a completely different ratio of car-
riers in the two subbands (4:0 vs 3:1). Overshoots of
quantum Hal| plateaus have also been observed for spin-
split states®® in GaAs heterostructures with one occupied
subband. The temperature and geometry dependence of
this effect implies an explanation that relies on the
magnetic-field-induced decoupling of the two edge states
associated with the topmost spin-split Landau level. In
our experiment here on a parabolic quantum well with
two occupied subbands we observe similar effects around
v=] as presented in Fig. 9. In addition to the explana-
tion presented in Ref. 38, we think that the subband
dependent enhancement of the g factor as sketched in
Fig. 10 further influences the detailed shape of a quantum
Hall plateau. In a system with two occupied subbands
the spin splitting of Landau leveis can also account for
features of even integer quantum Hall states.

V. TILTED FIELD EXPERIMENTS: MANIFESTATION
OF RESONANT-SUBBAND-LANDAU-LEVEL COUPLING

The magnetotransport data presented so far in this pa-
per were obtained for magnetic fields oriented perpendic-
ular to the plane of the sample. In this case the Hamil-
tonian can be separated into two terms, one describing
the in-plane motion of the carriers and the other the elec-
trostatic confinement in the perpendicular direction.’®
The energy-level structure then consists of an equidistant
ladder of Landau levels on each electrical subband. The
Landau levels associated with different subbands may
cross each other without any interaction because the
Hamiltonian is separable. In this section we concentrate
on the case of tilted magnetic fields where the Hamiltoni-
an can no longer be separated. Consequently Landau lev-
eis belonging to diflerent subbands are coupled. This
coupling has been observed by far-infrared spectrosco-
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py*~? but is difficuit to tackle in a transport experiment.
Figure 11(a) presents magnetoresistance data for a series

of tilt angles a between the sample normal and the orien-

tation of the magnetic field. The curves are vertically
offset for clarity. The measurement temperature is
T=2.2 K so that spin effects are only weakly pro-
nounced. We will consequently neglect the spin spiitting
of the Landau levels in the following discussion of RSLC.
The gate voltage in Fig. 11(a) is chosen such that the Pex
minimum and with it the corresponding quantum Hall
state for v=4 is suppressed at @=0. The weak minimum
between the arrows marking v=4 and 2 corresponds to
the v=3 state. For increasing tilt angle the minimum for
v=4 starts to reappear and is finally fully recovered for
@=35.9". At the same time the neighboring minimum
for the v=6 suffers the opposite fate. For perpendicular
magnetic fields, a =0, the v=6 state is well pronounced.
Ag the tilt angle is increased the minimum for v=6 is
completely suppressed at @a=35.9". The recovery of the
v=3 state for tilted magnetic fields is described in detail
in Ref. 15. The essential features of the magnetoresis-
tance traces in Ref. 15 look very similar as in Fig. 11(a),
which shows the recovery of the v=4 siate. In order to
understand this remarkable observation ir more detail we
have solved Schrodinger's and Poisson's equation for
B =0. The results of Sec. III indicate that the e/ :ctrical
subband energies depend on a perpendicular (@ =0) mag-
netic field. The magnitude of these effects is comparable
to the typical width (0.5 meV) of a Landau level. For tilt-
ed magnetic fields however, a#0, the level repulsion is
the decisive quantity being larger than typical effects of
the magnetic field on the subband structure itself. This
justifies the use of a harmonic approximation for the eval-
uation of the level anticrossing even though the self-

l consistent potential is no longer parabolic. We therefore
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FIG. 11. (a) Experimental magnetoresistance p,, for a series

tilt angles @ at T =2 K. The carrier density is fixed via a

suitable gate voltage sc that the minimum in p,, corresponding

to filling factor v=4 is suppressed for a=0. The curves are

ically offset for clarity. (b) Calculated magnetoresistance for

e same parameter range as the experimental curves in Fig.
11{a). -
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use the subband separation E,;=E,—£, as obtained
from the self-consistent calculation to model a parabolic
potential with characteristic frequency fw,=E,,. The
case of a parabolic potential in a tilted magnetic field can
be solved analytically*®*! and the level repuision can be
obtained. With w. =eB/m* being the cyclotron frequen-
cy the Hamiltonian can be rewritten after a rotation of
the coordinate system and one obtains two decoupled
harmonic oscillators with frequencies

0} 7= Ho! +wd)
i@} +wy+2wiw](sin’a—cos’a)]'/? .
The energy spectrum is then given by

Ei, =tk + P+ hwim+ 1) .

According to the procedure as described in Sec. 111 the
magnetoresistance , . is calculated. This calculation is
based on the subband quantum number ( and the
Landau-level quantum number n. For tilted magnetic
fields hybrid electric magnetic subbands are formed and |
and n are no longer good quantum numbers. Conse-
quently the carrier density of a given subband is not a
well-defined quantity anymore, especially in the vicinity
of a resonant level anticrossing. Nevertheless we associ-
ate the new quantum number k and m with the old ones
and n even for @0 as far as the transport calculations
are concerned, to accomplish a transparent picture of the
experimental situation. A minimum in p. will always
correspond to a position of the Fermi energy between two
energy levels. The position of the calculated p,, minima
will therefore not suffer from our assumption. The
heights and positions of the maxima are more problemat-
ic, since they depend more sensitively on the subband
carrier densities and the quantum numbers. The results
of this calculation are plotted in Fig. 11(b) in the same
way as the experimental data in Fig. l1(a) is presented.
The reappearance of the v=4 minimum for increasing
tilt angle as well as the suppression of the v=6 minimum
are very well described by this calculation justifying the
approximations that were made. The detailed shape of
the oscillations especially in the vicinity of the maxima in
Py differs slightly between experiment and theory.

Figure 12 presents the calculated level structure for the
typical tilt angles. For a=0 the levels are decoupled and
the [0,1) and [1,0) states are degenerate at the Fermi en-
ergy resulting in the suppression of the v=4 state. For
increasing tilt angle a=15.4" these levels start to repel
each other showing a well-defined energy gap at @ =135.9°
for v=4. Simultaneously the jump of the Fermi level at
v=6 gets smeared out for increasing tilt angle in agree-
ment with the suppression of the v=6 state as observed
in the experiment {Fig. 11{a}]. The [0,2) and |1,0) state
will repel each other at higher tilt angles leading thento a
recovery of the v=6 state. We conclude that the level
repuision caused by the tilted magnetic field strongly
manifests in the p . spectra and is well explained by the
calculation. Transport experiments can therefore be used
to determine the single-particle subband separation of a
2DEG. In analogy to optical experiments the results of
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FIG. 12. Calculated energy-level structure for the same car-
rier density ¥, =3.3x 10" ¢cm™* as in Fig. 11. For increasing
tilt angle the energy gap at the Fermi energy for v=4 opens up
resulting in the recovery of the v=4 minimum as depicted in
Fig. 11

the transport experiments in Fig. 11(a) may be interpret-
ed as an exchange of oscillator strength between the v=4
and the v=6 state.

Figure 13 presents a comparison of three experimental-
ly determined values for the subband separation E o and
the value of E,; from a self-consistent calculation. Ac-
cording to the arguments as presented in Sec. III only the
suppression of the v=4, 8, and 12 state can clearly be ob-
served in the experiment. From Fig. 11(a), which starts
from a suppressed v=4 state at a =0, the angle a and
magnetic field can be deduced at which this state is
recovered. With B cosa=E,, we can extract the sub-
band separation for this given carrier density
N,=3.3X10" ¢cm~% Accordingly we find values for
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FIG. 13. The squares indicate the experimental results for
the subband separation E,, as a function of carrier density as
obtained from RS".C. The thick solid line is the result of a self-
consistent calculation. The dashed line presents the calculated
ratio of the carrier densities in the two subbands at 8 =0. The
thin solid lines are guides to the eye as described in the text.
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E o(V,) for the suppressed v=8 state (Ref. 24) and the
v={2 state as marked by the solid squares n Fig. !J.
The full line is the result of the self-consistent calculation
for B =0 in good agreement with the experimental re-
sults. The situation to suppress the v=4 state at a=0 is
most favorable, if the ratio of the carrier densities in the
two subbands ut B=0 is NJ:V'=3:1 because then
v=4=3+1 can be realized casily in a magnetic field.
The dashed line in Fig. 13 marks the result of the self-
consistent calculation for the ratio of carrier densities
N2:N! as a function of total carrier density. The thin
solid line starting from the full square corresponding to
v=4 leads vertically until it crosses the dashed line and
then moves over to the right-hand scale to end at a value
that is not too far off from the desired N2V, —3:1. The
same is done for the v=8(V2N'—53) and
v=12(N):.NV! —8:5) state. In all cases the calculated ra-
tio of the carrier densities agrees roughly with the desired
value for the suppression of the respective state. We con-
clude that there is a qualitative understanding of the pro-
cesses that lead to a suppression of quantum Hall states
at a=0 and their subsequexnt recovery for tilted magnetic
fields.

V1. DEPOPULATION OF SUBBANDS
VIA IN-PLANE FIELDS

So far we have described transport techniques that al.
low the evaluation of single-particle energies from the
analysis of Shubnikov-de Haas oscillations in tilted or
perpendicular magnetic fields. A complementary tech-
nique uses in-plane fields to depopulate subbands via the
diamagnetic shift. This technique has been applied by
many groups.**~%* The band structure for in-plane mag-
netic fields is fundamentally different compared to situa-
tions with a#90°. For 0 <a < 90" there is always a com-
ponent of the magnetic field perpendicular to the plane of
the sampie that allows for a plane-wave type wave func-
tion of the electrons. This in turn leads to a degeneracy
of the levels proportional to B, =cosaB. The
Shubnikov-de Haas oscillations, that rely on this degen-
eracy, can be observed up to tilt angles of a=89" and
more (see, for example, Refs. 27 and 48). For @ =90" the
situation is fundamentally different and an additional
type of magnetoresistance oscillation arises, the so-cailed
diamagnetic Shubnikov~de Haas effect.*’ Figure l4(a)
presents results for two orientations of current flow,
parallel (p.,) and perpendicular (p,, ) to the magnetic
field, that lies in the plane of the electron gas. The inset
clarifies the orientation of current flow with respect to the
magnetic-field direction. The voltage across the voitage
probes of the Hail bars should be ideally zero in this
geometry. From the finite voltage that we detect in the
experiment we estimate the accuracy of the orientation to
be @=90°%0.01°. The experiment in Fig. 14(a) clearly
shows the influence of the orientation of current flow on
the detailed shape of the magnetoresistance trace.

In the literature there is widespread agreement that the
magnetoresistance oscillations for in-plane fields arise
from the crossing of the diamagnetically shifted subband
energies through the Fermi energy. The question, how-
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v s N To investigate the influence of the mobility of the an-
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- , . ‘ . . *f bt increase of the carrier density at ¥,=0 from 5 to

‘ i et N, =7%10" cm ™2 caused by the pemstem photoconduc-

F1G. 14. (a) Magnetoresistance measured in the dark for in-
plane magnetic fields at T=4.2 K. The resistance for current
flow parallel to the magnetic field is denoted by p.., for the per-
pendicular case by p,,. The inset clarifies this situation. (b) Ex-
perimental magnetoresistance at T=4.2 K after the sample has
been strongly illuminated.

ever, at which point on the magnetoresistance trace
(maximum, inflection point, minimum) the subband actu-
slly becomes depopulated is not satisfactorily answered
so far. Furthermore, Fig. 14(a) indicates that the de-
tailed shape of the magnetoresistance trace depends on
the orientation of current flow. Most of the publications
on the observation of the diamagnetic Shubnikov-de
Haas effect do not mention the orientation of current
flow in the experimental setup. Zrenner er al.*é investi-
gated a Si S-doped layer in GaAs. They used a Corbino
geometry and found nice agreement between the fields
obtained from the maxima of do /dB(B) traces and the
depopulation fields from a self-consistent calculation.
Kroeker and Merkt® did research on a InSb metal-
oxide-semiconductor (MOS) structure. They found that
the conductivity depends on the orientation of current
flow. However the positions of the features caused by the
magnetic depopulation of the subbands were independent
on the orientation of current flow. The InSb-MOS struc-
ture resembles an asymmetric triangular-shaped potential
for the electrons that accounts for the observed effects.
In this case the electron trajectories depend on the orien-
tation of current flow which therefore also influences the
conductivity. Gwinn et al.*’ investigated p_, as a func-
tion of magnetic field. The positions of the maxima in
the magnetoresistance p, were in good agreement with
the prediction of the depopulation fields according to a
seif-consistent calculation by Stopa and Das Sarma.’!
Hopkms investigated wide PQW's (=500 nm) for both
orientations of current flow and found pronounced aniso-
tropies. The experimental results suggest, however, that
the imperfections of the parabolic potential, that become
more dominant the wider the well is, are crucial to ex-
plain the observed features.

The anisotropic band structure in the plane of the
IDEG arising from the in-plane magnetic field resuits in
s magnetic-field-dependent effecnve mass perpend:cular
to the magnetic field of m, =m*w’/w}. Here w, is the
harmonic oscillator frequency of the parabolic potential,
@, =eBm* the cyclotron frequency, and w*=wj+w].

tivity effect. Slmultaneously the mobility has dropped
from p=100.000 cm®/V's down to u=80.000 cm*/Vs.
Figure 14(b) presents data for p,, and p_ after the sam-
pie has been illuminated. There is still a pronounced an-
isotropy but the positions of the maxima and minima are
now closer to each other. The smaller the mobility the
lower is the scattering time and the more the electrons
are scattered out of their drift velocity direction. They
therefore experience the band structure in all directions.
We conclude that the anisotropy in p,, and p, is reduced
for low-mobility samples in agreement with our experi-
mental observations [Fig. 14(a)—Fig. 14(b)] and the re-
sults of Si-§ layers* and the InSb-MOS structures.*®

On the theoretical side Tang and Butcher*** have cal-
culated the transport coefficients assuming an energy in-
dependent DOS with D =m *w/m#w, Their model sys-
tem was a PQW with fiwy=3 meV and N,=5.8X 10"
cm™2 The mobility assumed in their calculation is about
a factor of 20 below the mobility of our sample. In Ref.
53 they calculated p,, and in Ref. 54 p,,. We digitized
their results and put it together in one disgram as depict-
ed in Fig. 15. The main features are similar as observed
in the experiment; however, the anisotropy is much
stronger in the experimental data possibly caused by the
lower electron mobility assumed in the calculation. Fur-
thermore in the calculation the inflection point of the p,

20 1 ¥ L] L 'l t ¥
theory according to ",
Tang & Butcher sl (T=0)
(refs. 53. 34) S
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FIG. 15. Calculated magnetoresistance after Refs. 53 and 54.
The dotted lines are for T =0, the solid line for T =5 K.
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trace lies at lower magnetic fields compared to the corre-
sponding feature in the p,, trace. This is in contrast to
the experimental findings (Fig. 14(a)].

Figure 16(a) presents a series of p,, measurements for
various gate voitages. For high gate voitage, Vg = +200
mV, two oscillatory features are observed indicating at
least three occupied subbands at B =0. For decreasing
gate bias the low-field oscillation at around B=2.5 T
vanishes because the number of occupied subbands at
B =0 is reduced to two. The oscillatory feature at
around B=35 T shifts successively to lower magnetic
fields for decreasing gate voltage because of the changing
subband structure. Figure 16(b) shows the corresponding
spectra for current flow parallel to the magnetic-field
orientation. The low-field oscillation vanishes in the
same way as described in Fig. 16{a). The same correspon-
dence is true for the high-field oscillation that results
from the magnetic depopulation of the E, subband. The
overall strength of the oscillations is however much
weaker for current flow parallel to the magnetic field
(Fig. 17) compared to the other current orientation.

For a more quantitative analysis we have extracted the
magnetic-ficld positions of the minima, inflection points,
and maxima of the magnetoresistance oscillations p,, and
P as plotted in Fig. 17. For the low-field oscillation at
around B =2.5 T only the positions of the minima can be
consistently evaluated. The data points for p, lie con-
sistently about 0.5 T below the ones of p,, as presented in
Fig. 17. Following Ref. 53 a straightforward model is
presented to allow a quantitative comparison of experi-
ment and theory. The subband separation E; is calcu-
lated seif-consistently for B =0. The potential is then ap-
proximated by a parabolic potential with eigenfrequency
@y and Aiwy=E,. Therefore any=awy(N,) and the energy
levels of the total confining gotential are given by
E,=#Aawlk +1) with o’=w}+a? and &, =eB/m*. 4
The depopulation of subband n is then given by the con-
dition E,=#Ax(n+}). With the magnetic-field-
dependent density of states

D=m"*w/miw,

b T Y Y T T
V = 200mv
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FIG. 16. (a) Experimental magnetoresistance for a series of
gate voltages for current flow perpendicular to the magnetic-
fleld orientation at T=4.2 K. (b) Experimental magnetoresis-
tance for current flow parallel to the magnetic-field orientation
at T=4.2K.
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FIG. 17. Positions of the maxima, inflection points and mini-
ma along the magnetoresistance traces g,, (open symbois) and
Pz (solid symbols) as a function of carrier density. The solid
lines mark the result of the calculation as described in the text.

we get

N="=2 S (fwln+i)—hotk+4)] .
Wﬁz k<n
This approximation is justified as long as the cyclotron
diameter is larger than or comparable to the electronic
width of the electron gas. For typical experimental con-
ditions (N, =5X 10" cm ™2, B =5 T) we obtain a classical
cyclotron diameter of 47 nm. This is larger than the
effective width of the electron layer at the same carrier
density which is about 40 nm (see Fig. 1). For lower
values of the carrizr density the cyclotron orbit as well as
the width of the electron layer shrink. We conclude that
the assumption of an energy-independent density of states
is justified. Higher magnetic fields will result in a one-
dimensional-type density of states.’* The magnetic field
B,, where subband n becomes depopulated, is then given

by

12
mt

Zie fiwg

The self-consistency enters via wy=wy(N,) as calculated
for B =0. The resulits of this calculation are depicted in
Fig. 17 by solid lines. The main features of the experi-
mental data are well explained by this model. Deviations
occur for high magnetic fields, where the density of states
becomes energy dependent*® as described above.

The energy separation E,, is underestimated in the cal-
culation because of the parabolic model. Intuitively Fig.
17 suggests, that the depopulation of the E, energy level
occurs close to the inflection point of the p,, trace. The
data further imply that one has to be careful with the as-
signment of a depopulation field from magnetoresistance
measurements on high mobility structures. The detailed
influence of the subband depopulation on the magne-

ZNs ﬂ'ﬁz
nin+1) m*

B,. = —ﬁfﬂo




a SINGLE-PARTICLE SUBBAND SPECTROSCOPY IN A . ..

wresistance traces is theoretically not well understood
aad requires future investigations.

VIL. SUMMARY

This paper presents a series of transport experiments
that allow the evaluation of the single-particle subband
separation in a parabolic quantum well. The special sub-
band structure of a PQW results in the possible occupa-
tion of several electrical subbands even at high magnetic
felds applied perpendicular to the plane of the electron
ps. This fact can be used to study the case where Lan-
dau levels associated with different electrical subbands
are degenerate at the Fermi energy. The experiments re-
veal the suppression of quantum Hall states which can be
recovered by a lifting of the degeneracy. This can be
achieved either by a change of the subband separation via
a suitable gate voltage or by a tilt of the sample with
respect to the magnetic-field axis that leads to a resonant
level anticrossing. Especially interesting is the case,

13n

where for very low temperatures spin splitting of the
Landau levels can be resolved. The magnetoresistance in
this case is influenced by the subband dependent ex-
change enhancement, that leads to overshoots in the
quantum Hail plateaus.

Finally an experiment is presented where, for in-plane
magnetic fields, the magnetoresistance oscillations de-
pend on whether the current flows parallel or perpendicu-
lar to the magnetic field. The positions of the oscillations
are related to the magnetic depopulation of the electrical
subbands. All experiments are accompanied by self-
consistent subband calculations that allow for a quantita-
tive comparison with the experimental results.
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We report the resuits of experimental and theoretical studies of the electron mobility in remotely
doped, quasi-three-dimensional GaAs/Al, Ga, ., As parabolic wells. We show that the electron mobility
in such structures is strongly reduced by a size effect due t0 noaspecular scattering of electrons from
rough walls confining the electron gas. The roughness of the walls results from random fluctuations of
the remote-ionized-impurity concentration and/or the alloy composition. Incorporation of the size
effect allows for a quantitative description of the electron mobility in these parabolic wells.

Electron scattering in metals due to the size effect has
been studied for over 50 years."? The resistivity of very
thin metal films is observed to increase with decreasing
film thickness. This phenomenon has been attributed to
scattering of the electrons from rough surfaces of the
metal film,2~* when the electron free path /, is larger
than the thickness of the film w,, or fikyu, /e > w,, where
ke=(377n)'” is the Fermi surface electron wave vector,
n is the electron concentration, and u, is the bulk elec-
tron mobility. It has been suggested that a similar size
effect should be observed in thin semiconductor films® or
in semiconductor inversion layers’ aithough there has
been no clear experimental evidence for such an effect in
these systems.

Recently, a semiconductor heterostructure device, the

doped wide parabolic weil (WPBW), has been
introduced.”* These structures have been demonstrated
to contsin thick layers (> 1000 A) of high mobility
(>200000 cm?®/V's) electron gas with roughly uniform
three-dimensional (3D) electron densities.*-!! The elec-
trons in these wells form a slab of nearly constant 3D
dengity n (z)asn over a width w,.

