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The effects of built-in biaxial strain on [-X transport in r-GaAs/i-In Al;_ As/n-GaAs
pseudomorphic single-barrier structures (x=0, 0.03, and 0.06) are studied by measuring
temperature-dependent /-V characteristics. For the accurate characterization of electron transport
across each barrier, a self-consistent numerical model is used to analyze the experimental results.
For each structure, the four barrier parameters defined from the thermionic-field-emission theory,
the effective Richardson constant A*, the conduction-band offsets AE . 5, and a tunneling mass
m) are extracted by calculating the theoretical I-V characteristics and fitting them to the
experimental /-V-T data. The experimentally obtained X-point conduction-band shifts with the
addition of indium are compared with the theoretical results calculated based on the model-solid
theory. The results indicate that the addition of indium not only splits the degenerate X minima of
the In, Al; _  As barrier, but also shifts the relative barrier heights of both longitudinal and transverse
X valleys due to the alloy-dependent band-structure modification. The comparison between the
experimental and theoretical results illustrates that the transverse X valleys are the main conduction
channel for the I'-X transport across In,Al;_,As pseudomorphic barriers. © 1994 American

Institute of Physics.

I. INTRODUCTION

Recently, Al ,Ga;_, As/GaAs tunneling heterostructures
have attracted considerable interest in view of their numer-
ous potential device applications.!™* The investigations of
these structures have demonstrated that the X-point energy
plays a very important role in the electron transport when the
conduction-band structure changes from the I" point to the X
point (x=0.45).>""3 The experimental study by Solomon and
co-workers® on the I-V characteristics of n-GaAs/
i-Al,Ga; _,As/n-GaAs barriers with different aluminum
mole fractions showed that the perpendicular electron trans-
port across these barriers occurs through the I' point for low
Al fraction devices, but through the X point for high Al frac-
tion devices.

For transport through the sixfold X valleys, lying in the
(100) directions in the Brillouin zone, there are two different
current paths, ie., two longitudinal X valleys (X, valley)
aligned in the current direction with the I point at the zone
center and four transverse X valleys (X, valley). Although
Beresford et al.® reported that a bound state associated with
the X valleys of a single-barrier structure with a thin AlAs
layer produces a negative differential resistance in the /-V
characteristics, the role of X; valleys has been found insig-
nificant for the I'-X transport through tunneling barriers with
a thickness larger than 300 A.>1%!! One way to clarify the
complicated current conduction mechanisms through the six-
fold degenerate X minima is uniaxial stress applied external
to the sample to remove the X-point degeneracy. The analy-
sis of the external stress-dependent /-V data based on the
Fowler—Nordheim plot approach!! has confirmed that the X,
valleys are more favored in electron transport through thick
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X barriers due to the fact that the effective mass of X, valleys
in the electron propagation direction (~0.19m,) is much
smaller than that of the X, valleys (~1.1m,). Furthermore, it
was observed that the prefactors of thermionic emission and
tunneling currents for the case of I'-X transport are signifi-
cantly smaller than those of I'-I' transport.>'®!! These facts
indicate that the wave-function selection rules at the hetero-
junction interface play an important role in the perpendicular
transport across the heterojunction barriers.

In this article biaxial-strain-dependent I'-X transport in
In,Al, . As pseudomorphic heterojunction barriers is studied
by measuring temperature-dependent /-V characteristics.
Three different n-GaAs/i-In,Al;_,As/n-GaAs heterostruc-
tures with indium mole fractions of 0, 0.03, and 0.06 were
grown by molecular-beam epitaxy (MBE). Each structure
has a 600-A-thick tunneling barrier in which a different de-
gree of internal biaxial compressive strain is generated ac-
cording to the incorporated indium composition. The details
of sample preparation and measurements are described in
Sec. II. Theoretical methods used for the analysis of mea-
sured I-V-T data are presented in Sec. IIl. In Sec. IV, the
experimental conduction-band shifts with biaxial strain are
compared with the theoretical predictions based on the
model-solid theory. The conclusions are given in Sec. V.

