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Pseudopotential calcu&ations for (GaAs)&-(A1As)I and related monolayer heterostructures

Ed Caruthers and P. J. Lin-Chung
NavaL Research Laboratory, Washington, D. C. 20375

(Received 18 November 1977)

New atomic pseudopotential form factors are found for Ga, Al, and As. These simultaneously fit the

energy bands of pure GaAs and A1As. Kith these, eigenvalues and eigenvectors of the {GaAs)1-(AlAs},
monolayer heterostructure are found and the density of states, the dielectric functions, and the charge

density are calculated. Kith the additional assumption of the virtual-crystal approximation, the composition

dependence of the principal valence-band maxima and conduction-band minima is found for Ga, Al„As,
(Ga, „Al„As)i-(A1, „Ga„As)„and (GaAs), -(Ga, „Al„As),. It is shown that (GaAs), -(A1As), has electronic

properties which are quite distinct from GaAs, A1As, and Gao, A10,As. The effects of disorder on the

principal band gaps are discussed. The theoretical results are compared to past experiments and several new

experiments are suggested.

I. INTRODUCTION

Molecular-beam epitaxy (MBE) is capable of
great precision in preparing GaAs-Ga, Ql+s
heterostructures. '

~ ' These materials are charac-
terized by the alternation of thin layers of the two
kinds of semiconductor along the heterostructure
axis. Molecular-beam epitaxy produces layers of
uniform thickness over areas &2-3 mm'. Disorder
at interfaces between planes is believed to be con-
fined to about one atomic layer. ' In principle,
therefore, it should be possible to fabricate mono-
layer heterostructures, i.e. , heterostructures in
which single atomic layers of Ga, As, Al, and As
repeat in the zinc-biende (ZB) [001]direction.
Gossard and co-workers have, in fact, recently
reported achieving several thin-layer heterostruc-
tures (GaAs) —(A1As)„, I ~ n, m ~ 10, where m and
n denote numbers of atomic layers. 4 Experimental
measurements indicate that the m = n= 1 materials
so fax produced contain about 30% disorder. ' This
disorder is described as "islandlike"; that is, in-.
dividual layers are believed to be uniformly thick,
but, e.g. , a layer nominally denoted GaAs would
actually contain -30/0 AlAs clustered in almost
pure islands. Experimental measurements must
therefore be made on materials whose exact struc-
ture and composition may be known only approxi-
mately. In view of this, it seems desirable to have
theoretically calculated properties of the perfect
(GaAs), -(A1As), structure and of some related
monolayer heterostructure for comparison with
experimental results. We have performed a semi-
empirical pseudopotential calculation on (GaAs), —

(AlAs), and found detailed energy bands, the den-
sity of states, the dielectric functions, and the
valence charge density. As reported earlier, ' the
lowest band gap for this material is direct, ap-
proximately 0.51 eV narrower than the
Ga, ,A1, ,As indirect band gap, and very difficult

to observe by optical techniques. With the assump-
tion that the virtual-crystal approximation' (VCA)
can be used to treat substitutional alloys
Ga, Ql+s. we have calculated the composition de-
pendence of the principal conduction-band minima
and valence-band maxima for the (Ga, QI+s),
—(Al, „Ga+s), and (GaAs), -(Ga,.+I+a), mono-
layer heterostructures. As we shall see, the VCA
can be used successfully for Ga, Ql+s though it
fails for other alloys. Its success lies in the per-
fect match of the lattice constants and dielectric
constants between QaAs and AlAs.

The presentation of our results is as follows. In
Sec. II we describe the (GaAs), -(A1As), crystal
structure and our computational methods. In Sec.
III we present detailed results for the (GaAs), —

(A1As), electronic structure. In Sec. Dt' we justify
our use of the VCA, present results for the alloy
heterostructures mentioned above, and compare
our results to experiment. Finally, in Sec. V, we
summarize our results and offer some suggestions
for experimental work to test these results.

Il. CRYSTAL STRUCTURES AND COMPUTATIONAL

METHODS

Figure l(a) shows the unit cell for the ideal
monolayer heterostructure. In this figure the at-
omic planes are stacked in the z direction and the
coordinate axes are chosen to be along the cube
edges of the pure GaAs fcc cell. Figure 1(b) shows
this structure viewed from along the z axis. The
dashed lines indicate the boundaries of the unit
cell. The lattice constants for GaAs and AlAs are
5.64 A and 5.63 A, respectively. Because of this
lattice constant matching, thick- layer heterostruc-
tures can be formed without a high density of mis-
match dislocations and defects near the interfaces
between the layers, without a decrease in carrier
mean-free paths, an increase in carrier scat-
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Q Ga

!.i ~ As
a/W ~3"
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Q Z=na

Z= (n+ I/4)a

Q Z= (n+ I/2)a

j j 2 =(n+ 5/4)a

TABLE I. Factor groups of points in the D2~ Brillouin
zone: symmetry operations.

E: (x,y, z); 2 JC4. (y, 3r, z), (y, x,z)

2 JC2. (g, x,z)(y, x, z); (JC4): (X', g, z)

2C2. (x,y, r)(x, y, z)

0 8 Q, 8 0
~ L"eC(eon

Q @ QX@ Q

FIG. 1. Tetragonal unit cell of (GaAs) f (AlAs) f.
Coordinate axes are chosen along the edges of the
GaAs fcc cell. The right half of the figure is a top view
(along the [001] direction) with dashed lines showing
boundaries of the unit cell.

tering, or an increase in nonradiative recombin-
ation rates. In the absence of this lattice constant
matching the monolayer structure would not be
formed at all.

The monolayer heterostructure is really a rather
simple three-dimensional crystal. (It might be
called GaAIAs, .) It has space-group symmetry
D2~, a tetragonal unit cell with twice the volume
of the GaAs unit cell, and four basis atoms with
locations (0, 0, 0) for Ga, (0, —,'a, —,'a) for Al, and

(—,'a, —,
' a, —,

' a) and (-,
' a, —,'a, —,'a) for As (a = 5.64 A). Be-

cause there are twice as many atoms as in the ZB
unit cell there will. be twice as many valence elec-
trons and twice as many ent. rgy bands.