One of the objectives of the remote doping is to reduce
the concentration of ionized impurities and to enhance
the mobility of the electrons in the wells. Experimental-
ly, low-temperature electron mobilities as high as 3X 10°
cm?/V's were reported in parabolic wells with electron
concentration n 10" cm ™. Such mobilities are much
higher than the electron mobilities in uniformly doped
GaAs crystals with the same electron concentration.
However, they are still at least one order of magnitude
lower than mobilities of the 2D electron gas in high-
quality moduiation-doped heterostructures. Using typi-
cal parameters for the electron-gas layer in WPBW struc-
tures, 7 =10'® cm™? and w, =1000 A, we find that the
mm&umwmuzpmummm
slab width w, if 4y > 30000 cm*/Vs. This suggests that
scattering of the electrons from the slab surfaces could
significantly affect the electron mobility of these struc-
tures. In this paper we present resulits of theoretical and

4

experimental studies of electron mobility in WPBW
GaAs/Al,Ga,_,As structures. A quantitative under-
standing of the experimental data is possible if the non-
specular electron scattering from the walls of the parabol-
ic wells is included in our mobility calculations for these
structures. '

We have considered three previously studied'? WPBW
wafers, PB31, PB24, and PB23, which were grown by
molecular-beam epitaxy with essentially identical layer
designs but with different nominal parabolic well widths
of 2000, 4640, and 5680 A, respectively. The parabolic
wellsmgmwnintheformofﬂne(zol)
GaAs/Aly ;Gag ;As superiattice, with the average Al
concentration varied parabolically from x =0 at
the well center to x =0.2 (PB31) or x =0.3 (PB24 and
PB23) at the edges by ing the Al shutter duty cycle
under computer controlL*’ Si-doped Aly;Gag,As re-
gions set back by 200 A (PB31) or 400 A (PB24 and
PB23) from either side of the well provide the electrons.
The corresponding design densities n are 2.5X10%,
0.7X 10', and 0.5X 10" cm ™’ for wafers PB31, PB24,
and PB23, respectively. A more detailed description of
sample prelgunuon and measurement techniques is given
elsewhere.

Figure 1 shows the measured Hall mobility u, as re-
ported in Ref. 12, for the temperature range 4-300 K for
the three samples PB31, PB24, and PB23. The most
striking feature of the data in Fig. | is that the Hall
mobilities of the three samples are nearly identical over
the entire temperature range measured. The highest
measured values of the electron mobility in PB23 and
PB24 are y>2.4X10° cm?/Vs. A slightly higher value
of 2.9X10° cm?/V s has been measured in the PB31 sam-
ple. We have found that the low-temperature sheet den-
sities n, are almost temperature independent for T <70
K, indicating the high quality of the low-density electron
gas in these samples. The T=4.2-K values of n, for sam-
ples PB31, PB24, and PB23 are 2.3X 10"}, 1.4X 10", and
0.77X 10" ecm ™2, corresponding to nominal electron lay-
er widths w, =n,/n of 900, 2000, and 1700 A, respec-

10 909 ©1991 The American Physical Society
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- "2 3999 oa where A=2x/k, is the clectron wavelength. Substituting
i . Sony Eq. (3) into Eq. (2) and performing the integration in (1)
107 S, ? one obtains an analytic expression for the electron mobil-
3 : Y | .' ily
;R ’
: g — e« - (l+cl/l)3
LT I S| . 1311 | —————
= 10 100 +303 g1 |22 |2
emperaure (K) 2 V3 6
FIG. 1. Hall mobilities as functions of temperature in three —Lln(l+c) 4)
parabolic well structures. A schematic representation of the 2
conduction-band-edge energy E. vs growth direction z is shown where
for a remotely doped parabolic well with electron layer thick-
ness w,. c==4l,k,2»a2/w, .

tively. The widths w, of the electron layers were deter-
mined experimentally by a comparison of transverse
Shubnikov-de Haas oscillation measurements at T =50
mK with local-density-functional calculations of the sub-
band energies and wave functions.!" These widths were
in reasonable agreement with the estimated values from
the Hall measurements. We have also inferred density
profile uniformities for samples PB31 and PB24 from
comparison of the experimental and theoretical ener-
gies.!! The electron density across w, for PB31 is es-
timated to be uniform to within ~10% of », while for
PB24 the deasity is uniform to within ~ 50% of a.

Since the widths of the electron gss in the samples is
less than the mean free path /, as determined from mobil-
ity measurements, a complete calculation of the mobility
in these samples must include scattering of the electrons
from the confining wails. In order to consider the effect
of electron scattering from rough walls we use the ap-
proach originaily proposed by Cottey, who found the fol-
lowing expression for the electrical conductivity of thin
metallic films:

sin’(9)

30‘ »
7" fo“lﬂ,/t,w)'

where o, =neu, is the bulk conductivity, /,(8) is the
effective clectron mean free path associated with the elec-
tron scattering from the surface, and 8 is the angle of in-
cidence at the surface. It was shown that’

1,(8)= —w, /{|cost8)in{p(8)]} , @

where p(9) is the specularity parameter. Parameter p
represents the probability that an electron will be specu-
larly scattered from the surface, while (1—p) is the prob-
ability for s diffuse scattering. In the diffuse scattering
the angie of reflection is random and is not correlated
with the angle of incidence. Soffer* has calculated p(9)
for a randomly rough surface characterized by a rough-
ness parameter a. He found

2
- [-‘;—“—] ca’(O)] , 3

(1

p(@)=exp

For perfectly smooth surfaces with a—0, or for very
wide wells with w, — o, ¢ =0, and, as expected, B~ Hs-

It should be emphasized that the size effect is a
phenomenon basically dlﬂ'erent from the interface rough-
ness scattermg in 2D systems.'® Since the specularity pa-
rameter, given by Eq. (3), is 2 monotonically decreasing
function of a, therefore the largest coatribution to the
size effect comes mostly from large size fluctuations. On
the other hand, in the case of interface rougnness scatter-
ing 2D electrons are most efficiently scattered by rough
interfaces with a==A /7.1

One finds from Eq. (4) that the mobility reduction due
to the size effect depends on the roughness parameter a
and the electron free path /,. A common difficuity with
the microscopic description of the size effect in thin metal
films stems from the poor and uncontroilable quality of
thin-film surfaces. Consequently, most of the interpreta-
tions of the size effect are based on phenomenological ap-
proaches. The great advantage of the parabolic weil sys-
tem is that in this case the confinement walls are deter-
mined by two well-defined potentials: the electrostatic
potential of the remote impurities and the conduction-
band-edge potential as determined by the Al composition
of the Al_Ga,_,As alloy. Random fluctuations of the re-
mote ionized impurity concentration and/or alloy com-
position contribute to the roughness of the walls. Small-
size statistical fluctuations produce small changes in the
counfining potential, and as is seen from Eg. (3), contribute
very little to the reduction of the specularity parameter p.
On the other hand, large-size fluctuations are effectively
screened by free carriers. One can thus argue that the
largest contribution to the actual value of the specularity
parameter comes from the fluctuations of the order of
screening length, i.e., one can assume a=R,. Here R, is
the Thomas-Fermi screening length given by

2V2e'm* kg T
R,=
e

where F_, ,(7) is the Fermi-Dirac integral of the order
=4 1=Eg/kyT, and Eg is the Fermi energy.

In the caiculation of bulk electron mobility we assume
that the electron gas confined in the wide parabolic well
can be treated in the 3D approximation. In these calcula-

-in
’ +)

F-|n(1')
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tions we include all the major scattering processes: back-
ground ionized impurity, acoustic-phonon deformation
poteatial, acoustic-phonon piezoelectric, and alloy disor-
der scattering. Screening by the free carriers in the para-
bolic well is included in the caiculations. Scattering by
optical phonons can be safely ignored since we consider
the low-temperature range T < 50 K.

In the parabolic GaAs/Al,Ga,_,As well the composi-
tion x as well as the alloy disorder scattering'* paraboli-
cally depend on the location z in the well. To find the
bulk mobility in the well we average the total microscop-
ic relaxation time over the well width

L
AE)=- [, nE2dz . (6)

where E is the electron energy. Finally, the macrosopic
bulk mobility i, is obtained from a standard averaging of
the microscopic relaxation time over the electron energy.

Most of the GaAs and Al,Ga,_, As material parame-
ters are well known. Here we use GaAs parameters,'® ig-
noring any dependence of the parameters on the Al com-
position in the well. This approximation is justified be-
cause the Al concentration x in the portion of these para-
bolic well structures occupied by the electron gas is small,
x <0.1. We have adopted an experimentally determined
value of 9 eV for the conduction-band deformation poten-
tial in GaAs.'® This value is close to recent theoretical
determinations reported by two independent groups.'’-!*
The electron mobility in the parabolic wells is not very
sensitive to the alloy disorder scattering parameter (V).
Here we find that { V) =0.5 eV provides the most con-
sistent explanation for the experimental data.

Figure 2 shows the calculated electron mobilities as
functions of ionized background impurity concentration
for a well with parameters identical to those of structure
PB31. It is seen from the figure that incorporation of the
size effect leads to very substantial reduction of the elec-
tron mobility. The measured 4-K mobility in the struc-
ture PB31 is equal to 2.9X 10° cm/Vs. We find that this
value of the mobility can be explained with the back-
ground ionized impurity concentration of 1, =2.3X 10"

-
Q
'~

%

-
%

Electron mobility (cm?V-1s'1)

10‘1 o‘: i;l‘ 1015
Impurity concentration (cm®)

FIG. 2. Calcuiated bulk mobility (— — —) and size effect
limited (——) mobility as functions of background ionized im-
purity concentration.

cm %, which is very close to the expected contamination
with carbon impurities in the well. Because of larger well
widths the size effect is less pronounced in the PB24 and
PB23 structures. The experimental 4-K mobilities of
244X10° cm/V's in PB24 and 2.35X10° cm?/Vs in
PB2S can be explained with n, =2.5% 10" and 2.1X 10*
cm ™3, respectively. Thus we find that, despite a2 much
different geometrical configuration, the residaal impurity
concentrations required to account for the observed
mobilities are practically the same in all three studied
structures.

One could argue that the low values of the experimen-
tal electron mobilities can be understood without invok-
ing the size effect, but assuming only a higher back-
ground impurity concentration. For example, as is seen
in Fig. 2 (up!aer curve), the 4-K experimental mobility of
2.9X10° cm®/V s is equal to the bulk mobility calculated
for n; =10'3 cm™3. We find that such an explanation is
inconsistent with a temperature dependence of the elec-
tron mobility observed in this structure. As shown in
Fig. 3, incorporation of the size effect for n, =2.3X 10"
cm ™ leads to the temperature-dependent mobility which
is in very good agreement with the experiment. Howev-
er, if one ignores the size effect, the calculated mobility
(dashed line in Fig. 3) shows a temperature dependence
which is in clear disagreement with the experimental
data. The experimentaily observed temperature depen-
dence is a manifestation of the fact that the acoustic-
phonon scattering is a major process contributing to the
buik mobility 4, (dash-dotted line in Fig. 3). The scatter-

Inverse mobility (IO'6 Vs cm2)

FIG. 3. Temperature-dependent inverse electron mobility:
——, size effect included, n, =2.3% 10" cm™%, —-—-~-, no
size effect, n,=23X10" cm~); — — —, no size effect,
n;=1X 10" cm™>. The points represent the experimental data
for the structure PB31.
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ing from rough surfaces reduces the bulk mobility by an
almost constant, weakly temperature-dependent factor
lsading to an observed temperature dependence of the to-
tal mobility.

The proposed explanation of the reduced electron mo-
bility in the parabolic wells could be further tested by
studying the dependence of the size effect on the electron
concentration and thus also on the we!l width. It is ex-
pected that with increasing well width the effect of non-
specular scattering should be reduced, leading to an in-
creased effective clectron mobility. However, one should
realize that in wider wells a portion of the well with
higher Al concentration is occupied. This will result in
an increased alloy disorder scattering. The additional
scattering will to some degree compensate the mobility
enhancement due to reduction of the nonspecular scatter-
ing. A careful analysis will be required to quantitatively
evaluate relative contributions of these scattering mecha-
Application of an external magnetic field offers another
method to reduce the interaction of the electrons with the
~ confining walls. A magnetic field in the plane of the well

BRIEF REPORTS “

affects the trajectories of electrons moving in the direc-
tion perpendicular to the walls, increasing the electron
free path between two subsequent reflections from the
walls. This effect should manifest itself in a negative lon-
gitudinal magnetoresistance observed at low magnetic
flelds. At high fields, the effects of quantization on the
electron transport will have to be considered.

In conclusion, we have shown that a nomspecular
scattering of electrons from rough walls very significantly
reduces the mobility of quasi-3D electron gas confined in
a parabolic quantum well. The incorporation of the size
effect allows for a quantitative description of low-
temperature mobility in GaAs/Al,Ga,_,As parabolic
wells.
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Capacitance-voitage profiling through graded heterojunctions:
Theory and experiment

M. Sundaram and A. C. Gossard
Departmant of Electricsl and Computer Engineering, and Maierials Department, University of California,
Santa Barbara, California 93106

(Received 9 September 1991; accepted for publication 21 September 1992)

Starting from the general equations for capacitance-voitage (CV) profiling through a graded
heterojunction, we obtain numerical solutions to yield thermal-equilibrium energy-band
diagrams, real electron profiles, and apparent electron profiles (i.c., the profile extracted from a
CV measurement) for modulation-doped square, triangular, and parabolic potential wells.
Room-temperature CV measurements are performed on parabolic patential wells grown by
molecular beam epitaxy in the Al,Ga, _,As system, and the measured apparent electron profiles
fitted to computer reconstructions whence the real electron distributions are deduced. These
measurements reflect a uniform electron distribution in a parabolic well, with 3D electron
density determined by well curvature. Data analysis also suggests the presence of a doping
asymmetry in the modulation doping of the well. Appropriate corrections to growth conditions
remove these asymmetries, as reflected in CV measurements. Besides its importance in the
analysis of potential wells of different shapes, the theory presented is applicable to the
determination of band offsets by the CV profiling technique where the unintentional grading of
the band gap and/or doping in the neighborhood of the isotype abrupt heterojunction is known.

1. INTRODUCTION

Graded heterojunctions are an important part of the
physics and technology of semiconductors. When the base
of a heterojunction bipolar transistor (HBT) is graded,
mmmponmthebueumhnoed,hdmgto
improved device performance.’ The intrinsic (/) region of
a double-heterostructure laser, such as a gnded-mdex
separate-confinement-heterostructure (GRINSCH) laser
isgndedforbetterclectrialoonﬁnmtofthedms
and hcles pumped into it from the adjacent p and n re-
gions, as well as better optical confinement of the lasing
mode resulting from the radiative recombination of the
injected electrons and holes, leading to improved lasing
thresholds and efficiencies.? Graded heterojunctions have
also been used to realize potential wells of controlled
shapes, especially in the Al,Ga,_,As system where there
exists a nearly linear relationship between energy band gap
and Al mole fraction x (over a certain range of x values)
which allows a potential well of a desired shape to be made
in a graded Al,Ga,_,As alloy with a graded Al mole frac-
tion profile of the same shape.’ Modulation-doped para-
bolic wells have been made to realize high-mobility three-
dimensional electron gases to study their electrical and
optical properties.* The nonlinear responses of asymmetric
wells, like half-parabolic wells, have been exploited to gen-
erate second, as well as third, harmonics in the far infra-
red.’ Symmetric triangular wells and barriers are being
tried as devices to achieve subharmonic mixing in mm-
wave communications.®

A problem of particular interest in modulation-doped
potential wells is the measurement of the carrier distribu-
tion at thermal equilibrium. For instance, it is required
that an electron gas in a modulation-doped wide parabolic
well be nearly uniform at the curvature density over a large

251 J. Appl. Phwe. 73 (1), 1 Jenuary 1963

0021-8979/93/010251-10$08.00

distance (~2000 A).* Transport studies, such as Hall
measurements, and optical measurements, such as absorp-
tion or photoluminescence across the band gap, offer an
indirect measure of this distribution at best. Techniques
such as transmission-electron microscopy (TEM),
scanning-tunneling microscopy (STM), or secondary-ion
mass spectroscopy (SIMS) may be able to measure the
variation of the Al mole fraction across the well, but do not
directly measure carrier distributions.
Capacitance-voltage (CV) profiling through a graded
heterojunction is a powerful and simple method of deter-
mining the free-carrier distribution in such a structure. The
method has been used to determine band offsets in, among
other material systems, the GaAs/Al,Ga, _, As system.”*
This has usually involved room-temperature CV profiling
through abrupt a-N or p-P (isotype) heterojunctions,
where the n(p) and N(P) regions are materials with dif-
ferent energy band gaps, uniformly doped right up to the
interface where there is an abrupt transition from one ma-
terial to the other. Unintentional grading of the band gap
or doping near the interface affects the carrier distribution
in its neighborhood, but still yields the correct band offset.”
The effects of compositional and dopant grading near the
interface has been analyzed theoretically;'” dopant grading
near the interface has been treated experimentally.'!
However, a comprehensive theory that accounts for
grading of both the band gap as well as the doping in
specially graded heterojunctions, such as modulation-
doped wide potential wells, is yet to emerge. Tests of such

a theory against experiments on real structures also need to -

be performed. In this article, we derive the general set of
equations of the CV profiling technique and apply it to CV
measurements of the carrier distribution in modulation-
doped wide parabolic potential wells at room temperature.
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FIG. 1. The simulated 300 K clectron distributions in a-N GaAs/
AlyyGag As sbrupt heterojunction are shown. The true profile shows
dipole formation at the interface with electron accwmaulation in GaAs and
depletion in Alg;GagrAs. CV (apperent) distributions peofiled from
Schottky gates at either edge (with an ohmic coatact at the opposite
edge) are also shown. CV profiles are seen 10 be smeared-out versions of
the true profile. Note differences between and asymmetry in che two CV
peodiles.

il. THEORY
A, Simuistion equations

It is known that the CV profiling process senses the
free-carrier concentration and not the iouized-impurity
voncentration. Additionally, it is not the true carrier dis-
tribution that is usually measured but an apparent distri-
bution.” It is only in the case of a uniform true carrier
distribution that the two are the same. The apparent pro-
file, in all other cases, is a smeared-out version of the true
prodile; the smearing occurring over the order of several
Debye lengths.” At a single abrupt n-GaAwN-
Al,Ga,_,As heterojunction, for instance, a dipole exists,
with an accumulation of electrons on the GaAs side and an
equal depieted positive fixed charge on the Al,Ga,_,As
side. The Debye length in the neighborbood of this dipole
is quite large as a result of this depletion, and the apparent
profile seen by the CV profiling is a smeared-out version of
the real electron distribution. This is illustrated in Fig. |,
where simulations of the true profile #(z), the doping pro-
file N(z), and two apperent profiles /i(z) are shown, one
apparent profile obtained by profiling from the right edge,
and the other from the left edge, of a structure that has two
siabs, one of n~GaAs and the other of N-Aly ;Gag ;AS ad-
joining each other. It has been proved that the total charge
and the first moment of the charge distribution are con-
served in the profiling process, ie., the integral of the
charge distribution and the integral of the first moment of
the charge distribution are the same for the true and ap-
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FIG. 2. The CV messurement schematic is shown. The depletion edge of
the gate Schotky barrier is swept through the graded heterojunction. The
capacitance between the gate and conducting substrate is mensured as a
function of applied bias and apparest clectron profile vs depth extracted.

parent profiles.” It is precisely this that causes the asym-
metry in the two apparent profiles.

The CV measurement schematic is shown in Fig. 2. As
the graded heterojunction is generally a very leaky diode,
the capacitance of any dipole formed within it cannot be
directly measured. Instead, one measures it by applying a
reverse bias at an adjacent Schottky barrier and sweeping
the edge of the depletion layer thus formed, through the
layer.” If the structure of interest is grown on a doped
substrate, the substrate can be used as a back ohmic con-
tact. Otherwise, the channel electrons may be ohmically

. contacted directly. If C is the measured capacitance per

unit area between the Schottky barrier and ohmic contact

at applied voitage ¥, then the apparent depletion depth z
and the apparent electron ¢'acentration #(z) at this deple-

tion depth, are given respectively by:'2
zsict, ' (1a)
P 21d /1y
(z)az[d-;(a)] , (1b)

where ¢, is the uniform dielectric permittivity assumed in
the layers.

Inasmuch as it is very difficuit to deconvolve the true
prodile from the apparent profile, the best approach to an-
alyzing the measured data is to compare the measured
apparent profile with a computer-reconstructed apparent
profile, changing design parameters as required to obtain
the best fit between the two. A general theoretical analysis
to obtain both the true and apparent (CV) profiles for a
layer with arbitrarily variable energy band gap, carrier ef-
fective mass, dielectric constant, and doping profile, is de-
veloped below. Quantum size effects are ignored, i.e., po-
tential wells, if present, are assumed to be so wide that the
intersubband spacing is much smaller than kT where k is
the Boltzmann constant and T the measurement tempera-
ture, or SO NATTOW a3 to permit the assumption of an effec-

"tive local band edge. Thus, only the Poisson equation need

be solved. Deep donors and acceptors are neglected. The
analysis is done for electrons, but the method is easily
extended to the case of holes.