Il. EXPERIMENT

A. Sample preparation

The samples described were prepared by MBE on (100)-
oriented, heavily Si-doped n*-GaAs substrates. Figure 1
shows a schematic diagram representing the structures used
in the experiments. Starting with the substrate, the structure
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FIG: 1. Schematic diagram of the sample structure.

consisted of a 0.5 um n¥ GaAs layer, a 1.0 um n~ GaAs.

layer, an undoped 600 A In Al _ As barrier layer, a 1.0 um
n~ GaAs layer, and a 0.5 um n* GaAs layer. Nominal val-
ues for x were 0, 0.03, and 0.06. The thickness and indium
compositions of the barrier layer were selected to study the
perpendicular transport process of thermionic-field emission
across pseudomorphic InAlAs barriers under the built-in bi-
axial strain effects. The maximum amount of indium was
determined considering the critical thickness of the material
system.’® The n* doping level was 2.0X10'® ¢cm™ and the
n~ doping level was 2.0x10'® cm™>. The dopant was Si
throughout. The growth temperature was nominally 580 °C
throughout the growth of the structure with the AlAs barrier.
For the InAlAs barrier layer structures the growth tempera-
ture was lowered 15 °C (from the 580 °C used for the GaAs
layers) for the growth of the barriers with the intent of sup-
pressing indium segregation and reevaporation from the sur-
face. The temperature adjustment was abrupt as possible
within the response time limitation of the system. Growth
interruptions were not employed to avoid possible accumu-
lation of background contamination from the vacuum system
ambient. Si doping levels were continuous up to each inter-
face. Due to the low doping levels involved Si segregation
effects should be negligible.

The samples were processed using standard photolithog-
raphy and liftoff procedures. Circular 60- and 90-um-diam
mesa-isolated” diodes were fabricated for each sample. Ni/
Au/Ge/Ti/Au ohmic contacts were made to the back of the
sample and to the top GaAs. In order to remove the effects of
different processing conditions on the characterization of the
properties of each heterostructure, all three samples were
fabricated in parallel under the same processing conditions.

B. Measurement

The temperature-dependent I-V characteristics were
measured with a HP 4145B parameter analyzer for samples
mounted in a Joule--Thomson expansion-cooled cryostat that
can maintain temperatures to =1 K in the range 77-370 K.
For all measurements the top contact was biased with respect
to the substrate, which was held at ground potential. The
reproducibility was confirmed by measuring consistent /-V
characteristics over the device structures randomly selected
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across the wafer. For all samples, slight asymmetries were
observed in the I-V characteristics despite the nominally
symmetric structure. As discussed later this asymmetry is
attributed to differences in the monolayer scale roughness at
the two interfaces. At each temperature the current ratio of
the two different diameter diodes was measured. For tem-
peratures above ~200 K, the current ratio was verified to be
the area ratio of the two different size diodes; however, at
lower temperatures it was observed that the current ratio
slightly deviates from the area ratio and varies to some ex-
tent from sample to sample, indicating the presence of lo-
cally distributed current conduction sources. The observation
of this excess current at low temperatures has been reported
for similar semiconductor-insulator-semiconductor (SIS)
structures.!"'7 Impurity-assisted tunneling across the bar-
rier or current conduction through the surface states has been
considered as a possible source of the excess current.

For accurate characterization of barrier parameters under
the relatively small built-in stress produced by the pseudo-
morphic growth, I-V-T data taken above 250 K were used
for the analysis. In this temperature range, the transport
across the barrier is dominated by thermionic processes and
the large current conduction over the barrier will ensure the
accuracy of parameters extracted based on the thermionic-
field-emission theory.

The C-V characteristics were also measured at a tem-
perature of 77 K with an HP4275A LCR meter to check the
quality of the undoped InAlAs barrier layers. The measured
C-V curves were symmetric and C-V shifts due to trapped
charge at the barrier, which has been reported in similar
structures,’® were not observed in any of the samples.

1ll. THEORETICAL METHODS FOR THE ANALYSIS OF
1-V-T DATA .

