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Abstract
Unstrained Iny,Ga;x As and InyAl;_y As layers and heterostructures lattice matched to each other
but mismatched with respect to their GaAs substrates were grown by molecular beam epitaxy
using compositionally step graded buffer layers to relax the mismatch strain by more than 90%
and their structure, composition, electrical and optical properties were investigated. For x = 0.3
the buffer layer is stabilized by dislocation loops. Two-dimensional electron gas in modulation
doped heterostructures exhibit a 300 K wobility rising from 9x10° cm?/V-s for x = 0.3 to
1.1x10* cm2/V-s for x = 0.45 and an estimated conduction band offset, AE. ~ (.67 times the

bandgap difference between the quantum well and the barrier layer.
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Objective:

The principal objective of the research performed during the past year concerns the
synthesis, growth and evaluation of the properties of arbitrary thickness, unstrained,
heterostructures of the ternary alloy system In, Ga;_; As/InyAl;_y As whose lattice constants are
matched to each other but are mismatched relative to their GaAs substrates. In order to relax the
mismatch-induced strain, compositionally step-graded buffer layers are interposed between these
heterostructures and their substrates. A further objective of this program is to gradually increase
the fractional indium concentration of the strain-relaxed heterostructures up to that of
Ing 53Gag 47As/Ing 57 Alg 43 As, a heterostructure which is lattice matched to InP. Ultimately, we
expect to have an across-the-board comparison of the properties and potential device
applications of such strain-relaxed heterostructures grown on GaAs with others grown on InP

substrates.

Introduction

In order to grow low defect density, unstrained epitaxial layers on lattice mismatched
substrates intermediate buffer layers can be used to contain and to relax the interfacial strains.
Strain relaxation between an epilayer and its substrate can proceed by the formation of
interfacial dislocations and of threading dislocations which propagate through the epilayer.
Partial relaxation of the strain by relatively few threading dislocations can occur if the mismatch
is slight. If the layer thickness is less than some specific critical value then the strain can be
accommodated by an elastic, essentially tetragonal deformation defined as the pseudomorphic
regime.

Relaxed buffer layers investigated thus far fall into several distinct categories: firstly, there
are uniform, homogenous thick layers in which the entire change in lattice constant relative to
the substrate occurs at the substrate/buffer interface; an example is GaAs grown on silicon which
may have 10'? /cm? threading dislocations with the defect densities decreasing over several um

in thickness. A second category is based on the introduction into these thick layers of
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superlattices, intended to turn the threading dislocations over into the growth plane converting
them into misfit dislocations with densities of 10° —108/cm?. A third category employs buffer
layers in which the composition or the lattice constant are graded from the substrate to the
epilayer. The profile may be linear, such as achieved in MBE by ramping the effusion cell
temperatures or by step grading the buffer layer. For optimizing the relaxation process
appropriate choices must be made of the step thickness as well as of the total buffer thickness.
An evaluation of strain relaxation requires detailed studies of the correlation between structural

characteristics of the epilayers and their synthesis and growth.

For In,Ga;_; As epilayers grown on GaAs substrates if the mismatch strain is less than
1.25% then the threading dislocation density can be less than ~ 10% /cm? while for higher strains
such as produced by increasing indium concentrations the threading dislocation density may
quickly exceed 108/cm?. Buffer structures chosen to offset large mismatches must confine and
relax the interfacial strains. Ideally, such buffers must force the threading dislocations to glide
to the edges of the heterostructures or pin them within the buffer layers. It has been
demonstrated that linearly or step-graded compositional buffer layers can be very effective in

performing the function of dislocation barriers'"™

. Both, linear or step graded buffer layers
require appropriate compositional gradients using, preferably, the minimum number of steps to
achieve strain relaxation consistent with thermal and temporal stability of the dislocation

network in the buffer layers.

Electrical and structural investigations on partially relaxed IngggGaggyAs/CaAs diodes
were made by Choi et al® including double crystal x-ray rocking curve(XRC), optically induced
beam currents (OBIC) and optical Nomarski-type topographic investigations. Their XRC data
indicates that as the layer thickness increases the lattice relaxation is 4/ for a thickness of 0.1
um, 41% for 0.25 um and 73% for 1 um. The average spacing, D. of 60° misfit dislocations is
8.7 um for 0.1 m, 89nm for 0.25 ym and 46nm for a thickness of 1 gm. OBIC images showed
clearly an increase in crosshatched patterns with increasing thickness suggesting a corresponding

increase in misfit dislocations with increasing thickn=ss. Their current vs voltage measurements
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showed a deviation from the expected thermionic emission model as the epilayer thickness
increased and was attributed, principally, to electron/hole recombination at defects localized
within the interfaces. For the 1 um thick layer they suggest that a Fermi level pinning may
occur by a high density of donor-like interfacial traps at E, +0.36eV. The average charged
interface density, N;, shows a linear dependence on the in-plane mismatch; it can be represented
by N; =2.7Aa;; /a3, where ap is the mean lattice constant and Aa;; is the difference in the
parallel lattice constants; a reasonable estimate from their data is N; =4.2x10'2/cm?. The
interface dislocation structures in In,Ga;_xAs/GaAs for indium fractions between x=0.15 and
x=0.40 and thicknesses between 60 and 300 nm is complex”'”; the dislocations have one of the
four available (1/2)<110> Burgers vectors oriented 60° to their <1 10>direction®®. Breen et 2
found an asymmetric array of linear misfit dislocations parallel to [011] and for In,Ga; 5 As with
x £ 0.25; the asymmetry was attributed to different mobilities of @ and f§ dislocations. As the
spacing between dislocations decreases and approaches that needed for complete 1claxation the
asymmetry decreases substantially. For higher x the distribution of the dislocations becomes
random, segmented and threading. Partial dislocations and stacking faults were observed
frequently for higher x values. As the Ing25Gag 75 As epilayer thickness increases from 20 to 60
nm the average linear dislocation density increases by more than one order of magnitude.
However, the measured dislocation densities are inadequate for a complete relaxation of the
interfacial strain thus implying a partitioning of the strain between elastic and plastic

components.
In 300 nm thick layers dislocation pinning was observed; it is probably responsible for

nucleating dislocations in the preliminary stages of strain relaxation and inhibiting their motion

in the latter stages of this process.

The threshold for plastic relaxation of an epilayer relative to its substrate has been
described in terms of two models. The Matthews and Blakeslee (MB) model"” defines a critical
thickness in terms of mechanical equilibrium applied to misfit strain which is accommodated by

two perpendicular non-interacting arrays of edge dislocations arranged in a square network and




-5-

other hand, assumes that interfacial misfit dislocations will be generated if the area strain energy
density of the epilayer exceeds the energy density associated with the formation of a dislocation
at a distance equal to the layer thickness. Note that MB depends on the propagation of an
existing dislocation in the substrate into the epilayer while PB considers the minimum energy
required to generate a dislocation(a screw dislocation is considered to have the lowest energy

density).

Dixon and Goodhew!'? found that for strains up to 1.75% two critical thicknesses can be
identified: a critical thickness identified with the transformation of threading dislocations into
misfit dislocations; this takes place for thicknesses within the range predicted by the MB model
while an order of magnitude larger critical thickness, which agrees quite well with the prediction

of the PB model, is related to the threshold for nucleation of new dislocations.

The PB model suggests that relaxation at its critical thickness is discontinuous,

1131 s ndicates that the relaxation is

catastrophic and complete. However, the work of Dunstan et al
not discontinuous and that the strain during plastic relaxation can be adequately described by a
relation of the form £ =k(b/d), where the constant of proportionality, k, is of the order unity; b,
is Burger’s vector and d is the epilayer thickness. As relaxation proceeds, the stress decreases
and when it reaches the elastic limit of the particular In,Ga;_, As layer further relaxation is
impeded leaving a residual strain. Similar considerations were developed theoretically by Hul".
He argues that the misfit dislocations density increases gradually with epitaxial thickness

approaching asymptotically the magnitude required for complete relaxation.

The ultimate density of defects in heteroepitaxial layers depends not only on the lattice
parameter mismatch but also on the growth mode and on the defect generation mechanism
effective during the initial stages of growth. Three different growth modes might be applicable:
two-dimensional growth, island growth, and Stranski-Kastanov growth (initial layer growth
changing into island growth at a certain layer thickness). Lentzen et al"™ have investigated the
growth mode and strain relaxation during the initial stages of In,Ga;_, As growth on GaAs (001)

substrates. They found that for nominally Snm thick In,Ga;_, As the growth is two-dimensional




-6-

substrates. They found that for nominally Snm thick In,Ga;_x As the growth is two-dimensional
and the layers remain pseudomorphic with increasing x up to x=0.4 which corresponds to a
misfit of 2.8% . For x = 0.4 island growth is observed with islands present in different sizes and

in different stages of relaxation.

Breen et al'® also found a fundamental difference in the strain relief mechanism between
(5nm thick) Ing 4GaggAs epilayers grown on GaAs substrates and layers grown with lower,
(x<0.25) indium concentrations. An initial homogenous nucleation of dislocation loops and
short irregular segments, progresses into dislocation arrays with an irregular orthogonal
morphology as the thicknesses of these layers increases. Dislocation loops are nucleated as the
layer grows above critical thickness but island growth inhibits any long range propagation of the
dislocations. As the thicknesses of the Ing4Gagg¢As layers increases the loops expand and
interact forming a tangled network of dislocation segments consisting of segments with
differing Burgers vectors. The interface morphology of strained IngsGagsAs/GaAs
heterostructures grown by means of molecular beam epitaxy was examined by Wang et all"?
using photoluminescence at 77 K. Transition from 2-dimensional to 3-dimensional growth was
found to be strongly temperature dependent and to occur well before the generation of misfit
dislocations; it occurs at a critical thickness which is of the order of nine monolayers at 470°C
and four monolayers at 540°C. Beam and Kao™ who investigated step grading as a means for
growing In,Ga;_, As/GaAs layers with x>0.25 confirm the transition from 2-D growth to 3-D
growth accompanied by indium segregation which may also affect the roughening of the growth
interfaces and perhaps a heterogenous activation of additional misfit dislocations. They suggest,
tentatively, that linear composition grading may be superior to step grading but admit that for the
higher indium concentration ternary alloys factors such as growth rate, growth temperature and
composition grading have not been optimized as yet. These introductory notes represent a
compendium of information and data obtained from the archival literature relevant to
heteroepitaxial growth beyond the pseudomorphic limit of In,Ga;_; As/GaAs heterostructures.

It set the scene and has affected strongly the methods and procedures of our research described




Relaxed buffer layers; methods and procedures.