Consider Fig. 3. The epilayer is divided into two re-
gions: region 1, where there is a variable conduction-band
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FIG. 3. The conduction-band diagrams (energy expressed in units of k7T,
2e10 of energy in substrate) for a parabolic potential well are shown. (a)

Quasiconduction-band diagram as a result of band gap grading, and (b)
self-consistent band diagram when (a) is modulation doped.

energy Ecp(2) obtained by controlled grading of the band
gap, doping density N,(z), effective conduction-band den-
sity of states N(z), and dielectric permittivity ¢(z); and
region 2 which is the bottom layer with uniform (assumed
zero, as reference) quasiconduction-band energy, doping
density Np,, effective conduction-band density of states
Ng, and dielectric permittivity €,. Figure 3(a) shows a
wide parabolic well as an example of a tailored energy
band; such a graded structure could be obtained in the
GaAs/AlLGa, _ ,As system for instance, by varying the Al
mole fraction parabolically. Figure 3(b) shows the
thermal-equilibrium band energy after introducing real
charges in selected regions of the structure in Fig. 3(a).
The essential equations are most easily constructed by de-
fining "be total energy E, total electric field F, and total
doping density N at any point z as the sum of their respec-
tive real and quasicomponents, as follows:

Ec(z) mEcp(2) +Ecpl2), (2a)

F(2)mFp(z)+Fy(2), (2b)
and

N(z)=Np(z) +Ng(2). (2¢)

We further express the conduction-band energies, both real
and quasi-, in units of kT as:

v(z) S-E—CE)—:TECL?;) . (3‘)
Eca(z)—Ecp( )
Yp(z)m AT , (3v)
and
2)=Ecp( o)
"g(l)'ukr . (3¢)
where
W(2) =W p(2) +W¥p(2) (3d)

23 J. Appl. Phwa., Vol. 73, No. 1, 1 January 1903

and

Ec{w)mEc(w)=Ecgl ) =0 (3e)

is the reference energy.
The local fields and local potentials are then related to
each other by:

d d
F(z)-Vrz'l'(z) F,(:)-V, Ya(z);

d
Folz)=Vr—¥gla), 4)

where Vi, (=kT/q) is the thermal voltage.
The quasi-energy ¥o(z), the quasifield F(z), and the
qunidOpingdemityNQ(z) are related to each other by:

d d d
WNo(2) =7 €(2)Fol2) = V7 - €(2) - ¥ol2),  (5)

where € is the permittivity. The Poisson’s equation in re-
gion 1 can now be expressed as:

d

e V(z) =q[N(z)-n(2)],

(6)

where n(z) is the electron concentration and is given, in
the Boitzmann approximation, by:

d d
o e(2)F(z)=Vr e €(z)

N,
n{z) - Nc(z)exp[—\P(z)]. &)

Inmuchastbepnnmmdapmmmmeontmlm

the real doping density N(z) and the quasiband-bending
Wo(z) (through grading), the Poisson’s Eq. (6) is better
expressed as:

d d
V,--d—:e(z) e [W(2)~¥o(2) ] =q[Np(2) ~n(2)].
(8)
In region 2, € and Ny are constant, and ¥ o=0. Using this
in Eq. (7), Eq. (8) for region 2 simplifies to:
P¥(z) 1
= {1—exp[-¥(2)]}, 9)

where L, the substrate Debye length, is given by:

,Ger
- g — 10
D an ( )

Equation (9) can be solved to yield a general relationship
between the local field and the local bandbending in the
uniformly doped region as:'?

F(z) = —sign[¥(2)] ﬁzﬁ {exp[ —¥(2)]

~14+¥()}2 (1)
While an analytical solution exists in region 2, the Pois-
son’s Eq. (8) in region 1 bas to be numericaily solved with
appropriate boundary conditions. The discretization pro-
cedure for an equation such as Eq. (8) is well known.'
However, we wish to perform the discretization in this
instance in such a way that the derived equations involve
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FIG. 4. The simulation schematic is shown. Aa analytical solution cxists

ditions at z,_, the clectron demsity, fieid, and potential are calcmiated

aumerically back toward the surface (z=0). The potential &t z,,is

changed by bissction till field and potential at the surface satisfy boundary
siti S

varisbles which are not merely of numerical convenience,
but are measurable and physically significant quantities;
the procedure therefore bears repetition here. This is sche-
matically indicated in Fig. 4. We divide region 1 into a grid
with spacing dz, as indicted in Fig. 5. Associated with each
point z is a true electron concentration a(z), a total band
bending ¥(z), 2 quasiband bending ¥ (z), and an effective
conduction-band density of states N(z). Also associated
with each point z but defined at the middle of the gap
between z and z+-dz, are the local real electric field Fp(z)
and the local dielectric permittivity €(z). With these defl-
nitions, the analog Poisson’s Eq. (8) can be split into three
digital equations, as follows:

n(z+dz) ‘NL; NLz+dz)exp[ —~¥(z+d2)], (12a)
€(2)F p(2) —€(z+d2)Fp(z+d2)
= —~g{Np(z+dz) —n(z+dz) ]ds, (12b)
and
Fp(z)dz
¥(z) -¥(z4dz) =~ Vr +[¥o(z) =¥o(z+d2) ).

(12¢)
The above equation connects ¥ and F, at z+dz with ¥
and Fp at 2, and by iteration eventually to ¥ and F at the
surface z=0. The boundary conditions at the right extreme
of region 1:

n(z) n(z+dz)
F® Fy(2)— v.a«nz)._T Fa(ze)
YO ¥(@2) ¥(z+dz) ¥(ze)
0 z 2z 7

MG. 5. The 2 mesh for sumerical simeaietion is shown. Elsctron density
x and potential ¥ are defined st 2. Real fisid F, associated with 7 is
defined st midpoint between 7 and 7+ dz. Knowing ¥ aad F, at s4-ds, ¥
and F, at z can be caicuiated back t0 z=0.

84 J. Appl. Phys., Vol. 73, No. 1, 1 January 1993

‘P(z,_)-'l'(:.+)+Af;‘, (13a)
€25 )F(zy_)me(2y,)F(25,.)—90p (13b)

where AE ., and 0y are, respectively, the conduction-band
offset and interface charge at the boundary z, coanect ¥
and F, immediately at the left of the interface to the cor-
responding values immediately to the right.

The iteration scheme invalves changing ¥(z,, ) by bi-
section until both ¥(0) and F 4(0) approach zero, indicat-
clectron distributions and energy band diagrams. To sim-
ulate the CV profiling process, one changes ¥(z,,) by a
AW¥(z,, ) and repeats the iteration of Eqs. (12) to obtain
AV¥(0) anu AF(0). Inasmuch as the capacitance per unit
area C and the apparent depletion depth z are defined as:

C & aF(0) 14a

=V (14)

S 14b

=, (14b)

the corresponding digital equations can be written as:

A‘l’k(o)
€y AF&(O)

A(2,) =— k>1, (15b)
q Zx— 31:—1

where A(z,) is the apparent or CV electron concentration
measured at the depth z,, and & is the number of the run
above equations are handily implemented by converting
Eq. (12) to a corresponding set of difference equations
between the kth and (k< 1)th run. If the epilayer does not
bave the uniform permittivity ¢, assumed in Eq. (1) buta
variable permittivity €(z), it has been shown that by simply
scaling all densities as:'*

- |
n(») - €(2)n(z), etc., (16a)

where y is an equivalent depth defined by:

d 16b
Y‘E-J: "'(e_)' ( )

the Poisson’s Eq. (8) can be written as:

& .
7 YO ¥ == (T =71 (D)

Bym;Bq.(l),wethmeﬂ’ecuvelymmretheeqmn—
lent apparent electron density # (7) at the equivalent ap-
parent depth y. If the ¢, assumed in the measurement is
that of the topmost layer with a uniform permittivity and
uniform carrier distribution then, y=z and A(y) =A(2)
=n(z) for this layer.
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FIG. 6. The 300 K clectron distributions simulated for modulation-doped
parabolic well (inset) are shown. The true profile shows density in the
well to be determined by the curvature of the parabols. Note the asym-

matry in the CV (apperent) profile as 3 result of profiling through two
back-to-back GaAs/AlGaAs beterojunctions.

8. Simulation resuits

The results of such a simulation for a nodulation-
doped wide parabolic potential well at 300 K is shown in
Fig. 6. The doping profile shows that the structure is uni-
formly doped everywhere except in the well region. The
true electron profile shows a uniform electron distribution
in the well with a vaiue determined by the parabolic po-
tential curvature'® (¢?Ngw?/8e=A, where N, is the qua-
sicharge corresponding to a parabolic potential of width w
and potential depth A). Electrons are depleted from the
well. Far away from the well region, the electron distribu-
tion becomes equal to the doping distribution. The simu-
lated apparent profile that wouid be seen in a CV measure-
ment between surface gate and substrate ohmic contact is
also shown. The uniform permittivity €, assumed is that of
the top Aly1GagsAs layer. Note the asymmetry in the ap-
parent electron distribution as a result of profiling through
back-to-back GaAs/Al,Ga,_,As heterojunctions. The ap-
parent profile is a smeared-out version of the true profile in
the region of the well, and is equal to the true profile only
far away from the well where the true profile is uniform.

300 K true electron profiles are shown for four differ-
ent barrier doping densities for the case of a parsbolic,
triangulsr, and square well in Figs. 7(a)-~7(c), respec-
uvdyAnthreewdkhvethempowumldepthbdow
files are shown in Figs. 8(a)~8(c). The differences between
the apparent profiles for the different wells are sufficiently
large that one can confidently expect any substantial devi-
ation from the designed band gap grading to manifest itself
in the CV measurement.

258 J. Appl. Phys., Vol. 73, No. 1. 1 Jarwery 1993

C. Conservation of charge and charge moment

Both the total charge and the first moment of the
charge distribution are conserved in the profiling process.’
This can indeed the confirmed with the profiles in Fig. 6,
where each electron profile, true and apparent, with the
known doping profile contributes net zero charge and
charge moment when integrated across the entire region of
interest. The moment of the dipole formed at an »-N
sbrupt heterojunction is in fact related in a simple way to
the net band offset across the heterojunction. In the sym-
metric modulation-doped potential wells considered above,
we have two back-to-back dipoles. The two dipole mo-
ments obtained by integrating the moment of the net
charge distribution from — o to the =ight edge of the left
dipole, and the left edge of the right dipole to + o respec-
tively, for both the true and apparent electron profiles, are
related to the depth of the potential well below the sur-
rounding barriers by:”!*

"U‘Dn)/NcU'm)
A(— oo )/Nc(

AEc+kT ln[

l YO8 ~ -
f (N =70 ) =rdy
qz

n(+¢,)/ﬁc(+¢))
n(yps)/Nc(yps)

(W) = F D10-pddy, (18a)

A£¢+km(

91

qz

-~

T (R0 =R G-y

Yos

T N = R0V =pdy, (18b)

02

where yp, is the common boundary between the two di-
poles, and y; is the iocation of the interface that separates
the positive and negative charge in each dipole.

This can readily be confirmed for the case of the par-
abolic well in Fig. 6. Interestingly, when the parabolic well
is replaced by either a triangular well or a square well with
the same net well depth below the surrounding barriers,
the well depth obtained from the dipole moments (real and
apparent) agree well with each other and with that for the
parabolic well case despite the very different electron dis-
tributions. Specifically, for the real and apparent electron
proﬂlsfortheuneewelkshownmﬁgs.?mdsforthe
case where the barrier doping is 5X 10'® cm~?, the well
depth calculated using Eq. (18) agrees with the design well
depth of 225 meV to within %2 meV for the parabolic
well, =15 meV for the trianguiar well, and +20 meV for
the square well, the charge conservation for all the appar-
entpmﬂluahobangmmuulymvedmm
than 1%10* cm

Thedeemvoluuonoftheuuedemmpmﬂeﬁ'omthe
apparent profile, computer simulated or measured, is in-
tractable. The experimental procedure that suggests itself is
to extract the apparent electron profile from the measured
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CV data using the permittivity of the barrier AlGaAs layer
a8 €, in Eq. (1). The flat portions of the measured apparent
profile on either side of the well region then directly give
the uniform doping in the barrier regions. One makes a
reasonable guess at the locations of the interfaces (i.e., the
boundaries of the well) and assumes the doping profile to
extend uniformly to these interfaces, as they are intended
to be. An integral of the charge distribution reveals any
excess sheet charge which can then be placed at either
interface, preferably at the lower or reverse GaAs/AlGaAs
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FIG. 7. The 300 K true electron profies simulated for four different
values of barrier doping for a moduiation-doped parabolic weil (a), tri-
anguiar well (b), and square weil (c), all thres wells having the same
shown. Note differences in clectron distribution when the well shape is
changed.

ment or the integral of the first moment of the charge
distribution across the entire structure should ideally be
zero. The dipole moment of each dipole can be used to
deduce the well depth. To calculate this, both the true
electron concentration at the common boundary between
the two dipoles and the variation of dielectric permittivity
€(z) with depth need to be known. The former is assumed
to be the curvature of the parabolic potential well; the
latter is assumed to be linearly on the Al moie
fraction x of the ALGa,_,As as:'’ e(x)=13.1—3x. The
apparent profile can then be computer simulated and com-
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pared to the measured apparent profile, the curvature of
the parsbolic poteatial being used as a fitting parameter.
Within reasonsbie variations of the curvature, the best fit is
found. Appropriate corrections to the interface locations
are made and the above process repeatad until convergence
is obtained. The true profile corresponding to the best fit
“then gives the real eloctron distribution in the graded het-
erojuaction.
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FIG. §. The 300 K CV profiies corresponding 0 Fig. 7 are shown. The
differencm in the tree electron profiles in Fig. 7 due 1o differences in the
well shape are manifested in the corresponding CV profies.

il EXPERIMENT

Sampiles were grown by molecular beam epitaxy in a
Varian GEN II MBE system on hesvily doped N-type
GaAs substrates. The parabolic well itself was realized as a
graded Al,Ga,_,As with parsbolically varying Al mole
fraction x by using the digital-alloy technique in a manner
expisined elsewhere.'*




FIG. 9. Room-temperature profiles: measured CV, simulated CV, simu-
lated true, and assumed doping, for a parabolic well (boxed inset depicts
nominal design) are shown. Parameters for the best fit of measured and
simulated CV profiles are shown above the well. The presence of a neg-
ative sheet charge at the lower interface is deduced; this points to an
asymmetry in the doping profile and is mainly responsible for the asym-
metry in the electron distributions.

Mobility measurements on similar modulation-doped
parabolic potential wells grown at the same time but on
semi-insulating substrates reveal*'® the presence of a thick
(~1000 A) high-quality three-dimensional electron gas
(3DEG) with low-temperature mobilities in excess of 2
X 10° cm?/V s in the well. A background ionized acceptor
impurity concentration of ~2X 10" cm™? is calculated to
be present in the undoped wells."?

Due to the =49 uncertainty in the determination of
the growth rates of GaAs and AlAs using the RHEED
oscillation method, the Al mole fraction in the
Al,Ga,_ As in the barriers and in the digital-alloy super-
lattice is uncertain to within 6% for x=0.3. lon-gauge
measurements of the Al flux in the well show that the
curvature of the parabola can vary by =10% across the
well, the error approaching +100% at a few 100 A about
the well center due to the low x and the extremely short Al
pulses there.?® These flat spots in a narrow region about the
well center should be effectively screened out by the elec-
tron gas at room temperature. The samples were not ro-
tated during growth. For the substrate-oven geometry in
our MBE machine, we estimate a consequent maximum
variation of =6% in the x of the barrier Al,Ga,_,As,
%20% in the thickness of a layer grown, and % 30% in the
curvature of the parabola across a 2-in.-diam wafer.

Circular Ti-Au gates of different radii were evaporated
onto the sample surface. The ohmic contact to the con-
ducting substrate was made by pasting In on to it in a hot
plate. The small-signal capacitance versus gate voitage be-
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tween gate and substrate ohmic contact was measured with
a vanisble frequency HP4192 impedance analyzer. All
measurements were made at room temperature. The mea-
surements were found to be independent of both bias-
voitage sweep rate and small-signal ac frequency. The ap-
parent electron profile versus depth was extracted from the
CV measurement using Eq. (1), taking the dielectric per-
mittivity of the cap Al,;Gag;As to be the €,

Data for two wafers are presented below. The first one,
PB9, was nominally designed to be the same as the one for
which the simulation results were presented in Fig. 6. The
substrate temperature was 600 °C throughout the growth.
The measured apparent profile, the best computer-
simulated apparent profile, the corresponding true electron
profile, and the assumed doping profile are shown in Fig. 9.
Also shown are the dimensions of the potential well that
gave this best self-consistent fit. The boxed inset shows the
nominal well design in terms of Al mole fraction versus
depth. The well width, well height, and barrier height
(measured from the bottom of the weil) could all be varied
over a small range while still retaining a reasonably good fit
between the simulated and measured CV profiles. These
values, viz. 220050 A in the well width (nominally 2000
A), 13010 meV in the height of the parabolic well (x
nominally going from 0 at well center t0 0.2 at well edges),
and 65=5 meV in the height from the well edge to the top
of the barrier (x nominally going from 0.2 t0 0.3), sufficed
to also fit the m...ured profiles from adjacent samples. In
every case though, a negative sheet charge o~ —7x 10"
cm ™2 at the luw<: interface of the parabolic well had to be
used to ensure a complete fit. Without this interface
charge, only a partial fit (over about haif the parabolic
well) could be obtained. Note, though, that despite the
presence of this charge, the electron gas is uniform over
most of the well width, its density given by the curvature of
the well.

The exact origin of this interface charge at the reverse
interface is unclear. It could be due to the Si and/or C
and/or other impurity riding on the growing AlGaAs sur-
face, piling up in the first period of the superlattice com-
posing the parabolic well. The fact that there is a diffusion
of the Si from the doped AlGaAs layer through the spacer
layer and toward the 2DEG in reverse interface GaAs on
AlGaAs heterojunctions is well established.?2 The prob-
lem is somewhat mitigated by doping the AlGaAs at a
lower substrate temperature” (so that the Si sticks and
incorporates and does not ride on the growing surface)
and/or by inserting a superlattice spacer layer between
doped AlGaAs and 2DEG?* which also serves to getter
impurities away from the parabolic well.

Both these measures were adopted in the second wafer
PB22, which in all other respects was identical to PB9. The
doped layers and spacers (with nominal x,,,=0.24) were
grown at a substrate temperature of 520 °C, while the well
itseif was grown at 600 °C, the temperature change occur-
ring during the growth of the spacer layer. The results of
the CV measurement and analysis are shown in Fig. 10. No
interface charge is present in this sample. Excellent fits are
obtained assuming well widths of 2200 100 A (nominally
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FIG. 10. Foom-temperature profiles: measured CV, simuisted CV, sim-
ulated true, and assumed doping, for & persbolic well (boxed inset depicts
nominal design) are shown. The paramaeters for the best it of measured
and simulated CV profiles are shown above the weil. Low-temperature
doping of the barrier AlGaAs and the insertion of superiattice spacer
layers reduce asymmnstry in doping, as evidenced by tha sheence of inter-
face charges and the good fit betwesn measured and simulated CV pro-
files.

2000 A), 16010 meV in the well height (x nominally
going from 0 to 0.2), 30=2 meV in the beight from the
well edge to the top of the spacer (x nominally going from
0.2 to 0.24), and 433 meV in the height from the top of
the spacer to the top of the barrier (x nominally going
from 0.24 to 0.30). The corresponding true electron profile
shows that while there are not enough electrons to fill the
well completely, they are distributed almost uniformly over
most of the well with a 3D density determined by the
potential curvature. Using these modified growth condi-
tions, we have been successful in obtaining high-quality
3DEGs in persbolic potential wells grown on semi-
insulating substrates.* ,
Our measurements and analysis also give us the room-
temperature conduction-band offsets of Al,Ga,_,As with
respect to GaAs, as a function of Al mole fraction x. These
are plotted in Fig. 11. Each sampie yields several data
able fits t0 the messurements. The horizontal esror bars
represent uncertainties in the Al mole fraction due to both
the uncertainty in the growth-rate measurement and the
varistion scross a 2-in.-diam wafer. The relstion: AE.
(meV) = 720x soems to best accommodste the data from
the two wafers. Using the known'’ AE; (meV)=1247x
yields AE/AE = 58/42 at room temperature.
Quantum size effects appear and Debye smearning ef-
fects diseppesr if the measurements are done at T=0K.
M?nbeuhmindmﬂndwehe-
where, -
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AEC (meV)
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FI1G. 11. The 300 K conduction-band energy offsets versus Al mole frac- l

tion x in Al,Gs,_,As arrived at from simulated fits of experimental CV
messurements of two parsbolic wells are shown. Line shows best fit to
both samples. Vertical error bars span the range of energies that give good
experimental fits, and bocizonsal ones, the variation in x values across a
2-in.-diam wafer.

IV. CONCLUSIONS

We have presented general equations to calculate the
true and apperent (CV) thermal-equilibrium carrier dis-
tributions in graded heterostructures of known band gap
and dopant grading. Numerical solutions of these equa-
tions have been performed to obtain electron profiles in
potential wells of different shapes at room temperature.
Both the real electron profile and the profile that would be
measured in a CV messurement are calculated for

tial wells. Electrons are seen to distribute themseives uni-
formly in a parabolic well with a density determined by the
curvature of the parabolic potential. Charge and charge
moment are conserved in the profiling process.

Parabolic potential wells were grown by MBE as
graded Al Ga,_As digital alloys and CV measurements
performed on them. Excellent fits could be obtained to the
measurements using the equations presented above. The
doping asymmetry at the two interfaces, the normal
AlGaAs on GaAs and the reverse GaAs on AlGaAs, man-
ifested itself in the CV measurement as a sheet charge at
the lower interface. Using a lower substrate temperature
spacer layers between the well and doped layer succeeded
in restoring symmetry to the real electron distribution.

