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A) MAGNETICALLY TUNABLE SOURCES

Summary

Landau emission has been investigated in several semiconduc-

tors. A useful source for spectroscopic investigations based

on bulk GaAs with a resolution below 1 cm - has been developed

in the spectral range 20 - 120 cm- 1. New promising concepts

for tunable sources have been demonstrated recently: A signi-

ficant line narrowing of the Landau emission was observed

* from InSb under the presence of hydrostatic pressure above

8 kbar. For the first time tunable emission from spin-flip

transitions in uniaxially stressed InSb was observed. Line-

widths in the order of 0.2 cm-1 are found which opens the

potential for high resolution spectroscopy with magnetically

tunable sources.

A.1. LANDAU EMISSION

Tunable emission between Landau levels has been observed in

several semiconductors /l/. A detailed study of the emission
spectrum excited by electrical current heating has been per-

formed in InSb and GaAs. From a source aspect GaAs turns out

to be the more favourable candidate since linewidths below

1 cm 1 and intensities comparable with those in InSb in the

order of 10- 8 to 10- 7 W/cm2cm- 1 have been achieved.

A typical emission spectrum with a resolution of 0.25 cm-

from a high purity GaAs sample for different bias electric

fields is shown in figure 1. The spectrum is obtained by

tuning the emission line through one of the narrow lines of

the GaAs detector in a magnetic field. At low electric fields

(below 15 V/cm) the spectrum consists only of one narrow line

due to transitions between the n = 1 and the n = 0 Landau levels.

i I I "~I "
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With increasing field additional lines due to transitions bet-

ween higher levels (n = 2 to n = 1, n = 3 to n = 2) appear.

The splitting of the lines is a consequence of nonparabolicity

and polaron effects as it has been demonstrated by Lindemann et

al. /2/. For source applications only the spectrum with the

single line (lowest field) can be used which limits the usable

intensities to a factor of 5 below the maximum values.

An example of a spectroscopic application with a tunable

GaAs-source with a linewidth of 0.75 cm-1 is shown in figure 2.

The photoresponse of a GaAs sample at 32 cm in a magnetic

field is plotted in comparison with the result of an analysis

with a high resolution Fourier Transform Spectrometer (FTS).

The 3 apparent lines are due to central cell splittings of

-different shallow impurity species /3/. The lines are well-

resolved with the FTS and at the edge of resolution with the

GaAs source.

However this example demonstrates that Landau emission sources

can be used for spectroscopy with resolution down to I cm 1 .

Especially in the area of detector testing they provide a

very practical tool. In addition, the fact that the line-

width is proportional to the square root of the total ionized

impurity content enables the determination of doping levels

by analysing the emission spectrum, which is of significant

interest for material growth /4/.

A.2. InSb WITH HYDROSTATIC PRESSURE

New impact has come to the field by the application of hydro-

static pressure to n-InSb /5/. From conductivity and photo-

response measurements it was found that the active ionized

impurity concentration can be reduced above certain pressure

levels. As a consequence a line narrowing for Landau emission

is expected. An emission experiment performed for different

values of hydrostatic pressure is shown in figure 3 /6/. The

photosignal of a GaAs detector at 2.OT is plotted as a func-
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tion of the InSb emitter magnetic field. The positions of the

detector lines in terms of frequencies can be found from

figure 4 by drawing a horizontal line at 2.OT. The emission

spectrum consists of two lines due to transitions between

the two lowest Landau levels for different spin orientations.

The individual linewidth is determined by a curve fitting pro-

cedure. The result is shown in the insert of figure 3. A dras-

tic line-narrowing with increasing pressure by about a factor

of two is observed. This demonstrates that the source proper-

ties of InSb can be improved. It is interesting to note that

the obtained linewidth is lowered to values which cannot be

explained with the residual shallow impurities. This means

that the dominant impurity scattering process must be changed

with pressure.

A.3. SPIN FLIP EMISSION FROM UNIAXIALLY STRESSED InSb

Under certain circumstances spin resonance (SR) transitions,

which involve a change in the spin state of the electrons

(spin flip) can be excited by electric dipol radiation. The

matrix elements of these in principle forbidden transitions

are increased by two reasons: 1. A mixing of electronic states

by the interaction of different energy bands especially im-

portant in narrow gap semiconductors /7/.

2. The lack of inversion symmetry /8/. In the presence of

uniaxial stress the inversion asymmetry is increased leading

to a strong mixing of different spin states connected with

a strong enhancement of the matrix elements /9/.

In narrow gap semiconductors without uniaxial stress the

first mechanism dominates /10/ and combined resonances and

SR resonances have been investigated in detail in HgCdTe /11/

and InSb /10,12,13/. Three narrow lines were observed in SR

experiments in InSb. The central line could be identified

4I
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as the free-carrier SR transition, the other lines as SR

transitions involving electrons localized at impurities.

The corresponding impurity transition could not be assigned

unambiguously up to now.

Uniaxial stress was shown to enhance the matrix elements

for SR transitions due to a reduction of symmetry by several

orders of magnitude. A strong increase of the photoconducti-

vity signal with uniaxial stress ii [110] was demonstrai

and explained in terms of a sixband model /9/. In the llow-

ing this work was extended to other crystallographic d -ec-

tions and coupling parameters for the matrix elements

determined /14,15/.