At this time, there are no generally applicable design rules or a good theoretical framework
for choosing a specific buffer layer which, by the plastic relaxation of mismatch strain will
generate dislocations and confine them within the buffer layer. The strain- relaxed buffer
should, ideally, provide an effective lattice constant for the heteroepitaxial growth of unstrained,

arbitrary thickness, layers or lattice matched heterostructures.

In light of the issues and constraints outlined above our research program was designed to
deal with strain-relaxed In, Ga,_, As layers with 0.25 <x <0.40. This is likely to be the transition
range from 2-dimensional to 3-dimensional growth. Furthermore, we expected to encounter and
to overcome the close correlation between 3-dimensional growth and layer degradation observed

by others.

We also expected to test, verify, and, if possible, improve on the empirically developed
concepts for strain relaxation by means of buffer layers. We selected for detailed investigations
strain-relaxed nominally Ing 3Gag 7 As layers grown by MBE on undoped, semi- insulating GaAs
substrates covered by an initially grown undoped, thick, GaAs layer on which were deposited,
compositionally step-graded nominally 0.3 ym thick buffer layers with Ax=0.1/step. These
parameters were chosen in order to obtain as nearly as possible 100% strain relaxation within the

buffer layers.

The lattice constant of Ing3GagyAs, assuming Vegard’s law to be applicable, is 5.7748
Angstroms. It can be lattice matched by the temary alloy Ing,9Alg7;As. Therefore,
Ing3Gag7As/Ing29Alg 71 As lattice matched heterojunctions were deposited on the above
described step-graded buffer layers. The Ingj9Aly 7 As layers doped with silicon provide, by
modulation doping, two-dimensional electron gas (2DEG) channels in the Ing3Gag 5 As side of
the heterojunctions. Electrical, galvanomagnetic and Shubnikov de Haas measurements of these
2DEG channels can provide information on the nature of the heterojunction interfaces. Also
required, particularly for device applications, are correlations derived between the structural

characteristics and the corresponding electrical and optical properties of the strain-relaxed




required, particularly for device applications, are correlations derived between the structural
characteristics and the corresponding electrical and optical properties of the strain-relaxed

epilayers and heterojunctions

Results and Conclusions,

Samples were grown by molecular beam epitaxy on (001)- oriented GaAs substrates cut 2°
off towards the [010]-direction. They consist of an initial 0.2 ym thick undoped GaAs layer
followed by three step-graded layers, each 0.3 um thick, of In,Ga_; As with nominal In molar
fractions, respectively, of x=0.1, 0.2 and 0.3. Superimposed on this buffer layer is a 10nm thick,
undoped Ingy9Aly7;As spacer layer, followed by a 30nm thick Ing,9Alg7;As Si-doped
(N4 =1x10'®/cm?®) layer for modulation doping purposes and topmost is a 10nm thick Si-doped
(Ng=3x10'7/cm3) cap layer. X-ray rocking curves (XRC)were used to determine, in
conjunction with plan view and transmission electron microscopy, the structural characteristics
of such specimens. We find that the buffer layer produces essentially total relaxation with less
than 2x10%/cm? dislocations in the Ing3Gag 7 As layer. Further details of this work are provided
in the enclosed reprint of our paper by J.C.P Chang et al™™ which also points out the correlation
between the electrical and galvanomagnetic properties of the 2DEG channel in the Ing3Gag 7 As
layer which has a sheet electron density of 1.2x10 12/cm? and peak mobilities of 9300 cm?/V-s

at room temperature and 31000 cm?/V-s at 77 K.

Further details on the properties of the 2DEG in such structures is provided in our paper by
Chen et a1 appended herewith. Shubnikov de Haas(SdH) oscillatory magnetoresistance
measurements made at 1.6 K show that the relaxation time, related to low angle scattering of the
2DEG is 7,=8.8x107"%s. The effective electron mass at the Fermi level calculated is
m*=0.066m,, (where mo is the rest mass), is greater by about 20% than that of unstrained
Ing 29Alg 71 As due to the non parabolic correction required for the effective mass of electrons at
the Fermi level. On the other hand the classical relaxation time, which depends on the total

scattering cross-section is 7. = 1.5x107'2s. The ratio, T./Tq=17, is comparable to the 2DEG of




high

quality Al,Ga,_x As/GaAs heterojunctions.

Subsequent investigations of the structural aspects of such 3- step buffered heterojunctions
were reported by Kavanagh et al at the Conference on the Physics and Chemistry of
Semiconductor Interfaces, Death Valley CA., Feb, 1992 and will be published® in the
Proceedings of the PCSI; a preprint is enclosed herewith. Transmission electron microscopy
reveals the presence of dislocation loops at the substrate interface, within the substrate, as well
as in the first two layers of the buffer. The top layer of the buffer is devoid of any threading
dislocations. XRC measurements show a tilt of ~ 0.3%step. The tilt axis along is 45° to that of
the offcut axis along [100]. The tilt axis is parallel to the line direction of the dislocation array
producing an aaisotropy in density of the orthogonal urray of misfit dislocations such that the
maximum strain relaxation occurred in the [110]}-direction. The dislocations give ri.e to
dislocation scattering. It comes as no surprise, therefore, that we observe a ~ 4% anisotropy of
the electron mobility of the 2DEG; the correlation is clear evidence of the significance of
dislocation scattering in the effective mobility of the 2DEG. We find, in agreement with the
work of Morris et al”? made on thick In,Ga;_x As/GaAs heterostructures with x=0.12 and

x=0.16, hat the anisotropic properties are induced by noauniform strain relaxation.

We have not succeeded, as yet, in making a four-step compositionally graded buffer with
Ax=0.1/step in ordcr to obtain a topmost strain-relaxed Ing,4GaggAs layer. Transmission
electron microscopy of the buifer indicated a large number of lattice defects and the absence of
dislocation loops such as found for the 3-step structures. Instead the dislocation array is
irregular and tangled suggesting a three-dimensional growth process such as found by others,
described in the introductory section, above. There appears to be a transition region between 2-
D and 3-D growth between x=0.3 and x=0.4. However, this is not an impediment for some

2DEG applications as described in our preliminary work described below
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accepted for publication in the Aug. 31, 1992 issue of Applied Physics Letters®. In it we show
that the sheet electron density, n;, and mobility, u, of the 2DEG of strain relaxed
In,Ga;—xAs/InyAl)_y As lattice matched heterostructures with x<0.45, the same 10'%/cm3 Si-
doping concentration in the barrier layer and the same device configuration exhibits a slight
increase in 1 (x) from 9x10*/cm?/V-s for x=0.07 to 1.05x10%/cm?V-s for x=0.45. The sheet

2 at x=0.07 to about

electron density, ng, increases monotonically from about 7x10'!/cm
1.3x10'%/cm? at x=0.4 and then drops to 1.1x10'2/cm? at x=0.50. This is attributed to the
conduction band offset, AE. ~ 0.67 AE,, where AE; is the difference between the func-mental
bandgaps of the barrier and quantum well and to the transition from the direct to the indirect
bandgap of InyA1-yAs for y>0.3. We find a maximum in AE.=0.72E,; at x=0.3 an y=0.29. In
contrast to the near-independence of 1 on the In concentration at room temperature we find a
monotonic decrease at 77 K from p =6x10*/cm?/V-s for x=0.07, to a broad minimum near

x=0.4 of g =3.2x10*/cm?/V-s, attributed, principally, to a combination of alloy scattering and
remote impurity scattering.

In conclusion, the work performed during the past year demonstrates a close correlation
between the structural, electrical and the galvanomagnetic properties of the strain-relaxed, lattice
matched heterojunctions In,Ga;_y As/In,Ga;_yAs with x=0.3 grown on a compositionally step-
graded buffer on GaAs substrates. It illustrates potentially important device applications of the
two- dimensional electron gas produced by modulation doping in the quantum well of the lower
bandgap material and suggests other beneficial electronic and electro-optic applications to be

developed in the course of this research program.
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APPENDIX i

Strain relaxation of compositionally graded In,Ga,_,As buffer layers
for modulation-doped Ing ;Gag ;As/1Ing 20Alg 71AS heterostructures

J. C. P. Chang, Jianhui Chen, J. M. Femandez, H. H. Wieder, and K. L. Kavanagh
Department of Electrical and Computer Engineering, 0407, University of California, San Diego, La Jolla,

California 92093-0407

(Received 3 October 1991; accepted for publication 12 December 1991)

Modulation-doped Ing;Gag 7As/Ing 29Aly 7 As heterostructures have been grown on GaAs
substrates by molecular beam epitaxy using a compositionally step-graded

In,Ga, _ ,As buffer layer. We found that the buffer layer produces essentially total relaxation
with <2 X% 10%cm? dislocations present in the Ing ;Gag ;As layer. The structural

perfection of this layer is reflected in the electrical and galvanomagnetic properties of its two-
dimensional electron-gas channel which has a sheet-clectron density of 1.2x10'%/cm?,

peak mobilities of 9 300 cm?/V s at room temperature and 31 000 cm*/Vs at 77K, and a
mobility anisotropy of ~4% along orthogonal (110) directions.

Modulation-doped In,Ga, _ ;As/In Al, _ As hetero-
structures lattice mismatched to GaAs are important for
device applications, including heterojunction-bipolar tran-
sistors and modulation-doped field-effect transistors. How-
ever, such applications are limited in composition and
thickness due to strain relaxation and the formation of
lattice defects induced by the lattice mismatch between
interfaces.! In general, the approach to growing highly lat-
tice-mismatched epilayers is to interpose a buffer layer be-
tween the substrate and the active layers. The ideal buffer
layer must be fully relaxed yet prevent dislocations from
propagating into the active layers. For this purpose, lin-
early graded,>® step-graded,® superlattice,”® and combina-
tions of superlattice and step-graded buffer layers® have
been used for the lattice-mismatched system.

In this paper, we present strain-relaxation studies of
compositionally step-graded In,Ga, _ ,As buffer layers us-
ing x-ray rocking curves in conjunction with plan-view and
cross-sectional transmission electron microscopy (TEM).
We relate the structural data to the electrical properties of
a superimposed heterojunction containing a two-dimen-
sional electron-gas (2DEG) channel produced by modula-
tion doping.

Samples were grown'? by molecular beam epitaxy, on
(001)-oriented GaAs substrates cut 2° off towards the
{010] direction. The grown structure consists of an initial
0.2-um-thick undoped-GaAs layer, followed by a three-
step graded-buffer layer consisting of undoped, 0.3-um-
thick In,Ga; _ ,As layers with nominal In molar fractions
of x = 0.1, 0.2, and 0.3. Superimposed on this buffer layer
is a 10-nm-thick, undoped-In, 54Al, 7, As spacer layer, a 30
nm Si-doped (N,=1x10"%/cm’) IngAly7As charge
supply layer, and topmost is a 10 nm Si-doped
(Ny=3x%10'"/cm’) GaAs cap layer.