The CV profiling technique is extremely useful in mea-
suring carrier distributions in semiconductors if accompa-
nied by an analysis of the type presented above. This
method is also applicable in & more accurate determination
of band offtets in abrupt beterojunctions if the uninten-
tional band gap and/or dopant grading in the region of the
dipole formed at the interface is independently known. For
the parabolic potential wells measured, the ratio of the
conduction-to-valence-band offsets AE/AE, is deter-
mined to be 58/42 at room temperature.
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Capacitive detection of subband structure in the electron gas in a wide
parabolic GaAs/Al,Ga, _,As quantum well
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Profiles of the capacitance C(¥,) between a front gate and the electron gas in a wide parabolic
well and its derivative dC/d¥ are used to study the subband structure and uniformity of the
electron gas layer. Subband depopulation events are detected as peaks in the derivative profile
dC/dV, as the width of the electron gas is reduced by application of the gate voltage ¥, To
separate depopulation events from nonuniformities in electron density, derivative profiles are
repeated for increasing in-plane magnetic fields: depopulation peaks move to smaller gate
voltages and disappear ac characteristic fields, while nonuniformities remain fixed and are

accentuated in strong fieids.

ey
Wide parabolic quantum wells (WPBWs) have re-
l ceived much attention in the past few years as a system in
which an electron gas of variable thickness and subband
structure can be studied.'~* These wells are also interesting
I in that they can provide an electron gas with low three
dimensional (3D) density (~5-25x 10"* em~?) and good
uniformity over wide (~2000 A) regions.*’ Recently,
Wixforth et al* and Sundaram er al’ have turned to mea-
l surements of the capacitance profile C(¥,) between a front
gate and the electron gas in a WPBW as a function of gate
voltage ¥, to probe changes in the subband structure of the
l system as the gas width is changed. Such measurements are
difficult for two reasons. First, changes in capacitance as-
sociated with changes in subband occupancy can be quite
l small (~ one part in 10°) compared to the total capaci-
tance, requiring high sensitivity. Second, a local variation
in electron density due to imperfect well shape will give
rise to a feature in C(V;) similar to a subband depopula-
l tion, but potendially much larger.
We report here the detection of peaks in the derivative
profile dC/dV, for a wide parabolic well which can be
I unambiguously identified with subband depopulations. An
in-plane magnetic field H is used to separate peaks due to
subband depopulations from features due to nonuniformi-
l ties in the electron gas. The depopulation peaks move to
smaller gate voitage with increasing field H. in exceilent
agreement with seif-consistent calculations: the depopuia-
tion fields A, at which the peaks are projected to reach
l zero gate voitage are also in excellent agreement with in-
plane magnetoresistance measurements. In the quantum
limit for which only one subband is occupied, we obtain an
' approximate charge density profile®’ uniform to =20%
across the electron gas layer.
The total inverse capacitance™® of the ¢lectron gas in
l an ideal wide parabolic well can be expressed as the sum of
geometric and quantum parts:

———— (h
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The geometric capacitance is associated with the classical
electron density profile, which we model as a uniform slab
at the 3D design density of the well n;p with sharp edges,
giving:

, eV T3 ,

Cm=€‘o4(26+‘;;;') . (2)
Here A is the area of the gate, Z, is the distance from the
gate to the front of the slab at ¥, =0 V, €=12.8 is the
dielectric constant of GaAs, €, is the electric permirttivity
of free space and —e is the electronic charge. The inverse
quantum capacitance 1/C, is defined via Eq. (1) as the
difference between a quantum-mechanical seif-consistent
calculation’ of the total inverse capacitance of the electron
gas and 1/Cp, from Eq. (2). This difference is associated
with changes in the Fermi energy £ relative to the elec-
trostatic potential of the geometric model: C,=e*Adn/
OEp. The Fermi energy has two contriburions: a kinetic
energy term, and the difference between the true seif-
consistent and the simple geometric potentials.

The sample chosen for study (PB31) was grown via
molecular beam epitaxy using the digital alloy technique.'®
It contains a well of nominal width 2000 A and height 175
meV, with nominal electron density n;p=2.5x10'* cm ™.
Previous transport measurements in both transverse’ and
in-plane'' magnetic fields demonstrated that the density
and subband energies of the electron gas are in excellent
agreement with theory, and that the electron layer is 900 A
wide with three occupied subbands. For the present work.
a Cr/Au front gate was added to the sample, which caused
only a small (2%) reduction in Hall sheet density to n,
=2.26X 10" cm~*. The sample was cooled in the dark
inside 2 *He cryostar; to change sample orientation with
respect 10 the magneric field. we thermalily cycled and re-
mounted it. The capacitance prodie C(V,) betwesn the
gate and the electron gas was measured by applying a vani-
able dc bias ¥, with a superimposed sinusoidal oscillation
(20 mV rms at 402 Hz) which induces a small { ~1.7%)
change in shest density at ¥,=0 V. The ac current was
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F1G. 1. (a) Capacitance C(V,) and derivative dC/dV, profiles vs gate
vduaVummmnd&mduMhmuaMzomemm
capacitance from Eq. (2). (b) Theoretical quantum contribution to the
capacitance ACm —Cl,,,/C, from seif-consistent calculations; steps oc-
cur in AC at subband depopulations.

amplified and detected using standard lock-in techniques.
The derivative profile dC/dV, was simultaneously mea-
sured at twice the fundamental frequency with a second
lock-in amplifier. We found no significant change in C(¥,)
or dC/dV , for oscillation frequencies and amplitudes in the
range 101-1010 Hz and 10-30 mV rms. The measured
impedance was purely capacitive except near pinch-off.

A typical measured capacitance profile C(¥,) ushown
in Fig. 1(a) for zero in-plane field H. AsshownC(
decreases smoothly with V, unnlpmch-oﬂ'oecursal’
=-12V. Thegeomemccapacmncec from Eq. (2),
shownasthedomdcune.ptov\damexedlemﬁttothe
measured profile indicating that this simple classical ap-
pmxnmnon is fairly good. The gate area A=3.4x 10~}
cm® determined by the fit is 11% less than the area mea-
sured under 2 microscope. The values of the other param-
eters z; and n3p in Cyy, Were determined by fits to depop-
uiation peak voitages as discussed below. Small differences
between the measured profile C(V,) and C, are shown
clearly as two peaks in the measured derivative profile dC/
dV,in Fig. 1(a). As demonstrated below. these two peaks
are caused by subband depopulations rather than nonuni-
formities in the electron density profile.

To compare with theory, the change ACxC -Cm
& —Clom/C, from Eq. (1) due to the quantum capact
tance C, was determined from self-consistent calculations®
for the |dul case of zero temperature and no disorder. As
shown in the plot of AC in Fig. 1(b), each depopulation
event causes a vertical step in AC due to a change in slope
of the Fermi energy versus sheet density. Each step in AC
corresponds to a deita function peak in the derivative pro-
file dC/aV ; for experimental data these peaks are broad-
ened by disorder and temperature. The profile AC shown
in Fig. 1(b) is a fit obtained by varying the parameters n,p,
and 2, to match the voltages of the two steps in AC with
the two peaks in the measured derivative protile JC/d¥,.

291 Appl. Phs. Lett., Val. 82, No. 4, 25 January 1993

b guiune A
=
_:_n-. *
j'
/
4

AV

-1.0 -.% 4.6 0.4 0.2 0.0
sate vedtage 1V

FIG. 2. Derivative profiles 4C/dV, vs gate voitage ¥V, offset for a sencs
ofm-phnemmﬂdd:ll-o-t'r From 0 to 2 T the field increment
is AH=0.10r 0.2 T; from H=2w 8 T, Alf=2 T. Gate voltages associ-
ated with depopulation events (solid squares and circles) and nonunifor-
mities (Open circles) are indicated. The inset shows the field dependence
of the measured gate voltages for depopulation events (solid squares and
circles), together with theoretical calculations (solid lines). Depopulation
fields at zero gate voltage obtained from magnetotransport measurements
are also indicated (vertical dasbed lines).

The best fit is for nyp=2.4X 10" cm™> and z,=3600 A.
4% smaller and 169% larger than their nominal values as-
suming symmetric filling of the parabolic well above the
center. Furthermore, the areas of the peaks in dC/dV, are
in good agreement with the theory: the measured areas
0.63 and 0.30 pF for the peaks at —0.75 and —0.26 V are
slightly smaller than the corresponding theoretical step
sizes in AC=1.0 and 0.54 pF. Thus a fit by three psram-
eters nyp, Zp and A gives excellent agreement with theory
for both the geometric and quantum parts of the calculated
capacitance, including the strength of depopulation peaks.

To separate subband depopulation peaks from features
due to nonuniformities, a series of derivative profiles 4C/
dV, were recorded for increasing magnetic fields A applied
in the plane of the parabolic well, as shown in Fig. 2. In
this geometry, the subbands of the well potential couple
with Landau levels, and higher subbands depopulate at
characteristic magnetic fields H, for zero gate voltage. Sim-
ilarly, one expects the gate voltage ¥, at which higher
subbands depopuiate to decrease with . and depopulation
peaks in dC/d¥, to move to less negative voitage ¥, as
increases, reaching zero gate voitage at &, This behavior
is, in fact, observed for the depopulation peaks in Fig. 2.
labeled as solid squares and solid circles. which move to
less negative gate voitage and disappear for moderate field
H <2 T. The peak positions are plotted versus magnetic
field H in the inset to Fig. 2. and are in excellent agreement
with a self-consistent Hartree calculation'® of the fieid-
dependent depopulation voltages. shown as the solid ines.
performed with no new adjustable parameters. The only
inputs to theory are n,g and 2, from the fit above at A=0
T, and the measured Hail sheer density n_ In-plane mag-
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FIG. 3. Classical charge density profile #(:) (solid line) and smeared
rectangular prodle (dashed line) modeling quantum uncertainty in the
electron positton.

netotransport measurements'' give independent measure-
ments of the depopulation fields H/;=0.8 and 1.8 T at zero
gate voltage for the third and second subbands of this sam-
ple, shown in the inset to Fig. 2 as vertical dashed lines,
which are in excellent agreement with theory. The detailed
quantitative agreement between capacitance profiles, the-
ory, and magnetotransport measurements allows us to un-
ambiguously identify the peaks in the derivative profile
that are due to subband depopulation.

In coatrast to depopulation events, features due to
nonuniformities in the electron density profile remain at
fixed gate voitage, and grow stronger with increasing in-
piane fields H, due to electron localization as the magnetic
length ;= (#/¢H)'? is reduced. Features of this type are
found in the derivative profiles shown in Fig. 2 for stronger
in-plane fields 5> 2 T, and are labeled by open circles. The
chalaldecuondmmypmﬂlen(z)obmned&omcm
dC/dV j using the geometrical modei'? is shown in Fig. 3 as
thuohdhmforthcmpencqmmhm(ﬁaz.()'r)
for which only the lowest subband is occupied. As shown,
variations in 72(z) are small, indicating a high degree of
uniformity in the electron gas for moderate in-plane mag-
netic fleids. The density profile 7(z) in Fig. 3 is smeared by
quantum effects, modeled by the dotted curve in Fig. 3,
which is a rectangular profile convolved with a Gaussian of
variance ¢4/2. The sheet density n,=[n{z)dz is con-
served’ in 2 quantum treatment and the integral [n(z)dz
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of the density profile »(z) in Fig 3} agrees with the mea-
sured Hall sheet density to within ~6%.

In conclusion. we have detected peaks in the derivative
profile dC/dV, for the gate-to-gas capacitance in a wide
plnbohcwdlwhachcanbeunmbmunlyldﬂnﬁedmm
subband depopulations. At zero magnetic field. a quantita-
tive fit to theory is obaained for both the capacitance and
derivative profiles which give parameter values in agree-
ment with nominal values. An in-plane magnetic field is
applied to separate depopulation peaks from features due
to nonuniformities. The field dependence of the depopula-
tion peaks is in excellent agreement with theoretical calcu-
lations using no new adjustable parameters, as weil as with
in-plane magnetotransport measurements. For moderate
magnetic fields in the quantum limit the electron density
profile n(z) is found to be uniform w0 =20%.
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New Quantum Structures
MaNI SUNDARAM, ScoTT A. CHALMERS, PETER F. HOPKINS, ARTHUR C. Goss.uu'

Soructures in which electrons are confined to move in two
dimensions (quantum wdh) have led w0 Abdm

discoveries and
of these structures © the cloctrons to one dimen-
sion (quantum wires) or releasc them in the third dimen-
sion, are predicted to lead to new clectrical and optical
propertics. This article discusses techniques to make
wuu,andmweﬂsofmoﬂedmmd
w compound semiconductor materials, and
mmdmmdﬁuem

HERE HAS BEEN SWIFT PROGRESS IN RECENT YEARS IN THE

their behavior. Progress has been eapecially rapid in layered o uan-
e seruceures (1), which are stacks of precisely deposiced thin films
uMMMMMWMw
propertics. These mazerials offer 3 ministre

Mo&h&chnﬁ&uﬂth

- Dq-:::lh Udvqcf&hu-.
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kinds of optical and clecronic devices (2). Among the di
mmwmmhmm&
(for which die 1985 Nobel Prize in Physics was awarded),
tors with recoed speed, and lasers with record low dhreshold carrene
for lesing. Practical spplication of the sructures has been 30 capid
they are encounteved now in our daily ives. Devices currendy
m&wﬂhyudqmmmm:hdemhau
compact disc players, low noisc amplifiers in direct broadcast
receivers, and laser sources for fiber optic communication.

Past research on quantized semiconductor scructures has
on layered scuctres dhae coafine conduction eecrrons w tw
dimensions. Now, mmwhnd:d\emm
onc dimension of frec modon (quantum wires) are
mazerials with remarkable new properties [for instance, the
zation of clectrical conductance in bullistic quanmm wire channe:
(4)). Bux the challenges of fabricating these wire-like
greazer than those for making layered structures, and
improvemems in the fabrication are needed. A sarti
poine foc the fabrication of quantum wires has often been
dimensional layered structares that are lichographically
achieve lageral confinement. Bue higher performance will
fabrication of smaller strucmres for which it will p:obubly t
necessary t© acrually comrol the faveral modioa of atoms
growth of the maserials. This presents a majoc chalienge in
technology for the next generation of quantum structures.
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Another class of quantized semiconductor structures in which new
provided by marerials with wider layers in which clectrons have a dhird
degree of freedom. These marerials provide an approach to a three-
dimensional elecrron gas for which new ordered states of the electrons
have been predicted and for which new behaviors in the far infrared
and submillimerer wave spectral region may be investigared.

The majority of the strucrures discussed above have peen fabn-
cared using III-V compound semiconductors. These marerials are
compounds of clements from the third column (group I) and
clements from the fifth column (group V) of the periodic mble.
Gallium arsenide (GaAs) and aluminum arsenide (AlAs) have been
the two mosc intensely studied I11-V compound semiconducrors. In
this article we present the design concepts, growth, and properties
of the new quanuzed structures in the III-V compound semicon-
ducror system.

Two-Dimensional Electron
Systems—Background

The fundamental design concept that cnables quantized electron
structures to funcron is the difference in clectron affinity between
different marerials. For example, a conduction electron has greater
affinity for GaAs than for AlAs. When introduced into a stack of
layers of GaAs and AlAs (called a heterostructure, as opposed to a
homostructure which consists of a single type of semiconducror),
the elecron prefers to be in the GaAs layers, it being energerically
favorable to do s0. An clectron is thus confined in a square potential
well created by a layer of GaAs sandwiched between two layers of
AlAs (Fig. la).

The depth of the well can be varied over a range of about 500 meV,
for example by employing an alloy of AiAs and GaAs (AL Ga, _,As,
where x is the Al mole fraction) rather than just pure AlAs, for the
barrier layers. The weil-depth is proportional to the difference berween
the bandgaps of the barrier and well layers, and varies almost lincarly
with x, for x ranging from 0 to 0.45. With well-controlled cpitaxial
growth techniques (5) like molecular beam epitaxy (MBE) and

ic chemical vapor deposiion (MOCVD), it is now pos-
sible t grow lavered ultrahigh punity chin single-crystalline films of
compound semiconducrors, where the thickness of each layer can be
precisely controlied down 1o a single laver of atoms (approximarcly a
few angstroms thick). This control over the weil depth and the well
thickness enables one 1o engineer the microscopic operanng environ-
ment for electrons in quantum structares.

As exphiined in basic quantum mechanics textbooks, the allowed
energy states of an clectron are discrete or quantzed. The energy of
an electron confined in 2 porential well thar is formed by a layer of
GaAs sandwiched berween two layers of AL Ga,_.As is similarly
quantized (Fig. 1a). The difference in energy between two quan-
tized levels becomes larger when the width of this potential well is
reduced. This difference becomes of pracrical use in GaAs/AlAs
heterostructures when the width of the GaAs layer is reduced to less
than a few hundred angstroms. It is important t bear in mind,
though, thar the porential well produced in the manner described
above confines the clectron only in one direcrion, namely the growth
direction. The electron is essendally free in the plane of the substrate
(the wafer, usually GaAs, on which the GaAs/AlAs thin film stack is
grown). Hence the name: the two-dimensional clectron gas or
2DEG. The clectrons in this gas are distributed in 2 set of energy
subbands, in which the bottom (the lowest energy state) of cach
subband is determined by the energy quantization in the growth
direction; the higher energy values within each subband arise from
the kinetic energy of the clectrons in the substrate plane.
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The clecrons themselves are inoroduced by the wchnique of
doping: a donor impusity such as Si is used o dope cither all the
layers or just selective lavers {the lacer wechmuque 15 calied modula-
don doping (6)]. In the AlGaAs systern the group [V Si atom s
mcotpom:edsubmmuomﬂvomo:gxmpm«\lor(}anm,
donaring its extra vaience electron for conducnon. When only the
AL Ga, _ As lavers are modulanon doped, the clectrons fall into che
ncighboring potential wells and are spacaily separated from the
parent ionized donor aroms in the barriers. As a consequence, the
scarrering of the clectrons by the donor atoms is drastically reduced.
The benefits of this reductnon are most sorongly realized ar liquid
helium temperatures when the scartering from larice vibradons is
frozen out, and the clecrons enjov large mean free paths (the
average distance the clectrons travel berween collisions) in the plane
of the quantum well. Low-temperature clectron mobilidies (elecoron
drift velocity per unit of applied clectric field) in excess of 10 million
an® V™' 5! have been reporred in the last 2 years (7). Such
mobilides and their arrendant large mean free paths have enabled the
discoveries of new phenomena artributed to electron-electron incer-
actions, such as the fractional quantum Hall effect (8) in high-purity
low-disorder systems, and have prompted an intense search for the
2D Wigner cryseal, the lartce which the electrons are predicted to
freeze into in the limir of absolute zero temperacure (T° = 0 K) (9).

High-speed electronic devices such as the high electron mobility
mansistor (HEMT) and the heterojuncton bipolar transistor
{HBT), and opdcal devices such as lasers, are some of the practical
applicadons of bandgap-engineered 2D clectron systems (10). The

3100 A

a
I Gaas

-

o

100 A

quanrized scructures wsed to confine

depomaddmﬁhsofGMs
andAlAl.(a)Qunmmwdlthax clecrons w two dimensions. (b)
Quantum wire thar confines electrons to one dimension. (¢) Wide specially
shaped quantum wells chac can be used  smdv effecs of weakening
confinement in the vertical direction.
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high elecron mobility resulting from modulaton doping, and the
consequent fast electron wansport berween source and drain of a
field cffect mansistor, gives the tast swicching speed and high-
frequency operaton of the HEMT (11). The emitrer gun of a n-p-n
HBT is increased by using a larger bandgap marerial for the emurter
than for the base, which cnhances clectron flow from emirter ©
base, while at the same tme inhibidng the backflow of holes from
base to emitrer (12). Heterostrucrure lasers employ larger bandgap
macrerials in the p and n regions of a p-i-n diode, which serve to
provide noc only clecrrical confinement of electrons and holes in the
lower bandgap i (intrinsic or undoped) region into which they are
clectrically or oprically pumped, but also opdical confinement of the
lasing mode resulting from radiarive recombination of the injected
electrons and holes (13).

Approaches to One-Dimensional Structures

Fundamental new features are expecred when electrons are further
confined into quantum wires, so that their only degree of free
modon is along the wire (Fig. 1b). The effects of scattering on
electron motion are gready changed in this case. In two and three
dimensions, most of the scattering of clectrons occurs by small
deflections, or small-angle scartering. In quantum wires, however,
this scattering is strongly reduced, and 180° direction reversals
become the only energy-conserving collisions thar are allowed (14).
Recendy, it was found that electrical conductance in ballistic wires,
which are wires shorter than the clectron mean free path so that
clectrons move in ballistic trajectories, become quannzed in integral
uniss of e*/h (4). Energy quantzation effects become even more
dominant than in two dimensions, with the increased energy
separation berween the clectron states and the redistribudon in
energy of these states from the constant dismribudon for 2D into
peaks for 1D. Because of this, semiconductor lasers in ideal quantum
wires should operate at lower bias currents and their performance
should be sustainable to higher cemperatures (15).