The enhancement of the matrixelement due to uniaxial stress

provides the basis for the observation and the analysis of

SR emission spectra. The emitted radiation is analyzed in

the wavenumber range between 33 and 70 cm 1 with a resolution

of 0.25 cm- 1 using a GaAs detector in a magnetic field. SR

emission intensities are determined from a comparison with

CR emission intensities and the emission linewidth is measured

as a function of frequency and applied electric field. In

addition to the free electron SR transitions (0-- 0+ ) SR tran-

sitions connected with the first Landau level were observed.

The InSb sample was glued at two opposite points on a brass
ring. The uniaxial stress is simply applied due to the differ-

ent thermal expansion coefficients of InSb and brass when the

sample is immersed in liquid He /16/. The stress is estimated

to amount about 4 Kbar. The orientation of the sample was

[110] in stress direction and [112] parallel to the magnetic

field. The characteristics of the InSb sample used in this

investigations are: n = 1 x 014 cm- 3 , 6.5 x 105cm2 /Vs.

Voltage pulses are applied to the emitter and electrons are

heated up to occupy high energy states.
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Characteristic eiEuission spectra at three different resonant

. energies of the detector are shown in figure 5. The individual

spectra at a certain frequency differ in the applied electric

field which is indicated for each spectrum. All curves are

normalized and the corresponding factors are given. The ab-

solute intensity is determined by a comparison of the SR

emission signal with the well known CR emission signal at

a frequency of 36 cm 1 . The ratio of the spectral intensity

between CR emission and SR emission amounts approximately

40 yielding an absolutespectral intensity of a few times of

10 8 W/cm2 cm - . The emission intensity depends on the number

of electrons in the 0 Landau level, which decreases with in-

creasing magnetic field for a given electron distribution.

This reduction of the emission intensity as well as the de-

crease in the detector sensitivity with increasing energy

limits the spectral region of the investigation, to energies

smaller than 9 meV. The low energy limit of the investiga-

tions is determined by the lack of an appropriate narrowband

detector line at energies smaller than 4.1 meV.

Summarizing, narrowband FIR emission has been observed and

analysed in uniaxial stressed InSb and has been explained

by spin flip emission. The features of this radiation are

an extremely small linewidth and a weak intensity which can

be still improved to our opinion. An application of this

FIR emission as a source for high resolution spectroscopy

seems possible.

Landau emission has been and still is a candidate of atten-

tion for a narrowband tunable and coherent source. Some

concepts including resonant 2 photon pumping across the

gap and tunnel injection have not been tried extensively.

A mechanism which predicts population inversion by electrical

exitation is the streaming motion of carriers in crossed

fields /17/.



B) VOLTAGE TUNABLE SOURCES

Summary

For the realization of voltage tunable sources based on the

voltage tunable electron density in MOS-devices, three possible

mechanisms were investigated: The radiative recombination bet-

ween electric subbands, between minigaps induced by tilted inter-

faces in respect to the main cristallographic directions and the

radiative decay of two-dimensional plasma-oscillations via perio-

dic grating structures.

The radiative recombination between electric subbands /18/ is

-limited in the total intensity to about 10- 11W,since the radia-

tion is emitted parallel to the Si/SiO 2-interface which results

in a small effective area of radiation. In addition the ratio

of narrow-band emission to the broadband background is determined

completely by intrinsic physical parameters, the radiative tran-

sition probability given by the dipole moment of the subband

wavefunctions /19/and the dynamical conductivity which limits

the broadband continuum optical properties of the system. This

latter argument also applies for the minigap emission /20/although

the emission from tilted surfaces reaches higher emission inten-

sities (up to some 1- 10 W/cm2 cm 1 . For these reasons the main in-

terest was concentrated on the radiative decay of two-dimensio-

nal plasmons via periodic grating structures. In these devices

the emission intensities can be increased to values over 10- 8

W/cm 2cm-  and the ratio of narrow-band signal to background

can be determined by external parameters of the grating coupler.

The background can be suppressed by choosing theright parameters

for the grating design.

The following scopes of the research were given in the proposal:

- Theoretical understanding of: plasmon excitation

linewidth

intensity and radiative decay

.........................................-
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- Experimental optimization in: frequency tunability
linewidth

! emitted power

- Applications: Source fo. ipectroscopy

Detector testing

Reference source in FIR astronomy

- Investigation on the possibility of coherent emission

The theoretical and experimental work could clear up the mecha-

nisms of plasmon excitation as a thermal process resulting from

the different scattering mechanisms of the heated electron system.

The emission experiments can be quantitatively explained by the

model of plasmon excitation in thermal equilibrium /21/.The in-

fluence of all parameters appearing in the system, namely elec-

tron concentration ns, elastic scattering time Tm, electron

temperature Te , grating parameters a, t (period a and spacing t),

effective mass m* and oxid thickness as well as the dielectric

properties of the surrounding media on the emission linewidths

and intensities were studied experimentally and theoretically.

Thus the main goal of the project - to determine the require-

ments for applicable sources - could be reached. With the known

* intensities also the two other applications (detector testing

and use as a reference source) could be demonstrated.

