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The electronic  mobility s

investigated

in the two-dimensional modulation-doped

In;_,Al,As/In,_,Ga,As alloy system using a memory-function theoretical framework. A variational
wave-function model with penetration into the barrier side of the heterostructure is employed in order to
facilitate the use of analytic matrix elements for the various scattering mechanisms. Scattering due to
polar optical (Frolich coupling, deformation potential), acoustic (deformation potential), impurities (re-
mote and background), interface roughness, and alloy fluctuations are included in the calculations. The
parameters used here are obtained within the virtual crystal approximation appropriate to the composi-
tions x and y studied in conjunction with the parameters for the parent compounds. The mobility results
obtained versus temperature are compared with experimental data for the above system.

I. INTRODUCTION

Mobilities in two-dimensional (2D) electron-gas sys-
tems have been intensively studied, experimentally and
theoretically, ever since the modulation-doping technique
was used in conjunction with the molecular-beam epitaxy
technology! in order to grow high quality 2D structures.

The In,_,Ga,As material based 2D structures are
of importance in high-speed field-effect transistor
applications.2™? Electron mobilities in
Al,Ga,_,As/In;_,Ga,As quantum -well structures have
been studled theoretlcally, using the Boltzmann trans-
port approach. In this work, experimental measurements
were also made. Monte Carlo studies of the transient
transport and high-field velocity characteristics of
GayIn,_,As/AlIn;_,As2D systems have demonstrated
the 1mportance of these structures.* High electron-gas
mobilities in In;_,Ga,As-InP had been reported in the
early 80’s (Ref. 9) and transport phenomena in an
In,_,Ga,As/In,_,Al,As field-effect transistor® give fur-
ther evidence of the significance of In;_,Ga, As based
electron-gas systems.

In the present work, the electronic mobility in the
modulation-doped In, _,Al,As/In;_,Ga, As alloy
heterojunction system is investigated within a memory-
function approach. This theoretical technique has its
roots in the work of Lei and Ting,lo who conducted a
study of nonlinear electron transport for a system of elec-
trons interacting with impurities and phonons. Here, the
authors!? made use of a Hamiltonian, wherein the coordi-
nates that describe the motion of the electrons’ center of
mass is separated from the coordinates that describe the
electrons’ relative motion.!! Ting and Nee!? showed how
the memory function'® can be obtained from such Hamil-
tonian. Our work!# has employed the above method!®~!?
in studies of transport in a GaAs/Al,Ga,_,As 2D
heterojunction system in a one subband model. Further
work using a similar approach as well as the memory-
function approach has been carried out recently.'

Previous studies using the present theoretical tech-
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nique,'°”!2 in 2D systems, employed a Hamiltonian that

included scattering, due to impurities and phonons
only.*~!7 In contrast, the present study extends the ear-
lier work'* to include, in addition, interface roughnesss’]8
and alloy scatteringﬁ’7 contributions. Moreover, in this
work, the  heterojunction potential for the
In;_,Al,As/In,_,Ga,As system is modeled by the use
of Ando’s self-cons1stent wave-function method!® in con-
junction with the virtual-crystal approximation (VCA).2°
This allows the representation of the system’s properties,
for specific alloy concentrations x and y, with the help of
the parent compounds’ known parameters. Below, in
Sec. II, the model is presented, in Sec. III, the outline of
the calculation is given and the various matrix elements
employed are discussed. The results are presented in Sec.
1V, followed by the conclusion in Sec. V.