Technologically useful quantum wires will require lateral dimen-
sions less than about 100 A so thar the energy separation berween
the quantized states (E,, ~ n*h?/8m* L for clectrons of effective mass
m* in square wells of width L) will be grearer than room tempera-
ture thermal cnergies, which will allow appreciable device currents
to be carried. Unforrunately, precision fabrication of 100 A scale
quantum wires is proving to be a difficult technolog: af challenge.
Several methods are currendy being pursued to fabricate quantum
wires; all these methods use the more convendonal epitaxial tech-
niques mentioned carlier in at least some capacity (Fig. 2).

Probably the most obvious and the most common method
artempred for the fabricadon of 1D strucrures is the processing of
convengonal 2D quancum well soructures by clectron- or ion-beam
writing techniques (Fig. 2a); typical processing procedures may
include damaging or removing undesired regions of the quantum
well, or patterning evaporared metal gates on its surface to electri-
cally deplete certain regions. These techniques have the advantage of
being very flexible with respect to the parterned fearures. With the
use of high electron mobility 2D saructures as substrate material,
these sauctures have probed the wavelike nature of electrons in the
ballistic ciectron ransport regime. Examples of new phenomena
discovered by this work include the quantzed conductance of
ballistic wires (4) as mentioned above, dlectron optics in semicon-
ductors (16), and varied magnetic phase interference (17). Unfor-
tunately, although features as smail as 15 A have been produced in
other marerials, the effective resolution of these techniques in
semiconductors is at best about 300 A because of difficulties
involved with wransferring patterns to the semiconductor materials
1328

and with surface damage cffects. The energy quanazasion Ju:l
armibutable to dhese lareral sizes are not large compared o thermal

energies at room temperature. Therefore these techniques are
presendy capabie of producing 1D stcructures chat will operare

A recent approach, in which conventonal epitaxy is used to form
1D structures, involves cleaving a convenoonal 2D quantum
structure to form an edge that is perpendicular 0 the onginal {a
(Fig. 2b). This cross-scctional edge is then used as a new surface to
grow a second confinement layer (18). This rechmique 15 excia
because of its porental for producing smail-scale 1D serucrures f
study, but strucrures thar cxhibit 1D properties have yer o
reported. Before commercial device applicanon becomes feasible,
the challenges related to the very small acnve areas on the cdge of th
cleave and the number of procedures it takes to make the structures
must be overcome.

One-dimensional scructures can also be formed by cpitaxially
deposidng atoms on prepatterned substrates (Fig. 2c) (19). Th
substrates are typcally etched by convendonal wet chemical meth
ods so that have an array of V-shaped grooves that are rypically
about 5000 A wide and deep. When a thin layer of GaAs i
deposited on this surface, the atoms preferendally migrace to thi
botrom of the grooves, forming a narrow crescent shaped quantum
well, on top of which is grown an AlGaAs barrier layer. Larteral
modon of atoms on the growth surface is thus used for wir
formation. This leads to a structure with an effective lareral confine-
ment of somewhat less than 1000 A in width. Lasers have been
made from this type of structure, but because of the relatvely large
lateral size, performance enhancement due to the addidonal confine-
ment has been small.

A fundamennally different fabrication method thar aiso relies on
the motion of atoms on the growth surface, but has the potendal to
make smaller quanum wire strucrures (periods of less than 80 A
have been obtained), makes use of atomic steps on a aystal surface
(Fig. 2d) (20). The atomic steps allow some control over the lateral
placement of the atoms deposited on the crystal surface, and the
formation of 1D structures without having to resort to intermediate
processing steps or parterned substrares. For these reasons, our
effort ar UCSB in the growth of quantum wires has focused on this

Fig. 2. Schemanc illustra-
tons of various methods be-
ing developed o fabricare
(vertcal dimensions not ©
scale). (@) Pamerning the
surface of 2 conventional 2D
quantum weil by focused
ion beam or clearon beam.
() Cleaved cdge over-
growth, which forms a 1D
structure by growth on the
cleaved edge of a conven-

grown 2D quantum




technique. Like the methods described above, this rechnique shows
pmmiae&xulﬁmudvpmdminghigh—quaﬁw 1D strucrures, but it
00 iS an immature
'I'hesunmndmsonwmchcpmnallammgmwnm
crvsnals composed of periodic, closely spaced aromic planes. Nor-
uuﬂygtowdispafanndonasurfwedmxsqnpanlkitoomof
the primary crvsullographic planes (Fig. 3a), but if the orienration
of the cur is instead slightdy away from such a plane, the surface will
inversect the primary atomic planes at regular intervals, resulung in
a periodically stepped surface (Fig. 3b). The period, or wicth, of the
steps depends on the angle the surface is misoriented away from the
primary planc; for example, a surface dleed 2° from the GaAs (100)
phmhasmpsmd\mavmgcspacmgofaboutsoA These steps
can then be used to create lareral scructures with the same period, as
discussed below. Under the correct growth conditons (such as
substrare remperature and source fluxes), the deposited atoms can be
made to positdon themselves at the step edges, where more atomic
bonds are available per bonding site than on the step rerraces. This
resuits in 2 swonger bond berween the deposited atoms and the
substrate. If all the deposited atoms have enough thermal energy o
migrate to a step edge and adhere there before bonding somewhere
on the terrace, growth occurs by the propagaton of the step edges,
a process known as step-flow giow th. The thermal energy for atom
surfa2c migragon is provided by the substrate, which, in the case of
GaAs growth, is tvpically heated = abour 600°C throughout the
g'rowdl Higher SuDSTTate terperanures providc mere thermal ener-
gy, resultng in larger arom surface migration iengtiis, and rherefore
abetau-chameforsmp-ﬂowgmwﬂnooccur
Step-flow growth is important because it allows aroms to be placed
on a surface in 3n ordered manner. To use it to form structures with
very small lareral dimensions, enough material of one compound (such
'asGaAs)isdepmimdtomaﬁ:aionofachofd\esmpm
(that is, deposit a fraction of 2 monolayer) (Fig. 3c), and then enough
material of a second compound (such as AlAs) is deposited o cover
the remaining area of the terraces (Fig. 3d). Because growth is by
st:p-ﬁow,d\eﬁmcompo\mdwiﬂcovcrdlcbackpordonofd:c
terraces, while the second will cover the front portion; if, during this

e—
m@@

r@%

ﬂg.&(l)wyﬁatavnlmﬁa,whxdnsanpanﬂd
umlphmwmmw)],mdlsusegurfof;‘memm

growds. (b) stepped crvstal produced by cmunga
ystal at an angie ¢ from a primary planc. (¢) The first step in forming a
LSL: deposition of enough material of a compound to cover a fraction of
each seep terrace. Because of stronger bonds there, depasied atoms prefer to
ﬂmwdn causing these edges o across the step

(d)'l'ltmdmpmfamngaLSl. of a second

mmmﬂcmmddnmpm If the toaal
amounts of the two compounds deposited sums to exactly one monolayer, then
the step edges will retam to their original locations. (@) Formation of a thicker
LSL by repesting the socps in (c) and (d). (f) Formarion of a tiled LSL by
depositing 3 sum of kess than a monolaver of material each deposition cvce.
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process, exactly one monolaver of marenial is deposited, the step edges
return to their original locanons. The result is a lateral soructure chat
has a very short lateral period and that is one monolaver thick (~3 A).
To produce a thicker sorucrure, this process is simply repeated as many
umes as necessary, stacking regions of like-compounds on top of each
other, creanng a lateral supertartice (LSL) (Fig. 3¢). Thus soructure can
be used to confine clectrons lareral to the growth surface, 2:d can be
used in combinaton with convendonal laver growth techniques to
produce 1D souctures. A common name for these LSLs is dilted
superlattices, because if 2 total of slighdy more or less than one
monolayer is depasited each cycle, the step edges will not recurn o
their original locations. This causes the regions of like compounds
stack slightly displaced from the previous layer deposited, and thereby
results in dived stacks of compounds (Fig. 3f) (27). Lateral superiat-
tces have been successfully grown in both the AlAs/GaAs material
system (21, 22), and the similar A1Sb/GaSb material syswez (23). The
daangtofmcLSLulthmdcpoanonamoumpcrcyckanbc
directiy seen and measured by cross-sectional ransmission clecrron
microscopy (TEM) (Fig. 4). With present deposition systems it is
difficult ro control the deposited amounts to better than abour 1 to
2%, which can lead to alt uncerrainties as great as 30°. This lack of
control over LSL dlt is undesirable because it leads to uncerraintes in
the confinement widths of the LSLs and hence in the quantized
elecron energy levels. It should be possible to design the next
generaton of MBE equipment to have improved conarol over depo-
sinon quanuties, but unal this capability is available, we will have to
rely on clever souctural designs to consistendy grow undlted, or
vertical, LSLs.

One way to guarantee a confinement region thar will contain a
verucal LSL is to grow what is known as a serpentine superlattice
(SSL) (24), which is a LSL whose depositon amounts, and
therefore whose tilt, is varied contnuously from the bottom of the
structure to the top. If, for example, the deposition amount per cycle
is raised from 0.95 to 1.05 through the SSL growth, then the SSL
tir will vary continuously berween about +70° and —70°. The SSL
thereby contains a region in which the deposidon per cycie is one
monolayer and the barrier regions are vertical. In this way small
uncertainties in the deposition rate will affect the beginning and final
dlts, burt an intermediate vertical region is guaranteed. Because the
wells in the vertical region are wider than those in the glced regions,

2° off-axis (100) GaAs substrate /

- Threading
88 A (average terrace width) dislocation
Rg. 4. CmmonalmnmmdeaxmnucognphoffauMSb/GaSb
lareral sy formed by nominally 0.4 monolayers of AlSb
followed by 0.6 monolavers of GaSb in each of 40 deposition cycles per LSL.
‘n\elsumsepanmdbvhvmofcaSb.andﬂ\evdﬁummeammtdny
are tited, which is caused by each LSL having a different sum of AlSb and
Gdb;ie&onmdada;vdc The sums for the layers are, from top to botrom,
1.00 1.03,1
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Fig. S. Top section: schematic diagram of a serpentine superlattice (SSL),
where the dark regions arc AlAs barriers and the lighe rchompeud: GaAs wells.
Bottom three sections: the calculared three lowest energy clectron wavefunc-
dons for the SSL shown, with the ground state in top, followed by increasing
energy stares. Brightest regions indicate maximum clectron density, dark
regions dcnote zero electron density. The ground seate has a density
maximum at the SSL center, indicadng 1D confinement. Higher energy
states are less well confined.

elecrons will have lower confinement energies and be more concen-
trared there, resulting in a well-controlled 1D soucture. Calculations
of the three lowest energy clectron wavefunctions in such a strucrure
indicate that the ground-stare wavefunction has density peaks at the
center of the structure, showing the 1D nature of the clectrons (Fig.
5). Successive wavefunctions, which have increasingly higher elec-
tron energies, are less well confined.

While TEM images give visual evidence of the successful forma-
don of LSLs, there are aiso a number of clecrrical and optical
experiments that have supplied information on the narure of the
lareral electron confinement the LSLs provide. For example, one
monolaver thick LSLs imbedded in AlGaAsiGaAs 2D structures
have resulted in devices that exhibit elecoron mobility anisotropies
where the eiectrons are more free to move in the direction parallel to
the LSLs (25). AlGaAs/GaAs HEMT structures with LSLs at the
conducting incerface (Fig. 6) (so-called washboard transistors) have
also been demonstrated (26). These transistors exhibit a new kind of
Tansistor action owing to a switchable interference between the
conduction clecrons and the LSL (26). Photoluminescence from
LSL structures show polarizadon dependencies and encrgy-levet
shifts that are due to the lateral redistribution of electrons by the
LSLs (27). These experiments were performed with simpie LSL
strucrures; in the furure, when perfected, the LSL technique will
allow for a wide range of possible structural geomertries.

Although the above experiments suggest that LSLs are indeed
modifying the electron distribution lateral to the growth plane, they
have also shown that complere lateral confinement is not occurring;
that is, electrons to a significant degree are able 0 move berween
different columns of the LSLs, and the structures are therefore not
tuly 1D. The causes of this have been arributed to two ways in
which the LSL structures deviate from ideal behavior, both of which
are related to their growth. One is the nonuniformity of the stepped
surface, which causes the confinement regions to vary in width
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larerally across the sample. Consequently, the electron confinement
energics and the amount of tunncling berween the 1D s
also vanes. The other is the intermixing that ocours berween the
compounds of the LSL. Intermixing results in a reduction of
energy bamner heights berween the 1D souctures. The resulung
spread in clectron energies in the structures also reduces
usefulness in many applicacions, for example “single waveien
lasers wich narrow wavelength distributons.

The most common rechnique for derermining LSL uniformity is
cross-secuonal TEM, which gives a side view of the LSL (Fig. 4).
view provides direct informagon on the widths of the rerraces,
LSL tle onienradon, and compound inrermixing. To get an idea of the
uniformity in the growth plane, however, we need a top view of
LSL. This can be acquired by using planview TEM through a thi
sample. The image obrained is accurare only if che LSL is veru
onented which, untortunatelv, is often not the case. An alternagve
method tor viewing the LSL structure from the top uses aromic to
microscopy (AFM) to detect GaAs nidges thar are left behind 0:‘
surface LSL after the AlAs regions have been chemically etched awa!
{28). AFM can produce a perspective view of these ridges (Fig. 7).
This method can be exrended to image large surface areas of the LS
thereby derermining their degree of nonuniformity. L!

Ideally, we would like to grow LSLs on surfaces with straight an
uniformly spaced step edges. To prepare the stepped substrates, wafers
are first cut from a arystal ingot so that they have the desired surfa
orientaton, and are then mechanically and chemically polished «
remove as much of the surface roughness as possible, because surface
roughness results in a nonuniform distribudion of step terrace widths
This surface roughness can be investigared with reflection high-cnergy
clecron diffracion (RHEED). RHEED is an imporant MBE too
which, among other things, can be used to monitor the evoluton of
the terrace widths while growth is raking place. It consists of analyzin,
high-energy clectrons (~10 keV) that have been reflecred from the
sample surface ar a low incident angle, typically 1 to 2 degrees from the
surface plane (29). In this geometry the clecrons are sensitive to the
arrangement of essentally the top layer or two of atoms. When thel
beam is dirccred down the surface steps, the periodic steps result in a
series of diffracted clecrron beams, and from their spacing and shape
we can deduce the step periodicity and terrace width uniformiry,
respecuvely (30, 31). When the clectron beam is direcred parallel tol
the step edges, RHEED is also used o determine the growth
conditions necessary for step-flow, which is a valuable tool when
growing LSLs (30, 32), because in this geomerry the shape of the
diffracted beam measures the smoothness of the step rerraces, rather
than the step periodicity. MBE and especially MOCVD can quickly

gate m

~ 100 A
QaAs

f
AlAs

GaAs misorientad substrate
Fig. 8. Cross section of an AlGaAs/GaAs HEMT device with 3 LSL im-
mersed in the 2DEG at the conducting interface (so-called washboard transis-
tor). By tuning the clecrron density with the gare, switching due to interference
between the conduction electrons and the' LSL can be achieved (26).
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result from the nonflar surface heal more slowly, especially for
long-range roughness varianons. Experimentally, 2 3000 A buffer
laver grown on rop of an as-polished substrate can reduce the smandard
deviation of the rerrace width fluctuatons (which we assume are
roughly Gaussian distributed) from on the order of several terrace
widths to abour half a terrace width, as measured by cross-sectional
TEM and in sim RHEED (30). Unfortunately, this remains a
significant nonuniformity.

A ropic of current research and possibly the most serious obstacle
in LSL development is the intermixing of the LSL’s two constituent
compounds during growth. This intermixing raises the cnergy of
clectrons in the wells, lowers the cnergy of the bammers. and
effectively reduces the 1D nature of the LSLs. The intermixing can
be caused by the thermal diffusion of the deposited aroms from their
desired posinons. Unfortunarely, the same hot substrate that is
necessary for step-flow growth causes this thermal diffusion. Thus,
LSL growth involves a trade-off: at too low a substrate temperarure
the deposited atoms cannot all reach the step edges, while ar higher
substrate temperartures there is increased intermixing. With present
growth techniques, there appears to be no position in the temper-
ature window for GaAs/AlAs LSL growth that allows for completely
segregated well and barrier regions. Current rescarch of segregated
LSL growth is focused on lowering the temperature necessary for
atoms to reach the step edges. This can be actempred by opdmizing
conventional growth conditons such as the group III atom depo-
sition rates and the rado of the two compounds in the structure. It
can also be accomplished by a technique known as alternating-beam,
or migradon-enhanced epitaxy (33). This method entails depositing
the group V atoms of a laver after the group III aroms; this results
in greater migraton lengths for the group III atoms as they have
more time to move around before combining with the group V
aroms to form the final com This technique can be used for
one or both of the compounds of the LSL, and resuits in a reduction
of the minimum step-flow temperature (by abour 20 to 30°C in
AlAs/GaAs LSLs) (34), and a bemter, though not perfect, LSL

440 A

S ol
twA

microscope image of lateral superlartice structure. GaAs
ridges are formed afoer the AlAs columns of an AlAs/GaAs surface LSL are
chemically removed. This technique can be used to study LSL uniformity in
the growth plane.

Fig. 7. Atomic force mi
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segreganon. For drastic improvements in LSL segregadion it may be
RECEssary o resort to nonconventonal growth techniques, such as
using a nonthermal energy source (such as light or particic beams),
which would allow us 1o selectively excite migrating atoms, bur not
atoms aiready in their desired positions.

Although further advances in cpitaxial rechnology should allow
for improved growth of LSL structures, perfect segregation of LSL
components may not be necessary for many applications. In any
event, growth of LSL smuctures is revealing a great deal about
aromic modon and growth on atomicaily stepped surfaces, and
about the physics of low-dimensional strucrures.

Approaches to Three-Dimensional Structures

Advancement of the research on elearon systems has been predom-
inantdy toward more confinement—from quantum well (2 degrees of
freedom) to quantum wire (1 degree of freedom) to quantum box (0
degress of freedom). Surprisingly, no comparable effort has been
undertaken in the opposite direction, thac is in the study of high-
quality three-dimensional (3D) svstems (Fig. 1c) in which the con-
duction clectrons have 3 degrees of freedom. Although there has been
extensive rescarch in the study of high elecrron density 3D systems
such as metals, our understanding of low-density 3D systems such as
semiconductor structures is rather poor. There are several interesting
bur as vet unverified predictions for low-density 3D electron systems.
For instance, in the limit of zero temperature and in suficently strong
magnetic fields, 2 low-density electron gas is predicted o undergo a

_
7 i

electron gas

Fig. 8. Schemartic of different potential energy wells for four different
heterostructures, and the clecron distributions (shaded) within each. The
barriers surrounding the potentiai well are doped in order 1o supply electrons
to the well. For a narrow square well (a), the electrons are concentrated ax
the well ceneer. For a wide square well (b), the electrons repel each other and
accumnulate at the two interfaces. To obrain an electron gas with uniform
density, the well must be graded parabolically (¢) to compensate for this
clecrostatic repulsion. From Poisson’s equadion, electrons introduced into a
parabalic well by doping the barriers (d) distribute themselves uniformly at
a densiry given by the curvature of the parabola.
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Rg. & Ekctron distribution (left) and effective potential energy (right)
mdmmadnmhadehmmnmdnpnbokwﬂnw
Curve 2 to the case when only one subband is

occupied; and curve c, three. Note that the hetghr of cthe
charge density distributions, on the left, is preserved from curve 2 dhrough
curve c. The increasing thickness of the distribution accommodates the

s Qurve

transition to a spin-density wave state (35), where the clectron-
electron interaction causes spin ordering in the ground (lowest
energy) state, producing highly anisotropic elecmrical properties.
In siill scronger magneric fields or at lower clectron densidies, the
electron gas is predicred to form a 3D Wigner crystal. One would
expect 2 uniformly doped semiconducror (such as GaAs doped
with Si) to be a sufficient candidace for this study. Bur the
semiconductor clectron gas floats in a sea of fixed discrete
background charges (of the donor ions). Electron scatvering from
the donor atoms inhibits observation of many effects expecred for
an ideal three-dimensional electron gas (3DEG).
Ommlgtuapeamobummukehmmhyusofh@mohluyby

charged clectrons will repel each other and form two narrow electron
layers near the walls (the GaAs/ALGa, . As interfaces) of the well
(Fig. 8b). Compensadion for the electrostatic repulsion between the
cleczrons must be made to create 2 spaially uniform 3DEG density.
In 1987, it was suggested that a parsbolic grading of the
conduction band cdge along the growth direction of the GaAs/
Al Ga, .. .As heterostructure (Fig. 8c) would provide a saructure for
a thicker electron gas layer (36). A parabolic potential is equivalent
mamdwge,mdmgml’omseqmmnV‘o- ~pfs,
relating clectrostatic potential ® © charge p in 2 material with
dielectric constant e. Electrons introduced into a parabolic potendial
well are tricked into chinking thar the porential is produced by a
uniform positive background charge of density proportional to the
second derivative (curvature) of the parabola. In an atrempe to
sysrem, the clectrons distribute themselves ar the same density as this
background positive charge. This uniform clectron density in turn
produces a parabolic clectrostatic porential that is equal and oppo-
site 0o the original parabola. The net clectrostatic potential that an
Mvﬁulehmonmnsdtemofd\cmmdmofd\e
original parabola with 2 wide flac bocrom, the flactened portion
bmgdiereponwlucdxedcmommsxmng(ﬁg 8d). This is

dmdied\emnlenergy

(kT). Owing ™ the large well width (typically 1000 A) these
subbands are by roughly 1 meV, and are larger than the

thermal energy only for T° < 10 K. Despite this energy quantization,
1322

quantum mechanical caiculstions of dhe cleceron distribugion in a
parabolic weif az T = 0 K show that this distribution is sill uniform
az the curvature denwity 25 long as there is more than one energy level
or subband occupied (J8). In face, che more subbends chat are
occupied, the more the gas behaves dassically. When oaly the lowest
subband is occupied, the 3D density of the clectron distribution
increases with increasing number of ejectrons in the well, a5 for a
2DEG. As soon as the second subband is occupied, this 3D density
is casentially pinned at the auvamre value. Addidon of more
clectrons into the well only makes the cleceron layer thicker (Fig. 9),
while reraining a consaant 3D densiry. A few rippics are observed in
the distribution duc to the finice number of subbands occupied. The
number of elecrrons in these wells can be controlled with a surface
gare as in a ficid-cffecr-transistor; the clectron gas can therefore be
tuned to have one, two, dhree, or more subbands ted, and its
properties can be studied in the ransitional regime from 2D (one
occupied subband) towards 3D (more than one occupicd subband).