,I The possibility of coherent emission is discussed theoretically

and is expected to be realized experimentally in the near future

I since the requirements on electron mobility and sample homo-

geneityare presently going to be met by world's best existing

technologies for GaAs/AlGaAs heterostructures. In addition to

the given aims of the project plasmon emission from GaAs/AlGaAs-

structures coild be demonstrated for the first time. Furthermore

the background emission from Si-MOSFET samples was quantitatively

measured and used for determining electron temperatures in two-

dimensional systems.

I ,
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B.1. THEORY

B.1.1. Optical properties of 2D-systems

The optical properties of a two-dimensional carrier system as

present in Si-MOS-devices and GaAs-AlGaAs-heterostructures can

be obtained from the boundary conditions for electric and magne-

tic field componants:

EI +ER = and n x (I+ HR HT ) =

(I ... incident, R ... reflected, T ... transmitted, n ... normal

vector, j ... sheet current density).

Using j =(w)ET (G(w) ... dynamical conductivity of the 2D-system

one obtains for the absorption A

4ReF where F = (o(w) + Gate (W))/cEO
[1 + /Is + F2 and E is the dielectric constant

of the semiconductor substrate.

The dynamical conductivity G(w) is well approximated by the Drude

form
ns2

C(w) = __ __ __ __

m*(1 - ir)

as it has been shown by FIR and microwave transmission experi-

ments by Allen et al. /22/. In the case of a not spatially homo-

geneous system, however, the dynamical conductivity has to be

modified into a(w, k), which will give rise to two-dimensional

plasmon phenomena.

B.1.2. The dynamical conductivity a(w, k) in two dimensions

The dynamical conductivity a(w, k) as a function of frequency

and wave vector can be calculated from the response of a 2D-

electron system to an external electric field E(w, k) =
_% A( i(kx-t The 2D-system is screened by a metallic
E 0(w, kMeTe2% 0

jq
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gate at distance d. Solving Poisson equation in conjunction with

the continuity equation gives in the electrostatic limit /23/

8(, k) =

M(w) k
iW 0 o(Cs + Coxcoth(k. d))

Figure 6 shows a(W, k) and 8(w) for two values of T and typical

numerical values of Si-MOS-inversion layers. The k-value chosen

is 2- 1 06m-1 corresponding to a period of a = 3 4m (k = 2r/a).
A~ 12 -1The resonance of a(w, k) at w,,7 •10 s is the two-dimensional

plasmon. The dispersion relation of the 2D-plasmon can be ob-

tained explicitly from a(w, k) with T f

~2= nse2  k____

m* c 5 + CEoCth(k'd)

2

Thus w is proportional to k and the electronic concentration n

as shown in Fig. 7. Furthermore for small distances of the gate

electrode the plasron is screened and w is shifted to lower

frequencies. At k = 0 (corresponding to a homogeneous electric

field) the plasma frequency is zero. No plasmons can therefore

be excited in a two-dimensional system by a plane homogeneous

electromagnetic wave.

B.1.3. Coupling plasmon - photon

Plasmons w(k) can be excited by an incident electromagnetic

wave, if the electric field component in the plane of the

2D-system is spatially modulated with Fourier components i.

This is experimentally verified by using a FIR-transparent

gate-electrode (e.g.:50 A Ti) with a one-dimensional line-

grating of metallic conductivity on top (e.g.: 1000 X Al)

Aq



- 12 -

- 2.10~100-S
C 100)-Stl

o d..14004 ~

V 4 1 * Jns-5.1012 an-2 /

0 1 1k / a-3.012cm-2

ng-1. 10 1 2 cm-2

0 d-6000 A
0 1 0 dm1000 A

FREQUENCY t& 112 -1) 0 105W (10 sk Ccul21

Fig.6: Dynamical conductivities &(w) Fig.7: Dispersion relation of
and 6(w,k) as a function of the two-dimensional
frequency for two values of plasmon in (100)-Si for
T ( - T= 0.5xl10 12 s, typical values of the
--- T= 1x10-1 2 s).. carrier concentration and

oxide thickness.

Fig.8: Scanning electron micro-
scopy of a 1.5 p~m periodic
grating structure. Photo-
resist structure (above)
and final floated Al-I structure (below).

4



-13-

with the proper periodicities (1 - 3 am). Thus the spatially

periodic electric field drives currents in the 2D-system due

to the high dynamical conductivity G(w, k), leading to increased

absorption of FIR radiation.

In the particle picture of incident photon and excited plasmon,

the grating exchanges the momentum hk = n2T/a (a ... grating

periodicity) so that momentum conservation is fulfilled if

h - kphoton* siny ± 2n/a = h kplasmon*

Since in the FIR-range kphoton < kplasmon, the coupling

condition turns to

hkplasmon = n2 /a

The strength of the absorption, quantitatively, depends on the

strength of the Fourier components of the electric field at

the 2D-system, at the distance d off the grating, which has

a periodicity a and spacings of length t. The electrodynamic

calculations of the Fourier-components were performed in the

linear approximation by Allen et al. /24/and Theis et al. /25/

resulting in a ratio of the Fourier components with wave vector

kn to the incident wave-field (squared)

2 sin2(knt/2 ) aM - aG 2 coth 2(knd)- 1
On = ( 2  M G I "_ _

(knt/2) 2 + aG(a/t - 1) [es/o x + coth(knd)]2

(aM' aG ... sheet conductivities of metal grating and gate, res-

pectively). The absorption of the system thus is given by

Rea(w) G ReG(w, k ) 4
A(M = - + E a n "2

AC n=1 n C (/W' ) 2

which has been confirmed quantitatively by the experiments of

Allen et al. /24/and Theis et al. /25/.
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B.1.4. Far-infrared emission

In the following the FIR emission from a 2D-system in which

electrons and plasmons are in thermodynamic equilibrium is

calculated.