A. Description of a numerical model

The total current density J at a temperature T dcross an
InAlAs barrier is given by a sum of the current components
which flow through several sets of nonequivalent valleys.
For transport in the (100) direction, the current across the
barrier is determined primarily by the current conduction
through the X valleys. The contribution of a I'-I" transport
process is not considered here because of the large barrier
height of ~1 eV. Although there are two current channels of
the longitudinal and transverse valleys for the I'-X transport,
the parameter extraction of electron transport across each
barrier is performed based on the current expression given by
Eq. (1) in which the two current paths through the X valleys
are not separated. This is due to the fact that, even though
two sets of parameters can be used to consider the two dif-
ferent X-valley channels for the data fitting, there is no way
to determine uniquely a set of parameters among many pos-
sible combinations especially under the relatively weak
built-in strain effects investigated here. Therefore, in this
study only one set of barrier parameters is defined and used
to characterize the overall electron transport through the six-
fold degenerate X valleys. The total electron current flowing
across a rectangular barrier located between x=x,; and x,,
the first and second grown interfaces, is given by'®
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where A* is the effective Richardson constant, k is the Boltz-
mann constant, D(E,) is the quantum-mechanical transmis-
sion probability, £, is the energy of electrons in the current
direction, and E is the Fermi level.

In order to obtain the conduction-band profile to calcu-
late the conducting current across the barrier, Poisson’s equa-
tion is solved,

d d

P B ) @
where ¥ denotes the electrostatic potential, # is the electron
density, and N}, is the ionized donor density. For a parabolic
band, the electron density is given by

n=NF1p[(E.~Ef)/kT], 3)

where N, is the effective density of states in the conduction
band and Fj, is the Fermi—Dirac integral of order 1/2. The
ionized donor density is calculated from the charge neutrality
using the following expression: '

Nj= i @
b 1+gD exp[(Ef—EC-i-ED)/kT]’

where N is the donor density, g is the ground-state degen-
eracy factor of the donor level, and E, is the donor activa-
tion energy. As for Si in GaAs, g, is 2 and E, is 0.005 eV,%°
respectively.

dar [*g .
D(E,)= exp(_T J 1{2mn[Ec(x)_.Ex]}1/2dx ’

X

1,

where & is Planck’s constant, m) is the electron tun
neling mass, E, is the energy of the conduction band at
X=Xg (xlstgx.’Z), Emiﬁ=maX[Ec(x;)’Ec(x;)]; and
E pnac=max[E (x{),E.(x;)]. Using the Boltzmann distribu-
tion for the electrons going over the barrier by thermionic-
field emission, since energies are more than a few kT above
the Fermi level, the current flux injected from the left-hand
side of the barrier for the forward bias case is expressed from

Eq. (1) as

AEC1>eXp(Ef(x1_)~Ec(x1_)>

Jl=—A*T2(1+6)exp( ~ =T T

™)
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The conventional calculation scheme solves Poisson’s
equation usually assuming that the Fermi level is flat in the
cladding layers and varies only across the barrier.2*? Al-
though this assumption has been widely used in a number of
numerical calculations for low-bias cases, the assumption of
flat Fermi levels in the cladding layers is questionable for
device structures investigated here especially at high biases.
In order to overcome this limitation and evaluate the current
crossing the barrier in a self-consistent manner, both the cur-
rent continuity and Poisson’s equations are solved simulta-
neously. For this purpose, a current continuity equation is
formulated by coupling the tunneling and thermionic emis-
sion processes across the barrier with the drift-diffusion pro-
cesses in the cladding layers. The drift-diffusion current for
the cladding regioiis is given by

dE;
J= pglt ®)

The use of the drift-diffusion transport scheme in the clad-
ding layers makes it possible to calculate the Fermi level of
the entire device structure self-consistently by conserving the
current. Two-dimensional quantum-mechanical effects such
as energy subbands in the accumulated region and the effects
of hot electrons are neglected, because the device dimensions
investigated here are much larger than the mean free path of
electrons and the applied bias is not large enough to induce
any significant quantum effects in the accumulated region.
The two different transport schemes are coupled by boundary
conditions for the thermionic-field-emission current across a
rectangular {or more generally trapezoidal) barrier. Using the
WKB approximation, the transmission probability for elec-
trons at the barrier is expressed as follows:

it EminsEx<Emax’

(6)
if Emaxs‘Ex’
I
where
5 explE (x7)/kT]
T kr
+ dar (=
ijC(xf) expl =5~ | {2mXE.(x)
EC(X1 ) h 1
_EJ}V2dx |exp| — | aE ®
. kT|T*