This concepe is general and can be used to realize carrier profiles
of different shapes by introducing ciectrons into porential wells
whose second derivatives are 3 © the desired aarrier
density distributions, according to Poisson’s equation. Classically, in
the limit of zero emperature the clecaon density tracks the curva-
ture of the well exactly; quantum mechanically, the densicy follows
the curvature fairly closely once more than one subband is occupied.

As stated in the incroduction, the bandgap of AL Ga, _ As varies
lincarly with Al mole fraction x, over 2 cermin range of x. A
parabolic potential well in the conduction band for clectrons can
therefore be realized by synthesizing 2 graded AL Ga, . As alloy
with a parabolic mole-fraction profile. Computer-controlled MBE
can be used to grow 2 graded allov of AL Ga,_,As with precisely
controlled Al mole fraction variation (39). This variation can itself
be achieved in two ways: by pulsing the Al beam, or by varying the
Al flux by controlled variation of the Al oven temperature, in the
presence of coastant Ga and As fluxes impinging on a GaAs

[rllddds

Aluminuen mole iraction

Fig. 10. Realizstion of a parabolic pocential weil by synthesis of a graded
alloy of ALGa,_.As with panabolically varving (with distance) Al
fracton x. wmwmm(ma)kmdm
mkcen:heruh’nhlby(mp)otambgalby(
m' b 1 20 A period; =
,As.wdn pemd.:hepuh
sodntd\eavuqeﬂmohﬁmmdnms

(‘°P) mmgﬂmdﬁeﬂmuw

and As fiuxes to obeain the graded analog alloy
(m)mmmmm&m clectrons to the well.
The width L of the well is usually between 1 and 6000 A.
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in the parabolic well to be over rwo orders of higher than for
the bulk GaAs at low remperatures. The collision of n‘mwuhthemu@

walls confining the gas may be the scarrering mechanism that limits the
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substrate (Fig. 10). The former is called a digital alloy, the latrer an
analog alloy. Parabolic wells have been grown by both techniques
and show similar electrical and optical properies.

The diginal alloy is essentially a superlatrice (a periodic extension
of a unit cell that consists of two or more different marerials) with a
period of typically 20 A; each period consists of two layers: GaAs
and Al,Ga,_ As where y is the maximum Al mole fracton in the
structure, usually the value in the barriers. The pulse duration of the
ALGa,_ As is varied parabolically by computer control. The 20 A
period is sufficiendy small o permit wnncling of
decumsbetwemthclaverssodutdxeehcumse:sandemve
averageAlmokﬁacuondmvanspanboluﬂywnﬂxdmnc(Fxg
10). The parabolic composition profile can be calibrated by Al flux
measurements where an ion flux gauge is used in place of the
substrate (40). The Al mole fraction can be controlled ro within 5%
of its nominal value and the curvarure w within 10% by

control of the Al oven shurter (for the digital alloy) or the Al oven
temperature (for the analog alloy).

The clectrons are introduced by the barrier
layers on either side of the parabolic well with donors such as silicon.
As in the case of the 2DEG described cartier, the spatal separation
of the elecrons from the ionized donors results in a mobility for
moxion in the substrate plane up t two orders of magnitude higher,
at remperatures T < 100 K, than wouild be obrained in a uniformly-
doped semiconductor with the same 3D density of clectrons (Fig.
11). Mobilities in excess of 100,000 cm? V=! s! (and as high as
350,000 cm? V~! 5! for a 3DEG with density ~10'® cm™?) have
beenobwmdmavmayofBDEGsmdndumnsrangmgﬁmas
low as 4 x 10'® an™2 up to 10'7 cm~2 (41, 42). Akthough this
mobility is much higher than for uniformly doped marerials, it is still
substandially lower than the best mobilities in 2DEGs.
Low-temperature transport measurements in 2 magneric field show
oscillations in the resistance of the gas and the well-known quantum
Hall effect (43). A Fourier analysis of the oscillations reveals multiple
frequencies which are related to the jon of clectrons in
of the clectron gas in the parabolic well to be fairly constant as the
number of clectrons is changed and is therefore a signature of the
three-dimensionaliry of the gas (in the 3D limit the Fermi energy is
conseant for a uniform 3D density). The analysis yiclds the energies as
well a3 the number of electrons in each subband, which agree with
calculations to within 10%, an agreement thar is rather remarkable
given the fact that 2 well depth is the only parameter assumed. This
gives us some indication of how accurately we can make a porential
well today. The number of electrons in 2 parabolic well in 2 given
suq:kanbemundordeamedbydhmmonofdnaqﬂeor
by use of a surface gate electrode. Analysis of the resistance oscillations
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(in magnetic field) of the clectron gas, as the number of clectrons in
the parabolic well is varied by cither technique, show that the
parabolic weil fills at nearly constant 3D density, from zero thickness
to thicknesses up to 2000 A (44).

That the clectrons are distribured uniformly in the parabolic well
has been measured directly using capacitance-voltage profiling tech-
niques, wherein the clectron density versus depth profile is exmracted
from a measurement of the capacitance berween a surface meral gate
and the clecoron gas (which forms the other plate of the paraliel-
plate capaciror), at different gate-to-gas voitage biases. This simple
measuremerit has been used t optimize MBE growth conditions to
obain more uniform and symmetric 3DEGs in parabolic wells (45).

These results suggest that the electron gas in a wide parabolic weil
is a ising candidare for the study of cffects predicred for a
3DEG and of cffects in the transitional regime from two to
three-dimensionality. Experiments in this direction are under way
by several research groups: for instance, there has been a study of the
evolution of the fractional quantum Hall effecr as the clectron layer
becomes thicker (42).
esting discovery occurred in the optical absorpton of the clecoon
plasma in the parabolic well (46). The plasma frequency of the
3DEG is cakculared to be equal to the harmonic-oscillaror spacing of
the empty parabola. This frequency is in the far-infrared (FIR),
typically 50 am™" (200-pm wavelength) for a density of 2 x 10*'¢
em™3. It was discovered that, irrespective of the number of clectrons
in the well, the eleczron gas always absorbs at this bare harmonic-
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Fig. 12. Resonance energy of absorption of the three-dimensional clectron

versus gare volrage (top) shows absorption at the empry-well harmonic-
oacillstor frequency irrespective

of the number ofdamu:;ln the well
(changed by the gaze voleage). This is a property unique w a harmonic
aadnu‘c‘:-equlu pu:bohcpomlmddnmhomd

the number of clectrons in the well is changed by the gate voltage. The insess
depict how the increase in the number of clectrons with more positive gate
bias is accommodared by an increase in the thickness of the clectron gas at
constant 3D density.
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oscillazor frequency, as shown in Fig. 12 (47).

Rexall that a single clectron in 2 parabolic weil pardally filled with
electrons sees a parabola with a flac bocrom, the flarrened region
being proportional to the number of clectrons in the well. Conse-
quently, the encrgy spectrum of this individual electron is oot the
equally spaced one of a harmonic oscillator, but that of a flacrened
oacillator that is acrually very close o a square-well spectrum. As the
number of clectrons is increased, the width of this approximace
square well increases propoctionacely, with an aendant decrease in
the energy spectrum spacing (for an infinitely deep square well, the
cnergy specoum changes inversely with the square of the well
width). One would expecr this change to be reflected in the FIR
absorpton of the 3DEG at different clecmron fillings. The observa-
don that the gas always absorbs at one frequency suggests a more
fundamental effect. It has been shown theoretically (48) thar this is
indeed 2 property unique to the ideal harmonic oscillator or
parabolic well. The ransiatonal invariance of the clectron-clectron
inreraction (the fact that this interaction depends only on the relative
distance berween the two clectrons) coupled with the quadratic
form of the potental, when inserted in the Schrodinger equation,
give the following general result: the motion of the center of mass of
the 3DEG can be decoupied from the modon of the individual
electron; as long as the wavelength is much larger than the thickness
of the gas, the incidenc light simply grabs the entire cloud of
electrons and oscillates it in unison. The maximum absorpton is of
course at the plasma or harmonic-oscillacor frequency. The individ-
ual electron sees an approximate square potendal well, but the
ensemble of electrons sees the original parabola; applying a linear
term to the parabolic potendal with a gate bias does not change its
second derivadve and hence its plasma frequency.

This result is relevant to the case of quantum wires and boxes,
where the optical absorpdon shows a similar independence of the
number of electrons in the wire or box, a result which had puzzled
researchers for a while. We now know this 1o be a consequence of
the parabolic shape of the confining potential. Deviations from the
parabolic potential, whether deliberate or uninrentional, manifest
themselves in the optical absorption spectra as additional structure
and give clues o the modes of absorpton of the individual
elecrons. Deviations from chis generalized theorem for an ideal
parabolic potential are being investigated in a systematic way in
potential weils of different shapes, by several groups.

Thanks 1o computer-controlled MBE , pretty much
any textbook potential well can be made. The square well and the
parabolic well are the first cxamples. One could think of these
porential wells as atoms, the shape and size of whose clectrostacic
potential can be controlled over a fairly large range in both distance
and energy. By making these wells wide, one can access energy
spectra in the FIR. Although we have so far discussed only wide
symmerric (in the growth direction) wells, asymmetric wells also
provide a rich field of study. For example, asymmerric wells have
nonlinear optical responses. One group has recently observed sec-
ond- and third-harmonic generation while subjecting clectrons in a
wide haif-parabolic well to intense FIR radiation (49). This nonlin-
car response is predicted to develop into chaotic behavior in
stronger driving electromagnetc fields (50).

Several groups are working on the propertics of an clecrron gas in
which the density is periodically modulated in the growth direction.
Such a gas is realized by growing a modulation-doped wide (~2000
&) well with a supertartice of shorter period
(~200 A) in the well: the slow ic pocential ensures the uniform
eectron density, the superfartice then modulates this density by up to
100% (51). One rechnological application is 2 tunable FIR detecror
(52): in a specially shaped well, in which the local curvature varies with
depdh, a surface gare can be used to control the position of the center
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ofd:echmmgaindzwdhndthembymd:mgymol
the electrons, thus changing the wavelength of light ar which these
electrons have resomant absocpaon.

Perfomnno:hnnuforumsxhdemmicd:vicaaweﬂasd-'
chances of observing clectron-clectron interaction effects are en-
hanced t 2 large exxent by the electron mobility. It appears thar the
factor chat limits the clecoron mobility in the parabolic well stuc
tures may be a new type of scatrering mechanism known as the si
effect (53), relared t a similar effect seen previously in thin metal
films. Nonspecular or diffuse scartering of the clectrons off the rough
conﬁningwalkofdmdﬁckdecu-onpsmaybcdndouﬁmt.
scattering mechanism in these strucrures. However, this is a current
topic of research.

Background impundes and precise control of the mole-fraction
profile of the graded Al Ga, _ As are two important limitations to
the growth of high-quality 3DEGs. Carbon atoms from residual
gascs in the vacuum system are the dominane ionized impurides in
these MBE grown structures. CarbonisashzﬂowacceptorinGaAs,I
and is negadvely charged in a-type material where the Fermi energy
lies in the conduction band; these negatively charged accepror ions
act as strong scarrering centers for elecrons. Calculared fis o the
mobilities for the best 3DEGs suggest carbon to be present in the
alloy at the level of 2 x 10'* cm ™3, a reasonabie number for a clean
MBE machine. It is ultimately this density, o, that limits how
dilute an electron gas can be achieved with this rechnique: a uniform
negative background charge of 10! to 10'* an™? ionized carbon
acceprors will produce a parabolic potential of the opposite curva-
ture o the design curvature, thus altering the desired parabola. The
curvature can be controlled to within 10% in these MBE-grown
graded alloys. Further improvements can be made with more precise
compurer control (faster clock), betrer oven remperature controllers
(analog alloy), and using electric shutrers instead of pneumatic ones
in froat of the ovens (digital alloy).

These limits are sufficiently broad thar one can access 2 wide range
of electron densities and distributions and a broad span of infrared
energies with potendal wells of controlled widths and shapes. These
wells and gases constiture good candidates for the study of elecoron-
clectron interactions in 3DEGs (and in the mansidonal regime from
2D ® 3D), nonlincar oprical behavior and chaos in the FIR, and for
the development of novel detecrors and other FIR opuacal devices.

Summary and Conclusions

The rapid progress in rwo-dimensional clectron structures is now
being extended to semiconductor syscems in which conduction elec-
wons are constrained (at least parrially) to free modon in one
dimension, or are allowed, at least partally, free motion in the third
dimension. The process of formartion of these soucrures is intimarely
connecred to epitaxial thin film crystal growth technology thar enables
the motion of atoms on surfaces t be governed by surface asperides
as small as aromic thickness islands and terrace steps. What emerges
from these studies is increased knowledge of the atomic processes of
aystl growth and new information on the dynamics and the inter-
acrions of electrons under pardal confinement in the quantum size
regime. The technological promise that emerges from these studies is
the discovery of new roures to enthanced -based electronic
and electro-opdc devices and the discovery of new media for device
szructures in the submillimerer and far infrared regimes.
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A direct method to produce and measure compositional grading

inAl,Ga,_,Asalloys
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We present a method to calibrate the profile of Al mole fraction versus depth, deposited in growth
of graded Al, Ga, _, Asalloys in a molecular-beam epitaxy machine. A computer is used to either
ramp the Al oven temperature (analog alloy), or pulse the Al beam (digital alloy), with a
fractional monolayer depth resolution that permits averaged alloy profiles corresponding to a
range of different design profiles to be obtained. The profiles are measured in calibration runs by
using a fast picoammeter to track the ion-collector current of the beam flux monitor ion gauge
(facing the ovens), and integrating the ion current with time. Parabolic quantum wells are grown
by either technique and the corresponding measured profiles are compared to each other and to
the design profile. The ability of the digital-alloy technique to obtain almost arbitrarily varying

graded-alloy profiles is illustrated.

I. INTRODUCTION

Tailoring of the energy band gap in semiconductor hetero-
structures is a useful technique of controlling the electronic
and optical properties of carriers in devices made from these
materials. Examples are the single (multi) quantum well
p-i-n laser in which the intrinsic region consists of a square
well(s) with parabolically graded barriers (e.g., the
GRINSCH laser),' and heterojunction bipolar transistors
(HBTs) with graded-gap base regions.> The scope of this
technique is so wide that it is referred to generally as band
gap engineering.' Modern epitaxial growth techniques such
as molecular-beam epitaxy (MBE) lend themselves readily
to the growth of abrupt or smoothly graded
GaAs/Al,Ga, _ As heterointerfaces.*

Recently, a series of structures have been devised in which
moduiation doping and a graded band gap have been com-
bined to obtain a high-mobility electron gas with a con-
troiled static density distribution.’ In the structures which
were studied, electrons were introduced into wide parabolic
wells by remotely doping the barrier layers surrounding the
well. The parabolic potential wells were themselves created
by appropriately grading the mole fraction x of an
Al .Ga, ,Asalloylayer. The electrons were found to distri-
bute themselves across the parabolic well with the density
being governed by the curvature of the design parabola, in
the limit of absolute zero of temperature. These high-mobil-
ity uniform clectron gases or three-dimensional electron gas
(3DEGs) are the best experimental approximation to the
theoretical construct of jellium, and have exhibited a num-
ber of interesting properties in transport measurements.™’
Grading of the band gap allows a wide range of densities to
be achieved. Mcodulation doping results in high carrier mo-
bilities of these gases without low temperature carrier freeze-
out.

These and other graded structures are often realized in the
GaAs/Al,Ga, Assystem, where there exists a nearly lin-
ear relationship between the Al Ga,  As energy band gap
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and Al mole fraction x for x <0.45." Controlled variation of
x results in a corresponding controlled variation of the alloy
band gap. The variation of x with depth in a thin film can
itself be achieved in two ways. The Al flux can be changed
during growth in a controlled manner by controlling the
temperature of the Al oven in an MBE machine, in the pres-
ence of constant Ga and As fluxes.” We refer to the alloy
obtained in this way as an analog alloy. One could alternate-
ly grow a superlattice with a constant period (sufficiently
small to permit tunneling of electrons between the layers),
each period being composed of two layers: GaAs and
Al;Ga, _,As, where y is greater than or equal to the maxi-
mum Al mole fraction in the graded alloy. The duty cycle of
the Al,Ga, _ ,Asis varied in 2 controlled manner so that the
average Al mole fraction follows the desired profile.'” In
other words, the Al beam is pulsed in controlled fashion by
controiling the Al oven shutter in an MBE machine. We
refer to the alloy obtained by the latter technique as a digital
ajloy.

The actual profile of Ai mole fraction versus depth ob-
tained is not easily measured directly. Its general shape is
sometimes deduced from optical or electrical measurements
on the resulting structures.'' followed by a fitting of the data
to calculations for the designed energy bandgap profile.
These techniques are indirect at best. Techniques like sec-
ondary ion mass spectrometry (SIMS) have limited depth
resolution, and are destructive besides.

In the present work we present a method to calibrate de-
posited Al mole fraction versus depth before growth with 2
simple, reproducible technique having reasonably high reso-
lution and accuracy. The measurement is done in the MBE
machine itself in a calibration run immediately prior to sam-
pie growth. If the variation from one measured run to an-
other is negligibly small, the measured profile can be reason-
ably assumed to be the actual profile grown.

The Al flux can be measured by a beam flux monitor that
consists of an ion gauge (Bayard-Alpert gauge in a Varian
GEN I1 MBE system). The beam flux monitor gauge that is
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used for this purposs can be made to directly face the ovens.
The collector current (usually in the range of aA ) of the ion
gauge is fed to a fast picoammeter. The varistion of Al flux
F,, (t) with time is therefore measured directly. Inasmuch
as actual growth occurs in the presence of a constant Ga flux,
s constant collector current corresponding to the Ga flux
Fg, is assumed in the calculations. £, is adjusted to be in
the same ratio t0 a particular F,,, say F,, (£ =0), as the
ratio of the corresponding GaAs and AlAs growth rates,
which are in turn determined by reflection-electron-diffrac-
tion (RED) oscillations'’ immediately prior to the ion-
gauge measurement. Integrating the total flux
Froui (Froas = F + Fg, ) from time ¢ = O until time ¢ = T

-
zm f Fou (00, (0
)

gives us a2 measure of the thickness z of the graded alloy
grown until time T Integrating F,, (7) and F,,,,, (¢) overa
time interval AT centered at 7, gives the Al mole fraction
x(z) as

T aT
x(:)a(r FM(t)dt/U [Fu(r)+FG.]er. ()

The variation of Al mole fraction x with depth z can there-
fore be measured and compared with the design profile.

The method is applicable to measuring the alloy grades of
both analog and digital alloys. The Al fraction in the alloy
may in places be designed to be very small. In the digital
alloy technique this requires very rapid puising of the pneu-
matic shutter of the Al oven and thence of the Al beam. This
causes corresponding rapid changes in the collector current
of the ion gauge. Hence the need for a fast picoammeter to
track the current.

. EXPERIMENTS AND DISCUSSION

Measurements were made in a Varian Gen [1 MBE ma-
chine used for the growth of GaAs/Al, Ga, _,As epilayers.
Oven temperatures and shutter opening times are controlled
by a HP-9000 Series 300 instrument controiler having a time
resolution of 10ms. The equation of the desired ailoy profile
versus depth is used by the computer program to generate a
ramp of Al oven temperature with time (analog alloy), or a
sequence of shuttering times of the Al oven pneumatic shut-
ter (digital alloy), with a resolution fine enough to produce a
smooth alloy gradient. The ion gauge of the beam flux moni-
tor faces the ovens, and is situated at the same location where
the substrate would be durin; actual growth. The collector
current of the beam flux monitor is messured with a Keith-
ley 430 picoammeter. The analog output of the picoammeter
is fed back to the controller via a fast anslog-digital convert-
er. All computations are then performed by the controller at
the end of the run.