The conditions for a thermodynamic equilibrium in the system

are the following:

- Electron temperature: The inelastic electron-electron

scattering processes in the system must be much faster

than the electron-phonon scattering dissipating energy

out of the 2D electron system. This condition is well ful-

filled in Si-MOS-systems at low temperatures so that one

can use the electron temperature model for describing the

energy distribution of the electrons in the electric field:

Tin ' 1 1 s, Te 10-s /26,27/.

- Electron-plasmon interaction: There is no direct excitation

of one electron to one plasmon, since the 2D plasmon dis-

persion w(k) does not cross the range of possible excita-

tions by single particles given by

0 £ hw ' h2 [k - (kF - k) 2]/2m*

In the various scattering mechanisms present in the 2D-system

(Coulomb-, electron-electron-, surface-roughness, even

acoustic-phonon-scattering), the momenta are exchanged pro-

perly allowing the excitation of plasmons by an inelastic

scattering process /28/. If these plasmon excitation and anni-

hilation processes are much faster than the dissipative

processes (radiative decay, plasmon-phonon-scattering), then

thermodynamic equilibrium will also exist for the collective

excitation. The amount of the plasmon excitation in a hot

electron system will thus be given by the appropriate quan-

tum statistics /21/.

In the course ot the project it could be shown that also the

second condition is fulfilled in Si-MOS-structures and thus
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the plasmon excitation can be quantitatively described by a

THERMAL excitation model /21/.

The spectral intensity of FIR-emission from a system in thermal

equilibrium is given by

3

I(w, T)dw =4r 3 "c2[eh/kBT - IJ A(w)dw

(I(w, T) ... spectral emission intensity per solid angle per

unit area, A(w) ... spectral absorptivity).

Regarding only the first Fourier component A(w) is given by

Re5(w) Rea(w, k) 4
A(M) C- + 2

C cC (/C +  )

0 05

Thus the FIR emission consists of two parts, a broadband spec-

trum from hot-electron emission described by 8(w) and a narrow-

band peak from the radiative decay of two-dimensional plasmons

8(w, k)).

The narrowband peak should increase with

- increasing electron concentration ns
- increasing lifetime Tplasmon

- increasing electron temperature

- increasing coupling parameter a.

In our experiments all these dependencies including the line-

width behaviour were studied systematically and could prove

the theoretical models. Some numerical data for strong FIR

sources will be given in section B.3.1.

-Ai



B.2. EXPERIMENTS

B.2.1. Technological

Starting-point for the production of plasmon emission devices

were large Si-MOSFETs on (100)-Si-surfaces (gate area

2.5 x 2.5 mm2 ), produced at Bell Laboratories, Murray Hill,

NJ, by G. Kamminsky. The oxide thickness of the samples is

between 1000 and 6000 A, the peak mobilities are between

5000 and 15000 cm2/Vs.

The aim was the fabrication of high quality metal gratings

with periodicities of 5 Am, 3 Am and smaller periods on an

area of at least 1.5 x 1.5 mm2 . The lines were first cut out

of a "Rubilith"-foil (two layer foil) as 1 mm/1 mm structures

by a computer-controlled "coragraph" cutting machine using

a loop program.

Then the foil was reduced 40 times (5 Am-grating) and 66 times

(3 m) by photographing it on a gelatine mask (KODAK HR plates).

The mask was then copied on an Fe2 03-mask covered with 0.2 -

0.3 Am AZ 1300 photo-resist. The Fe2 03-mask was etched and

afterwards reduced to the final Fe2 03-mask by microprojection

with a fixed reduction factor of 10. The results of these pro-

cedures were masks with grating-periodicities of 5 Am on an
2 2area of 1.75 x 1.75 mm2 and 3 Am on an area of 1.05 x 1.05 mm

Different ratios of the grating-width to spacing were obtained

by varying the exposing times of the microprojection. The

Au-Gate of the MOS was etched away (using 400g KI, 100g 121

400mi H20) so that only the transparent Ti-Gate remains.

After careful cleaning (hot Tri, Aceton, Methanol) the Ti-

surface is treated shortly with HMDS (= 1,1,1,3,3,3 Hexamethyl-

disilazan) which causes a better adhesion of the photoresist.

The samples (Si-MOSFETs and GaAs-AlGaAs-heterostructures)

were coated with Shipley AZ 1350J photoresist of %1.5 Am thick-

ness. After baking at 900C for 20 minutes the photoresist was
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exposed for 8 seconds on the SUss-MJB3-contact lithography

machine. To obtain grating structures on larger areas than

1.05 x 1.05 mm2 (3 m periodicity) the exposing was repeated

up to 4 times using shorter exposing times (6 sec.). It was

possible to fabricate up to 4 nun2 of high quality 3 um-gratings.