To determine the alloy composition and the strain re-
laxation of the three-step buffer layer, (004) and (224)
x-ray rocking curves were measured with a high-resolution
x-ray diffractometer using Cuk,,, radiation.'’ In general,
the peak separation A between an epilayer ?eak and the
substrate peak consists of three components:'? (1) the dif-
ference in the Bragg angle due to the different d spacing,
ABp, (2) the tilt angle between the epilayer and the sub-
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strate reflecting plane (hk/) due to the tetragonal distor-
tion, Ad, and (3) the misorientation angle between the
epilayer and the substrate (001) planes, {:

AG=A0; + A=Q, (1)
A6p= — tan 65(cos’ degoy + sin’ d€j10 o o)y (2)

A¢= =sin ¢ cos (€1 — €110 or Ti0) (3)

where 6, is the Bragg angle of the substrate, ¢ is the angle
between the surface and the reflecting planes, and €3, €10,
and €, are x-ray strains in the layer measured with re-
spect to the substrate for the [001] and the two {110] in-
plane directions, respectively.

€501 and the misorientation angle @ were determined
from symmetric (004) rocking curves, where A¢ = 0.'1
Rocking curves from (004) reflections were taken for eight
azimuthal angles in 45° increments from o = 0°-315°. The
azimuthal orientation w of the sample is defined as a clock-
wise rotation around the [001) axis; at w = 0" the projec-
tions of the incident and the diffracted beam lie along th=
[110] direction. Figure 1 shows four of the eight (004)
rocking curves taken for azimuthal angles in 90" incre-
ments from « = 0"-270". For o = 0, three peaks corre-
sponding to each layer were well resolved (peak width
~ 1100 arcsec), while, for w = 180", the peaks overlapped.
This result is due to the fact that the misorientation 2 for
each layer with respect to the substrate was different and
comparable to the differences in the layer Bragg angles.
The variation of the Iny;GagAs-GaAs peak separation
A6(004) with azimuthal angle » was fit by the sinusoid'®!’
AB(004) = —[3217 + 3076 cos (w — 0°)] arcsec. Thus
the (001) axis of the top buffer layer was tilted with respect
to that of the GaAs substrate by 3076 arcsec or 0.854°
towards the [110] direction. The average peak separation,
— 3217 arcsec, was then used to determine €, 2.4%. A
similar sinusoidal relationship showed that the
Ing;GaggAs peak was tilted by 1946 arcsec or 0.55° from
the substrate towards the [110] direction. Both tilts are
towards a direction 45° to the offcut direction.

A large tilt in an epilayer after a large strain relaxation
is a known phenomenon.’® For example, Wie et al re-
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FIG. 1. (004) x-ray rocking curves of a three-step, compositionally
graded, In,Ga, _ ;As buffer layer (x = 0.1, 0.2, and 0.3) taken for four
azimuthal angles in 90° increments from o = 3" to 270°.

ported a misorientation of 0.35° for a graded 4.5-um-thick
In,Ga, _ As layer (x =0 to 0.13).'? In our experience,
0.85°% is the largest tilt angle we have encountered and pre-
sumably is an indication that this phenomenon scales with
the total strain relieved. The tilt and its [110] direction in
our case is an indication that the average burgers vector of
the interfacial dislocation along the [110] direction has a
component perpendicular to the interfaces. We do not yet
understand why this imbalance develops.

Knowing €5, and €, €} and €}, were then deter-
mined from four (224) rocking curves (90" apart).!>"
The in-plane x-ray strains of the Ing;Gag,As layer were
then calculated to be €)= 2.2% and €},o = 1.9%. Thus,
there is a small asymmetry (~7%) in tetragonal strain
relaxation in the two perpendicular [110] directions. The
misfit, defined as €, = (a, — a,)/a, where a, is the cubic-
cell lattice constant for the completely relaxed film, was
calculated from €, = [Ci;(€])o + €f0) + Cri€501)/(2Cy,
+ C);), where C;, and C,;, are the elastic constants.'® The
data gives a misfit €,=2.23% and therefore, the alloy
composition x=0.3120.01 using Vegard’s law. Now, the
percentage  strain  relaxation R,">  defined as
(€110 or T10/€/)100%, and the residual strain €, defined as
(8110 or Tio — @y/ay) can be calculated. In the top buffer
layer the 2.23% strain with respect to the substrate is 98%
and 85% relaxed in the two perpendicular in-plane (110)
directions, leaving residual strains of —0.04% and
— 0.33%, respectively.

A cross-sectional TEM micrograph is shown in Fig. 2.
Dislocation loops are frequently seen inside the substrate,
the Ing ;Gag4As layer, and the Ing,GagAs layer, but not
in the top Ing ;Gag,As layer. This is consistent with earlier
work on single heterojunctions.!® No dislocations were
observed to thread into the InAlAs layer within the sam-
pling length of the TEM cross-section specimen, 74 um.
Thus, this gives an upper limit to the threading dislocation
density of 2X 10%/cm*. The step-graded buffer layer effec-
tively relaxed its strain without significant pileup or mul-
tiplication of threading dislocations within the Ing ;Gag,As
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FIG. 2. Cross-sectional transmission electron micrograph of a three-step
compositionally graded In,Ga, _ ,As buffer layer grown on GaAs.

layer. The second layer, Iny .Gag sAs, has a lighter contrast
than the other layers and the substrate, indicating a tilt
relative to the other layers, consistent with the x-ray data.

To obtain better statistics for the dislocation density at
the Ing;Gag,As/Ing.gAlgsAs interface, planar TEM
specimens were prepared by chemical thinning from the
backside of the substrate until perforation. The specimens
are wedge shaped, which means that dislocation densities
in the near-surface regions of the sample could be investi-
gated. Figure 3 shows a plan-view TEM micrograph of an
area near the hole. The orthogonal dislocation network
corresponds 10 the Ing,GaggAs/Ing1Gag;As buffer-layer
interface. The dislocation density is 2.0x10° and
1.6 X 10°/cm in the two perpendicular [110] directions. As-
suming 60° dislocations, these densities correspond to a
lattice relaxation due to dislocations (8) of 0.4% and
0.32%. Given that the misfit (€,) between fully relaxed
Ing,GagsAs and IngGag,As layers is 0.7%, the residual
strain in the top buffer layer, with respect to the second
layer, € = €, — §,is —0.3% and — 0.38%. This is to be

FIG. 3. Plan.-view transmission electron micrograph of a three-step, com-
positionally graded, In,Ga, _ ,As buffer layer (x=0.1, 0.2, and 0.3).
The orthogonal  dislocation network corresponds 10 the
Ing ;Gag,As/Ing :Gay ;As buffer-layer interface and the siraight disloca-
tions are located at the In,, ,Ga,, ;As/Ing 30Alp 5, As interface.
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compared with the x-ray data which measured — 0.04%
_ and — 0.33%. This difference in one direction may be due
to a larger dislocation-density asymmetry at either the
substrate/Ing Gag 9As or the Ing;GagsAs/Ing 3Gag 7As in-
terface or of course due to the formation of edge-misfit
dislocations. The straight dislocations terminate 1 um dis-
tance from the hole and are therefore located at the
Ing 3Gag ;As/Ing 30Al 5)As interface. They lie along only
one {110) direction and their density, 1x10*/cm, corre-
sponds to a strain relaxation of 0.02%. This is small com-
pared to the actual misfit (0.45%) between Ing,0Al,5;As
and the 91% on average relaxed Ing3Gag;As. Thus, the
Ing y9Alg 1 As layer is still predominantly tetragonally dis-
torted. No dislocations were observed in the region right
next to the hole associated with the channel within the
sampling area of the planar TEM specimen, 135 um?. This
gives us an up?er limit to the threading dislocation density
of 7% 10°/cm?, consistent with the cross-sectional micro-
graph.

We have obtained further confirmation of the essen-
tially unstrained character of the Ing;Gay,As layer by
etching off the topmost InAlAs and GaAs layers from a
similar step-graded wafer and measuring the photolumi-
nescence response at 10 K as a function of the wavelength.
The peak response at A =11275 A (1.1 ¢V and 34
FWHM) is considered to be the fundamental band gap; it
is in good agreement with 1.09 eV, that of bulk, unstrained
Ing ;Gag;As.

Assuming the 77 K mobility to be limited principally
by remote-impurity scattering, alloy scattering, and polar
optical-phonon scattering, the estimated mobility? of the
two-dimensional electron-gas channel, in the unstrained
Ing3Gag;As is p~4 X 10* cm?/V s. Our experimental mea-
surements indicate a small but definite mobility anisotropy
along the two orthogonal {110) directions of about 4%,
p=3.1x10* cm*/Vs and p =2.96X10* cm?/Vs, with
corresponding room-temperature mobilities, p = 9340
cm?/V s and u = 8990 cm?/V s. The lower mobility and
the mobility anisotropy is attributed to the ~7% anisot-
ropy in strain relaxation and to the asymmetric misfit-
dislocation density which adds a dislocation-scattering
component to the mobility-limiting mechanism.

We correlate strain relaxation in a compositionally
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step-graded In,Ga, _ ,As buffer layer to the electrical prop-
erties of a modulation-doped Ing;Gag;As/Ing Al 4, As
heterostructure grown upon it. X-ray data showed that the
2.23% misfit of the buffer layer was 91% relaxed with a
7% asymmetry in the two (110) in-plane interface direc-
tions. The top Iny ;Gag,As buffer layer was tilted by 0.85°
from the subsirate. Plan-view and cross-sectional TEM
support the x-ray results. Less than 2X 10%/cm? disloca-
tions penetrate through the 2DEG channel, which has a
sheet-clectron density of 1.2 10'2/cm?, peak mobilities of
9300 cm?/V s at room temperature and 31 000 cm?/V s at
77 K, and a mobility anisotropy of ~4%.
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Abstract. Modulation-doped In, ,Ga, ,AS/Ing ,Al, ,,AS heteroepitaxial layers were
grown on GaAs substrates by molecular beam epitaxy using compositionally
graded buffer step layers. The misfit strain in the x = 0.3 layer, which contains the
two-dimensional electron gas channel, is relaxed by 96 % as determined by x-ray

diffraction. Transmission electron microscopy reveals that the active iayer is
dislocation-free. The sheet electron density of the channel is of the order

10'? em =2 and the mobility is 9340 cm? V=" s~ at room temperature and

42290 cm?2 V~'s ' at cryogenic temperatures. The effective mass of the electrons,
m* = 0.066m,, is greater by about 20 % than that expected of this ternary alloy,
due principally to the non-parabolic correction at the Fermi level. Shubnikov-de
Haas oscillations measured at 1.6 K as a function of magnetic field show that the
quantum relaxation time is 8.8 x 10~ '* s while the classical relaxation time
determined from the measured mobility and calculated m* is 1.5 x 10~ s.