A similar derivation yields the following equation for the
opposing flux:
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where V;, denotes the potential drop across the InAlAs bar-
rier for a given bias. Expressions for J; and J, under reverse
bias also can be derived in a similar fashion. The contribu-
tion of tunneling is formulated through a parameter é being
evaluated from the conduction-band profile and a tunneling
mass m, based on Eq. (8). As can be seen from Egs. (7) and
(9), the electron transport across a trapezoidal barrier is char-
acterized by the four parameters of A*, AE,,, AE,, and
m?¥ . Except for these four parameters, all the other quantities
such as the Fermi level (or electron density) and electrostatic
potential are self-consistently determined throughout the
structure. By implementing the electron fluxes over the bar-
rier represented by Eqgs. (7) and (9) as boundary conditions at
the heterointerfaces on the one-dimensional drift-diffusion
numerical scheme represented by Eq. (5), the current conti-
nuify and Poisson’s equations are simultaneously solved. The
details of calculation procedures can be found in Ref. 23.
The self-consistently calculated Fermi level at T=300 K at a
bias of —0.8 V is shown in Fig. 2 for a device structure
illustrated in Fig. 1. When the applied bias is less than 0.6 V,
the Fermi levels in the cladding layers have been found to be
nearly constant; however, when the applied bias exceeds 0.6
V for the temperature range investigated here, the Fermi
level is observed to bend in the depleted region as shown in
Fig. 2. v

In the present study, the numerical model described
above is used to calculate the theoretical I-V characteristics
and to fit them to the measured I-V data. The four param-
etersA*, AE ., AE ,, and m) are used as fitting parameters.
The slight asymmetry in the I-V characteristics is modeled
by replacing the ideal rectangular barrier with equal I'-X
offsets by a trapezoidal barrier with the two different offsets,
AE_; and AE ,. The device structure shown in Fig. 1 is used
in the simulation including the heavily doped n* layers ex-
cept only for the thick substrate. The material parameters
used in this calculation are taken from Ref. 24. The tempera-
ture dependence of energy band gap and electron mobility
also have been taken into account.”> The detail parameter
extraction procedures and results of the data fitting are dis-
cussed in the following subsection.

B. Analysis of I-V-T data

The analysis of measured I-V-T data begins with finding
the barrier activation energies AEY; , and the prefactor A™*
from the conventional approach based on the Arrhenius plot
of In(J/T? vs L/T>10112 These values are then used as
initial guesses for the data fitting based on the numerical
approach described in the previous subsection.

Under a relatively small bias over the temperature range
investigated here, the current conduction across the InAlAs
barrier is primarily determined by thermionic emission of
electrons. When the magnitude of the applied bias is greater
than a few kT/q, the electron flux from one direction in Eq.
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FIG. 2. Conduction-band edge E and Fermi level £ of a GaAs/AlAs/GaAs
heterojunction barrier at a bias of ~0.8 V at T=300 K. The numerical
technique described in Sec. III is applied in this calculation.

(1) dominates the other depending on the bias polarity. Under
this condition, rearranging Eq. (7) yields the following ex-
pression for the forward bias case:

In(J/T?) + n(T)=In(A**)— AEX /KT, (10)

where # represents the separation between the conduction-
band edge and the Fermi level in the quasineutral region, and
A** and AE?, denote the prefactor and the activation energy
seen from the emitter side. It should be noted that the pref-
actor and the activation energy in the above equation are
functions of applied bias and are different from the effective
Richardson constant A* and the conduction-band offset AE
defined in the previous subsection. By ploiting
In(J/T# + 5(T) vs 1/T at each bias, the activation energy
and the prefactor are obtained from the slope and the inter-
cept at 1/T=0 of the Arrhenius plot as a function of applied
bias using a least-squares-fitting algorithm. The Arrhenius
plots and the corresponding prefactors and activation ener-
gies obtained for an Ingg3Alj 97As barrier are shown in Fig.
3. The values of A** and AE} that are extrapolated to zero
bias are usually considered as the effective Richardson con-
stant A* and the conduction-band barrier height AE,. Al-
though this scheme of parameter extraction has been widely
used because of its simplicity, some care is required for the
accurate characterization of barrier parameters. Even though
the effects of band bending on A** and AE} are removed by
extrapolating them to the flatband case, the fact that Eq. (10)
is strictly valid only when the applied voltage is greater than
a few kT/q limits the accuracy of this simple method. The
strong bias dependence of the prefactor observed in Fig. 3(c)
for the bias range below a few k7/q makes the accurate