The final process was the evaporation of Aluninium (1000 A)
and the lifting-off of the photoresist with the deposited

Aluminium by floating in a bath of Ketone to obtain the Al-

grating-structure on the samples.

The technological work was improved by'using e--beam-exposed

and plasma-etched Cr-masks on quartz (purchased from VALVO,

Germany) with periods of 2 am, 1.5 am and 1.0 um. We could

fabricate Al gratings with 1.5 am - periods on Si-MOSFETs and

GaAs-samples by optical contact lithography and lift-off

metallization. Fig. 8 shows SEM-photographs of samples with

1.5 m- periodic gratings. We also produced samples with

sinusoidall semitransparent metal gratings, without "lifting-

off" the stripes. The emission experiments (plasmon as well

magneto-plasmon studies) demonstrate the possibility of using
"non-lifted", only rectangularly or sinusoidally corrugated

metallic gratings as antennas, which allow smaller grating

constants by holographic methods. The necessarity of lift-

off for a long time limited the production of finer gratings.

In the final periods of the project a holographic exposure

system has been built up in order to make gratings of 0.8 to

0.2 um period /29/. The interfermometri. arrangement for

producing relief patterns is shown in the figure below., A

beam splitter devides the radiation of a HeCd-laser (3250 A,
%10 mW) into two beams that are superimposed at an angle 2 0

to form an interference pattern in the photoresist. The spa-

tial filters consist of 10x quartz UV objective lenses and

3 um pinholes and provide the beam expansion and smoothing of

the intensity profile. The final collimating lenses can be

omitted, since also spherical coherent waves from the pinholes

produce a linear grating pattern in the central region. By

varying 0 the period of the grating can be changed.
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Mirrors Spatial filter
(objective lensHeCd-Laser -+ pinhole )

(3250 A) Beamsplitter + p Substrati

+ photoresil

collimating lens

Fig.9: Experimental arrangement for interferometric exposure
of the photoresist.

B.2.2. FIR-emission experiments

Detectors

For the analysis of the FIR emission high-purity-n-GaAs detec-

tors were used which have a maximum in the photo-conductivity (fig.4)~-1
at v = 35.5 cm due to the ls-2p- impurity transition /30/.

The detectors are tunable with a magnetic field B, which splits

up the transition into three lines, and can be used up to

80 cm-1 . At B = 0 the responsivity of the whole detector arrange-

ment was measured to be 4• 106 V/W at constant ID = 2 -10- 9A,

the noise equivalent power 5• 10- 14 WIT".

Emission set-up

Figure 10 shows the experimental arrangement used for the

emission work. On both ends of a polished brass-waveguide

the emitting MOS device and the detector are mounted. Wave-

guide and sample holders are immersed in liquid helium.

During the experiment the gate voltage is tuned which changes

the electron concentration and thus the frequency of the plas-

mon corresponding to a certain wave vector fixed by the grating

!
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periodicity. Between source and drain pulses of 0.5 to 50 V

are applied (0.1 to 3 ms) in order to heat up the electron

system. The periodic detector signals are measured with Lock-

In-technique. Superconducting coils (up to 8 T) allow plasmon

experiments in the magnetic field Imagneto-plasmon studies)

and tuning of the detector.

Results

Figure 11 shows a typical plot of the detector signal as a

function of the electron concentration for two different values

of the grating wavevector (periodicities 1.5 4m and 3 4m).

Superimposed on the broadband FIR emission (dashed curves) by

hot electron emission (see B.3.4.) a narrowband signal due to

radiative decay of two-dimensional plasmons is observed. The

n s-position depends on the grating wavevector and the de-

tector's resonant frequency (here 35.5 cm- 1). Tuning the detec-

tor by a magnetic field BD allow the comparison of the narrow-

band signal with the plasmon dispersion. This is shown in

fig. 12 for a = 1.5 gm: The agreement of the resonant positions

leaves no doubts on the origin of the resonance as two-dimen-

sional plasmon excitation. The dependence of the ns-pOsition

for V = 35.5cm-1(B = 0) on the grating wave vector and oxide

thickness is shown in fig.13 resulting in the same agreement

of experiment and theory.

In order to clear up the mechanism of excitation of the two-

dimensional plasmon by the source-drain-current, the experi-

ments were performed using different orientations of the

grating wavevector in respect to the source-drain-field

direction respectively current direction. The results of
this experiments are shown in figure 14.The narrowband emission

is absolutely independent of the orientation of the grating in

respect to the current direction. This result excludes the

possibility of the drift of the electron gas along the grating

playing a role for the excitation, as it would be the case in

free-electron effects (Smith-Purcell effect, travelling-wave

t
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tubes, etc.). The quantitative agreement with the theory of

thermal excitation will give the evidence of a thermal exci-

tation mechanism by Coulomb scattering in the system.

Linewidths

The linewidth of the emission is mainly determined by the

single particle scattering mechanisms. This can be seen in

figure 15, where a comparison of the plasmon lifetime (ob-

tained from the experimental linewidth) and the single particle

momentum relaxation time is made: The plasmon lifetime is

always somewhat smaller than the single particle relaxation

time. This indicates that, in addition to the damping mecha-

nism by single particle scattering, electron-electron-scatterina

( A101 1s) as well as the radiative decay slightly damp the

plasmon excitation. The scattering mechanisms thus are found

to. dominate the linewidth: A sharp emission line is there-

fore only possible in systems with high mobility (GaAs-AlGaAs-

heterostructures, see B.5.)