Figure | shows measured profiles of Al flux F,, () with
time, for a single puise 0.5 s long (the command to open
being issued at time 7 = 0, and the command to close being
issued at time ¢ = 0.5 s). The profiles correspond 10 mea-
surements of the same pulse, with two different rise time
settings (7 and 70 ms, respectively), corresponding to two
different sensitivity scales of the picoammeter. The 70 ms
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F1G. 1. Beam flux monitor ( BFM) ion gauge measured flux prodiles of|
Al pulse in an MBE machine: solid profile for 3 range having a2 7 ms nse
time, dotted profile for 70 ms rise time. The “open” command is issued to
the pncumatic shutter at time ¢ = 0. and the “close” command at ¢ =
Opening and closing detays of ~ 80 ms, and ramp-up and ramp-down t
of ~ 20 ms are measured. The assumed ideal lux profile (dashed) is
shown. Inset shows the Anite speed at which the shutter slides across the
crucible mouth as the origin of these delays. The semiperiodic interf
spikes in the solid trace occur whenever the picoammeter is used to m

the ioa-collector current with a fast response time setting.

response time is seen to dominate the rise and fall times of (‘
dashed profile. The shorter response time setting of 7 ms is
needed to resolve the speed of rise and fall of the actual p
file, as seen by the solid line. A nearly periodic backgro
interference signal is seen in the solid profile due to the fast
rise time setting of the picoammeter. Note the opening
closing delays, and the finite times to ramp up the flux and
ramp it down. The inset shows the origin of these delays. The
pneumatic shutter travels for a finite distance on either si
of the crucible mouth, giving rise to the open (7T,...)
close (T,,..) delays. Besides motion time, electronic dela
and shutter becklash aiso contribute to the open and close
delays. The travel across the face of the Al crucible i
gives rise to the ramp-up and ramp-down times. Inasmuch
all other times involved in the measurement: ion coilection
time in the gauge’s electric field. picoammeter and A-D 003

verter delays, are smaller than the 10 ms clock resolution
the computer, the measured solid profile of Fig. | is believ
to reflect the true delays of the pneumatic shutter. The
(T ) and close (T, ) delays are thus of the order of
ms and both the ramping times ( T pp up ARA T suun )+ ©
the order of 20 ms. The true profile is approximated by a
trapezoidal profile with all these time constants incorpora:l
ed (also shown in Fig. 1). The actual time that the Al ov
shutter is to be opened for a given thickness of AlAs to be
grown in, say, a superiattice, is automatically computed i
the program taking these delays into consideration. lII

There are three possible scenarios for a shutter opening
and closing sequence. Case 1, outlined in Fig. 1, is where the
shutter moves all the way across the face of the oven and
comes 1o rest at the other end of travel, before receiving a
command to close. Case 2 is where the shutter uncovers the
crucible compietely, but is asked to return before it can reach
the end of its travel. Case 3 is where the shutter only partiaily
uncovers the oven. before starting on its return path.

Cases 2 and 3 are illustrated in Fig. 2. The measured flux I

__M
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Frc. 1 lon gauge measured flux profles of 100 ms (dotted) and 150 ms
(solid) Al puises. In both cases. the pulse is 50 short that the shulter does
not come to rest at the end of its travel after uncovering the crucible. It
receives s command to reverse direction und close the oven, before reaching
the end of its open path (regime 2). The 100 ms pulse is 50 short that it only
partially uncovers the crucible (regime 3). The flux profile of 2 longer 0.5 s
(dashed) (regime 1) puise is also shown for reference. The flux profiles
have the same time constants as in Fig. | and can be modeied as truncated
trapezia of the model in Fig. 1.

profiles can reasonably be approximated by truncated trape-
zia with the same time constants as measured for case 1, and
are used to deduce Al oven shutter open times for the correct
integrated flux for extremely rapid Al pulses.

The three cases occur when the following relationships are
satisfied between the four shutter time constants, the AlAs
growth rate R, ..., and the AlAs layer thickness L,,..
grown:

L T,
AlAn>T'2’Tr-pm+ ramp dhwn +21:'ﬁ~'(3‘)

case I:
RA'A. 2
case 2: T,,;L“"‘>T2,= Toamn o+ Toume s »  (3b)
AlAs 2
case 3: "—"‘Ld‘,,. (3¢)

AlAs

The mechanical inertia and free play of the pneumatic
shutter, and the 60 Hz phase difference with respect to the
trigger pulse, is expected to cause a certain amount of time
jitter in the edges of the flux profile. This jitter is estimated to
be of the order of AT, ~ + 10 ms for case 1 in Fig. 3(a),
where the Al oven shutter is opened for T= 0.5 s in eight
sequential and independent runs. The uncertainty in the
thickness of AlAs grown is therefore of the order
for a growth rate of AlAs as high as | um/h, this is negligibly
small (~0.03 A). The jitter is expected to be more pro-
nounced for cases 2 and 3, as the forward motion of the
shutter is arrested and its direction of travel reversed. This is
indeed seen to be the case in Fig. 3(b) where in eight inde-
pendent runs for a fast Al pulse (case 3), the shutter does not
uncover the crucible mouth some of the time. The uncertain-
ty in the Al flux deposited is + 0.06 A in this case, for R,
= 1 um/h, This error in the Al mole fraction can be reduced
by simply going to lower GaAs and AlAs growth rates. Hav-
ing & nonzero Al mole fraction minimum in the alloy so that
one is always operating in the case | regime can also reduce
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FIG. 3. Jitter in time constants observable in flux profiles of eight consevu-
tive and independent Al pulses of 0.5 s (3a) and 0.1 s (3b) durations. The
jitter is ~ + 10 ms for the longer pulse (regime 1), and 4 20 ms for the
sharp pulses of the shutter operating in regimes 2 and 3.

this error. The nonzero minimum Al mole fraction is also
desirable in an analog alloy in order to keep the Al oven
temperature at levels where the growth rate vs oven tem-
perature follows the behavior deduced from RED oscilla-
tions for higher oven temperatures.

The growths of two parabolic wells, one analog and the
other digital, both 2000 A wide and with the Al mole frac-
tion going from 0.01 (19%) at the center of the weil to 0.3
(30%) at the well edges, was then run. and the correspond-
ing ion-gauge profiles are compared to the ideal design pro-
file in the top halif of Fig. 4. The deviations Ax,,, from the
ideal profile are plotted in the bottom half, and are seen to be
<0.02 in the case of the digital alloy and <0.03 for the
analog alloy. The maximum Al oven temperature in either
case was one that gave an AlAs growth rate of 0.32 um/h. A
1% minimum Al mole fraction at the well venter ensured
that the shutters were operating in the case | regime even at
the well center for the digital alloy, and the Al oven tempera-
ture changed through no more than 200 °C for the analog
alloy. The superiattice period was 20 A for the digital alloy;
for the analog alloy, the temperature of the Al oven was
changed at a variable rate, each time interval corresponding
to the time required to grow 20 A of alloy material at the
particular Al oven temperature. The Al flux is measured
every 10 ms and integrated so that the average Al mole frac-
tion is plotted with the same resolution as the period, in this
case 20 A. The picoammeter noise when integrated, has a
nonzero value and consequently produces a constant offset
in the measured graded profile. This offSet is smalil (usuaily
< 1% Al) and measurable in a simple run in which the Al
oven is not opened at all. This is then subtracted from the
measured profile to obtain the corrected profile.
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F1G. 4. Measured Al mole (raction (mf) vs depth profiles for 2 2000 A wide
parabolic well with Al mf going from 1% at the center to 30% at the edges.
grown with both the pulsed Al beam (digital alloy), and the variable Al
oven temperature (analog alloy) methods. The design profile is also shown
for comparison. A constant background GaAs growth rate of 0.73 um/h is
assumed. Botrom haif shows deviations of both messured alloy grades from
design alloy.

The shift of the analog profile from the ideal profile ob-
served is a result of the limits«of cooling and heating rates of
the Al charge. The Al charge is cooled simply by thermal
conduction and radiation and has therefore a certain maxi-
mum cooling rate. Sufficient controilability of the negative
gradieat of Al mole fraction versus time is still possible even
with a high constant background GaAs growth rate of 0.75
ﬁh.umnifatedbythcmredlmb;-aﬂoymboﬁc

To accentuate the differences between the ability of the
two alloy techniques to follow a desired profile, a (Sin z)/z-
type alloy grade profile, spread over a width of 2000 A, and
with maximum and minimum Al mole fractions of 30% and
19, respectively, was generated. The ion gange measured
proflles are shown along with the design profile in Fig. 5.
Note the considerably greater ability of the digital-alloy
technique to obtain the desired alloy profile. While the ana-
log-alloy profile does satisfy the required functional behav-
ior, it has smaller amplitude and is broadened. One could, in
principle, grow the analog alloy infinitesimaily slowly so
that the Al oven temperature could be changed in 2 more
controlled manner, but this has the disadvantages of both
longer growth times and possibly greater incorporation of
background impurities in the growing afloy. It wouild also be
possible to compensate for the time of oven response in the
snalog alloy growth by modifications in the temperature
program as in Ref. 9.
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and maximum Al mf s of 1% and 30%, measured for both analog
digital alloys. Note greater ability of digital alloy 10 produce desired profile.
and the thermai lag problem in analog-alloy growth. l

FIG. 5. (Sin 2)/2-type alloy grade spread over 2000 A and with mmim" ‘

There is no necessity to have a nonzero minimum Al mole
fraction in the alloy, especially in the digital-ailoy techniq
For usual AlAs growth rates, the Al mole fraction when t
shutter is pulsed in the regimes of cases 2 and 3 above, is 50
small that deviations in the same are scarcely observabl
Thiscanbeseeninthedigim-auoyimpugemmutedpaﬂ
files of Fig. 6, where the design alloy is a parabolic well 2
A wide with Al mole fraction going from 0% at the center to
30% at the edges. Five sequential and independent runs
the same design are shown, along with the ideal profile.
viations from the design paraboia are less than Ax,, ~0.03.
The largest portion of the deviation comes, in fact, from th:
AlAs growth rate being higher than the design value, and no
from any shutter-timing-related uncertainties. The variation
from run to run is also observed to be sufficiently small to
permit one to predict the actual Al mole fraction versus
depth grown, from an ion-gauge profile messured in a dum-
my run immedistely prior to actual growth, to within
Ax,, ~ +0.01.

T pmm— 2000

2 (A) (Grows Direction — )

F1G. 6. Alloy profiies of five comsecutive and independent digital-alloy pars-

bolic weils, 2000 A wide and with Al mf rising from 0% at well center to
30% at weil edges. messured by ion-gange method. Variations from run to
run are small enough that 3 messurement made prior to actual sampie
growth can be taken 10 represent the actual graded-alloy grown.
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For electron gases in wide parabolic potential wells the
design parameter of interest is the weil curvature, inasmuch
as the carrier density profile is controlled by it. Curvature
versus depth profiles calculated from the digitai and analog
alloy profiles measured in Fig. 4. are shown in Fig. 7 and
compared to the constant design curvature. A part of the
observed variation in curvature ( ~ + 11%) for the digital
alloy arises from the + 10 ms jitter in the opening and clos-
ing times of the shutter operating in regime 1. Shoulid the Al
mole fraction go to zero at the well center, the larger uncer-
tainty in the time constants of the shutter operating in re-
gimes 2 and 3 will cause larger (up to + 100%) variations
in the curvature. In such measurements a flat spot is some-
times observed to occur at the well center with the curvature
going to zero.

If one desires to avoid the large percentage errors in the Al
mole fraction resulting from the larger jitter ( + 20 ms)
when the shutter is operated in regimes 2 and 3 in the digital
alloy technique, the minimum nonzero alloy percentage is
simply

RAIA: TIZ

Xmin12 = )

P
in order to always operate in regime 1, and not stray into
regimes 2 or 3, and

s = BT

(4a)

(4b)

in order to pulse the shutter in regimes 1 and 2, but to avoid
regime 3 aitogether. In the above equations, R,,., is the
AlAs growth rate, P the superlattice period, and T',, and T,
are the shutter time constants defined in Egs. (3). For
Raas = 0.32 um/h, and a period of 20 A, x,,,; and Xeminl}
are, respectively, 0.8% and 0.09%. The percentage error in
Al mole fraction at these limits are + 6% and + 100% for
Xminiz aNQ X001, respectively. These percentage error val-
ues are purely functions of the shutter time constants and
jitter, and are ideally zero in the limit of no jitter.

Another source of deviation in Al flux from programmed
values is flux transients caused by changes in the tempera-
ture of the surface of the charge in the MBE cell, upon shut-
ter opening and closing. In our case. this can be gauged by
differences in maximum Al flux values observed throughout
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F1G. 7. Curvature vs depth of the three parabolic profiles: design. analog.
and digital. shown in Fig. 4.
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the growth sequence and is < =0.12 A/s. translatng to
Ax,, < + 0.03 at our growth conditions.

From the jitter in the profiles measured when the Al oven
shutter is puised in the three regimes in the digitai-alloy tech-
nique, one can estimate the percentage error in the Al mole
fraction at various points in a symmetric parabolic well
which has 09 Al in the well center. Two critical dimensions
measured from the well center z.; and 2z, can be defined.
Zc\; is the + 6% error point i.e., the distance from the well
center where the Al mole fraction can vary by as much as
+ 6% of the design value, and this occurs when the shutter
operation moves from regime 1 to 2; likewise z.,, is the
+ 100% error point, this occurring when the shutter oper-
ation moves from regime 2 to 3. For the particular Al oven
shutter characterized above z.,, and z.,, are given, respec-
tively, by :

Low X i

Zen| = —
ze12 > .

L';w

e R aA A
o ) [T,
4000 A 1 um P
Iz I_LPW Xinin23
2 3 ‘—'—'xm.

~110 A( L"“',) (R"‘““"‘)(ZO A). (5b)
4000 A 1 um/h/\ P

where x,...., and x,.....,, areas defined in Egs. (4), x,,,, is the
Al mole fraction at the well edges, P is the period of the
superlattice grown, R , ;... i the sum of the growth rates of
GuAs and AlAs, and L,,, the width of the parabolic well.
Similar critical dimensions for other alloy-profiles can also
be derived. The percentage error in Al moie fraction will
decrease approximately as z = for !z} > z.,,, is fixed at
~ 4+ 100% for iz} <z,»,, and has values between <+ 6%
and + 100% for values of z between the two critical z values.
As stated eariier though, the problem can be avoided aito-
gether by having a small nonzero minimum Al mole fraction
Xminiz O Xmin23 in the alloy.

The variation in the curvature of the parabolic well across
a 2 in. diam wafer that is not rotated (to avoid interference
between the frequency of rotation and the frequency of the
shuttering in the digital-alloy case or of the temperature
change in the analog-alloy case) is of interest. For the sub-
strate/shutter/oven geometry for our Varian GEN II MBE
machine we calculate a curvature variation of from + 30%
(at the point on the wafer farthest from the neighboring Al
and Ga ovens) to — 30% (at the point closest to the two
ovens), 0% being at the wafer center, for both the digital and
analog alloys. A further lateral nonuniformity is introduced
in the digital-alloy case when the Al pulses become so sharp
that the shutter only partially uncovers the oven thereby
exposing the more distant points on the wafer to the Al flux
for a longer time. This causes the curvature for |z| <Z¢,, tO
vary from + 60% (at the most distant point) to — 100%
(at the nearest point, which may not be receiving any Al flux
atall) across the wafer, for our machine geometry and shut-
ter time constants.




1859 Sundarem of al: Compesitionsl greding in Al Gs, As alloys

The ion gauge measured profiles are representative of the
grown profiles only if both Ga and Al have unity sticking
coeflicient at the growth conditions. This is a function of
substrate temperature, beam fluxes, etc.'’ At substrate tem-
peratures above ~ 670 °C and As swabilized growth condi-
tions, Ga re-evaporation will cause changes in both the layer
thicknesses and the alloy composition, and therefore the al-
loy profile shape. An additional complication is that Ga re-
evaporation is a function of the Al flux. Under such condi-
tions, the graded-alloy profile is perhaps best measured by
monitoring the desorbed Ga signal from the substrate during
actual growth by a mass spectrometer mounted in one of the
furnace ports with the analyzer having a line of sight view of
the substrate.'*'3

For our sample growth conditions (substrate tempera-
tures of ~ 580 °C and As stabilized growth), the Ga and Al
do have unity sticking coefficients. The growth rate of
AlGaAs was measured by RED oscillations for a range of
Ga and Al oven temperatures and was in all cases found to
agree (within 1%) with the sum of the GaAs and AlAs
growth rates, under the above growth conditions. The ion
gauge measured profiles are therefore expected to be the ac-
tual alloy profiles grown.

This method can be used to calibrate the alloy grades of
other ternary alloy films such as In_Ga, _As and alloys
with mixed group V elements such as GaAs.P, . and
GaSb_As, _ .. Ifthe InGaAs alloy were grown as a strained
digital alloy on a GaAs substrate, then the effect of lattice-
mismatch strain on cation incorporation rates'® at the actual
growth conditions, wouid have to be taken into account to
deduce the grown alloy profile from the ion gauge measured
profile. The measurements would aiso be valuable in the
growth of strained graded alloys with critical composition
requirements to avoid misfit dislocations.

For the alloys with the mixed group V elements, the com-
position of the alloy is controlled at low temperatures by
limiting the amount of the element with the greater sticking
coefficient and providing an excess of the more volatile spe-
cies. For example. the smaller As (the preferentially incor-
porated element) flux supplied to the GaAs P, . surface
to which an excess P (the more volatile element) flux is also
supplied, will control the alloy fraction x. The ion-gauge
measurement could be therefore done with the less volatile of
the two group V clements. The higher vapor pressure of
group V elements might complicate the measurement
though.

Since the currents measured are small (nA), the resolu-
tion of this measurement technique is ultimately limited by
the resolution and speed of the picoammeter in this range.
The overall accuracy of the actual graded alloy grown is still
limited by the + 39 accuracy of the measurement of GaAs
and AlAs growth rates by the RED oscillation method.

lil. CONCLUSIONS

In conclusion, we have presented a direct technique to
measure graded Al _Ga, ,As alloy deposition profiles ver-
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sus depth with a high degree of precision. The beam flux
monitor ion gauge measured profiles are obtained in a dum-
my run immediately prior to actual growth in an MBE ma-
chine. Both a variable Al oven temperature technique (ana-
log alloy) and a puis~d Al beam technique (digital alloy),
have been applied to the case of 2 wide symmetric parabolic
weil. A computer is used to ramp the furnace temperature or
pulse the beam with sufficient fineness to produce a smooth
alloy grade, as evidenced by the corresponding ion-gauge
measurements. The digital-alloy technique is further seen to
be the preferable technique where changes in Al mole frac-
tion versus depth are too rapid for the Al oven temperature
to track precisely, and where reasonable growth rates are
desired. Variations from run to run are small enough that
one can use these measured profiles as a good indication of
the actual graded Al mole fraction versus depth, grown.

The method is applicabie to measucing the alloy grades of
other I11-V ternary alloys, especially where critical compo-
sition control is required to avoid misfit dislocations in the
growth of strained graded alloys.
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Remotely doped graded parabolic potential well structures have been grown and studied.
Electrons distribute themseives uniformly in a parabolic well, the density being proportional to
the curvature or quasidoping in the well. Quasidoped semiconductors are synthesized by
molecular beam epitaxy in the GaAs/Al, Ga, _  As system through the digital alloy
technique. The analog grading produced by the digital alloy is verified by photoluminescence
excitation spectroscopy. Low temperature mobility measurements show higher mobility in
these quasidoped semiconductors than in similar real-doped semiconductors. Alloy-disorder
scattering is suggested to be the mobility-limiting mechanism in this digital alloy system.
Capacitance-voltage profiling analysis of quasidoped semiconductors has been developed, and

is used to measure carrnicr profiles in these structures.

1. INTRODUCTION

The recently introduced concept of remotely doped
graded heterostructures ' has led to the realization of a high
mobility three-dimensional electron gas (3DEG). This
3DEG or jellium exhibits a number of interesting properties
in low temperature transport and optical measurements.>’

We had stated in our original introduction' that the con-
cept was entirely general and could be used to realize differ-
ent carrier profiles of controiled density and high mobility.
We expand on this principle here. We refer to the concept as
quasidoping.*

Both real doping and quasidoping are illustrated sche-
matically in Fig. {. In real doping we start with a pure semi-
conductor that has a flat band edge, which, on the addition
of say, a uniform distribution of charged dopant impurities,
results in a band edge that is parabolic (with the curvature
proportional to the charge density) as per Poisson’s equa-
tion. In quasidoping this equation is turned around. One
starts with a graded band-edge semiconductor, say parabol-
ic, and can subsequently think of this as being equivalent to
an ungraded band-edge semiconductor that has a charged
impurity distribution proportionai to the curvature of the
grading (constant in the case of parabolic grading). There is
exact mathematical equivalence and. if quantum size effects
can be ignored, the electrical properties of the quasidoped
system can be deduced entirely by treating semiconductors
with shallow band-edge profiles of known grading, as
though they were quasidoped.

The carrier profile obtained in either case, real or quasi-
doping, is the same. In a real-doped semiconductor the local
carrier density is due to the local charged dopant density,
whereas in a quasidoped semiconductor the local carrier
density is proportional to the curvature of the local band-
edge grade. But the carriers in a quasidoped semiconductor,
and here lies the fundamental difference between the two dop-
ing technigues, originate from a real doping of barriers that
are physically remote from, and at higher potential than, the
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graded region. It is in a bid to minimize the system energy
and get a uniform Fermi energy level at thermat equilibrium
that the carriers distribute themselves in a way that mimics
the quasidoping profile. A computer simulation of the 0 K
electron distribution in one half of a symmetric 2000 A-wide
parabolic well that has a curvature of ~iX10'" em~™", is
shown in Fig. 2 for a range of barrier dopings. At a particular
value of the doping, n,, the electron distaibution in the grad-
ed well is exactly uniform at the value of the quasidoping. At
larger barrier dopings, excess electrons are inserted in accu-
mulation layers at the well edges, and at smaller ones they
are extracted from the edges. Over most of the well though.
the electron profile tends to mimic the quasidoping profile,
for a wide range of barrie: dopings. This behavior is surpris-
ingly observed at all temperatures from 0 to 300 K but the
tendency towards ideality is more pronounced at lower tem-
peratures.' The quasidoping density N, in a parabolic well
of width L u,, and height A is given simply by the curvature
as: N = 8€A/€°L -, where € is the dielectric permittivi-
ty, and e the electronic charge. For an electron gas of sheet
density .V, in a parabolic well of quasidoping .V,,. the classi-
cal width of the gas is therefore simply: «;, =.V,/.V,.