The ternary alloy system In Ga,;_,As provides major
advantages for electronic and electro-optic device appli-
cations because its conduction band offset, relative to
GaAs, increases and its eflfective electron mass, m®,
decreases with increasing indium fraction, x. These ad-
vantages are oflset, however, by the composition-depen-
dent alloy scattering and by strain, which can produce
cither elastic or plastic deformation in epitaxially grown
In,Ga, _,As quantum wells (Qw) deposited on GaAs
substrates.

Tetragonally strained, pseudomorphic Qw are used,
to advantage, for making high performance field-effect
transistors and quantum-confined Stark effect modula-
tors. The onset of plastic deformation and/or the atten-
dant nucleation and propagation of interfacial
dislocations limits the practical use of such epilayers to
comparatively low indium concentrations, x < 0.2,

In order to increase the indium concentration and/or
the thickness of an epilayer beyond its pseudomorphic
limit, a buffer layer can be interposed between it and the
GaAs substrate. The composition and structure of this
layer are to be chosen such that strain relaxation occurs
entirely within the bufler layer without the nucleation of
dislocations in the epilayer. For this purpose, linear
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compositional grading, step grading, superlattice and
combinations of superlattice and step-graded bufler lay-
ers have been used [1-9]). Linear graded buffer layers
appear to be a particularly effective approach in both
SiGe [10, 11] and II1-V systems [5, 12].

We have chosen to investigate the synthesis of (as
nearly as possible) strain-free In, ;Ga, -As epilayers
grown on GaAs substrates with an intermediate three-
step graded buffer layer and to establish, if possible, a
quantitative correlation between strain relaxation in the
bufler layers and the electrical and the galvanomagnetic
properties of the epilayers.

Specimens were grown by molecular beam epitaxy,
on (100)-oriented GaAs substrates cut 2° ofl towards the
[110] direction, in a Varian Genll reactor. High energy
electron diffraction was used to monitor the growth
parameters; As,/III beam flux ratio of ~20 and growth
rates of about 1 um h~?! were obtained for a substrate
temperature kept constant at 535 °C.

Structures such as that shown schematically in figure
1 were used for the subsequently described experimental
investigations. They consist of an initial 0.2 um thick
undoped GaAs layer deposited on the semi-insulating
substrate, upon which are grown, sequentially, three
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10 nm n-GaAs (n = 3x10' em % )

30 nmn- Ing,0 Al L As (n= 1x1d8cm2 )

0.71

10 nm undoped in As

0.29 Al0.7'I

0.30 ym undoped in (3:0'7 As

0.30 0

0.30 ym undoped '“o.zo G‘o.ao As

Ga As

0.30 ym undoped lno'1 052090

Semi-insulating GaAs substrate

Figure 1. Schematic cross section of the buffer layer and
modulation-doped heterostructure intended to provide a
strain-free two-dimensional electron gas channel in a

Ing ,Ga, ;As layer.

undoped, 0.3 um thick In,Ga, _,As layers with In molar
fractions, respectively, of x = 0.1, 0.2 and 0.3. The upper-
most Ingy ;Ga, 4As layer contains the two-dimensional
electron gas (2DEG) channel induced in it by modulation
doping from the superposed 30 nm thick Si-doped (N, =
1 x 108 cm™3) Ing ;Alg -, As barrier laver and separ-
ated from the 2DEG channel by an undoped, 10 nm thick
spacer layer of the same composition as that of the
barrier layer. A 10 nm thick GaAs layer doped with Si,
Np =3 x 10" cm™3, is used as a cap layer.

Double-crystal x-ray diffraction was used to deter-
mine the strain relaxation of the specimens [13]. The
x-ray diffraction peaks of the layers from (400) and (422)
reflections were well resolved, leading to the determina-
tion of the perpendicular and parallel lattice constants, a,,
and a;; for each layer. From these data the composition
and natural unstrained lattice constant of each layer, a,,
were calculated. The resulting residual strain ¢; =
(a; — ag)/a,, for the x = 0.3 layer in the (100} in-plane
directions was —0.0859%,. Thus, from these data 969, of
the strain expected for an In, ;Ga, -As/GaAs layer, and
consequently present in the 2DEG channel, was relieved
by the buffer layer. Cross-section transmission electron
microscopy [13] of the structure in figure 1 showed that
dislocations are confined at the three step-graded inter-
faces. In addition, many dislocations were seen to loop
into the In, ,Gay oAs and Ing ;Ga, 4As layers. The con-
duction channel at the Ing ;Ga, ,As/Ing 39Al, 5;As in-
terface is essentially dislocation-free.

The grown layers were processed by means of photo-
lithographic and etching procedures into conventional
six-arm Hall bridge structures. Au/Ge eutectic contacts
were deposited in vacuum and alloyed in order to make
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ohmic connection to the 2DEG in the Ing 1Ga, ,As layers.
The room-temperature sheet electron concentration of a
representative specimen is n, = 1.10 x 10'2cm~? and its
electron mobility, determined from conductivity and
low-field Hall measurements, is g = 9190cm? V-! s~ 1.
The best samples measured, thus far, had n, = 1.32 x
10'2 cm™~? and pu = 9340 cm? V~! s~!. Figure 2 shows
the temperature dependence of the electron mobility of
three samples from different growth but under similar
growth conditions. At 77 K the highest mobility is
u=35020cm?2 V-'s~! reaching42290cm? Vs~ !at
30 K and decreasing slightly at lower temperatures, while
the sheet electron concentration remains essentially con-
stant at n, = 1.21 x 10’2 cm ™2 below 77 K. These data
are the best results reported so far for this composition,
indicating the good quality of the active layers. For
comparison, Inoue et al [5] reported an electron mobility
of 7500 cm? V=! s~ ! at room temperature and 2.5 x 10*
cm? V™ 1571 at 77 K for an Ingy ;Ga, -As epilayer grown
on GaAs using a linear compositional grading. Their
theoretical calculations assuming a superposition of the
relaxation processes attributed to impurity scattering,
polar optical mode scattering, deformaticn potential
scattering and piezoelectric scattering, but controlled
principally by alloy scattering, lead to an effective 77 K
mobility, u = 4 x 10* cm? V™! s7! for In, ,Ga, As.

We have measured the magnetic ficld dependence of
the p,, and p,, components of the conductivity tensor of
the 2DEG channel of the high mobility specimen, at 1.6 K,
using a superconducting magnet with a peak magnetic
field of 8 T. '.l'hc data in figure 3 show that Shubmns-
kov-de Haas oscillations appear above ~2.7 T and well
resolved p,. plateaus, characteristic of the integral quan-
tum Hall effect, appear above ~28T. The Fourier
transform spectrum of these SdH oscillations shows a
single peak, indicating that only one subband is involved
in charge carrier transport and that n, = 1.2 x 10!?
cm” 2, in good agreement with the data obtained from
the low-field Hall measurements.

A theoretical analysis shown to predict correctly the
low magnetic field amplitudes and phases of the sdH
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Figure 2. Terrperature dependence of the electron mobility
of the 2peG determined from low-field Hall effect and
conductivity measurements.
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Figure 3. Shubnikov-de Haas magneloresistance
oscillations and integral quantum Hall effect measured at
1.6 K on the In, ;Ga, ,As 206 channel. The measuring
current was 10 A and the Landau level index is shown on
the p,, data.

oscillation was developed by Coleridge et al [14]; for the
first subband it is

pxx/po =1+ 4D(X)cxp(—n/wctq)cos(2nE,.-/hwc - TI)
1)

where the cyclotron frequency, w_ = ¢B/m*, with B the
magnetic field, X = 22%kT,hw,, D(X) = X/sinhX; E; is
the Fermi energy, k is Boltzmann’s constant, T the
temperature, h the reduced Planck’s constant and z is
the quantum relaxation time related to the total scatter-
ing rate; it is different from the classical relaxation time 1,
related to the conductivity and the mobility, which is
weighted by the scattering angle; large differences have
been observed between these relaxation times in modula-
tion-doped 11I-V heterojunctions, while in silicon Mos
structures they are essentially the same.

The effective electron mass in our 2DEG channel is
different from that of unstrained Ing  Gag,As, mf =
0.055m,, due to the non-parabolic correction required
for the effective mass at the Fermi level, as shown by Liu
et al [15] and Ando [16]. Taking the correction into
account, we derived m*/mg = 0.066, larger by approxi-
mately 20% than m¢/my,. We then used the experimen-
tally determined n, and the calculated m* to fit the
measured low magnetic field dependent amplitudes of the
sdH oscillations, shown in figure 3, by means of equation
(1), choosing an appropriate 1, for this purpose, and from
such a simulation we obtain 7, =88 x 107'*s. The
classical relaxation time, using the measured 1.6K
mobility u =41050 cm? V-! s~! and the calculated
m* = 0.066mq is t, = 1.5 x 10™ ' s; therefore 1 /1, = 17,
indicating that total clectron scattering is greater by
more than one order of magnitude than angle-dependent
scattering. The value of this ratio is comparable to results

Letter to the Editor

obtained in high-quality heterojunctions, such as
AlGaAs/GaAs [17)].

In conclusion, we demonstrate that high-quality
Ing 3Ga, As/Ing 59Alg 0 As modulation-doped hetero-
structures can be grown by molecular beam epitaxy on
GaAs substrates using compositionally step-graded buff-
er layers. The growth is repeatable. The room-tempera-
ture sheet electron concentration of the two-dimensional
electron gas channel located in the In, ;Ga, ,As layer is
of the order 10'? cm ™2, and the high room-temperature
mobility and that measured at low temperatures support
the view that dislocation scattering is negligible. The
calculated eflective mass ratio, m*/m, = 0.066 is greater
than that to be expected for this ternary alloy, m*/m, =
0.055. Its larger value is due principally to a non-
parabolic correction required for electrons at the Fermi
level. Shubnikov-de Haas oscillations as a function of
magnetic field show that the quantum relaxation time,
7, =88 x 107!% 5, is considerably smaller than the
classical relaxation time, 7, = 1.5 x 107!2 5, determined
from electron mobility measurements.
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Abstract

“The concentration and mobility of the two dimensional electron gas present
at the interface between strain-relaxed, lattice matched, InyAl1.yAs/InyGa1.xAs
(x<0.45), modulation doped heterojunctions grown by means of compositionally
step-graded buffer layers on GaAs substrates, were measured at room temperature
and at 77 K. The composition dependence of the electron density ié attributed to
the dependence of the bandgap energy of InxGai-xAs and that of InyAly.yAs on X,
with a conduction band offset, AEc~0.67AE4. The room temperature electron
mobility increases from 9x103 cm?2/V-s for x=0.07 to 1.05x104 cm2/V-s for x=0.45.
Such strain-relaxed heterostructures have higher electron mobilities than similar

pseudomorphic structures with the same sheet electron concentration.