- determination of A * difficult. The value of A™* obtained from

the prefactor at a small bias close to the flatband condition
can significantly underestimate its true value. In addition,
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neglecting the temperature dependence of the opposing flux
introduces another source of uncertainty in the parameter ex-
traction.

To overcome these difficulties found in the conventional
extrapolation scheme, the full -V characteristics are used in
the analysis. By employing the numerical model described in

J. Appl. Phys., Vol. 76, No. 12, 15 December 1994

5.0
Barrier : AlAs
Sample : EDOS1A
3 o | 409V
AE,=0.175 eV
o~ A* = 0.22 Afem?K2
<C
E 1.0 | A e
-— A
E
E 0
8 -1.0 -
® Exp.: 300K
L) 370K
-3.0 — Theo. : m'Xt
L
m
-5.0 : | : l | PR e
-1 —-0.6 -0.2 0.2 0.6 1
Voltage (V)

FIG. 4. The I-V characteristics of an AlAs barrier calculated using a tun-
neling mass of m3 = 0.19my (solid line) and m§, = 1.1mq (dashed line).
The experimental /-V data at T=300 and 370 K are shown by squares and
circles, respectively.

the previous subsection, the /-V characteristics are calcu-
lated as a function of temperature and fitted to the experi-
mental /-V data measured over the bias range from —1 to 1
V (—0.5 to 0.5 V in some cases depending on the data) at
temperatures above 250 K by varying the four parameters of
A*, AE ., AE ., and m;; . For the tunneling mass m , the
two different values of 0.19m, for the transverse X valleys
and 1.1mg for the longitudinal X valleys of AlAs (Ref. 26)
are used during the fitting procedures for all three barriers.
This assumes that-these effective masses are not modified
significantly under the weak biaxial strain effects. Although
the actual tunneling masses below the band edge are typi-
cally less than.the band-edge effective masses,>”? these ef-
fects are considered to be small in this study due to the thick
tunneling barriers.>!! One important fact found through these
fitting procedures is that the data fitting can be achieved only
with the lighter mass of 0.19m,. The use of a heavy longi-
tudinal mass for the tunneling mass leads to a considerable
underestimation of tunneling contribution to the total current,
whereas the transverse mass of 0.19m, gives an excellent fit
to experiment results as shown in Fig. 4. The results partly
illustrate that the transverse X valleys are more favored be-~
tween the two different X valleys as was revealed by
Fowler—Nordheim tunneling studies in earlier works.>!! This
issue is discussed further in the next section when the ob-
tained band-edge shifts of the conduction band under built-in
biaxial strain are compared with the theoretical results.
Starting with the parameter values obtained from the
Arrhenius plot method and the transverse mass of 0.19m, as
a tunneling mass, the experimental /-V characteristics mea-
sured at each temperature are fitted. At first, A* is varied
while keeping the barrier heights constant. After obtaining a
value of A* that gives the best fit to the experimental data

Yang et al. 7911



Barrier : Ing ggAlg gaAS

T T TTTIT¢

Current ( A )
o

-4 |
P — Exp.
-5 @ Theo. : 370K
10 = Sample : EDOG1A v 350K
[~ AE.=0.199 eV ] 330K
| AE,=0.197 eV a 310K
" AT = 0.37 Afom?K2 ° 290K
1 0—6 1 I L ] | L | L
-1 -0.6 -0.2 0.2 0.6 1

Voltage ( V)

FIG. 5. Theoretical and experimental I-V characteristics at different tem-
peratures of a GaAs/InggsAlj 04As/GaAs heterojunction barrier.