II. MODEL

A. Self-consistent heterojunction potential

The heterojunction potential used here is based on the
work of Ando.!"” The electrons are described by a
ground-state wave function of the form

Y, (r,2)=(1/4)"%expli(k-r)]E(z) , (2.1a)
with associated energy level
#k?
= 2.1
Ek E0+ zmA > ( b)

where E, is the energy of the ground state and
k=(k,,k,) is a two-dimensional wave vector that de-
scribes the free-electron motion in the x,y plane. The en-
velope, £(z), describes the localization of the electrons in
the z direction perpendicular to the interface between the
barrier material, In,_, Al _As (B), and the channel ma-
terial, In, _,Ga,As (A). The mass, m 4, is the electronic
effective mass of the A material (In,_,Ga,As) for con-
centration y.
The envelope, {(z), is given by
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£ 4(2)=BbY bz +B)exp(—bz/2), z>0
Ep(2)=B'(b")%exp(b'z/2), z<0 ’
(2.2)

&(z)=

where b and b’ are variational parameters. The quanti-
ties B, B', and 3 are given in terms of b and b’ by

B=[BX1+t}b/b")+28+2]7 12,

(2.3a)
B'=(b/b")'?Bt,,B ,
with
B=2bt22/(b'tu+bt22) y (23b)

which ensure the normalization of the wave function and
where ¢, and t,, are transfer-matrix elements, which are
taken to have values of unity.?! The significance of the
above wave function is that electron penetration into the
barrier side, In,_, Al, As (B side), of the interface is taken
into account.

The above envelope function obeys the Schrodinger
equation given by

T 3 ma) 3zt BTV (25(2)=Eol(2)

(2.4a)
where m (z) is the position-dependent effective mass; i.e.,
m(z)=mp for z<0, and m(z)=m, for z>0. The
heterojunction potential is given by

V(z)=Vyd(—2)+V,(z), (2.4b)

where ¢(x) is a step function that is zero for x <0, or else

it is unity, and ¥, is the potential barrier height. Here,

V., (z)=V(z)+ V4(z), with the electron contribution to

the potential given by
d

9 19 -2 2
aze(z)az V,(z)=—e?N,|E(2)|?,

and the depletion charge contribution is obtained from

(2.4¢)

J d
Ee(z)é—z— Vfi(z)=—e2[NA(z)—ND(z)] , (2.4d)
where N, =N/A is the areal electron density,

N 4(z),Np(z) are the position dependent acceptor and
donor concentrations. The present model is convenient,
for if we substitute Eq. (2.2) into Egs. (2.4), we obtain an-
alytic expressions for the heterojunction potential and
ground-state energy level in terms of the variational pa-
rameters b and b’. One obtains

V,,(z):eszz[ﬂ;_zuM ] ,
B

€4

(2.5a)

for the depletion charge contribution to the potential,
and
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Vi (z)=V, (2)p(—2z)+ V. (z)p(2) ,
V., (z)=—(e?N /eg)B'*(e®*—1)/b",
V.. (2)=—(e>NB?*/e ){e " [bz*+(4+2B)z
+(6+48+B%)/b]
—(6+4B8+pB2)/b} ,

(2.5b)

for the electronic charge contribution to the potential.
The energy level can be obtained by taking matrix ele-
ments of Eq. (2.4a) to obtain

Ey={T)o0+<{Vi)ooF+<{V: 00+ (V5 )00 (2.6a)
ﬁ2 2 2 IFNAY
(T>m=—2—[(Bb) (1+B—B%/2)/2m 4—(B'b")* /4my] ,

(V;)oo=e>N,[—B'*/b'ey+BX6+4B+3*)/be ],
(V)oo=e*N[B'Y1—B"*/2)/b'ey (2.60)

+B*4(33+508+ 348>+ 1283+ 2B%) /4be 4],
(Vo)eo=VoB"?.

The idea is to minimize the total energy?
E;=E,—(V,)p/2 with initial values of b and b’ and
iterate to convergence for a given concentration x and y
in the In;_,Al, As/In;_,Ga,As heterojunction alloy sys-
tem. Reasonable starting guesses for b and b’ are given
by

biniiat ~[12¢%m (N, + 11N /32) /#%€ 413,
b initial =2[2mp V) /ﬁz]x/z »

with the first being the infinite barrier model case?* and
the second being the one suggested by Ando.!” The
temperature-dependent Fermi energy plays a role in our
calculations; it is given by

E(T)=kgT Lo(exp{[Ep(0)—E]/kgT} —1)+E, ,
(2.7a)
where the zero-temperature Fermi level is

Epo=7N,#/m 4+E, . (2.7b)

Finally, one notes that if in the above equations one lets
B—0, the result will correspond to the infinite barrier
heterojunction case in the electric quantum limit.??