The reciprocal-lattice basis vectors for this

structure are G&= (2v/a)(I, 1,0), G, = (2&/&)
x(-1, 1, 0), andG~=(2v/s)(0, 0,1). A general recip-
rocal-lattice vector will have the form G= (2v/
a)(n, —n„n, +n„n, ), where s„n„and n, may be
any integers. Note that n, —n, and n, + n, will be
both even or both odd.

The Brillouin zone (BZ) shown in Fig. 2 is one-
half the size of the zinc-blende (ZB) BZ. It has two
twofold rotation axes (k„and k„), one fourfold ro-
toinversion axis (k,), and two mirror planes (R-M
Z,-T,-R and I' 2 R T;-I'-). -The factor groups for
the high-symmetry points and lines are given in
Tables I and II. Note that if we replaced the Al
atoms in Fig. 1 by Ga atoms, we would be per-
forming calculations on the usual ZB structure,
but with a unit cell twice the usual size, and a BZ
one-half the usual size. In this case, the eigen-
values at any point in the reduced BZ could be
found by folding the usual bands in half, e.g. , the

TABLE II. Factor groups of points in the D&& Brillouin
zone: factor groups.

I', Z, M, Z»: D2g

E (JC4) 2 JC4 2C2 2 JC2

Jt
Kz

Zg, I')

Z3, 13
Z4 C4

ZS, I 5

1 1
1 1
1 1
1 1
2 -2

1 1 1 s
1 -1 -1

-1 1 -1
-1 —1 1 z xy

O 0 0 (x,y), (xz, yz)

M'

gl

I

I

R ' / J g
I

4g, Tg, Ug'. S4

C2„z ( JC4) (JC2) f ( JC2)2

1
1

T3 1
1

s, z

Zx

Kx

Z
Um /

/
/

TzI /
/

I,
M:-

R

Ky

4, U»: C

C2» E Cp

s, x
—1 y, z

U Z: C&a

Cgg E JC2

FIG. 2. Brillouin zone for (GaAs)&-(AlAs)& showing
the labeling of the high-symmetry points and lines. Shading
indicates the reflection planes Z and U».
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= (~~a, ~oa, 4a). For (GaAs), -(A1As) „V,(G) = Vo,(G),
V, (G}= V„,(G}, and V,(G) = V„,(G), the atomic
form factors given in Table III.

Our method of working with atomic form factors
differs somewhat from the usual procedure of di-
rectly adjusting terms in the crystal pseudopo-
tential of each pure material to fit optical data. ' "
The present method has the advantage of being di-
rectly extendable to more complicated structures.
In fact, it yieMs terms in the crystal pseudopo-
tential which are quite similar to those of previous
workers. Table IV contains a comparison. Note
that while we have followed previous workers in
requiring that V(G) be zero for G'~ (2n'/a)'16, for
G' = (2v/a)'l2, we have not required that Vo (G)
= V„~(G)= V„,(G) and V„(G)=2[V t„,(G) —V~, (G)]
=0.

Our constraint that the arsenic form factors re-
main the same in both GaAs and AlAs calculations
is an additional difference from previous work.

TABLE DI. Pseudopotential form factors used through-
out this calculation in Ry. The normalization volume is
that of (GaAs)&-(AlAs) f 0 —QC3 = 605.95 a.u.3.

(aa/2m)' v .(a)

0
1
2
3

5
6
7
8
9

10
11
12
13
14
15
16

D.aa14
-0.0750
-0.0560
-0.0454
-0.0345
-0.0230
-0.0125
-0.0030

0.0063
0.0160
0.0224
0.0241
0.0160
0.0060
0.0020
0.0
0.0

-0.1056
-0.0930
-0.0760
-0.0550
-0.0340
-0.0150

0.0025
0.0170
0.0240
0.0270
0.0260
0.0230
0.0200
0.0140
0.0080
0.0020
0.0

-0.1619
-0.1250
-0.0970
-0 ~ 0750
-0.0550
-0.0410
-0.0270
-0.0140
-0.0012

0.0060
0.0100
0.0125
0.0100
0.0090
0.0065
0.0030
0.0

eigenvalues at I" in the reduced zone vrould be the
eigenvalues from the ZB I' and X points; Z„and 8
would be equivalent to the ZB X and L points, re-
spectively, with all degeneracies doubled. We will
use these relations later on to discuss the effects
of the unique (GaAs), -(AIAs), structure.

For our calculations we have expressed the total
crystal pseudopotential as a sum of atomic pseudo-
potential form factors

V(r) —pe&6' [Vz(G)+ V (G)e ' o+ Vo(G)

TABLE IV. Comparison of symmetric and antisym-
metric zinc-blende pseudopotentials derived from the
form factors of Table III to those used by previous work-
ers. Superscripts are values of (aa/2r)2. V~ = 2(V, + V~),
Vz ——2(Vc- V~), where c and a stand for cation and anion.