with fixed barrier heights, the values of AE  and AE, are
updated based on the error between the theoretical and ex-
perimental results. These procedures continue until the stan-
dard variation between the experimental and calculated re-
sults is minimized. The fact that a slight variation of the
conduction-band offset has a significant impact on the I-V-T
characteristics ensures the accuracy of the extracted values of
AE,, and AE ., within an error margin of about £2 meV.
Figure 5 shows the theoretical /- V characteristics fitted to the
experimental data for an Ing Al 94As barrier. For each bar-
rier, the I-V-T data of two different diodes were analyzed
and the extracted values of A*, AE ., and AE, are summa-
rized in Table I. As is seen for the case of sample ED052B
[Fig. 3(b) and Table IJ, the barrier heights obtained based on
the full analysis are slightly larger than the activation ener-
gies extracted from the -Arrhenius plot analysis. For all
samples the /-V characteristics were slightly asymmetric de-
spite the nominally symmetric device structure. The asym-
metry could be due to several different effects: dopant diffu-
sion, Ga and/or In surface segregation, or differences in the
length scale of the interfacial roughness affecting I'-X scat-
tering rates. At a doping level of 10'® cm™3 movement of the
Si is considered unlikely. Segregation of Ga and/or In is
more likely to produce the observed effect, however, the de-
gree of asymmetry is essentially independent of In concen-
tration which should be expected to segregate the most
strongly.?>* Finally, if one considers the length scale of the
surface roughness to be a relevant factor it should be ex-
pected that the GaAs-to-AlAs interface should have larger
regions of monolayer planarity than the AlAs-to-GaAs sur-
face due to the higher surface mobility of Ga atoms as com-
pared to Al atoms. Al atoms should control interface rough-
ness for low In fractions as well as for pure AlAs. The
rougher InAlAs-to-GaAs interface might be expected to en-
hance the direct to indirect scattering rate and lower the ap-
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parent barrier height consistently in all cases. Taking the val-
ues of AE_ as conduction-band offsets for the
corresponding  heterostructures, it is found that the
conduction-band offset increases linearly by 10 meV per 3%
increase of indium composition. The conduction-band dis-
continuity of the AlAs barrier obtained here is in good agree-
ment with the values reported by other authors™>! within the
indicated experimental error range. The observed increase of
A™ with the indium addition as shown in Table 1 indicates
that the overall electron transport is enhanced with an in-
crease of splitting between the X, and X valleys even though
the barrier heights associated with both valleys are actually
increasing.

In order to achieve further understanding on the experi-
mentally characterized strain effects, a theoretical calcufation
of strain-dependent band-edge shifts is performed based on
the model-solid theory* in the following section.

IV. BAND-EDGE SHIFTS UNDER BUILT-IN BIAXIAL
STRAIN IN In,Al,_,As PSEUDOMORPHIC
LAYERS

To study the band-edge shifts under biaxial strain of
In,Al, _  As pseudomorphic to a GaAs substrate, three fac~
tors need to be considered: first, alloy-induced changes in
band gap and offset; second and third, the hydrostatic and
uniaxial components of strain, respectively.

To account for the alloy effects in In Al; _ As with the
inclusion of indium, the material parameters of In Al;_ As
are determined from known values of each alloy by the in-
terpolation scheme. The material parameters of InAs, AlAs,
and GaAs used in the calculation are summarized in Table II.
The listed parameters show the values at 7=300 K. The
linear interpolation approximation was used for all the alloy
parameters except for the energy levels of the X-point con-
duction band EX and the average valence band £ ., wh1ch
is used as an energy reference in the model-solid theory.!*
The bowing of EX with the addition of indium is taken into
account by a bowmg parameter of 0.129 eV.>? The nonlinear
behavior of E,, .., in In,Al;_ As alloys is considered in this
calculation by adopting a theoretical expression suggested in
Ref. 14.

For biaxial strain along in-plane [100] directions, the
shifts and splittings of the X-point conduction bands due to
the hydrostatic and biaxial compression in a pseudomorphic
In Al; _ As layer are calculated as follows:*>

TABLE 1. Extracted barrier parameters of GaAs/In Al;_ As/GaAs pseudo-
morphic heterojunction barriers.

Indium mole AE AE, A*
fraction Sample No. {eV) (eV) (Aler? K?)