B. Hamiltonian

The Hamiltonian for a two-dimensional interacting
electron gas in the presence of scattering mechanisms,
such as impurities (remote and background), polar optical
(Frolich coupling), acoustic (via deformation potential),
surface roughness, and alloy fluctuations, is written in the
center-of-mass relative electron coordinate form!°~12 ag
mentioned previously. It is given by

H =Hc +He +th +He-i +He-ph+He-sr+He-alloy H
(2.8)
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where H, is the contribution due to the center-of-mass
part given by
2

*~ 2Nm,,

—eNER , (2.9a)
and describes the coupling of the electric field with the
center-of-mass coordinates in the x-y direction defined
by P=3,p;;, R=(1/N)3;r;, where, P=(P,,P)),
RE(Rx,Ry ), and N is the number of electrons in the con-
duction channel. The quantities p;=(p,;,p,;) and
r; =(x;,y;) are the relative momentum and coordinate of
the ith electron along the interface which are given in
terms of the center-of-mass coordinates by p; =p; —P/N,
r;=r; —R. The electron part of the Hamiltonian is writ-
ten as

He = zEk C;acko

k,o
1
+5 3 V(QCl 4 4.0Ch—40ChooCro »  (2.9b)
k.k',q
o,0'

where C,:r and C, are creation and annihilation operators
in the relative coordinates, and V(q) is the electron-
electron interaction potential, where image effects®® have
been neglected. The phonon part is given by

H,= zﬁﬂghngbm ) (2.9¢)

QA

with b& and by, the phonon creation and annihilation
operators with wave vector Q =(q,q,) and branch A.
The quantity Qg, is the Ath branch phonon-dispersion
relation. The coupling of the relative electron coordi-
nates with the impurities is described by

H,(R)= 3 explig-(R —r,)1u(g,2,)C{ 1 ,Cio »
a,q,k, 0

(2.9d)

where u(q,z,) is the interaction potential between the
relative electron and an impurity located at (r,,z,). The
electron-phonon Hamiltonian is given by

J

1 ,
M= 5Bl | [tz lu (.2, )Pz, | 113(q)
Zﬁ 2,21 QQA

—_— M(q,q,,A i
kBTNmAq,qz;”A‘ (44:, )% KpT

1 2 X 2> ’
N %q,‘@lAV(q,zm My(q)

The temperature-dependent mobility is obtained from
w(T)Y=—1/M,(T) . (3.2b)

Above, n'(x) is the derivative of the phonon number with
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He-Ph= ZAM(q’qz’)”)e iq~R(ka+th}~ )CII-HLUCkU ’
9.4,

(2.9¢)

where M (q,q,,A) is the electron-phonon interaction ma-
trix element for the Ath branch. The interaction between
the electrons and the interface roughness is written as

H, o (R)= 3 explig RV (@)Cl140Cho , 29D
q,k,o0

where V(gq) is the Fourier transform of the position-
dependent potential fluctuation along the interface aris-
ing from less than perfect growth conditions.>!® Finally,
the interaction between the electrons and the atomic fluc-
tuations, due to alloying effects, is written as

H, 0y R)= 3 explig-(R —r)]AV(q,2,)C} 1, ,Cio »
i,q, k,o

(2.9g)

where AV (q,z;) describes the deviation of the atomic po-
tentials from the average atomic potential of the alloy.
This is modeled in the VCA.?