PACS numbers: 73.50.-h, 68.55.8d




Heterojunctions made of the ternary alloy InyGaj.xAs with other binary or
ternary IlI-V alloys provide a number of advantages for device applications. These
includel the decrease of the effective electron mass and the increase in the
conduction band intervalley energy difference with increasing x. The ternary alloys
Ing.s3Gag.47As and Ing 52Alg 48As have lattice constants which match, exactly, that
of InP. Other compositions are either in compressive or tensile strain relative to InP
and they are in compressive strain relative to GaAs. Optimum Jesign criteria for
many heteroustructure devices include the need for a large conduction band offset,
AE¢, a high electron mobility, p, and a high saturated velocity, vs.

For pseudomorphic InyGai.xAs/GaAs heterostructures%3 the difference,
AEg, of the fundamental band gaps increases with the fractional indium
concentration x, and the conduction band offset, AEc~ QcAEg with Q¢ =0.6 10 0.7.
The interfacial strain produced by the lattice mismatch, which increases with x, can
generate lattice defects unless layer thicknesses are limited below some critical
threshold‘iv5 associated with strain relaxation. These defects affect, adversely, the
charge carrier transport properties of such heterojunctions.

The large band gaps of AlyGay.yAs alloys are useful for modulation doped,
pseudomorphic, double heterojunctions of A Gay.yAs/inyGay.xAs/GaAs
because®.7 AEc~ 0.67AEg (for y=0.2 to 0.35 and x=0.12 to '0.35). This provides
good confinement of the two-dimensional electron gas (2DEG) in the InxGaij.xAs
quantum wells(QW), a high sheet electron density, ng, and a low leakage current
across the heterojunction interfaces. However, increasing x affects adversely the
electron mobility due to the dependence of the electron effective mass,8 and other
parameters9 on strain.

To our knowledge, no detailed theoretical or experimental comparisons
have been made, as yet, of pseudomorphic QW heterostructures with similar but

strain-relaxed InyGai.xAs. However, by solving the Boltzmann transport equation




using Monte Carlo techniques, Thobel et al.9 have calculated the composition
dependence of electron mobility, p, and of the peak electron velocity, vg, for bulk,
unstrained, and pseudomorphically strained InxGai.xAs respectively, grown either
on GaAs or on InP substrates. They found that the p and the vs are degraded
significantly for InyGaj.xAs layers with x20.25, grown compressively strained on
GaAs substrate; but are affected only slightly for x=0.53 compressively strained
relative to InP. Strain-free heterojunctions may have a higher conduction band
offset than their strained counterparts as suggested by the work of Arent et al.10
and strain-relaxed heterojunctions on GaAs substrate may be useful for device
applications which require Eg>0.75 eV. Such heterostructures can be made by
interposing a compositionally"'Step graded or a linearly graded buffer layer between
them and the GaAs substrate.

In this paper we present experimental results and an interpretation of the
composition dependence of ng and p of the 2DEG, present in strain-relaxed
InxGai.xAs layers. These are compared to pseudomorphic InyGa1.xAs/AlyGay.yAs
and InxGay.xAs/GaAs heterostructures.

Molecular beam epitaxy was employed to grow the heterostructures on
semi-insulating (001)-oriented GaAs substrates with a 20 offcut towards the nearest
(110)-plane. A substrate temperature, Ts=535 °C, was used for the growth of x<0.3
specimens, otherwise Tg was maintained between 480 °C and 510 °C. The As4
equivalent vapor pressure was typically 20 to 30 times that of the group Il
constituents and the growth rates were between 0.8 and 1.4 yum/hr. A 0.2 pm thick
GaAs layer was first grown on the substrate followed by the compositionally graded
buffer layers. These consist of 0.3 ym thick steps of InyGa{.xAs, with a composition
increment, Ax=0.1/step. For modulation doping purposes, a 30 nm thick carrier
supply layer doped with Si to nominally 1x1018/cm3 superposed on a 10 nm thick

undoped spacer layer, both of lattice matched InyAly.yAs, were subsequently grown




on the appropriate InyGai.xAs epilayer. The compositions of the specimens were
determined by double crystal x-ray diffraction and, in some instances, the structural
properties were studied by transmission electron microscopy.!1 Resistivity and
Hall effect measurements were made at room temperature and 77 K using a dc
current of 10 pyA and a magnetic field of 0.1 Tesla on six-arm Hall bar structures
processed by means of photolithographic procedures.

Transmission electron microscopy of our specimens, both of cross-section
and plan view, show that for x<0.3 the threading dislocation density in the topmost
InkGa1.xAs layer is less than 2x106 cm-2. However, asymmetrically distributed misfit
dislocations running along mutually orthogonal <110> directiqns were observed by
TEM. We can expect, therefore, a mobility degradation due to dislocation
scattering. It is reflected in the anisotropic electron mobility with maximum p in the
<110> orientation, i.e., with the current density vector oriented along the <110>
axis. The subsequently described measurements represent data obtained on
specimeﬁs with this orientation.

Figure 1 shows the dependence of ng as a function of x derived from Hall
measurements. Because the specimens have the same doping density and
geometric parameters, we believe that Fig.1 represents the composition
dependence of the confinement potential of the 2DEG, hence of the conduction
band offset, AE¢. Explicit measurements of the AE. of such heterostructures have
been reported!2 only for x=0.53 and y=0.52. If AEc(X) depends principally on the
variation of AEg(x) then one might expect it to increase with x for x < 0.3 and to
decrease for x>0.3. Using the composition dependence3 of the fundamental band
gap of InyGay.xAs and that4 of the direct band gap (y>0.3) of InyAl4.yAs, the band
edge differences, AEg, can be expressed for both the direct and the indirect gap by
interpolating for the latter (y<0.3) linearly; choosing y=x-0.01 for lattice matching

InxGaj.xAs with InyAly.yAs




AEg (eV) = 0.738 + 1.161x + 0.436x2  (for x<0.3) (1)

AEg (eV) = 1.629 - 1.874x + 0.304x2  (for x>0.3) (2)
These relations are plotted in Fig.2. We estimate AE¢(x) using Stern's model!® of a
single heterojunction with fixed barrier height, Vp, under flat band conditions at
equilibrium,

Vb=Eg+Ef + Egp + Vi+ Vgp (3)
where Eg is the first subband energy measured from the bottom of the QW, Eg is the
Fermi energy, Egp is the donor binding energy, V| and Vgp are, respectively, the
potential drops in the electron supply layer and the spacei layer.

At 300 K the shallow Si donor levels which lie about 5 me.\ below the
conduction band of InyAl1.yAs‘"are ionized; however, electrons associated with
deep donor levels must also be considered. Because our growth conditions are
similar to those of Higuchi et al.16 we choose Egp=0.34 eV as the appropriate level
and assign an error bar of 0.1 eV to include discrepancies with other reported
values17-19 in the range between 0.25 eV and 0.39 eV. We have used eq.(3), in
conjunction with Fig.1 to calculate the deperdence of AE¢ on x shown in Fig.2.
Also included here is the reported AE¢ of the lattice matched alloy12
Ing.52Alp.48As/Ing 53Gap.47As grown on InP. These data suggest that for both the
direct and the inairect compositions of InyAlq.yAs, AEC~O.6‘7AEg; and that for x=0.3
the conduction band offset is larger than that of the lattice matched alloy grown on
InP. We do not have a satisfactory explanation why the maximum ng occurs at
x=0.4 rather than at x=0.3, as shown in Fig.2. While a similar change of ng(x) was
reported by Hsu et al.20 on 3-doped, pseudomorphic InxGai.xAs/GaAs
heterostructures, we believe that the change in the energy differences between the
Fermi level and the subbands as a function of x, due to quantum size effects, is

responsible for their observations.




Figure 3 shows the composition dependence of u, determined from Hall and
resistivity measurements, made at 300 K and 77 K. At room temperature, p
increases by about 14%, from 9X103 cm2/V-s for x=0.07 to 1.G5X104 cm2/V-s for
x=0.45. Fo, comparison purpose, a typical2! modulation doped, lattice matched
heterojunction grown on InP with the same ng, has p(300 K) = 1.2X104 cm2/V-s and
AE:=0.5 eV. The pseudomorphic structures described by Hsu et al.20 have
considerably smaller mobilities, the highest being p(300 K) = 5.5X103 cm2/V-s for
x=0.37, due perhaps, to interface roughness scattering.

In our case, the effective mass enhancement at the Fermi level, after
accounting for the non-parabolicity of the conduction band,22 ‘leads to a reduction
of m” from 0.068 to 0.057, for the same composition range. This 16% decrease in
m* might account for the experimentally observed increase in u with x. While the
composition dependence of u at room temperature is weak, and is dominated
principally by polar optical phonon scattering, this dependence is much §tronger at
77 K as shown in Fig.3. We assume that in this instance while additional processes
such as impurity scattering, deformation potential scattering and piezoelectric
scattering are present, the measured p(x) is dominated by alloy scattering. As
shown by Saxsena,23 the alloy scattering limited mobility paL is proportional to
1/m*3/2x(1-x). A superposition of the various scattering meéhanisms, including the
non-parabolicity of the conduction band, leads t¢ 2 minimum in g occurring at
x~0.38 in accordance with the experimental measurements as shown in fig.3.
Figure 3 also includes some data of Inoue et al.24 obtained on lattice matched
InxGai.xAs/InyAl1-yAs heterostructures similar to ours, but grown on GaAs
substrates using linearly graded composition buffer layers. Their values are
somewhat smaller than ours attributed here to a larger ionized impurity scattering
induced by a factor of two greater impurity concentration in the supply layer and a

spacer layer which is only 3 nm in thickness. We conclude, tentatively, that there is




no particular advantage for choosing a linearly graded over a stepwise graded
bufter layer for producing effectively strain relaxation by means of buffer layers.

Fig. 3 also shows, for comparison purpose, the electron mobilities25 of a
pseudomorphic, d-doped, Alg.35Gag.g5As/Ing.17Gag.g3As heterojunction
(represented by triangular symbols) made in essentially the same configuration as
that of the strain-relaxed heterostructures. Its (300 K) = 9.3x103 cm2/V-s is about
7% smaller than that of similar strain-relaxed structure while at 77 K its mobility,
p(77 K) = 4.21x104 cm2/V-s is about 20% smaller than that of strain relaxed
structures.