GaAs
This
work Ref. 8 Ref. 9

This
work Ref. 12

V g -0.2408 -0.245 —0.23

V g3 0.0592 0.062 0.07

0.035 0.05

V s 0.0102

V s 0.0731

Vg 0.0231

V A12 0.012

0.0410

0.005 0.01

0.075 0.06

0.003 0.01

0.0 0.0

-0.2600 -0.2200

0.0400 0.0725

0.0420 0.0625

0.0456 0.0300

0.0710 0.0700

0.0210 —0.0075

0.0200 0.0

Previously, Hess et a/. "found that an A1As
pseudopotential derived from pseudopotentials for
A18b, GaSb, and GaAs fit experiment rather poor-
ly. Thus, the constraint that the same V„, be used
in both calculations makes it necessary to find new
potentials for both materials. This constraint also
removes much of the arbitrariness which has been
remarked on in connection with crystal pseudopo-
tentials for ternary aQoys. ' In arriving at the set
of form factors shown in Table III we examined
scores of test potentials. Each set of Vo, (G),
V«(G), and V„,(G) was tested for simultaneous
agreement with the GaAs and AlAs band structures.
We found no other set of form factors which fit the
bands as well as these. Thus, we do not believe
that there is another set of form factors which
would give nearly the same fits to the pure ma-
terials and remarkably different results for mono-
layer heterostructures. As can be seen from Ta-
ble V, eigenvalues calculated using our set of
form factors agree rather well with previous cal-
culations, including the self-consistent orthogonal-
plane-wave (OPW) A1As calculation of Stukel and
Euwema. ' Differ ences among these calculations
are sot expected to be as important as uncertain-
ties due to neglect of spin-orbit coupling. Thus,
in the recent nonlocal pseudopotential calculation
of Chelikowsky and Cohen" the GaAs I',, level is
split into a I" at 0 eV and a I'," at -0.35 eV; the X,"
is split into an X," at -2.89 eV and an X," at -2.29
eV; and the L," is split into an L,",at -1.20 eV and
an L", at -1.42 eV. In the latter two cases, degen-
eracies are not only split; pairs of levels are
pushed downward substantially from their values
in the local calculations shown in Table V. We be-
lieve these differences are primarily due to inclu-
sion of spin-orbit rather than nonlocal effects.
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TABLE V. Comparison of GaAs and AlAs high-symmetry eigenvalues to those of previous
workers. Values from Ref. 8 and 9 have been read off energy-band diagrams and thus are
approximate. All eigenvalues are in eV, measured from the valence-band maximum.

Symmetry
GaAs

This work Ref. 8 Ref. 9 This work
A1As
Ref. 10 Ref. 12

I f5

pC

X3

X"
3

LC

I C

I V
2

4.44

1.508

0.0

-12.05

2.37

1.972

-2.23

-6.35

-9.83

5.15

1.802

-0.93

-6.06

-10.52

4.8

1.48

0.0

-12.0
2.55

2.2

-2.0
-6.2
-9.8

5.5

1.8
-0.9
-6.0

-10.4

4.5

1.4
0.0

2.1

1.8

5.0

1.7
-1~ 0

4.21

2.81

0.0

-11.57

2.89

2.21

-2.32

-6.45

-8.96

4.93

2.48

-0.98

-6.04

-9.85

4.57

3.21

0.0

-11.56

2.62

2.25

-1.97

-5.55

—9.42

5.15

2.76

-0.70

-5.52

-10;07

2.50

0.0

-11.48

2.86

2.38

-2.01

-5.20

-9.61

5.25

2.57

-0.80

-5.22

-10.14

Though these factors are important, our results
appear sufficiently accurate for investigation of the
structures we wi11 be considering. In particular,
our values for the lowest band gaps are in good
agreement with experiment. At 2'K the GaAs F;-
Fy5 gap is 1.519 eV i4 the Xci- Fx separation is 0.462
eV, and L; lies 0.17 +0.03 eV below Xx x5 The
AlAs Xx-1',s gap is 2.23S eV at -O'K l'c,-j."~»=2.9
—3.23 eV."" Qur calculated results agree with
experiment to better than 0.03 eV for the funda-
mental gapa and better than 0.1 eV for the next
few higher gape.

Because of our use of atomic form factors rather
than direct crystal pseudopotential form factors to
fit the energy bands of pure materials, it is
straightforward to extend our treatment to alloys
in Sec. IV through use of the virtual-crystal ap-
proximation. ' The central idea of the VCA is that
the correct one-electron potential of the actual
configuration of atoms in the alloy can be replaced
by an average potential over all possible configu-
rations. For the crystalline alloy Ga, Ql+s with
ZB structure, a ZB potential is used with V~«„(G)
= (1 —x)V,(G)+@V,(G) and V „,(G)= V„,(G). ~F~or

the (Ga,.+I+a),-(AI, „G~s) monolayer hetero-
structure we use Eq. (1) with V, (G)=(1 —x)Vo,(G)
+xV„~(G), V2(G) = (1 —x)V„,(G)+xVo~(G), and V~(G)
= V~(G). For (GaAs), -(Ga, Ql+s)„we use V, (G)
= Vo,(G), V, (G) =(1 —x)Vo,(G)+@V„,(G), and V, (G)
= V~(G). This process of weighting the potentials

linearly with the probability of each atom's occu-
pying a particular kind of site can be esyecially
justified for Ga, Ql+s alloys for the following
reasons. The pseudopotential form factors depend
not only on the composition but also on the volume
normalization and dielectric screening of the alloy.
(The VCA does not consider the variation of the di-
electric screening. ) Of all ZB semiconductors,
only GaAs and AlAs have a close match in both lat-
tice constants and dielectric constants [e,(GaAs)
= 10.9,""11.3,"c (AIAs) = 10.3 (Ref. 22)]. It is
reasonable to assume that both quantities remain
unaltered while alloying in Ga, Ql+s. In addition,
the short-range disorder in alloys is not expected
to alter the shapes of density-of-states singular-
ities predicted by the periodic potential of the VCA.
Rather, a tailing of the spectrum into the forbidden
gay is expected. According to an estimation based
on electronegativities, "the effect of this aperiod-
icity should be less in Ga, gl+s than in any other
ternary solid solution of the type A',"B'„~'Cv. Thus
the use of the VCA in this paper does not encounter
the serious drawbacks associated with its use in
treating other ternary alloys. "

Given the yseudopotential form factors of Table
III, the detailed calculation on the (GaAs), —(AIAs),
structure follows methods developed for the treat-
ment of simpler semiconductors. The pseudo wave
functions of electrons at 60 points k in the BZ are
expanded in a plane-wave basis set
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( (|(=La,(K,),
f

where

(2)

4
4

4
5 — 4

IKi&= Ik+G~& (3)

At each k, matrix elements of the pseudo Hamil-
tonian are found for -200 values lK&& such that

l K& l

( (27)'~ (2((/a). Lowdin's perturbation
scheme23i'~ is then used to reduce the size of the
secular equation to N» 100, where N is chosen
such that lK&, „l) lK&,„l. Eigenvalues and eigen-
vectors of the perturbed matrix (which is complex
for general points in the BZ) are found by standard
numerical techniques. The numerical uncertainty
in the eigenvalues, coming primarily from the per-
turbation theory, is estimated to be «0.02 eV.
Differences between energy levels should be ac-
curate to -0.05 eV.