0.0 EDO51A 0.179 0.175 0.22
ED051B 0.179 0.175 : 0.24

0.03 EDO052A 0.189 0.185 0.33
ED052B 0.189 0.185 0.32

0.06 EDO61A 0.199 0.197 0.37
ED061B 0.200 0.193 0.30
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AX/x=2EX,,(1“C12/C11)e|| , (11)

AXS:-L\X,-‘AX,:—:Xs(1+2C12/C11)e", (12)
AX,=—3AX,, (13)
AX1=§'AXS, (14)

where e| is the parallel strain in In, Al _,As,

a,—a .
e=- 2, (15)

Ay

which is determined by the lattice constant of GaAs, 4, and
that of In, Al; _ As, a, . Here, AX), is the hydrostatic compo-
nent of the biaxial compression, AX, is the shear component,
and AX, and AX, are the split shear components for the X,
valleys and the X, valleys, respectively. Cy; and C,, repre-
sent the elastic stiffness constants and Ex, and By denote
the hydrostatic and shear deformation potentials, respec-
tively. The 1/3, 2/3 splitting of X valleys conserves the center
of mass of the density of states.

The shifts of the [-point valence bands are obtained as
follows:

AV,,=QEU;,(1—C12/C11)€", (16)

AVyg= Ao~ 16E 01, (17)

AVig=—to+§8E 01+ AT+ A SE g,
+3(8Eg01)*1"%, (18)

AVso=— Ao+ 58Eqo1— HAZ+AoSE oo,
+3(8E001)*1"2, (19

where
BEoor=—2E,(1+2C12/Cr)ey. (20)

Here AV, is the hydrostatic component of the biaxial com-
pression and AVyy, AViy, and AV are the split shear
components for the heavy hole, the light hole, and the split-
off bands, respectively. A, is the spin-orbit splitting and =,
and E,; denote the hydrostatic and shear deformation poten-
tials for the valence bands, respectively.

By considering all the changes induced by alloy and bi-
axial strain, the overall shifts of the band edges for both
conduction and valence bands are calculated based on the
model-solid theory.!* In order to confirm the reliability of
this model, the experimentally observed lineups in closely
related systems of GaAs/AlAs and Ings5,Alg4gAs/
Ing s3Gap47As were first evaluated prior to calculating the
behavior of the X-point energy in pseudomorphic
In,Al; _,As. To fit the experimental values of AE, of 0.55
eV (Ref. 25) for GaAs/AlAs and 0.2 eV (Ref. 34) for
Ing 5,Alg 4gAs/Ing 53Gag 47As, the reference energy E, 4y Of
AlAs, which is found to be the most critical in the band
lineup calculations of the corresponding material systems,
was modified from a value of —7.49 eV (Ref. 14) to —7.45
eV. This new reference value gives the best results of 0.54
and 0.2 eV for the valence-band offsets, respectively.

In the calculation of a band-structure modification in
In,Al; _,As, the value of —7.45 eV was used for E, ,, of
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TABLE II. Material parameters of GaAs, AlAs, and InAs used in the band-
edge shift calculations.

Parameter GaAs AlAs InAs
a (A) 5.6535° 5.6622° 6.0585°
Cy; (10" dyn/em?) 11.904¢ 11.63¢ 8.663°
C12 (10" dyn/em?) 5.378° 5.76¢ 4.848°
EL (eV) 1.422¢ 3.03f 0.358
EZ (V) Lo 2.153 L9
By avg (V) —6.92) —7.45% —6.67
Ag (eV) . 0.341° 0.30' 0.3718
By, (V) 3.65™ 3.65"
By, (V) 6.5° 5.8° 4.5
Eux V) 1.16 247 1.0
B, (V) —1.7 -2.0 -18

G. Von Giesecke and H. Pfister, Acta Crystallogr. 11, 368 (1958).

®M. S. Goorsky, T. F. Kuech, M. A. Tischler, and R. M. Potemski, Appl.
Phys. Lett. 59, 2269 (1991); B. K. Tanner, A. G. Turnbull, C. R. Stanley, A.
H. Kean, and M. McElhinney, Appl. Phys. Lett. 59, 2272 (1991).