In summary, we have measured ng and p of the 2DEG in strain relaxed
InyAl1.yAs/InyGaj.xAs (x<0.45) heterojunctions, with the same Si doping
concentration in the carrier supply layer and the same device configuration. The
dependence of ng on x o1 these :.eterostructures is attributed to composition
dependent AEq(x), with AE~0.67AEg . 1ne maximum in AEc=0.72 eV is deduced
for Ing, 29/;\!0.71As, at x=0.3. *: room temperature the electron mobility increases
stightly with x, from 9x103 cm2/\'-s for x=0.07 to 1.05x104 cm2/V-s for x=0.45; while
at 77 k, a strong composition dependence of the electron mobility, dominated by

alloy scattering, leads to a minimum of y(x) near x=0.4.
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Figure captions

FIG. 1. Electron sheet density ng of strain relaxed InyAl1.yAs/InsGa1.xAs modulation
doped heterojunctions as a function of indium composition measured at T=300 K.
The nominal Si doping concentration in the InyAly.yAs carrier supply layer is

1x1018 cm-3.

FIG. 2. Conduction band discontinuity AE. of lattice matched InyAly.yAs/InkGai.xAs
heterostructures. The open circle is data from ref.12. The solid lines are the band
gap energy differences between the two lattice matched ternaries and the dashed

lines represent 67% of the band gap energy differences.

FIG. 3. Electron mobilities of modulation doped InyAly.yAs/InyGaq.xAs
heterojunctions at room temperature and at 77 K. The open squares are from Inoue
et al. (ref. 24) The triangles are from a pseudomorphic

Alg.35Gag gsAs/Ing 17Gag.g3As sample. The dashed curves are guide to the eye.
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Lattice Tilt and Dislocations in Compositionally Step-Graded Buffer Layers for JVS§ T
Mismatched InGaAs/GaAs Heterointerfaces

K. L. Kavanagh, J. C. P. Chang, J. Chen, J. M. Fernandez, and H.H. Wieder
Deparmment of Electrical and Computer Engineering,
University of California at San Diego, La Jolla, CA 92093-0407

The strain relaxation and dislocation densities of a compositionally step-graded
InGaAs/GaAs buffer layer have been investigated. The structural results were correlated
wi‘th the electrical properties of an Ing3Gag7As/Ing 29Alg7; As modulation doped heteros-
tructure grown on top. The buffer was a three step In,Ga;_,As structure each layer 300 nm
thick and each In composition step x = 0.1. X-ray rocking curve -analysis measured a tilt
about an in-plane <110> axis of about 0.3° per step. At the top interface of the buffer the
density of misfit dislocations evaluated by electron microscopy was comparable to the
number required to account for this tilt. Thus, the 60° burgers vectors for the majority of
dislocations along one in-plane line direction was restricted to a maximum of two rather
than the usual four possibilities. The electron mobility in the two-dimensional electron gas
channel showed a small assymetry (4%) in the two in-plane <110> directions and was
highest in the direction parallel to the tilt axis. The sheet electron concentration was
1.2x10'2/cm? with peak mobilities of 9300 and 31,000 cm?/V-s at room temperature and

77K, respectively.




I. INTRODUCTION

Strain relaxation of lattice mismatched semiconductor epilayers occurs by the forma-
tion of dislocations at the interface. Necessarily associated with this process is the genera-
tion of threading dislocations in the bulk of the epilayers which may or may not glide and
annihilate at the edge of the sample. It is well known that partially relaxed single epilayer
material with relatively few threading dislocations can be grown as long as the lattice
mismatch is not too large and the growth process sufficiently clean. Specifically, in the case
of In,Ga;_4As/GaAs, if the In mole fraction, x, is less than about 0.18 (1.25% mismatch)
then the threading dislocation density in a single epilayer can be less than the lower limit
detectable by plan-view transmission electron microscopy (TEM) a‘bout 108cm?.1:2 With In
compositions greater than x = 0.18 the surface becomes increasingly rougher with the even-
tual onset of three dimensional growth leading to island formation and sessile edge disloca-
tion generation.? The resulting material is badly dislocated with densities greater than
108 /cm?.

Therefore, in order to grow low defect density unstrained epitaxial-layers on strongly
mismatched substrates, buffer structures grown between the substrate and the surface epi-
layers are being investigated. Ideally, this buffer structure must be such that the relaxation
of interfacial strains is contained within it and all threading dislocations glide to the edges of
the sample rather than ending in the desired epitaxial layer. Although various strategies have
been applied in the past a number of old and recent reports indicate that linearly or step-

graded compositional buffer layers can be very effective for achieving such goals.“‘9

We are investigating, in particular, the use of a compositionally step graded
In,Ga;_,As buffer layer for the growth of modulation doped In,Ga;_zAs/InyAl;_yAs
heterostructures on GaAs substrates. This type of buffer layer is easy to grow reliably in our
molecular beam epitaxy (MBE) system and the analysis of strain relaxation in each layer of
the buffer is feasible by high resolution x-ray diffraction. Also, the two-dimensional elec-

tron gas (2-DEG) present in the modulation-doped In,Ga;_4As layer offers a means to
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correlate the electrical properties with the composition, strain, microstructure and disloca-
tion densities determined by x-ray diffraction and TEM. We have chosen a step size of x =
0.1 and a layer thickness of 300 nm based on published rcPon58'9 and our own earlier work
with single epilayers.2 This has proven quite successful, so far, for In compositions up to
x £ 0.3 (three layer buffer).!? In this paper we emphasize the relationship between the epi-

layer tilt measured by x-ray diffraction and misfit dislocation densities observed with TEM.

II. EXPERIMENTAL DETAILS

Samples were grown by molecular beam epitaxy, on (OOl)-c;x'iemed GaAs substrates
cut 2° off towards the [010] direction. The structures consisted of an initial 200 nm thick
undoped GaAs layer, followed by a 3-step graded buffer layer consisting of undoped, 300
nm thick In,Ga;_xAs layers with nominal In mole fractions of x = 0.1, 0.2 and 0.3. Super-
posed on this buffer layer is a 10 nm thick, undoped Ing,9Alg7; As spacer layer, a 30 nm
Si-doped (Ng = 1x10'8 /cm?) Ing29Alp7; As charge supply layer and topmost is a 10 nm
Si-doped (Ng = 3x10'7 /cm?) GaAs cap layer. The substrate temperature was kept at 535°C
for all layers. We have two In cells and thus there were no unusual delays between growth

at each composition step.

Cross-sectional TEM was carried out on epoxied samples thinned by Ar ion-milling (5
keV) at liquid nitrogen temperature. Plan-view samples were prepared by chemical etching
from the substrate side. All TEM was carried out using a Philips CM30 at an accelerating

voltage of 300 keV.

The alloy composition and layer strains were measured with a high resolution x-ray
diffractomster using CuKq radiation. There proved to be a large tilt in each of the epi-
layers with respect to the substrate. Thus (004) and (224) rocking curves were recorded at

eight azimuthal angles in order to obtain an accurate measure of this tilt.!!




III. RESULTS

A cross-sectional image of the sample taken near the [110] pole in a two beam (004)
condition is shown in Fig. 1 (a). The dislocation density and morphologies are similar at
each interface comparable to earlier observations with single heterointerfaces.? Dislocation
loops are seen inside the substrate and in the first two layers of the buffer. By tilting the
sample about the [001] axis perpendicular to the plane of the film, loops orientated in the
perpendicular [011] direction are elongated and become more visible. Figure 1 (b) shows
the same area as (a) tilted 45° to the [010] pole in a (004) two beam condition. Multiple
loops stacked above each other are often visible possibly originating from the same source
at the interface The top layer of the buffer is devoid of any threa.ding dislocations in this

image and in all thin regions of the TEM sample.

Plan-view micrographs of this sample are shown in Fig. 2. Both the loops and the in-
plane dislocations seen in these micrographs have 60° burgers vectors of type a/2<110>.
The parallel dislocations running in only one <110>, actually the [-110] direction, are asso-
ciated with the InAlAs/InGaAs 2-DEG interface. These indicate that there was a small lat-
tice mismatch between these two layers unintentionally introduced during growth. The rea-
son for the nucleation in only one direction at low mismatch has been attributed to differ-
ences in the nucleation rate and velocities of Ga and As core dislocations . We will argue
that it may also be due to preferential slip planes resulting from the substrate surface
offcut.!® The density of these dislocations is 1x10%/cm corresponding to a strain relaxation
of only 0.02% for 60° dislocations. No dislocatic..s were observed in the surface regions of
the sample next to the etched hole. The sampling area of 135 um? gives an upper limit to
the threading dislocation density of 7x10° /cm?. The orthogonal array of misfit dislocations
is associated with the Ing,GaggAs/Ing3Gag7As interface. The density is 2.0x10°/cm and
1.6x10°/cm in the two perpendicular in-plane [110] directions. For 60° dislocations this
corresponds to a strain relaxation of 0.4 and 0.32%, respectively. These values should be

compared with the misfit between the two buffer layers, 0.7%. Thus, the dislocation
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densities indicate that the top buffer layer is relaxed by 45 and 57%, respectively, consistent

with our experience with single heterointerfaces.?

X-ray rocking curves from the (004) and (224) reflections are shown in Fig. 3. With
the x-ray beam parallel the [110] direction, rotation angle @ = 0°, each epilayer peak is
resolved. But after a rotation about the plane normal, [001], by 180° all three peaks have
overlapped with the substrate peak. The only explanation for this is that the films are tilted
about the in-plane [-110] axis by a value comparable to the Bragg angle difference, A@g.
Further analysis of the data shows that the tilts and hence Afp for the x = 0.3 and 0.2 layers
are 0.85° and 0.55°, respectively. The tilt in the first layer could not be independently
obtained from this data but, considering the results from the two other layers, its tilt is likely

between 0.25 and 0.3°.

From combined analysis of both sets of rocking curves, the composition of the third
layer was confirmed to be close to 0.3, ie., 0.31£0.01. Its residual in-plane strains, €',
defined as (a;jo—ag)/as were calculated to be -0.33 and -0.04%, for the [110] and [-110]
directions, respectively, a large asymmctry.lo Therefore, with respect to -a relaxed second

buffer layer the relaxation of buffer layer three was 52 and 94%, respectively.

But, another way to look at this data is to compare the residual strain of layer three
with respect to the substrate misfit. The lattice misfit between layer three and the substrate is
2.23%. Thus, 85 and 98% of the misfit between layer 3 and the substrate has been relaxed
in the two perpendicular directions. Further confirmation of the low absolute strain in the
third buffer layer was obtained by etching off the 2-DEG structure from a similar step-
graded wafer and measuring the photoluminescence response at 10K as a function of
wavelength. The peak response occurred at an energy of 1.1 eV (3.4 nm FWHM) in close
agreement with 1.09 eV, that of bulk unstrained Ing3Gag 7 As.