In order to find the imaginary part of the dielec-
tric function z, ((d) the density of states N(E), and
the charge density p(r), we calculate the oscillator
strengths (g(z l P,

l t&z((&, (g+ l (p, +p )/v 2
l $&(, & for

all valence to conduction transitions and the contri-
butions (I((~(I(,~ to p(G) from all occupied eigenstates
g,~, k ranging over 60 points on a fine mesh in —,

' of
the BZ. Integrations for

i.(~) '=( ) ~ Lf,„.1((a~I( I(„-&I*

&&5((d —Eig+E,g)dk (4)

8

N(E) = 6 (E —E(~) dk,
BZ

1
2 —

1

4

e o—
LLI 4

Ga As —A/As

1

2

—o
4

—8 I

(0, 0, 0)

3 2
IZ„M

(1, 0, 0) (1, 0, '/a)

—8
Z l

(0, 0, '/2) (0, 0, 0)

FIG. 3. Energy bands of (GaAs)1-(AlAs) |along the
most important high- symmetry lines. (Lowest two
valence bands are omitted).

were performed by the Monte Carlo method of
summing quantities evaluated by cubic interpo-
lation'~ at 12000 random points in the —,

' of the BZ
given in Fig. 2.

III. ELECTRONIC PROPERTIES OF (GaAs)& -(AlAs)&

A. Energy-band structure

Energy bands for the (GaAs), -(A1As), monolayer
heterostructure are shown in Figs. 3 and 4 for all

1 5
4 1
2 3

6

4
4

12—
4

0— GaAs —A II As

5
2

4
1
4 5

3
1

—0

2 ——2

FIG. 4. Energy bands of
(GaAs)&-(AlAs)

&
along all

high-symmetry lines not
shown in Fig. 3. (Lowest
two valence bands are
omitted. )

—8 I

r
(0,0,0)

I

z
(0,0, '/a )

3
I

Zx

(1,0,0)

I

R

('/~ '/a 'h)
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TABLE VI. Prominent critical points and their oscillator strengths for the electronic spectrum.

{g/27)-)K Eg —EI {eV} ( Pg ('
( p, I Symmetry {aj2~)K Eg —EI (eV) IPg) )P ) Symmetry

8-9

8-10

{o,o, o)

{Q,o, g)

(1,0, o)

(——-)1 1 1

(———)
3 1 1

(-,', o, o)

|'-
s 0)

-(———)
3 1 1

~(—0 —)
5 1 1|8,8, 4)

(———)
5

(o, o, o)

~{ —)
1 1 1

{-,', —,', o)
1 1{4,0, ~)

4, s 0)

{-,', o, o)

1.58

3.59

3.78

3 ~ 88

3.97

4.04

4.3

4.37

4.75

1.88

3 ~ 58

3.72

3.86

4.08

4.09

4.26

4.47

4 ~ 62

4.99

5.13

5.43

0.036

0.136 0.093

0.193 0.104

0.041 0.059

0.123 0

0.106 0.004

0.069 0.044

0.D65 0.057

0.058 0.Q07

O.045

0.06

0.04

0.08

0.08

0.019

0.094

0.0167 0.005

0.096 0.050

0.186 0.012

0.119 0.D22

0.033 0.022

Q.224 0.004

0.166 0.081

0.126 0.036

0.205 0.002

0.022 0.060

Mp

Mo

Mp

Mo

Mo

Mp

6-11 {0,0, 0)

{——-)1 1 1

(———)
5 3 1

(o, o, —,')
(- ——)

1 1 1

(———)
1 1 1

3 1 1

(———)
1 1 1

-(—0 —)
1 1

(-,', o, o)

5 3 1
{8~8 ~2)

7 ao {o,o, o)

(———)
1 1 1

1 1 1

(a, o, o)

~(— 0 —)
5 1 1

3 1 1
(4~4 & 4)

-(———)
5 3 1

5 1 1-{s.s.r)
(-,', o, o)

7 12 (-,', O, —,')

2.57

5.73

6.20

6.21

6.46

6.75

6.99

7.21

7.32

7.88

6.31

1.88

2.61

3.51

4.33

4.87

4.98

5.02

5.31

5.77

6.68

5.54

5.94

0.079 0

0.288 0

0.111 0

0.05

0.061 0.003

O.171 O.OOa

O.034 0.006

0.036 0.010

0.027 0.014

0.027 0.020

0.191 0

0.189

0.299 0

0.137 0.073

0.035 0

0.258 0.001

0.084 0.018

0.217 0.003

0.051 0

0.204 0.009

0.175 0.025

0.101 0

O. 109

0.014 0.247

Mo

Mo

Mp

Mp

Mo

Mp

Mp

Mo

8-11 (o, o, o)

(a, o, o)

(o, o, —,)

(———)
5 3 1

-(8 8 a)
1 1

(———)
1 1 1

1 1
(g, 0, 4)

2.39

3.82

4.89

4.93

5.23

5.29

5 ~ 81

0.017

0.280 0

0.120

0.045

0.149 0.009

0.013 0.04

0.181 0.022

Mp

Mo

Mp

8 a2 (o, o, —,)

(o, o, —,')
~( —)