Intensities

Absolute intensities of the radiation could be determined by

comparison with InSb cyclotron emission /31/ at saturation

electron temperatures, which is around 40 K at a magnetic

field of 0.6 T /32/ giving a maximum cyclotron emission in-

tensity of x,3 x 10- 8W/cm- 2 within the GaAs-detector interval

of 2 cm-1 (at BD = 0).

In figure 11 the peak emission intensity of the narrowband

peak is plotted versus the electron temperature of the in-

version layer. The emission is detectable from 10- 13W on and
-9 -2increases up to 10 W/cm - . The experimental data agree in

absolute values with the theory of thermal plasmon excitation.

The sample with a = 3 gm (C3) has a higher intensity due to

better coupling (k -d smaller) and higher dynamical conducti-

vity (hicher n s). Of course the experimental data are always

somewhat below the theory since imperfections in the gratings

slightly reduce the emission intensity.

... .. , , I ,
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From long series of measurements it is found that the theory

of thermal excitation can quantitatively explain all experiments

performed and thus the performance of the plasmon sources can

be discussed on the basis of this theory. In section B.3.1.

this discussion will be made in the view of the optimization

of the emission source.

Magnetoplasmons

An additional possibility of tuning the frequency of plasmon-

emission is the "magnetoplasma"-effect which was seen for the

first time in emission in the course of this project by Hbpfel

et al. /28/. In figure 17 the ns-shift of the resonance at

35.5 cm 1 is plotted as the magnetic field: This behaviour

accurately follows the theory /33/ simply expressed by

wc ... cyclotron frequency
Wm M=p + Wc p .. plasmon frequency

M... magnetoplasmon frequency

The intensity of the radiation, however, strongly decreases,

much stronger than expected from the dynamical conductivity /25/

as it can be seen in figure 17. This decrease is due to inhomo-

geneous heating in the Hall field at the edge of the inversion

layer and also to Landau-damping mechanisms that become possible

by the additional states in the E(k)-space that are induced by

the magnetic field.

I
AF

*



S- 25-

B.3. APPLICATIONS

B.3.1. Tunable FIR sources

The evidence of thermal plasma excitation and the quantitative

agreement of the experimental FIR emission with theory allows

a detailed discussion of the FIR emission as a function of all

parameters.

Electron concentration n

The higher ns the higher is the dynamical conductivity ^(w, k).

Thus a high electron concentration increases the emissivity of

the system. The mobility of the electrons, however, decreases
12 -2

for n > 1 x 10 cm due to oxide roughness scattering. Thus

the linewidth of the narrowbardemission increases at high

electron concentrations.

Grating periodicity

The grating periodicity mainly determines the range of tuna-

bility of the source. Since the best results in Si-MOSFETs

were obtained in the electron concentration range of

0.8 & ns  4 x 1012cm 2 , the following tuning ranges can

be specified:

grating 1 -1
periodicity W( 10 1 2 s 1  v(cm )

1 Am 6 - 16. 32 - 85

3 pm 4 - 10 21 - 59

5 pm 2.5- 7 13 - 37

The linewidth is not affected directly by the grating periodi-

city, whereas the intensity of the emission depends via the

coupling parameter a strongly on the grating periodicity: The

coupling efficiency decreases with higher wave vectors, since

the strength of the Fourier components is decreasing with e 2kd



where d is the oxide thickness. Therefore the oxide thickness

should be reduced in the same scale as the grating periodicity

in order to obtain efficient coupling constants also at hich

wave vectors.

Grating design

Our experiments as well as the electrodynamical calculations

performed by Theis /2 5 / as well as Allen et al. / 2 4 / give evidence

that for an efficient coupling it is both necessary that the

oxide thickness is as small as possible and that the grating

spacings t are small compared to the grating period a to give

a maximum value of the coupling constant a. This is mainly a

technological problem to make thin oxides ( <1000 A) without
defects and to optimize photolithography for thin grating

spacings t. In our samples we could reach values of a of up

to 0.21 (d = 1400 Aa = 3 aim, t/a = 0.5) whereas the ideal

value (d -~ 0, t/a -~0) would be 2. So there is still an order

of magnitude to increase the efficiency (and the peak-to-broad-

-band emission ratio) to improve, if thinner oxides would be

used, especially.

Electron temperatures

The electron temperatures are the limiting parameters for the

emission intensities in the thermal equilibrium via Bose-

Statistics of plasmons and photons. In the thermal equilibrium

the emission intensity cannot exceed the values given by Planck's

radiation law. This means that for typical electron temperatures

that can be achieved in Si-MOSFETs the following emission inten-

asities (per frequency-interval, per solid angle, per cm 2source
area) can be reached. O 4ne polarisation direction due to the

grating coupler,, a factor of 0.5 in addition always limits the

emissivity of a two-dimensional system due to the boundary con-

ditions of the tangential component of the electric field.
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v = 35.5 cm

Te max.emission intensity experimentally achieved

(W/ccm 1m- ) intensity (W/cm 2cm - 1

4.2 2 x 10 1 3  ---

10 2 x 10-10 2.5 x 1011

15 1 x 10 9  1 x 10 1 0

* 20 3 x 10- 9  3 x 10- 1 0

25 7 x 10- 9  5 x 10-10

30 1 x 10-8 6 x 10- 1 0

40 2 x 10 - 8  8 x 10-10

50 3 x 10- 8  '10 - 9

100 1 x 10 ---

For higher electron temperatures high electric source-drain

fields have to be applied. This brings problems due to the
"pinch-off"-effects: The source-drain-voltaae

becomes comparable to the gate voltage which leads to an in-

homogeneous electron concentration in the 2D-system, and, as a

consequence of the inhomogeneous conductivity, to a highly

inhomogeneous electron temperature.