Finally, the electron mobility, i, in the 2-DEG channel measured along the two
orthogonal <110> directions as a function of temperature is plotted in Fig. 4. At 77K the

electron mobility derived from Hall and resistivity measurements is u = 3.1x10* cm/V-s
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and 2.96x10* cm?/V-s respectively, a 4% asymmetry. The corresponding room temperature
mobilities were g = 9340 cm?/V~s and 8990 cm?/V—s. In each case the highest mobility
direction occurred in the [-110] direction parallel to the dislocations at the 2-DEG interface.
Assuming the 77K mobility to be limited principally by remote impurity scattering, alloy
scattering and polar optical phonon scattering, the estimated 2 DEG mobility present in
unstrained Ing3Gag7As for the same supply layer doping and device configuration is u =
4x10* cm?/V—s. The lower mobility and the anisotropy of the experimental results is attri-
buted here to the 7% residual strain asymmetry (with respect to the substrate), to threading
dislocations (at a density not greater than 1x10%/cm?), and to the asymmetric misfit disloca-
tions. Dislocations running perpendicular to the transport direction add a scattering com-
ponent to the mobility limiting mechanism.-And-because-of Ihe smalt assymetry in mobility
with the large assymetry in the misfit dislocations density at the 2-DEG interface we suspect
that the misfit dislocations are Mle’“:s‘l/important than the threqdip dislocations. We estimate
the mobility component associated with scattering by m dislocations to be of the

order 10° cm? JV—s.

IV. DISCUSSION

A large tilt detected by x-rays has been noticed before in single GalnAs/GaAs
heterointerfaces and in other lattice mismatched systems.}!*13-16 The tilt is thought to ori-
ginate from a combination of two effects. The first is the geometrical effect of the surface
steps first considered by Nagai.!8 This tilt would be present in both psuedomorphic and par-
tially relaxed epilayers and would occur about an axis parallel to the surface offcut tilt axis
but in the opposite direction. The second effect is the result of plastic deformation when the
generation of misfit dislocations results in a net burgers vector component perpendicular to
the interface. The geometrical tilt effect as predicted by Nagai in our case for a

Ing3Gag7As/GaAs sample grown on a 2° offcut surface would contribute a tilt of 152
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arcsecs, small compared with the tilt measured, 3060 arzsecs. Furthermore, this tilt would be

a rotation about the [01C] axis 45° to the tilt axis we measured.

Consideriny the dislocation contribution we can =asily calculate how many interfacial
dislocations must be contributing towards the tilt in the films. The tilt between the second
and third buffer layer was 0.3°. Each 60° misfit dislocation has an edge component perpen-
dicular to the plane of the interface equal to a/2[001] with a magnitude cf a/2. Therefore, the
dislocation spacing necessary to account for this tilt is given by a/2sin(0.3°) which equals 55
nm/dislocation or 1.8x10° /cm. Interestingly, this number is comparable to the dislocation
density observed by TEM (1.6x10° /cm) indicating that in the [-110] line direction possibly
all of the dislocations were restricted to only two of the possible fc;ur burgers vectors. With
a litle more TEM work we might be able to confirm this result. It would also be interesting
to check for a rotation in the film about the [001] direction and thus determine if the disloca-

tions are limited to only one burgers vector.

The reason for the preferential formation of only one or two burgers vectors can be due
to a preferunce for particular glide planes forced by the offcut tilt in the surface.!® Alterna-
tively, a dislocation mutiplication process is operating which has a preference for one or

two types of Burgers vectors. Further investigations are required.

To summarize our results the directions of each of the phenomena observed is shown
in the diagram in Fig. 5. The tilt axis along [-110] is 45° to that of the offcut axis along
[100]. The geometrical effect of the offcut on the tilt is negligible on the scale of tilt meas-
ured here. The highest mobility occurs in the directios: parallel to the tilt axis which is also
the line direction of the dislocations at the 2-DEG interface. The tilt axis is ¢1so parallel to
the line direcuon of the dislocatons with the lower density at the interfa.e between the
second «nd third buffer layers. Therefore, the maximum strain relaxation occurred in the (-

110] direction, parailel to the tilt axis.
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V. CONCLUSIONS

We have correlated to first order the residual strain present in a compositionally step-
graded InGaAs buffer layer with the electrical properties of a modulation doped
Ing3Gag 7As/Tng29Alg 71 As heterostructure grown upon it. X-ray data showed that the top
buffer layer misfit with respect to the substrate was, on average, 91% relaxed with a 7%
asymmetry in the two in-plane <110> directions. Each layer of the buffer was tilted by
about 0.3° with respect to its neighbors about the in-plane [-110] axis. This tilt corresponds
to a misfit dislocation density approximately equal to the density measured by plan-view
TEM. Thus, in the [-110] in-plane direction the misfit burgers vectors are restricted to only 1
or 2 possibilities. Further work is required to understand the signiﬁ;:ancc of this result to the
underlying dislocation nucleation mechanisms in this material. The 2-DEG channel had a
sheet electron density of 1.2x1012/cm?, peak mobilities of 9300 cm?/V—s at room tempera-

ture and 31,000 cm?/V-s at 77K with a mobility anisotropy of 4%.
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Figure Captions

Fig. 1 Cross-sectional transmission electron micrograph of a three step compositionally
graded In,Ga;_,As buffer layer grown on GaAs taken in a two-beam (004) condition (a)
near a <110> pole and (b) tilted 45° to a <010> pole.

Fig. 2 Plan-view transmission electron micrograph of a three step compositionally graded
In,Ga;_4As buffer layer grown on GaAs. The sample is wedged shaped and therefore the

two dimensional gas interface and the top interface of the buffer layer are distinguishable.

Fig. 3 (a) (004) and (b) x-ray rocking curves of a three step, compositionally step-graded
In,Ga;_xAs buffer layer (x = 0.1, 0.2 and 0.3) taken for four azimuthal angles in 90° incre-

ments from w =0- 270 °.
Fig. 4 Hall mobilities and the sheet clectron concentration of the channel of a
Ing3Gag 7As/Ing 29 Alg 71 As modulation doped heterostructure as a function of temperature

and in-plane orientation.

Fig. 5 Diagram showing the orientation of the epilayer tilt, interfacial dislocations and elec-

tron mobilities for a three layer step-graded InGaAs/GaAs buffer.
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ANISOTROPIC ELECTRON MOBILITY OF AL

TWO-DIMENSIONAL-ELECTRON-GAS IN MODULATION DOPED
InxGaj.xAs/InyAl}.yAs HETEROSTRUCTURES

Jianhui Chen, J.M. Fernandez, and H.H. Wieder
Electrical and Computer Engineering Department, 0407
University of California, San Diego

La Jolla, CA 92093-0407

ABSTRACT

We have investigated the electrical properties of the two-dimensional-electron-gas
(2DEG) present in strain relaxed heterojunctions with InxGaj_xAs channels (x<0.4). These
were grown by molecular beam epitaxy on misoriented (001) GaAs substrates using

compositionally step graded buffer layers, Ax' = 0.1 per step, each step 0.3 ym thick. The
2DEG is produced by modulation doping using lattice matched InyAl}.yAs as the carrier supply

layer. We find typical electron densities and mobilities, for x=0.3, of ng(300 K) = 1.3 x 1012
cm-2 and pp(300 K) = 9300 cm?2/V-s; and for ng(1.6 K) = 1.2 x 1012 cm2, pp(1.6 K) = 37800

cm?/V-s. While the room temperature electron mobility shows negligible anisotropy, an <110>-
orientation dependent low temperature electron mobility of the 2DEG is observed and attributed
to dislocation scattering.

INTRODUCTION

InyGaj xAs alloys are good candidates for high speed electronic devices because of their
better transport properties including a higher electron mobility, and larger conduction band
discontinuity when combined with other binary or ternary 111-V semiconductors. However,
their application is limited by a potentially large lattice mismatch when-grown on GaAs
substrate. Misfit strain causes elastic and plastic deformation of the InxGaj_xAs lattices, which
can degrade the transport properties of the epilayers. It is known that the low temperature
electron mobility y is sensitive to small numbers of dislocations,(11.(2] because other scattering
mechanisms such as phonon and ionized impurity scatterings have much higher electron
mobilities. Misfit dislocations are believed to be charged lines and therefore highly anisotropic
scattering centers.[3).[4] For samples with a relatively small number of dislocations, their effect
on electron transport properties is reflected in the anisotropy of the electron mobility as well as
in a decrease of y. Anisotropic transport properties were observed early in plastically deformed
Germanium(5! and InSbl6l. Recently, anisotropic electron mobilities have been reported in
single layers of InxGaj.xAs grown on GaAs;[7}48]in GaAs/Ing 2Gag gAs/Alg3Gag 7As inverted
HEMT structures[9) for InGaAs layers both below and beyond the critical layer thickness.
Orientation dependent device characteristics of lattice mismatched IngAlj.xAs /Ing 53Gag 47As
HFET's grown on InP has also been reported.[10] These anisotropies were attributed to
different dislocation densities in the two orthogonal <110> orientations. Sun et al.ll1] also
studied the effects of substrate misorientation on the anisotropic electron transport in
InGaAs/GaAs heterostructures and found much higher y and smaller anisotropy for samples
grown on 2° off axis misoriented GaAs substrates.

The successful growth of strain relaxed InxGaj.xAs provides additional advantages for
device applications; these including the use of lattice matched InyAlj.yAs as the barrier layer
which has a larger band offset with InyGaj.xAs than AlyGaj.,yAs and GaAs(12) as well as the
flexibility of choosing a specific bandgap energy and layer thickness. However strain relaxation

version




involves the formation of dislocations in numbers proportional to the mismatch. The effect of
dislocations on the electron transport properties of strain relaxed InxGaj.xAs epilayers is vital
for device applications. In this work, we report the transport properties and the orientation-
dependent electron mobilities of the two-dimensional-electron-gas (2DEG) in the strain relaxed,
lattice matched InyAl).yAs/InxGaj.xAs (x<0.4) modulation doped (MD) heterojunctions grown
by molecular beam epitaxy (MBE) on (001) mis-oriented GaAs substrates by means of
compositionally step graded buffers. The higher electron mobilities and smaller degree of
anisotropy compared to the 'quasi' pseudomorphic structures indicate the good crystalline
quality and device applicability of such strain relaxed structures.