6-10 (0, Q, 0)

(o, o, —,')
2.06 0.253 0

5.38 0 0.111

4.52 0 0.238

5.71 0 0.218

4.96 0.041 0.190

Mp

high-symmetry lines in the D,'„BZ. The lowest
pair of bands have energies between -12.01 and
-9.5 eV and have been omitted from these figures.
We have used the GaAs valence-band maximum as
our zero of energy. The (GaAs), -(A1As), valence-
band maximum is at I and is +0.034 eV. Because
this unit cell is Voice the ZB unit cell, there are
bvice as many bands as in the usual ZB semicon-

ductor. This results in more band crossings and

repulsions and produces more complicated bands.
The [100] and [010]directions in this structure are
not equivalent to the [001]direction. The conduc-
tion-band minimum at (0, 0, 1)(s/a) is 0.85 eV be
low the conduction-band minimum at (1,0, 0)(m/a).

The lowest conduction-band minima lie along the
[0 0 1]direction (parallel to the heterostructure
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axis). The I'~ minimum is at 1.619 eV, giving a
minimum direct gap at 1.585 eV. The Z, minimum
is at 1.743 and the absolute minimum is 1.587 eV
at (0 0 8}(2v/a). Since this last value differs from
the I', minimum by only 0.03 eV (less than the nu-
merical uncertainty in the calculation) we believe
that this is probably a direct-gap material. This
gap is 0.32-0.42 eV less than the (indirect) gap in
the alloy of the same composition. " (For further
comparisons to the alloy, see Sec. IV.)

Other important conduction-band minima are at
It (1.669 and 1.959 eV), g (1.914 eV), and Z»
(1.931 eV). The It minima arise from the Z. B. I,;
level; the I', minimum comes from the ZB I", le-
vel; both the I'4 and Z» conduction-band minima
arise from the ZB X', level. In Ga, ,Al, ,As the X',
level lies at about 1.95 eV. The heterostructure
ordering of the Ga and Al cations onto alternating
monolayers produces a splitting of the I 4 and Z»
levels as well as a lowering of both relative to the
alloy X; level. The size of this effect cannot be
determined from symmetry or other a Priori con-
siderations. An accurate yseudopotential is there-
fore essential for determining the ordering and the
absolute energies of the various conduction-band
minima. As discussed above, our form factors fit
the energy bands of GaAs and AlAs very accur-
ately. As will be seen in Sec. IV, these same form
factors also fit the Ga, „Al„As alloy over the entire
range 0 ~ x ~ 1. We are therefore confident that I 4
lies below Z~„Z; and all the higher conduction-
band minima, making (GaAs), -(A1As), a direct (or
very nearly direct} material.

The calculated oscillator strengths (OS) reveal
an important point about the I',"-I', band gap. Be-
cause the I', and l 4 levels are, by symmetry, pri-
marily of P character, optical transitions across
this gap will be very weak. Only the presence of
a slight amount of d character in the I', level keeps
the transition from being completely forbidden.
The I',"-I",and I',"-I', oscillator strengths are com-
pared in Table VI. The OS for I',"-I'4 is negligible.
This will make the I'4' minimum very difficult to
detect experimentally. In this respect (GaAs), —

(A1As), is very different from ill-V and ll-Vl zinc-
blende, wurtzite, and rocksalt semiconductors.
Recent calculations on n-quartz" and P-cristo-
balite" showed dipole forbidden lowest interband
transitions, but SiQ, has a much wider band gap
(-9-10 eV) and the forbidden transitions involve
oxygen lone-pair valence states. Thus, the pres-
ent result for (GaAs), -(AlAs), is unexpected.

8. Optical spectrum e2

As the optical spectra in Fig. 5 show, the lowest
peak which is likely to be observable by techniques
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FIG. 5. Optical spectra e 2' (solid line) and +247
(broken line) of '(GaAs)&-(AlAs) &. The inset shows more
detail of &~+2 near the absorption edge.

like optical absorption is at about 1.89 eV. The in-
set of Fig. 5 shows details of z,(d' near the absorp-
tion edge. The edge at 1.88 eV for light polarized
normal to the heterostructure axis comes from I',"-
r', transitions. We have calculated an optical-ab-
sorption coefficient of -0.23 x 10~ cm ' for the
1.89-eV peak, as compared to a value of -8.5 x 10'
cm ' for the peak at 4.1 eV. The 2.06-eV edge for
parallel polarized light comes from I'4 I'y tran-
sitions.

A comparison of the I "(&u)—= e,"&u' and I (v) =e',&o'

spectra shows strong polarization effects accom-
panied by alternation of intensities. For the &,"op'

spectrum I"(4.10)&I"(4.5), I "(5.25) &I"(5.5), and
I"(6.V) =I"(6.9). For the e',&u' spectrum, I'(4.1)
&I (4.5), I (6 7)&I'(6.9)., and I (5.25) =I'(5.5).

Because (GaAs), -(A1As), contains twice as many
bands as GaAs, its optical spectra contain at least
four times as many critical points (CP). To facili-
tate CP discussion we have decomposed the com-
plete z,"~' spectrum into a superposition of spectra
from pairs of bands. The most important of these
pair spectra are shown in Fig. 6. From these we
conclude that the structures in the region E,—E„
&4.5 eV are associated with 8-9, 8-10, and 7-10
transitions; those in the region 4.5&E, —E„&6 eV
with 7-10, 7-11, and 8-11 transitions; and
those in the region 6 & E,—E„&8 eV with 6-11,
6-12, 7-12, 7-13, and 7-14 transitions.