II1. MOBILITY

A. Memory function

By defining a force operator, F I, in the Heisenberg rep-
resentation as the commutator

F,=d/dtP,(t)=—i[P(1),H]=NeE +F ,

Ting and Nee'? identified F as the force operator, due to
the interaction Hamiltonian H;=H,;+H, ;. Further,
by using a density-matrix formalism, and an expansion to
lowest order in the interactions, in addition to averaging
over the impurity coordinates, followed by a Laplace
transformation and an average over the initial equilibri-
um density matrix, these authors obtained the memory
function.!> This memory function (zero frequency), ap-
propriate to the work here, is given as a function of tem-

perature by
M(T)=M(T)+iM,(T), (3.1)

where M, is the imaginary part written as

{8,000+ —— S g2V (@) Ty(g)
mA q

N

(3.2a)

r

respect to x, II, is the imaginary part of the density-
density correlation function, and I} is its derivative with
respect to energy fiw and evaluated at w—0. M (T) can
be obtained by the use of the Kramers-Kronig relation.
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The function I1, used here has been detailed in earlier
work.!* The function I1} is given by

Héz(q)
11— V(@) (g)|?>’

where V(q) is the electron-electron interaction potential
given below, and

Iy(q)= (3.3a)

. m,A4
HOI(q)——2—1Tﬁ2“h(<p,<PF) ,
12 (3.3b)

gy =— 20 124 1 o)

nl@)= ikiq | *aT g'leg—gFr),

N [ exp(y +2z)

( ): ’
i o [exp(y +z)+1]%z!2 (3.30)
— 2 — Ep '
¢=(q/2kp) pF, Pr=goT

and the limiting form of IT as 7—0 is given in Ref. 12.

B. Matrix elements

The electron-electron interaction has the analytic form

2

—e—H(q) ,

V(q)= 2A6aveq

(3.4a)
with €,,.,=(€e , +€5)/2 and overlap

2b?
(b +q)?

2(BB')*bb’
(b+q)b'+q)

)= Bl4b1
q bl+q

H{(

20 2
+ b+gq th }

B*
(b+q)

8b2+9bg +34¢*

+
2(b +¢q)?

(1+28+28%)

4+ —2(—2’%917% . (3.4b)

This potential enters the mobility through the density-
density correlation function in the random-phase approx-
imation.

The electron-impurity interaction is given by

u(g2)=[" ¢la,z2,)62)dz ,

where the potential ¢ is obtained from Ref. 25. An ap-
proximate form for the ground state can be written as

(3.5a)

Ze?
2€ave Aq

—qlz—z,

#(9,2,2,)=

—qlz—z4l —qlzg—2z,|
Soe Olg 770 Ta

q+S, ’
(3.5b)

where z, is the value of z at which the envelope function
is a maximum, and
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e’N
So=—7—7—7"——"7,
0 2AeaveE‘dO (3.5¢)
.2C
Er—E,
E; y=kpT |1+exp TRoT A
B
Er—E,
XLn |1+exp |——

Putting Eq. (3.5a) into the integral in the first term of Eq.
(3.2), with the use of Eq. (2.2), one gets the impurity con-
tribution in the form

[ ni(z)u(g,2,)\%dz,
2

Ze? 2 2
[(N;A/€eg)K (g,s)+(n; A/e4 ) (q)],

2 Aq

(3.5d)

where the first term is due to the contribution from re-
mote impurities located at a distance s away from the in-
terface in the In;_, Al As alloy side. The second term is
due to background impurities. The functions K (g,s) and
J (g), not shown, are analytic functions of g that depend
on the parameters b and b'.

The phonon matrix element that appears in the second
term of the memory function is written as

S IM(g,q,,M)>=3[1Mp(Q,M)I*|15ig,)I?
A A

+IM (Q, M1 4(ig,)|*],  (3.6a)

where A runs over the longitudinal polar optical, and
acoustic-phonon contributions. The overlap terms are
given by

. B
lIB(lqz)|2:W ,
| ,(ig,)|?
_ B0’ [bY(B+2B+2)*+2b% B (B+2)+q.} B
(b2+4q2)? ’
(3.6b)
obtained by the wuse of Eq. (22), I(ig,

= [ * _exp(q,z)|{(z)|*dz. The polar optical coupling
strengths®® are given by

e2

2e 4 30%V

K
|M 4 5(Q,PO,)|>= 4.5

11%Q 45 »

K ©, A,B
(3.6¢)

for the longitudinal phonon. Further, the transverse PO
phonon contribution needs to be included?’ by
D? p#