In order to overcome this problem, we applied already at mode-

rate field (10 - 25 Vcm-), a d.c. "compensation voltage" along

the transparent gate electrode to provide a homogeneous gate

potential along the whole length of the inversion channel (see

fig. 18). At source-Crain-fields larger than 25 Vcm- 1 , the ate

itself starts stronl.y 'emitting FIR-radiation, which limited

the experiments with "compensation voltage" to fields of about

25 Vcm- 125
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Linewidths

As reported in B.2.2. the linewidth is correlated with the

elastic scattering time Tm of the single particles. This is

experimentally manifested in linewidths that are - depending

on the mobility - between 3.5 and 7 cm - . The sharpest lines

were observed with a MOSFET having Apeak = 18.000 cm 2/Vs at
12 -2 pek -1ns = 1.0 x 10 cm with a linewidth of 3.0 cm

The scattering process not only limit the linewidth but also

the intensity via the dynamical conductivity and increase the

background broadband emission -from hot electrons. Therefore

it is necessary for applicable devices to use systems with

high carrier mobilities. Si-MOSFETs are physically limited to

it ", 25.000 cm 2 /Vs, the well-known modulation doped GaAs/AlGaAs-

-heterostructures, however, reveal mobilities exceeding 106cm2 /Vs

and are therefore predestinated for narrowband sources, if the

FET-technology is developped furthermore (see section B.5.).

B.3.2. Detector testing - reference sources

Although the emission intensities and especially linewidths

of the Si-MOS-emission sources cannot compete with magnetically

tunable sources (see section A), the emission by two-dimensio-

nal systems offer a variety of applications as reference sources

of well-known absolute intensities. The absolute -emission inten-.

sity of a 2D-source of known electron temperature is accurately

given by the theory (see sectiOn B.1.4.). The advantages to

bulk semiconductor samples are the following: The electron con-

centration values and scattering times - that determine the

optical properties of the system - are well measurable by trans-

port and Shubnikov-de Haas measurements, -No problems with FIR-

emitting contacts arise. The electric field which heats up the

electron system is known and not modified by magnetic inductions

as it is the case in magnetically tunable devices. The electron

temperature is a known function of the electric field (see next
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section) independent of effective mass, g-factor and, especially,

the electron concentration ns , as it has been shown theoreti-

cally and experimentally by our group recently /34,35/.

Therefore 2D-systems are - for broadband as well as narrowband

emission - sources with highly reproducible and well-known

emission intensities for use as reference sources (power levels

10-14 - 10- 9W) as well as for testing sensitive detectors in

the FIR-range.

B.3.3. Electron temperature measurements

FIR emission from the inversion layer of the Si-MOSFETs brings

a new method of determining electron temperatures. Since the

broadband FIR absorption by the 2D electron system is known

experimentally /22/and theoretically (B.1.4.), the absolute

emission intensity of FIR-radiation from the 2D electron system

represents a direct measure for the electron temperature Te -

In these experiments we used MOSFETs with transparent gate
-1

electrodes and a GaAs-detector, whose responsivity at 35.5 cm

has been determined accurately by using a Carbonglass-bolometer

as a -reference source; in addition the absolute intensity is

determined by comparison with InSb-cyclotron emission at

saturation electron temperature. The 2D electron system is

heated by-.applying electric source-drain pulses of-0.5 V up

to tOV to the MOSFETs. Simultaneously the current-voltage

characteristics of the MOSFETs is measured to determine the

ns- and field dependent mobilities of the sample for the cal-

culatioz of the input power e E2 and the dynamical conducti-

vity &(w)•

We investigated MOS-samples with different mobilities from

2.000 up to 10.000 cm 2/Vs. In figure 19 the evaluated electron

temperatures are plotted versus the input power eoE D which,

in equilibrium situation, is equal to the power loss of the
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hot electron gas. In the figure also the slope for AT (eAE )I/ 2

is indicated. As a result the electron heating AT is in the

whole range of temperature exactly proportional to the square
2rooL. of the input power respectively the power loss egE2 . We

can therefore express the electron heating as a function of
2* the input power egE quantitatively as

2T 1/2 -1/2(eAE2)1T2 = (0.7 ± 0.2) " 10 2 E s (eV)-

These values are lower than the electron temperatures obtained

at low electric fields by Fang and Fowler /36/, Kawaji and

Kawaguchi /37/ and H6nlein and Landwehr /38/, but fairly

agree with the values obtained from subband emission /27/.

FIR-emission is the first method that can give results in the

whole temperature range of 2 K up to more than 30 K. The linear

dependence of AT on (e4E2)1/2 is predicted by recent theories

of acoustic phonon scattering in 2D systems /35,39/ up to

electron temperatures of at least 50 K.