Because even the pair spectra of Fig. 6 are ex-
tremely complicated, we made a complete CP an-
alysis for each edge, peak, and shoulder. Table
VI contains part of this CP analysis, but because
of space limitations the greater part of the analysis
has been omitted. The most important results of
this analysis may be summarized as follows. (i)
Polarization effects are large as the oscillator
strengths (OS) Ipg 12 and Ip~ I

are quite different
at a given critical point. (ii) Contrary to the case
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FIG. 6. Most important interband transitions which
contribute to e 2 ~ . In each case, J is the index of the
valence level (8 being the uppermost) and I is the index
of the conductj. on band (9 being the lowest).

in cubic NaCl or ZB semiconductors, the. average
value of the OS for a given pair of bands is fre-
quently larger than at high-symmetry points or
along symmetry lines. Thus, contributions to &,
structures come Inainly from general points in the
8 Z. (iii) The OS ~P, !' for transitions below 2 eV
are extremely small. The OS lp, l' becomes sig-
nificant only at 1.87 eV, the onset of optical ab-
sorption. The 1.59-eV transition across the small-
est direct gap is therefore unobservable, as men-
tioned above.

Figure 5 is somewhat similar to the g, of pure
GaAs given in Ref. 8. The group of structures for
I(d &4.5 eV corresponds to the first peak between
3 and 4 eV in GaAs which comes ma, inly from the
4- 5 transition. The structures between 4.5 and

6.0 eV in Fig. 5 correspond to the second peak, be-
tween 4 and 6 eV in GaAs, which comes from 4- 5

and 4- 6 transitions; The structures between 6 and

8 eV in Fig. 5 correspond to the peak at 6-7 eV ig.

GaAs, which comes from 4-6, 3-6, and 4-7
transitions. Note that the (5, 6), (7, 8), (9, 10),
(ll, 12), and (13,14) bands in (GaAs},-(A1As}, come
from the 3, 4, 5, 6, and 7 Z.B. bands, respec-
tively. The III-V ZB materials are known to have
similar &, spectra. "" It is not surprising that
(GaAs), -(A1As), has similar gross features. How-

ever, there are extra fine structures coming from
the doubled number of bands in the monolayer he-
terostructures. These extra structures should be
observable by eldetroreflectance measurements
in the range 4.0 eV & S~ & 8.0 eV.

C. Electron density of states

The calculated density of states (DOS) for
(GaAs), -(A1As), is shown in Fig. 7. It contains

FIG. 7. Density of states for {Gahs)&-(A1As)&. States
below E= 0.03 belong to the valence band, while states
above belong to the conduction band.

three separated portions, the lower two arising
from the valence band, and the topmost from the
conduction band. In their widths the lower two por-
tions look like superpositions of densities of states
for pure GaAs and AlAs. The lowest portion
(-12.05. to -9.58 eV} comes from the two lowest
valence bands. Its width is 2.46 eV, compared to
widths of 2.23 eV for GaAs and 2.6 eV for AlAs.
The charge associated with this portion of the DOS
is, greatest on As sites and extends in bonding lobes
toward the cation positions. (Charge at the cation
sites is small, but not zero. ) The second portion
of the DOS (- 7.4 to 0.03 eV) is strongly bonding in
character; it comes from the six highest valence
bands. It is wider (7.43 eV) than analogous por-
tions of the GaAs and A1As curves (6.35 and 6.45
eV, respectively). Half of this broadening can be
attributed to the difference in valence-band edges
in the pure materials (0.0 for GaAs, -0.32 eV for
A1As); the rest must be attributed to the altered
crystal structure in (GaAs), -(AlAs), . The gap be-
tween these portions of the DOS is 2.2 eV compared
to 3.48 eV for GaAs and 2.51 eV for A1As. The to-
tal valence-band width is 12.1 eV compared to
12.05 eV for GaAs and 11.57 eV for AlAs.

In the first column of Table VII are listed the en-
ergies and symmetries of the prominent valence-
band DOS features. There are about twice as many
peaks and valleys in this DO5 as there are for
GaAs. The next two columns of Table VII list en-
ergies and symmetries of GaAs and A1As which
are "parents" to the (GaAs), -(A1As), DOS struc-
tures. That is, these are the energies of GaAs and
AlAs high-symmetry points which, if the ZB BZ
is folded in half, give rise to the monolayer sym-
metries of column 1. Which ZB L-point symmet-
ries correspond to which R-point monolayer sym-
metries, for example, can be deduced from a com-
parison of character tables. Analysis of compar-
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TABI.E pQ. Energies and symmetries for prominent structures of the valence-band density

of states of (GaAs)&-(AlAs)~ related to parent structures in pure GaAs and AlAs and compared
to structures for Gao +10 SAs and (Gao YAlp 3As)~-(Alo ~Gao 3A.s)~. Representations in parenthe-
ses following (GaAs)~-(A1As)~ and (Gao 7Alo 3As)0 g-(Alp 7Gao 3As)~ energies are appropriate to
the monolayer structures. Representations for GaAs, A1As, and Gao 5Alo &As are for zinc-
blende structure.

(GaA s)&-(AlAs) &

12.o5 (r, )
-10.62 (R4)

io.iS (R,)
9.60 (r,)
9.5s {z»)
e.e4 (R,)

-5.SS (Rg)
e.5i (r, )
5.so (z~, )

-3.47 (z~2)
2.e4 (r,)

-0.65 (Rg)
O.37 (R,)
o.14 (r4)
o.o3 (r,)

GaAs

12.o5 (r, )
10.52 (L2)

9.S3 (X,)

e.oe (L,)

e.35 (x,)

2.23 (X,)

-0.93 (La)

0.0 (1 g5)

AlAs

11.se (r, )

1O.17 (L,)

9.2s (x,)
-6.35 (Lg)

e.77 (x,)

2.63 (X,)

1.3O (L,)

o.32 (r„)

Ga() SAlo &As

ii.94 (r, )
-10.31 (I 2)

-9.53 (X,)

-6.20 {Lg)

e.55 (x,)

-2.42 (x5)

1.1o (L,)

0.14 (r»)

(Gao TA10 3As)f-
(Alo &Gao 3As)&

i1.96 (r, )
-10.41 (R4)
-10.25 (Rg)