— 3.
2d 4 5Q 45V (3-6d)

M, 5(Q,POL)[*=

where D =d/a is a deformation potential, and a is the
lattice constant.”® The acoustic-phonon deformation-
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potential term is

ﬁUZA,BQ

M ,DF,)|?= —-22"= |
IM.45(Q.DF))| 2d 4 gy 48V

(3.6¢)
In the above equations, the 4 and B contributions corre-
spond to the channel, In;_,Ga,As, and barrier,
In,_ Al As, sides of the heterojunction, taken into ac-
count within the VCA for concentrations x and y of Al
and Ga, respectively, as discussed below.

The interface roughness contribution is obtained with
the help of previous works,> 82328 5o that one writes

1 .
Vilg)= 71;; Velrdexp(—ig-r;) ,

(3.7a)
Van=a0 [~ dde*3E

where V =V (z)+ V,(z) of Egs. (2.5) and A(r) is the slow
variation of the interface between the channel and barrier
alloy materials. The final result is found to be in the form

2A2A2 2A2
<|Vs,(q)|2>=l’3’—ﬁ—"exp —ﬂ% , (3.7b)

where A is the mean-square deviation of the height of the
interface, and A is the lateral correlation length. In per-
forming the average of the above quantity, the approxi-
mation

_r=r?

(A(P)A(r")) =A%xp e

’ (370)

due to Prange and Nee? has been made. The quantity y
in Eq. (3.7b) is given by

_ e*B"? _ B’’N
4 €p d 2
e?B? BN, _,
+=—(B +28+2) | =~ (B +2B+2)+N,
A
(3.7d)

The alloy scattering contribution in the last term of Eq.
(3.2) is found with the help of the literature.6~%3%3! The
unaveraged scattering potential is written in the form

AV(g,2)=alAV, |5(D? AV,=(V,p—V,5), (3.8a)

where a is the lattice constant of the alloy A4 (channel
side) or B (barrier side). The configurational averaged
quantity to be used in the memory function is obtained in
the form

(zlAV<q,z,-)|2>

_—Rg 2 pr2pe
_7["(1—'3‘)553 b']

R3
+ [ (1=9)8% B% (2B*+4p°+ 68+ 68+3)] ,

(3.8b)
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where R 4 p is the primitive cell radius of the alloys and

84=Vias— Vaiass 88 =Vimas— Vcaas » (3.8¢)

where the P’s are the conduction-band minima of each
compound.' In obtaining Eq. (3.8b), the VCA has been
used.230

C. Virtual-crystal approximation

In order to obtain the various parameters used in the
present work appropriate to compositions x and y in the
systems In,_,Al,As and In; ,Ga,As, the VCA is
used.?’ In general if one lets Q be the quantity to be
determined in a binary alloy j, where j can take on the
values A and B for the materials In;_, Al As and
In,_,Ga,As with respective concentrations C, and Cg,
then the quantity Q is obtained using the expression

0,=(1-C;)Q;,+C;0), ,

at concentration C; of the jth alloy. The quantities Q;
and Q;, are the values for the compounds 1 and 2 that
make up the jth binary alloy. Thus, for the case of
In,_,Al As, j=A, jl=InAs, j2=AlAs, and C,=x,
etc.

(3.9a)

IV. RESULTS

The calculations performed in this work make use of
band-structure parameters available in the literature3? 4!
for the parent compounds InAs, AlAs, and GaAs and are
given in Table I. For the In,_, Al, As alloy, the I" point
using a VCA approach is determined as a function of Al
concentration and temperature’* 3’ by

Erp=(0.42+2.03X107*T

+x[2.63—1.3X1074 T]) eV . (4.1a)
The X point follows
Eyp=(2.1—2.03X107*T
+x[0.26—4.64X107* T]) eV . (4.1b)

The In, _ yGayAs material has a direct band gap, which is
approximated by

TABLE 1. Parameters (Refs. 30—37) used throughout the cal-
culations.