With the method of FIR-broadband-emission we were furthermore

able to measure the effect of increased carrier heating /34,38/,

when a negative substrate bias is applied. The effect is due to

a decreased channel width and an influence of SiO2 phonon modes

/38/.

1
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B.4. COHERENT EMISSION

*The generation of radiation by radiative decay of plasmon os-

cillations in semiconductors is a quite new phenomenon. At

present only spontaneous emission has been observed since the

plasmon lifetimes are too short to enable an efficient interac-

tion with the grating. In systems with high electron concen-

trations it was found that the excitation can be described

with an electron temperature distribution, that means as a

quasi-thermal process. The plasmon lifetimes are similar to

the momentum scattering time in the order of 10-12s. The radi-

ative decay time of the plasmons induced by the grating is

several orders of magnitude longer than the nonradiative life-

-time (trad % 10- 7 - 10-8s). However, in Si-MOSFETs the observed

T rad was found to be shorter than for any other radiative quan-

tum transition in the system /21/. An increase of the emitted

intensity can only be achieved if the system can be driven out

of the thermal equilibrium with the single electron excitations.-

One way to achieve this is to obtain such a strong coupling

between grating and two-dimensional electron gas, so that the

grating influences the plasma wave generation process. One of

the drawbacks of the system is that a continuous plasmon spec-

trum is excited by the current generation process. The genera-

tion process is not effective since only one single mode is

coupled out by the grating. If the grating influences the qene-

ration process a higher density of plasmons with the proper

wave vector is generated. This would lead to a higher emission

intensity. However, in this case the distribution has to be

a non-thermal one to prevent a thermalization of the selective

excitation. The requirements for this process are that the

plasmon wave extends over a large number of grating periods

and that the plasmon lifetime is dominated by the radiative

It LI
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decay time induced by the grating. In semiconductors as Si

and GaAs the requirements would be met with optimized

gratings (high a) and mobilities in the order of

106 cm2/Vs. For Si this is not realistic but in GaAs mobili-

ties for two-dimensional electron systems up to 1.5 x 106cm2 /Vs
have been obtained recently.

Another way to obtain stimulated emission is analogous to the

backward-wave oscillator. If the drift velocity of the carrier

gas is equal to the phase velocity of a certain plasmon mode

a direct conversion of drift energy into a plasmon oscillation

with a fixed wavevector is possible. This system would not

require a grating structure for spontaneous emission (while

in the case vdrift ph a grating is necessary even for

spontaneous emission): The plasmon mode with vph = -vdrift
already fulfills the coupling condition without a grating:

The plasma wave in the drifting system represents an oscillating

charge density that is able to radiate. For the stimulated ex-

citation a grating would be necessary in order to amplify the

spontaneous density modulations coherently, but also other

methods of feedback (e.g. resonant cavities) are possible.

The coupling to all other excitations of the system which are

not in resonance with the drift of the carriers will be weaker.
The phase velocities of plasma waves in inversion channels of

7 8GaAs/GaAI As structures range from a few 107 cm/s to 10 cm/s.

A drift velocity of 3 x 107cm/s (equal to the saturation velo-

city in high fields) can be achieved in samples with a mobi-

lity of 1.x106cm2/Vs /40 /.Since these mobilities can be achieved

in GaAs/GaAlAs heterostructures a stimulated emission from

plasmon waves in semiconductors seems possible. However, a

serious drawback can be the interactions of the plasmon wave

with the single electron excitations and the. lattice phonons

which have to be studied in detail in the future.
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B.5. PLASMONS IN GaAs/AlGaAs STRUCTURES

In view of the ultra high mobilities that can be achieved in

2D systems in GaAs, we performed plasmon experiments also in

this material /41/.

The investigated samples were first low mobility (u2"10 4 cm2/Vs)

GaAs/AlGaAs heterostructures with a 2D electron gas of a den-

sity ns = 8.25 x 10 1 cm
2 as determined by Shubnikov-de-Haas

oscillation. The electron density can be increased by illumi-
11 -2nation with band gap radiation to 8.9 x 10 cm . With a 5 4m-

grating placed on top of the AlGaAs, resonant emission was

observed at a frequency of 29 cm 1 by means of InSb-cyclotron
resonance detectors. After replacing the 5 4m-grating by a

grating of 3 pm period, the emission has been observed changing

according to the dispersion relation.

The radiation intensity observed is in the order of nearly

10- 8W and thus more than one order of magnitude higher than

from Si-MOSFETs. The reasons are better dielectric coupling

and higher electron temperatures in these systems.

In samples with high mobilities (up to 300.000 cm 2/Vs) the

linewidth was observed to be much smaller ( <2cm- 1) but did

not reach the expected values, probably because of electron-

electron interaction. This generates and annihilates plasmons,

but has no influence on the transport properties.

The experiments show generally that plasmons can be excited

in GaAs-AlGaAs-heterojunctiona. The thin AlGaAs layer (d-700 A)
and the dielectric properties give high values of the coupling

efficiency and thus higher power levels. If one succeeds in

making transparent gates with grating structures the material

would also be favourable for electrically tunable sources. The

high drift velocities moreover promise striking emission ex-

periments out of the thermal equilibrium for the near future

(see B.4.).
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