9.54 (r4)
9.54 {Zx,)

-6.37 (R4)
-6.16 (R()

6.55 (r()
-6.24 (Zxg)
—2 s3 «x2)
-2.44 (r~)

o.91 (R,)
-0.7s (R3)
-0.13 (14)

o.o9 {r,)

ative wave functions will be given shortly. How-

ever, we would first like to make this point that
the (GaAs), -(AIAs}, DOS is very nearly a superpo-
sition of structures from GaAs and AlAs. How-
ever, there are important effects which arise from
the unique arrangement of atoms in (GaAs), —

(AIAs), . These effects are most significant for
higher levels in the valence band. Some pieces of
structure near the valence-band edge are moved

by more than 0.5 eV. Also, individual levels are
not pure GaAs bonds or pure A1As bonds. Analysis
of wave functions g„„"(r)for valence levels at I', Z„,
and R shows that most levels contribute charge to
regions surrounding Ga, Al, and As. Detailed con-
sideration of these wave functions shows how the
structures in the (GaAs), -(A1As}, DOS arise from
the GaAs and A1As structures shown in Table VII.

The R, level is p-like about Al and As, and s-like
about Ga and As„while the R~ level has the op-
posite atomic character. The lowest L,, levels in
pure GaAs and A1As are predominently p-like about
the cations and s-like about the Ae, while the low-
est I-, levels are predominently s-like about the
cations and s-p hybridized about As." Thus, the
-10.62-eV R, and -10.18-eV R, levels come from
the lowest L, levels of pure GaAs and A1As, re-
spectively; the -6.64-eV R, level and the -5.88-eV
R, level come from A1As and GaAs L, levels, re-
spectively. The upper L, levels in GaAs and A1As
are p-like about the cations and the R, level at
-O. SV eV is s-like about Al and p-like about Ga.
Thus, though their energies are shifted by 0.56 and

0.65 eV, the -0.3'?-eVR, and -0.65-eV R, clearly

come from the GaAs and A1As L, levels shown.
Similar analyses confirm the origins assigned to
the T' and Z„levels in Table VII. The last two col-
umns of Table VII contain results for related alloys.
These results will be discussed in Sec. IV, as will
implications for experimental comparison of these
materials.

Density-of-states structures coming from levels
predominantly Al-like in character have a sub-
stantially greater DOS than those which are pre-
dominantly Ga-like. This rule is reversed for le-
vels derived from the ZB X point. For example,
Q(X,) =-9.60 eV and Z»(X, ) =-5.80 eV are Ga-like
and contribute more to the DOS than the Z»(X, )
= -9.58 eV and I', (X3) = —6.51 eV, which are Al-
like.

D. Electron charge density

The sum of all contributions to p(r) is shown in
Fig. 8 for a plane which includes both Ga-As and
Al-As bonds. Bonding-charge maxima (BCM) are
located along lines joining cation to anion, and are
somewhat closer to the anions, in agreement with
previous III-V and II-VI charge-density calcu-
lations. ' ~ 9 The AlAs BCM is grea, ter than that of
GaAs in agreement with the greater covalency of
AlAs derived from the dielectric theory of Phil-
lips and Van Vechten. 2"30 A higher BCM for A1As
can also be predicted from the polarity theory of
Harrison and Ciraci." Since the Ga-As BCM
shown here is almost exactly that found in the non-
local GaAs calculation, "there is apparently no
charge transfer from one kind of bond to the other.
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FIG. 9. (a) Composition dependence of the most im-
portant valence and conduction levels of the zinc-blende
alloy Qa& „Al„As; (b) compositon dependence of the most
important Ga& „Al„As band gaps.
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FEG. S. Valence-charge density p(r) of {QaAs)&-
(AlAs) &. All values of the charge are in electrons per
(GaAs) &-(AlAs) &

unit cell (twice the size of the zine-
blende unit cell).

If we divide the unit cell into region I which is
nearest the Ga site, region II nearest the Al site,
and region III nearest to one or the other As sites,
we find that the total charge of 16 electrons is di-
vided into i= . 2 ZIz =3. 7 and err= 21
[= 2(4.605)]. That there should be more charge on
Al than on Ga is also in agreement with the less
ionic, more covalent nature of the Al-As bond.

IV. VIRTUAL-CRYSTAL APPROXIMATION

CALCULATIONS ON ALLOYS

As mentioned in Sec. I, the (GaAs), -(A1As), ma-
terials which have been produced recently are
characterized by -30 jo "islandlike" disorder. "
Therefore, the connection between our calculations
on ideal structures and measurements on as-grown
structures is somewhat unclear. In order to make
somewhat closer comparison with experiment, we
need to include the effects of compositional disor-
der in our calculation. Such effects are included
through adoption of the VCA as discussed in Sec.
II. We use the VCA to treat three types of ma-
terials.

A. Ga& „AI„As zinc-blende allo&

In order to show' how the VCA is used, and to ex-
plore its usefulness for treating the alloy mono-
layer heterostructures of Secs. IVB and IVC, we
have first performed a calculation on the ternary
Ga, Ql+s alloy. This is a, substitutional alloy
with perfect ZB structure, but with cation sites
having a probability 1 —x of being occupied by a
Ga atom and a probability x of being occupied by
an Al atom. The form factors for this alloy are
given in Sec. II. In Fig. 9(a) we show the compo-
sition dependence of two valence-band maxima and
three conduction-band minima for this alloy. {The
zero of energy in this figure was taken at the GaAs
valence-band maximum. ) As can be seen, all le
vels depend nearly linearly on composition. De-
partures from linearity have the form of an upward
bowing of all levels. That is, E",.=E',.'+bx+cx',
b ~E", —E", , c&0.0. There is a very slight down-