Quantity GaAs InAs AlAs
Er (eV) 1.52 0.42 3.05
Ey (V) 1.98 2.1 2.36
a (A) 5.64 6.06 5.66
K 13.18 14.55 10.06
K. 10.9 12.3 8.16
m (m,) 0.067 0.023 0.15
d (gr/cm?) 5.36 5.67 3.76
o (V) 7.0 —52 3.76
#Q, (V) 36.25 30.2 31.49
vy (X10° cm/s) 4.71 4.41 5.65
V (eV) 1.52 0.42 2.36
dy (eV) 277.5 232.5 282.75
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Er,=(0.42—2.03X107*T

+y[1.10—1.14X107* T]) eV . (4.1c)

One of the desirable characteristics of the present system
is that the band gap can be tuned so that In;_ Al ,Asisa
direct band-gap barrier material, in which case the Al
concentration has lower and upper limits, x; <x <x_, ob-
tained from above as

_ 1.68
X, = =
2.3743.34X1074 T

’

4.2)

_y[1.10—1.14X107* T]

4 2.63—1.3X1074T
For 7=300 K and y=0.5, this model gives

0.21 <x <0.68. Initially, x =0.48, and y =0.47 so that a
comparison with experiment*>*! can be made. The bar-
rier height can be estimated using t. ¢ above results along
with the 60:40 rule for band offsets3®? as

Vo=~(1—0.4)Erp—Er )
=(1.58—7.8X107° T)x —(0.66—6.84X 107> T)y ,
4.3)

where it is assumed that x <x.. Additionally, the remote
impurities are located at a distance s =80 A away from
the interface,*® within the barrier with a concentration
N;=1.56X10"? cm ™2, and the background impurity den-
sity is n; =1X 10'* cm 3. The mean-square deviation of
the interface height A=4 ;‘&, and the lateral correlation
length A=15 A. Also, the use is made of the following
units: the energy is in units of E, =me* /28 (47e)?
=5.25 meV, wave vector k, =(2mE, /#*)!/?=9.61 X 10’
m™!, and the temperature in units of 7, =E, /K, =60.9
K, using the GaAs values.

Figure 1 shows the heterojunction potential obtained in
the model of Sec. II. The potential (in units of E,) and
ground-state electron density are shown versus z (in units
of 1/k,) for T =0, 77, and 300 K, for N =1X10'? elec-
trons.

120 T T T T

2 300 K I
P L e 1
R el Gao.47Ino.53As
Z,
|
b 300K
> Alo.48Ino0.52As

0 1 1 7 .

-5.0 -3.0 -1.0 1.0 3.0 5.0

Z (1/kb)

FIG. 1. Heterojunction potential in units of E, versus dis-
tance z in units of 1/k,. The electron is also shown in units of
1/k, for N =1X10"? electrons.

J. E. HASBUN 52

Figures 2(a) and 2(b) show the obtained variational pa-
rameters b and b’ (in units of 1/k;,) as well as the energy
level (in units of E,) versus Al concentration, where the
Ga concentrations is y =0.47. Both figures show that the
results for these parameters are slightly nonlinear func-
tions of Al concentration, and show a strong dependence
on the electron concentration.

Figure 3 shows the memory function (in units of 1/7,)
versus temperature in units of 7, for all scattering contri-
butions included. The total memory function shown is a
composite of its individual contributions. In this figure,
each scattering term is not temperature independent;
however, the polar optical (transverse and longitudinal)
are the dominant contribution above about 90 K. At
lower temperature, it is the alloy, and the impurity con-
tributions which limit the mobility, as will be seen in the
figures discussed below in the low-temperature regime.