EXPERIMENT

The strain relaxed, lattice matched InyAl}.yAs/InyGaj.xAs heterojunctions were grown
by MBE on (001) oriented GaAs substrates with a 2° offcut towards the nearest (110) plane.
The two-dimensional-electron-gas present in the IngGaj;_xAs channel is produced by
modulational doping with Si a 30 nm thick lattice matched InyAlj.yAs carrier supply layer which
is separated from the channel layer by a 10 nm thick, undoped InyAl;_yAs spacer. The nominal
Si doping concentration is 1x10!8 c¢m-3 for all the samples. Interposed between the
heterojunction and the GaAs substrate is a buffer composed of composionally step graded
InxGa).x'As or Inx(AlyGaj.y)1.x'As layers. Each step is 300 nm thick with a composition
increment, Ax'=0.1 up to the desired x, i.e. until x'=x is reached. Reflection high energy
electron diffraction (RHEED) was used to monitor the growth mode and to calibrate the growth
rates of GaAs and InxGaj.xAs and hence to determine the InAs molar fractions x. The other
growth conditions are described in detail elsewhere. [13]

Temperature dependent electron mobilities were measured by resistivity and Hall effect
measurements from 300 K down to 1.6 K on six-arm Hall bars prepared by photolithography
and lift-of f procedures. The orientation dependence of electron mobility was studied by aligning
the Hall-bars such that the current density vector is parallel to the two orthogonal <110>
directions separately. Double-crystal x-ray diffraction, and in some cases electron transmission
microscopy (TEM) were used to characterize the structural properties of the specimens.

RESULTS AND DISCUSSION

Fig. 1 shows the temperature dependent electron mobilities of 2DEG in lattice matched
InyAl;.yAs/InxGaj.xAs (x<0.4) MD heterojunctions in the two orthogonal <110> directions. At

room temperature, the electron mobility y is about 9X103 cm2/V-s and nearly independent of
orientation and composition. In the range of 50 K<T<300 K, y increases with decreasing

temperature, showing a T-® dependence with 1.0<a<1.5. For T<50 K, the mobilities are
almost independent of temperature, but decrease with increasing InAs molar fraction x. The
average values of y at 77 K are from 3.8x104 cm2/V-s for x=0.2 to 2.5x10% cm?2/V-s for

x=0.4. The corresponding 2-D electron concentrations (ng) are 7.8x10!1 to 1.3x1012 cm-2.
Such composition dependence of electron mobility is believed to be primarily due to increasing

alloy scattering.[12] For comparison, the values of u reported of pseudomorphic IngGaj.xAs
MD heterostructures in the same composition rangel14)-{16] are between 1x104 and 2x10%
cm2/V-s at 77 K.

The orientation dependence of u is most evident at low temperature as seen in Fig.1.
The highest electron mobilities are always found in the [110] orientation and the lowest in the

orthogonal [110] direction. In this paper, (1 10] orientation is referred to the direction
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Fig.1. Temperature depenaent electron mobility of 2DEG in strain relaxed,
lattice matched InyAly.yAs/InxGaj.xAs MD heterojunctions. The circles are for
x=0.2, squares for x=0.3, and triangles for x=0.4. The solid symbols represent

data in [i 10] orientation and open symbols in [110] direction.

perpendicular to the major flat of the 2-inch diameter wafers. The percentage anisotropy of low

temperature electron mobility, defined as Au/p(110) = (#[110] - ¥{110])/K(110] is found to
increasewith x. Negligible anisotropy in ng was observed. These results are summarized in
Table I. It should be pointed out that the <110> orientation dependence of yis not due to the
lattice mis-orientation created by the 2° offcut of the substrate, because the axis of the offcut is
45° to the orthogonal <110> directions.

Table I. Electron mobilities of 2DEG in the InyAl;.yAs/IngGajxAs MD heterojunctions at 300
K and 1.6 K obtained by resistivity and Hall effect measurements in the orthogonal <110>

orientations. The fractional anisotropies Ap/ji10) are also listed for different x.

Electron mOblllty (cmzN-s) AH/M[TIO]
sample 300 K 1.6 K
D X - - 300K | 16K
[110] [110] [110] [110] ]
1922 0.2 8980 8850 | 53040 | 52480 1.4% 1.1% |
1814 0.3 9340 8990 | 37840 | 34540 | 3.7% 8.7%
1923 0.3 9400 8860 | 41050 | 40530 | 0.7% 1.3%
1906 0.4 8900 8800 | 29920 | 26230 | 0.9% | 123%
2009 0.4 8280 8230 | 24500 | 21890 | 0.6% | 10.7% |
1884 0.4 9870 8530 | 33860 | 22960 | 13.6% | 32.2%




The electron mobility anisotropic is likely to depend on and to be correlated to the

structural properties of these samples. A TEM studyl17] of an x=0.3 sample found that most of
the dislocations are formed and confined to the buffer layers at the interfaces between steps. The

top Ing3Gap 7As layer had fewer than 105/cm? threading dislocations. In addition, a small
number of misfit dislocations (~1X10% cm-1) are seen lying in the [110] direction; no dislocation
running along [110] orientation near the electron conduction channel at the
Ing29Alg71As/Ing 3Gag 7As interface. At the Ing3Gag7As/Ing 2Gag gAs interface, asymmetric

misfit dislocation densities of 2.0x105 cm-! and 1.6x105 cm-! are observed for [110] and [110]
orientations respectively. The extent of strain relaxation of the structure was measured using X-
ray rocking curves from both (004) and (224) diffractions.[17] Asymmetric strain relaxation was

observed together with a large tilt of each epilayer about the [110] in plane axis. For the x=0.3
epilayer, the total misfit strain, Aa/a;=0.021 relative to the substrate, was relieved by 85% in the

[110] orientation and by 98% in the [110] direction. The amount of strain relieved was
consistent with the observed dislocation densities. In addition, the epilayers were tilted relative
to the GaAs substrate with the tilt axis parallel to the [110] direction.[17) The tilt angle was
found to increase with X, i.e. with the total misfit strain. The origin of the structural anisotropy
of strain relaxed InyGaj.xAs grown on GaAs is not well understood, but likely involves

differences in a, B dislocation mobilities{18} and effect of the substrate offcut angle on the

tetragonal strain at the interface.[191 A TEM study of the x=0.4 samples, however, revealed
larger number of dislocations threading through the conduction channel.

The effect of dislocations on the electron mobility can be understood as two fold.
Firstly, the piezoelectric potential produced by the long-range strain field of dislocations adds an
extra electric field component which affects the electron momentum. The resultant reduction of
electron mobility is orientation-dependent because the charge density associated with the
piezoelectric effect is anisotropic.(20) Secondly, dislocations act as 'acceptor*-like trapping
centers as first suggested by Read[3). They are neutral at room temperature but ionized at low
temperatures. The Coulombic potential associated with these charged lines provides an
additional anisotropic scattering mechanism for electrons. Dislocation scattering has been treated
theoretically by several authors, [31.[4}.{211.22] and anisotropic electron mobilities were predicted.
Another general conclusion is that for misfit dislocation density less than 105 cm-! their effect is
not significant.[5] Zhao et al.[22] showed that for misfit dislocation density of 1X10* cm-1, the
electron mobility yy, limited by dislocation scattering is in the order of 105 cm2/V-s. In our
x=0.3 sample, since the misfit dislocations are only running along [110] orientation at the
channel, we can assume that the electron mobility y is only affected in [110] direction and
estimate up, using Matthiessen's rule, u-1=Zy;-1. It is then found that Up~4X10% cm?2/V-s, in
qualitative agreement with the calculation by Zhao et al.[22]

A comparison of u for strain relaxed Ing 15A10 85A8/Ing 17Gag g3As and pseudomorphic
Alp35Gag gsAs/ing 17Gag g3As heterojunctions showed much higher electron mobilities of
strain relaxed structures, averaging 7.25x10* cm2/V-s, compared to 5.28x10% cm2/V-s of the
pseudomorphic structures with a comparable anisotropy as seen in Table II. Reported data of

'quasi' pseudomorphic structures by Sun et al.[11] and by Webb et al.[7) are also listed in Table
I1 for comparison with those listed in Table 1. Again, the strain relaxed structures have higher

average mobilities. A plot (Fig. 2) of electron mobility anisotropy Ap/p[110) versus InAs molar
{raction x shows a smaller anisotropy for the strain relaxed structures in the comparable
composition range. These results provide additional evidence of the good crystalline quality of




Table II. Comparison of electron mobilities and anisotropy for strain relaxed (#2013) and
pseudomorphic (#1989) Ing ;7Gag g3As heterostructures. Data of Webb et al.[7) and Sun et
al.[11] are also listed for comparison.

Electron moblllty (cmzlv_s) A m /p{'l' 10]
sample well 300 K Low Temp.
ID X |thickness| _ - 300K | LowT

(mm) | (110} } 110) | [110) | [110)
|I 2013 |0.17| 300 | 10000 | 10430 | 76110 | 68970 | -3.6% | 9.4%
1989 [0.17 ]| 10 9300 | 9440 | 55070 | 50490 | -2% | 8.3%

||=L5_20=a_o.64—T_§oT" 4250 | 2750 | 30000 | 42700 | 35% | 14.5% |
| Le20a |0.10 | 300 | 10700 | 6900 | 82000 | 62500 | 36% 24%
fl L7-20a | 0.15] 300 8700 4100 59500 | 41000 53% 31%
1820a | 0.20 | 300 | 4300 | 2100 | 19600 | 17900 | 51% | 8.7%
TH360° | 0.15 | 12 7360 | 7070 | 35200 | 29800 | 3.9% 15%
TH366> 1 0.15| 15 7270 | 7060 | 34700 | 30200 | 2.9% | 13%
TH368P | 0.15 | 20 7100 | 5930 | 24800 | 14300 | 16.5% | 42%
|f TH367b | 0.15 25 6600 6750 16800 | 23900 | -2.3% -30%
TH370b [ O.15 3i0_ 6500 5130 24300 | 14900 21% 39%

—— e —_———=
——e e ——— —_——

a. From ref. 11. The low temperature data were taken at 60 K.
b. From ref..7. The low temperature data were taken at 77 K.
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Fig.2 Electron mobility anisotropy Au/p[110] versus InAs molar fraction x of

this work (triangles) and Webb et al.[7) and Sun et al.[11] The dashed curve is a
guide to the eye.




our samples and also indicate that the effect of dislocations on the transport properties of 2DEG
may not be significant in properly grown strain relaxed structures despite the fact that strain
relaxation involves the formation of large numbers of dislocations, provided that the conduction
channel is kept far away from majority of the dislocations.

SUMMARY

We have studied the transport properties of two-dimensional-electron-gas in strain
relaxed InyAl;.yAs/InxGaj.xAs (x<0.4) using resistivity-Hall effect measurements. A <110>
orientation dependent anisotropy in electron mobility was observed at low temperatures and
attributed to the effect of dislocations and to their asymmetric distribution. The effectiveness of a
compositionally step graded buffer providing strain relaxation and acting as a dislocation filter is
demonstrated by the measurement of higher electron mobilitics and smaller anisotropy of 2DEG
in the heterojunctions grown on such buffers compared to those of 'quasi' pseudomorphic
structures. The strain relaxed heterostructures may be advantagzous fo - device applications
because majority of the dislocations can be constrained to remain far from the electron
conduction channels.
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