°D. Swyt, Report No. C00-623-167, National Technical Information Service,
Springfield, VA.

9S. M. Kikkarin, A. V. Tsarev, V. V. Shashkin, and L. B. Yakovkiz, Sov. Phys.
Solid State 30, 1689 (1988).

¢J. S. Blakemore, J. Appl. Phys. 53, R123 (1982).

B. Monemar, Phys. Rev. B 8, 5711 (1973).

8F, Lukes, Phys. Status Solidi B 84, K113 (1977).

"Reference 24.

"W. Drube, D. Straub, and F. J. Himpsel, Phys. Rev. B 35, 5563 (1987).

JReference 14.

kAdjusted from the value of —7.49 eV in Ref. 14 to fit the experimentally
obtained AE,, for AlAs/GaAs and Ings;Aly 45As/Ing 53Gag 47As material sys-
tems.

IReference 26.

"Obtained from the deformation potential of E’g of AlAs, 1.18 eV, taken
from K. Reimann, M. Holtz, K. Syassen, Y. C. Lu, and E. Bauser, Phys.
Rev. B 44, 2985 (1991), by adding E,,,=2.47 eV of AlAs from Ref. 14.

"Assumed similar to AlAs.

°D. N. Mirlin, V. F. Sapega, I. Y. Karlik, and R. Katilius, Solid State Com-
mun. 61, 799 (1987).

PS. Charbonneau, J. E. Young, P. T. Coleridge, and B. Kettles, Phys. Rev. B
44, 8312 (1991).

90Obtained from the data of S. Logothetidis, M. Cardona, L. Tapfer, and E.
Bauser, J. Appl. Phys. 66, 2108 (1989), using C,; and Cy, of S. M.
Kikkarin, A. V. Tsarev, V. V. Shashkin, and I. B. Yakovkin, Sov. Phys. Solid
State 30, 1689 (1988).

AlAs. For the other parameters, the values listed in Table II
were used. Figure 6 shows the theoretical movement of the
X-point conduction-band edges of . pseudomorphic
In,Al, _,As with respect to the I'-point conduction band of
GaAs as a function of indium mole fraction. The experimen-
tal results obtained in the previous section are also com-
pared. As is shown, the addition of indium gives rise to two
significant effects on the conduction-band shifts. First, the
biaxial strain built into In,Al; _,As barriers splits the band
edges of X, and X, further with an increase of indium com-
position. Second, both the transverse and longitudinal X val-
leys move up due to the upward shift of the reference level of
E, avg as the indium mole fraction increases. The experimen-
tally determined conduction-band offsets are observed to in-
crease as well with the increase of indium composition and
follow the trend of transverse X valleys. This fact illustrates
that the transverse valleys of the X point are indeed the
dominant conduction channel for the electron transport

~ across pseudomorphic In Al; _,As barriers under the built-in
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FIG. 6. Movement of the X-point conduction-band edges as a function of
indium mole fraction. Two solid lines represent theoretical shifts of the band
edges of longitudinal and transverse X valleys. The extracted barrier heights
from samples A and B of each barrier are shown by squares and triangulars,
respectively.

biaxial effects, which was indirectly revealed by a tunneling
mass of m}?l in' the previous fitting procedures.

V. CONCLUSION

The I-V characteristics of GaAs/InAl;_ As/GaAs
pseudomorphic barriers with indium mole fractions of O,
0.03, and 0.06 were measured as a function of temperature
and analyzed to characterize the electron transport via the X
valleys under the effects of internally generated biaxial
strain.

For the accurate determination of barrier parameters, the
full /-V characteristics across each barrier were calculated
by employing a self-consistent numerical model and the
measured /-V-T data were fitted by varying the parameters
of A*, AE ;, and m, . The conduction-band offset was
found to increase linearly by 10 meV per 3% increase of
indium composition. The comparison between the experi-
mental and theoretical band-edge shifts shows that the small
tunneling mass and the low barrier height associated with the
transverse X valleys make the electron propagation through
this channel more efficient than that via the longitudinal X
valleys. The enhanced total conduction capability with the
indium addition, reflected as the increase of A*, indicates
that the intervalley scattering between the six equivalent X
valleys plays a significant role in the overall I'-X transport
processes.
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