For low temperatures, the acoustic phonons also play a
role, but in the present system their magnitude along
with the surface-roughness contribution is not as
significant as the alloy and impurity terms. The tempera-
ture behavior of the impurity scattering has been previ-
ously discussed in Ref. 12. At very low temperature the
memory function contribution, due to acoustic phonons

22 T T T T

—
[9)]
T
\
\
\
\ s
\
L

b, b’ (1/kb)
\
\

©
T

z
awa
[
x

=1

S

Eo (Eb)

5
——  10(cm-2)

2 1 1 iy 1 1 L
0.4 0.4 0.5 0.5 0.6 0.6

FIG. 2. (a) Variational parameters in units of 1/k;, versus Al
concentration for various electron densities. (b) Ground energy
in units of 1/k, versus Al concentration for various electron
densities.
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0.00 \\,\\\' .............. LRI L e
———————— - \_:n\<_\ .............................
-~ -0.10 \\\ 7
- Sso
) [N
SN \\
—_
= Impurity
R{ Surf. Rough
- L Alloy
= 0.20 — — PO-longitudinal
~~~~~ - Acoustic (Def. Pot.)
——— PO-Transverse
——— Total
-0.30 . L I ! I
0.0 1.0 2.0 3.0 4.0 5.0

T (T»)

FIG. 3. The total memory function (solid line) in units 1/7,
versus temperature in units of T},. The various scattering mech-
anisms’ contribution to the memory function include impurity,
PO-phonon, acoustic-phonon, interface roughness, and alloy
fluctuations.

behaves according to the Bock-Gruneisen formula.!® The
spectra of an optical phonon and an acoustic phonon are
quite different and the g dependence of their matrix ele-
ment is responsible for their distinct behaviors.?® Basical-
ly, at low temperatures, optical phonons can hardly be
excited. At high temperatures, however, it is the optical
phonons that are responsible for limiting the mobility. It
should be mentioned that the results shown in Fig. 3 have
been obtained with the experimental electron concentra-
tion of Kastalsky et al.,*’ shown in the inset of Fig. 4.
Also shown in Fig. 4 is the mobility calculated using the
memory function of Fig. 3. A comparison with the ex-
perimental work of Kastalsky et al.® and the work of
Cheng et al.*! has been carried out in this figure. We
note that the results obtained are in very good agreement
with the experimental result.

10.0 T T T T
e sore ezt ke
B’O - to . zz;(roi:skyelal,ﬁgﬂz) .
— T,
@ 3
> 6.0 | . B
~ /"
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:) 4.0 112_?Kelvi:‘a)o 240 :moﬂ
L 4.
3
2.0 |
Theory
A Exp. Cheng et al. (1982) y
0.0 Exp. Kastalsky et al. (1982)
o 60 120 180 240 300
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FIG. 4. The theoretical mobility versus temperature (solid
line) is compared with the experimental data of Kastalsky et al.
(Ref. 40) and Cheng et al. (Ref. 41). The inset shows the elec-
tron concentration as a function of temperature obtained from
Ref. 40 and used in the performance of the mobility calculation.
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In Fig. 5, the calculated mobility of In,_,Al As/
In,_,Ga,As for x =0.48 versus Ga composition, y, is
shown for T'=10, 77, 300 K, using an electron concen-
tration of N,=1X10'%/m? It should be noted that the
mobility is greatest at low temperature and smallest at
high temperatures in agreement with conventional wis-
dom. The mechanism responsible for limiting the mobili-
ty versus temperature in this figure is related with the dis-
cussion of Fig. 3 above. At low temperature, it is the al-
loy, the impurity, and to a smaller extent the interface
roughness contributions that limit the mobility. This is
the reason for the interesting behavior of the mobility
versus Ga concentration. Of these contributions, the
dominant term is due to alloy scattering due to fluctua-
tions in alloy potentials. Thus, the mobility shown at 10
K is mainly limited by this term. At high temperatures,
while the above terms still provide significant contribu-
tions, the polar optical phonons begin to become active in
limiting the mobility as well. At the temperature of 300
K, the mobility shown in Fig. 5 is basically limited by the
polar optical phonons. This is in concordance with our
observations of the results presented in Fig. 3 in the
high-temperature range.

Also noticeable in Fig. 5 is the nonlinear behavior of
the mobility versus concentration; however, the trend of
the mobility is to be high for the Ing 5,Alj 4gAs/InAs sys-