As the electrons in a shallow parabolic weil are designed
to be distributed uniformly over a thickness in excess of 1000
A and occupy several subbands. we refer henceforth to this
distribution as a three-dimensional electron gas or 3DEG.

N L

FIG. 1. Schematic illustration of real doping and quasidoping. Quasidoping
is the inverse of real doping.
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F1G. 2. 0 K Electron profiles in one haif of a symmetric 2000 A-wide para-
bolic well (inser) simulaced for a range of barrier doping densities n1,,. Well
curvature ¥, = I x 10" cm *.

. EXPERIMENTS AND DISCUSSION

We have accomplished quasidoping in the GaAs/AlAs
system through the digital alloy technique in molecular
beam epitaxy. The digital alloy technique is schematically

illustrated in Fig. 3. A superlattice with a constant period of

20 A is grown. The duty cycle of the Al in each period is
varied in the desired fashion, say parabolic, by computer
control of the Al oven shutter in the MBE machine. The
carrier “'sees’ an average Al mole fraction, in effect an ana-
log alloy. Using the fact that the band gap of Al,Ga, _yAs
has a nearly linear relationship with the Al mole fraction
over a large range of X values (0-—0.45), the result is a grad-
ed band gap directly proportional to the graded alloy compo-
sition. To synthesize a uniformly quasidoped semiconductor
with a carrier density of ~2X 10" cm~* would require a
2000 A-wide parabolic well in which the Al mole fraction
went quadratically from zero at the center to 0.2 at the
edges.' An abrupt increase in the mole fraction from 0.2 to
0.3 at the edges further provides a square well like confine-
ment when the parabolic well is exactly filled or overfilled.
All samples in this study were grown in a Varian Gen Il
MBE machine. on mechanical-grade LEC semi-insulating/
heavily N-doped (001) GaAs substrates, at a nominal sub-
strate temperature of 580°C. The alloy composition was
nominally 309 Al. All lower alloy compositions (X <0.3),
whether constant or continuously graded, were synthesized

[y
Z

0 z i
F [/ ¢
Average Al mole fraction —.-

z 20A

POH.‘

F1G. 3. Digital alloy used to realize purabolic potential well. Duty cycle of
Al, (Ga,, - As in superiuttices varies parabolically from well center 1o edges.
resulting in parabolic variation of average Al mole fraction X. and energy
band edge. L\, is typically between 2000 and 5000 A.
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by chopping between the Al,,Ga,;As and GaAs in the I

manner explained above.

A. Parabolic quantum wells as a means of graded profile
testing

To experimentally verify that the digital alloy technique
does indeed work like an anslog alloy, parabolic quantum
wells were grown using this technique, and optically tested
through photoluminescence excitation spectroscopy.” Har-
monic oscillator like exciton transitions expected to be seen
in such a spectrum are shown in Fig. 4(a). a4 indicates a
transition from the ath electron state in the conduction band
parabolic well to the nth heavy hole state in the valence band
parabolic well. a/ is similarly the transition to the corre-
sponding nth light hole state. Off-diagonal transitions hav-
ing An =2 (e.g, 13k) are also predicted. An excitation
spectrum for a MQW sample consisting of 10 undoped 520
A-wide parabolic quantum wells (with X going from O at the
center to 0.3 at the edges) is shown in Fiz. 4(b). Detection
was 8057 A, the position of the heavy hole free exciton in the
photoluminescence spectrum (shown in the inset). The la-
beled peaks in the excitation spectrum reflect the harmonic
oscillator like transitions between electron and hole states.
Experimentally deduced energy ladder spacings are 25.2
meV for electrons, and 10.5 meV for heavy holes, which are
in reasonable agreement with values calculated for ideal har-
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FIG. 4. (3a) Harmonic-oscillator (HO)-like exciton transitions allowed
between clectron states in the conduction band and hole states in the vaience
band. Transitions are allowedfor 4» = 0, 2. {b) Photoluminescence excita-
tion spectrum of ten 520 A-wide parabolic quantum wetls. refiecting HO-
like nature of the conduction and valence band parabolic wells. Exciton
transitions lubeled. Detection at 8057 A. the heavy-hole exciton in the PL
spectrum. shown in inset. Also shown are the measured and calculated HO
energy-ladder spacings for the electrons.
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monic oscillators in the conduction and valence bands (27.6
meV for electrons, and 8.7 meV for heavy holes). This effec-
tively confirms the viability of the digital alloy technique.

The shape of the graded alioy can also be measured by
monitoring the variation with time of the collector curreat of
beam flux monitor in the growth position, in a calibration
run immediately prior to actual growth, and then integrating
this current with time.'" Such measurements also confirm
the possibility of making ailoys with controlled grades.

8. Mobility messurements

The principal advantage of quasidoping as opposed to
real doping is the reduced ionized-impurity scattering and
consequent mobility enhancement of the carriers in the for-
mer case. Data supporting this fact are presented below.
Typical Van der Pauw (VdP) mability (parallel to the su-
perlattice layers) and concentration vs temperature for the
3DEG in a 4640 A-wide parabolic well with a curvature
Ny ~6.0% 10°cm ~*is shown in Fig. 5(a). 400 A-wide spac-
er layers were inserted between the well and the doped layers
in the barriers, on either side. Low temperature VdP mobili-
ties as high as 2.5 X 10° cm*/V s have been obtained in some
samples. The mobility vs temperature characteristic of a
sample of n-GaAs bulk doped to 6.2 10" ecm™" is also
shown for comparison. The superior mobility of the quasi
IDEG as opposed to the real IDEG is clear, especially at low
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FIG. 5. (a) Mobility 4 and sheet electron concentration V, vs temperature
T for 4640 A-wide parabolic weil (¥, = 6 10** cm ") shown in inser. u
vs T fora 6.2 10"’ cm ~* bulk-doped 2-GaAs also shown for comparison
(Ref. 11). Note higher mobility of 3DEG in parabolic well, especially at
lower temperatures. (b) 4 vs N, for 2000 A-wide well (inset) at 7= 10 K.
4 decreases as N - "™, Numbers in brackets along the horizontal axis indi-
cate fraction of well fiiled at umiform density in cisssical limit. Alloy-disor-
der-scattering-limited mobility calculated in one subband limit, assuming a
uniform (classical) electron distribution, aiso shown. Two and five sub-
bands, respactively, are occupied (in the limit of 0 K) at the minimum and
maximem messured V..
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temnperatures where the reduced ionized-impurity scattering
of the electrons in the modulation-doped parabolic weil re-
sults in an improvement in mobility over the reai-doped case
by two orders of magnitude.

[t is theoretically expected. and experimentally con-
firmed on identical sampies," that the electrons are distribut-
ed uniformly (at the quasidoping density .V, ) about the cen-
ter of the parabolic well. In the limit of 0 K, additional
electrons introduced into the well are added to the periphery
of this starting distribution at 2 uniform 3D density. By con-
trolled pulsing of a red LED on the sample and using the
persistent photoconductivity (PPC) effect to empty DX
centers in the doped Al, ; Ga,, ; As barriers, the total number
of electrons N, per unit area introduced into the well can be
increased and the variation of mobility u of the IDEG with
the integrated electron sheet concentration per unit area .V,
in the parabolic well, is obtained in Fig. 5(b), for a 2000 A-
wide parabolic well (N, ~2.2% 10" cm ~*) with 200 A-
wide spacer layers on either side. A strong decrease of u with
N, is observed:

paN 7 (nH

where y~0.76. Mobility decreases from ~9.4% 10° cm®/
Vs at the 2D density ¥, ~ 1.55% 10" em~* (w, ~35% of
the 2000 A-wide parabolic well full at the uniform density
Ng~22x10" cem~™') to 596x10° cm’/Vs at
N, ~329x10" cm™? (w, ~75% of the well filled at the
same 3D density). There appears to be a peak in the mobil-
ity, 9.6 X 10" cm*/V s, when the well is about 37% full, and a
steeper decrease to 4.58 X 10° cm*/V s when the filling per-
centage is increased from ~ 75% to 82%. The well was satu-
rated at this point and no more carriers could be added.

The strong decrease of mobility with concentration is a
signature of the scattering mechanisms at work. Inasmuch
as the effective spacer width is in excess of 200 A when the
well is partially filled (it is 200 A when the well is exactly full
or overfull), ionized impurity scattering is not expected to be
the mobility limiting scattering mechanism. Alloy-disorder
scattering and interface roughness scattering are expected to
be the dominating scattering mechanisms for the 3DEG ina
digital alloy.

A rigorous quantitative treatment of the ailoy-disorder
scattering in a 3IDEG is complicated by the fact that as the
well is filled, the electron wave functions penetrate into re-
gions with greater Al mole fraction, consequently suffering
from enhanced scattering. Added to this is the occupation of
more and more subbands as the well is filled ( with an atten-
dant flattening of the parabolic well at constant Fermi ener-
gy) and the corresponding onset of the intersubband scatter-
ing terms. It is calculated that the 35% filling fraction (as
cooled in the dark ) corresponds to two subbands being occu-
pied, while the 75% fraction corresponds to the occupation
of four subbands. The exactly full 2000 A-wide parabolic
well has five occupied subbands. The strong decrease of mo-
bility when the filling fraction is increased from 75% to 82%
is probably due to the onset of the occupation of the fifth
subband and the onset of new intersubband scattering terms.

The alloy-disorder-scattering-limited mobility u vs .V,
of the 3DEG, calculated assuming one occupied subband
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and s uniform electron distribution, is also shown in the
figure.

If we use the expression'*

1 - m*X(l - DY)
T sty #

lﬂﬁ;y (2)

for the alloy-disorder scattering relaxation time in a random
alloy, where X is the average mole fraction composition of
the ternary alloy, (V') is the alloy disorder scattering param-
eter, 12 is the unit cell volume, m* the electron effective mass,
# the reduced Planck’s constant, and 7,,,,, is given, for elec-
trons occupying the lowest subband [with wave function
¥,(2) within the alloy], by

l:dlny ’f I"'u(Z)Isz 3

then using an average value for X in the parabolic well
(= Xy /3) we estimate the alloy-disorder scattering mo-
bility limit for a 2000 A-wide parabolic well that is exactly
filled to ~4.4X 10'' cm ™3, all of these occupying the lowest
subband, to be ~1.5% 10* cm*/V s. This estimate is ob-
tained from the calculated mobility limit for the same elec-
tron sheet concentration in the InP/In,, s, Ga,, ., As 2DEG
system'® after appropriate scaling of parameters between
InGaAs and AlGaAs (these being m* = 0.067, X = 0.2/3,
Q =44a) wherea, = 5.66 A, (V) = 1 eV, for the AlGaAs
alloy; and m* = 0.047, X = 0.47, N = 4 g} wherea, = 5.87
A, (V) = 0.6 eV, for the InGaAs alloy). The measured mo-
bility for the nearly filled well case is ~60% lower than this
theoretical value. It is reasonable to attribute this lower mo-
bility to the fact that the carriers occupy four subbands in-
stead of one, with the attendant increase in both intersub-
band and intrasubband alloy-disorder scattering terms. It is
interesting to note that assuming strict electron confinement
to 35% of the well as cooled in the dark, the alloy-disorder-
scattering-limited mobility (again assuming lowest subband
occupancy) increases to ~ 1.5X 10° cm®/V s. While a part
of this increase (a factor of about 2) from the filled well
value, is due to the lower electron sheet concentration vV,
the main increase (a factor of 5) is due 1o the reduced aver-
-age alloy composition, X, that the electron sees. But the as-
sumption that the electrons are precisely confined to 35% of
the width about the center of the well is not strictly valid.
The wave functions penetrate beyond this width into the
regions of higher Al mole fraction, resulting in lower mobil-
ity. This is especially so for the second subband which is also
occupied at this filling fraction. Allowing a factor of 2 in-
crease in the mobility, rather than 5, as a resultant of the
reduced average X, and a 30% mobility reduction from the
intersubband scattering when the second subband is just oc-
cupied,'® gives 4 X 10* cm*/V s as a reasonable estimate for
the maximum alloy-disorder-scattering-limited mobility
that the above 3DEG will have when cooled in the dark and
when its three-dimensionality condition is barely satisfied,
i.e., at least two subbands are occupied.

Care is in order in interpreting the results of they vs NV,
experiment performed in the manner described above. The
center of the 3DEG may not coincide with the center of the
alloy parabola, to begin with. This could be due to donor
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diffusion or an unequal incorporation of deep compensating
impurities in the barrier layers below and above the parabol-
ic well, unequal depletion from surface and substrate, and
incomplete activation and unequal compensation of donor
atoms on the two sides. Flashing a LED may cause the well
to fill more from one side than the other, causing a further
shift in the 3DEG distriburion. The beauty of the quasidop-
ing technique is that the 3IDEG is uniform in all these cases
since it only requires the presence of a parabolic potential.
Thecalculations above for the alloy-disorder-scattering-lim-
ited mobility are valid for a 3DEG located symmetrically
about the alloy parabola center. A shift in the center will
cause a decrease in this mobility. Our conclusions about the
4 vs N, behavior still stand though.

Interface roughness scattering is the other important
scattering mechanism in digital alloys. Monolayer fluctu-
ations in component layer thicknesses and/or layer positions
in the superlattice cause fluctuations in the quantized ener-
gies which in turn results in a scattering potential propor-
tional to the perturbation. The roughness-scattering limited
mobility 4, can be written as™

==e(r,)<z 1 g(A)

, 4)
m* (V/_u)z AZ (

K,

where u is the mean square deviation of the roughness height
in units of monolayers, A the lateral spatial decay rate of the
roughness, ¥, the quantized energy perturbation per mono-
layer caused by the roughness, and g a function of A, electron
sheet concentration N,, and temperature T.

For the lowest subband in the parabolic well, the largest
fluctuation in quantized energy arises from roughness at the
well center. Experimentally too this is perhaps the region of
maximum roughness because of monolayer fluctuations in
the very short Al puises here. By first order perturbation
theory, we get ¥, to be equal to (2/L,. ) Az ¥, for an exactly
filled parabolic well (and therefore a square well as seen by
the individual electron). and (1/L 4, v7) A2 ¥, for a nearly
empty parabolic well, where Az is the small roughness. ¥/, its
potential height. L . the width of the well, and L \, the natu-
ral unit of length of the harmonic oscillator ( ~ 140 A for a
parabolic well with a curvature of ~2.2X 10" cm~*). For
the above 2000 A-wide well. and for one monolayer
Al  Ga, ; As fluctuations at the digital alloy center, the [ow-
est subband energy perturbations are respectively ~0.7 meV
for the filled well. and ~ 2.7 meV for the nearly empty well.
Taking u = 0.2and A = 120 A (fitting parameters deduced
for 1 monolayer AlAs roughness in Ref. 14) and scaling the
results for u, vs .V, calculated in Ref. 14, we arrive at rough-
ness-scattering limited mobility values of ~4.6X 10’ cm?*/
V s for the nearly filled well, and 1.4 X 10® cm®/V s for the
nearly empty well. Once again these estimates, especially for
the filled well case, shouid be further reduced by the occupa-
tion of several subbands. Even with this reduction, a much
larger roughness than one monolayer and/or one naionolayer
roughness at several spots in the well would be required to
account for our substantially lower measured mobility val-
ues for these two cases. Both these hypotheses, the uncon-
trolled insertion of a thick layer of AlIGaAs at a single spot or
several single monolayers at random spots, appear unrea-
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sonable, given the current state of MBE technology. At any
rate, the estimates for the alloy-disorder-scattering-limited
mobilities for the two instances are closer to the measured
values and attest to the dominance of ailoy scattering as the
mobility limiting scattering mechanism.

C. Capacitance-voitage (CV) profiling

CV profiling is a simple, quick, and powerful method to
experimentally measure carrier distributions in semiconduc-
tors. It can, besides, be done at room temperature. We have
successfully extended this technique to the study of quasi-
doped semiconductors.

It is well known that what the C¥ profiling measures is
not the true carrier profile, but an apparent profile that is a
smeared-out version of the true profile, the smearing occur-
ing over the order of a few Debye lengths. Only in a uniform-
ly doped semiconductor are the two profiles identical. Sec-
ondly, the graded heterojunction itself being leaky it is
difficult to extract the true capacitance from the measured
value. It is therefore preferable to use the depletion region of
an adjacent Schottky barrier'* to sweep through the carriers
in the parabolic well, and measure capacitance vs voltage
between gate and heavily doped substrate. Thirdly, inas-
much as it is impossible to deconvolve the true carrier profile
from the measured apparent profile, a computer simulation
of the CV profiling process is necessary to reconstruct the
apparent profile. Measured and simulated apparent profiles
are then compared and an optimum fit obtained by appropri-
ate changes to the design parameters. Fourthly, the changes
required to obtain a good fit can yield valuabie information
to optimize design and growth parameters.

Computer simulated profiles of the true, N(2), and ap-
parent, N¢, (2) (the profile that would be obtained ina CV
measurement), electron distributions for the nominally
2000 A-wide parabolic well with a curvature ~2.2X 10"
cm™’, at room temperature, as also the doping profile
Np (2) (graphically illustrating the fact that only the bar-
riers of the parabolic weil are doped) and the Al mole frac-
tion profile X ,, (2), are shown in Figs. 6(a) through 6(d).
Inset in Fig. 6(e) shows the CV measurement schematic.
Details of these calculation procedures will be presented
eisewhere. Two features are manifest: the true electron dis-
tribution in the well is nearly uniform at the quasidoping
value as expected, and the apparent profile, though mostly
uniform, shows the asymmetry expected in profiling
through back to back GaAs/Al,Ga, _ ; As heterojunctions.

Figure 6(e) shows the measured apparent profile of an
actual parabolic well nominally designed to be the same as
the one for which the simulations in Fig. 6 were done. and
grown on a heavily n ~ -doped GaAs substrate. Alsoshown is
the optimum computer-reconstructed fit, and the corre-
sponding true electron distribution calculated for this fit.
Though a reasonably good fit, especially in the top half of the
well, could be obtained to the apparent profile of a purely
parabolic well (the curvature being the only design param-
eter varied), introduction of a negative sheet charge of

~ 7% 10" cm =2 at the lower interface (towards the sub-
strate side), gave the best fit. Silicon or oxygen segregation at
the lower interface'® is the most reasonable explanation for
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FIG. 6. (a) Al mole fraction X, (2), (b) assumed real doping profile
¥ (2). (c) computer-simulsted true electron distribution .V(2) at 300 K,
and (d) computer-simulated apparent ( CV) electron profie V- (2) at 300
K. for 2 modulation-doped 2000 A-wide parsbolic weil that is located
between 0.5 and 0.7 um below surface. Note asymmetry predicted for elec-
tron C¥ protile. (¢) Experimentally measured C¥ protile for a similar para-
bolic weil (inset shows nominal design and messurement schematic), and
reconstructed fit. Also shown are the caiculated true electron profile and
the assumed doping profile. The presence of a negative sheet charge
~ = 7% 10" cm ~* is deduced. and attributed to doping asymmetries in the
MBE growth of the structure. Note uniformity of true electron profile de-
spite this doping asymmetry.

the origin of this interface charge. Improved growth tech-
niques incorporating superlattice spacer layers and lower
growth temperatures of the Si-doped AlGaAs layers should
remove this discrepancy. Further details of this optimizing
procedure will be presented elsewhere. Despite the doping
asymmetry, note that the true electron distribution that was
deduced from the measurement is uniform at the quasidop-
ing density ¥, over most of the well, again illustrating the
strong predominance of V,, in determining the electron pro-
file, and the relative tolerance of the technique to doping
variations in the barrier layers. The data demonstrate that
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uniform doping pro@les can be achieved in quasidoped semi-
conductors.

. CONCLUSIONS

Quasidoping of semiconductors was achieved for the
first time using the digital alloy technique in the GaAs/AlAs
system. A uniform three-dimensional electron gas (3JDEG)
was realized through remote doping of a shallow parabolic
potential well. These gases exhibit high mobilities at low
temperatures. Mobility measurements and first-order esti-
mates of the same, appear to indicate the dominance of alloy-
disorder scattering as the mobility-limiting mechanism in
these structures. The evidence from the mobility vs electron
sheet concentration is especially striking.

Capacitance~voltage (CV) profiling of quasidoped
semiconductors has been accomplished for the first time,
and preliminary results are presented. Measured room tem-
perature electron profiles in a remotely doped wide parabol-
ic well point to a uniform true electron distribution.

A rigorous model for alloy-disorder scattering that
takes into account both intrasubband and intersubband scat-
tering when several subbands are occupied, obviously needs
to be developed. This is especially important in light of the
fact that this is likely to be the mobility limiting scattering
mechanism in digital alloys. The technology of MBE seemns
to be sufficiently advanced in growing smooth interfaces,
that interface roughness scattering does not limit the mobil-
ity, at least for sufficiently shallow grades. Experimental and
theoretical studies need to be done. Efforts in this direction
are underway.

The CV profiling appears to be a powerful tool to mea-
sure deviations from the design alloy grading, as also devia-
tions in the real-dopant distribution. Optimization of growth
parameters are suggested. Preliminary studies show promis-
ing results.
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