tem, and low for the Ing s,Aly 43As/GaAs system. This
behavior is consistent with what would be expected if one
thinks of the mobility as being proportional to the inverse
of the effective mass of the system. Since InAs has a
smaller effective mass than the GaAs system, this implies
a higher mobility for the former.

Finally, in Fig. 6, the mobility for the
In;_,Al,As/In;_,Ga,As system for a fixed value of Ga
composition, y =0.47, versus the Al concentration is
shown for the same temperatures and parameters as in
Fig. 5. The temperature dependence shown here has the
same contributions as those included in Fig. 5. The
behavior of the various mechanisms versus temperature

4-0 T T T T
Ns=1x 1016/m2

wn(105cm2/Vs)

0.0 T E
0.00 0.20 0.40 0.60 0.80 1.00
Ga Concentration
FIG. 5. The calculated mobilities for In,_,Al As/

In,_,Ga,As versus y, for x =0.48, and temperatures of 10, 77,
and 300 K. The scattering mechanisms included are as in Fig.
3. The electron concentration used is N, =1 10'¢/m?.
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FIG. 6. The calculated mobilities for In,_, Al,As/In,_,Ga,
versus x for y =0.47 and temperatures of 10, 77, and 300 K.
The electron concentration used is as in Fig. 5 and scattering
mechanisms as in Fig. 3.

0.20 0.30 0.60 0.70

and the relative strengths are similar to the previous dis-
cussions of Figs. 3 and 5. Here, the interesting feature
that makes Fig. 6 unique is the fact that the concentra-
tion of Al varies, so that the heterostructure barrier
changes in height. This is because InggAly,As/
In, 53Gag 4;As has a smaller barrier than does
Ing 53Aly 7As/Ing 53Gag 47As system. For low Al concen-
tration, the electrons are no longer confined to the
In,_,Ga,As channel. Here, the electronic wave function
has a significant penetration into what was supposed to
be the barrier alloy material. Thus, the electrons are cap-
able of sampling more scattering of the barrier material
in addition to the scattering experienced in the high mo-
bility channel. The net result is a decreased mobility for
low Al concentration. Also since the intentional dopants
are located in the barrier material, the electrons experi-
ence more impurity scattering in addition to alloy fluc-
tuation scattering from the barrier material.

As the Al concentration rises, the mobility tends to in-
crease relatively speaking, because the barrier height in-
creases with Al concentration. There is a maximum mo-
bility here, because the barrier effect is not the dominant
effect beyond the peak point. What occurs next is similar
to the behavior seen in Fig. 5. The electrons are mostly
confined within the Ings;Gag4;As channel with some

penetration into the barrier side. The small electron
penetration has an electronic effective mass that is
characteristic of Ing3;Al,,As. This effective mass is
greater than that of the Ing gAl; ,As system. By the same
argument used in Fig. 5, the mobility, being inversely
proportional to the effective mass, should decay in con-
sistency with the behavior displayed in Fig. 6. Calcula-
tions below x =0.2 or above x =0.7 were not carried
out, because of barrier and indirect band-gap transitions
occurring near these values, respectively.

V. CONCLUSION

The electron mobility of a two-dimensional
modulation-doped In;_, Al As/In;_,Ga,As heterojunc-
tion has been investigated within a memory-function
theoretical framework. A variational wave-function
model with penetration into the barrier side has been
made use of. The theory incorporates various scattering
mechanisms, due to polar optical and acoustic phonons,
remote and background impurities, interface roughness,
and alloy fluctuations. The strongest scattering mecha-
nisms are due to alloy and impurity at low temperatures.
For temperatures above 90 K, the polar optical phonons
play a greater role in the scattering. A comparison with
experiment yielded a very good agreement for the 0—300
temperature range studied. Further, the model has been
used to obtain the mobility for the In;_, Al _As/
In,_,Ga, system versus Al (with y =0.47) and Ga (with
x =0.48) compositions for temperatures of 10, 77, and
300 K. Finally, the parameters used in the above alloy
system have been obtained by the employment of the
VCA with the appropriate input from the parent com-
pounds, InAs, AlAs, and GaAs.
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