ward bowing to the composition dependence of the
principal band gape (-1-5 meV), in agreement with
general trends in ternary alloys" and with experi-
mental measurements orf Ga, Ql+s, s2 "but this
is not visible in Fig. 9(b). In this respect our use
of the VCA is substantially more- successful than
early VCA work on GaAsy P and other ternary
alloys which consistently showed upward bowing
of band gaps. " This is probably due primarily to
the great similarity of GaAs and AlAs lattice con-
stants and dielectric constants. Our value of x for
the crossover from direct to indirect gap alloys is
x, = 0.45 in good agreement with the recent experi-
mental value of x, =0.43.'~ Our value of the energy
gap at crossover E,= 2.07 eV is again in good
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agreement with the experimentally deduced values
E,= 2.06." Our values for the valence-band dis-
continuity between GaAs and Ga, Ql+s are
-0.055, -0.144, -0,244, and -0.315 eV for x=0.2,
0.5, 0.8, and 1.0, respectively. The value of -0.26
eV for x= 1 predicted by Frensley and Kroemers'
is in reasonable agreement with our result.

For x = 0.5, there is some spread in experimental
values of the lowest-energy gap: -2,"1.9-2.0,"
-1.98,' and 2.07.33 Our value is 2.09 eV. These
differences may be due to the different temper-
atures at whic& measurements were made, or it
may be that differently prepared samples have dif-
ferent degrees of randomness. This particular
composition is important because differences in
properties of (GaAs), -(AIAs), and Ga, ,AI, ,As are
a way of proving that the desired monolayer or-
dering is present. "' As noted in Sec. IQ, our min-
imum (GaAs), -(AIAs), band gap is 1.59 eV, con-
siderably less than any plausible value of the
Ga, ,AI, ,As band gap. This large difference re-
sults from the ordering of the Ga and Al atoms in-
to alternating layers. This ordering changes the
potential ie such a way that the 1",' and I", levels
are moved farther apart than they would be in the
x= 0.5 alloy, and both levels are lower than they
otherwise would be. There is a similai' separation
of the highest two I'," levels. Thus, the conduction-
band minimum is about 0.3 eV lower, and the band
gap is about 0.5 eV narrower than in the
Ga,AI, ,As alloy. Additionally, the (GaAs), -
(AIAs), band gap is direct, whereas the lowest
Ga, ,AI, ,As gap is indirect. All these are dis-
tinguishing characteristics of the monolayer ma-
terial. However, because of the matrix element
effects discussed in Sec. III, it is very difficult to
distinguish (GaAs), -(A1As), from Ga, ,-AI, ,As by
optical techniques. Measurements of the 30% dis-
ordered monolayer material indicated a band gap
of -2.06 eV, actually -0.07-eV greater than the al-
loy gaps which were measured simultaneously. "
Our calculated optical-absorption edge for the
(GaAs), -(AIAs), is -0.2 eV less than the measured
value for the band gap. %e believe that this dis-
crepancy arises from the disorder in the MBE pre-
pared monolayer materials. The dependence of
the band gap on disorder wiO be taken up again in
Sec. V B, in connection with our discussion of dis-
order.

Although optical- absorption- edge measurements
cannot easily distinguish (GaAs), -(AIAs), from
GBo 5Alp gAs optic al me asur ernents at higher en-
ergies will certainly reveal distinctions. As dis-
cussed above, there are strong polarization, effects
and, between 4 and 8 eV, the monolayer q," and z',

both contain twice the structure of the ZB z,. The
alloy z, will show no polarization effects. It is ex-

pected to have essentially the same structure as
the ZB, with peak positions which are averages of
the GaAs and AIAs peak positions. Optical mea-
su'rements of peak splittings and polarization ef-
fects above 4 eV wi11 then provide a measure of
monolayer ordering.

A more sensitive method of distinguishing
(GaAs), -(AIAs), from Ga, ,AI, ,As may be provided
by photoemission measurements of the valence-
band DOS. The monolayer ordering doubles the
number of peaks in the ZB DOS. Values for the
Ga, ,AI, ,As structures are given in the fourth col-
umnof Table VII. For E&-5.0eV, the separation
of the peaks which originated from the same peak
in Z.B. may be as much as 0.8 eV. For 0.0» E
» -5.0 eV, structures are not only split by 0.2-0.8
eV, they are moved by as much as 0.6 eV from
Ga, ,AI, ,As values. Photoemission should, there-
fore, provide an easier test of monolayer quality
than optical absorption.

B. (Ga& Al As}I (Alp Ga As}y

The success of the VCA in treating Ga, Ql+s
justifies its application to monolayer alloy systems
based on these constituents. The monolayer he-
terostructure (Ga, Ql+s), -(AI, ,Ga+s), may be
produced by random interchange of x cations be-
tween the layers of perfect (GaAs), -(AIAs), . Cal-
culations on this monolayer system should provide
a good model for the effects of diffusion in (GaAs), -
(AIAs), . If the disorder in existing samples of
(GaAs) - (AIAs) „, m = n- I, were of a simple dif-
fusional nature, we would expect the calculated x
= 0.3 results to resemble closely experimental re-
sults. The kind of islandlike disorder believed to
exist in these materials, however, gives an extra
ordering which should produce a band structure be-
tween those of (GaAs), -(AIAs), and (Ga, ,AI, ,As), -
(AI, ,Ga, ,As), . At the moment we are unable to
treat islandlike disorder in any more rigorous
manner.

The composition dependence of the I',", E",, and
I'; levels for (Ga, Ql+s), -(AI, ,Ga+s), is shown
in Fig. 10(a). The zero of energy in this figure has
been taken at the pure GhAs valence-band maxi-
mum. As can be seen the I', level rises especially
rapidly as x increases. For x = 0.30 the lowest
two-band gaps are 1.97 and 2.09 eV. The oscil-
Ia«r strengths are I&I"5 lp*"li'& I'= 0.000026 and

l«alp. ..li'i} I'=0»& The»edl«ed abso»tlon
edge for (Ga,AI, ,As), -(Ga,AI, ,As), is there-
fore 2.09 eV. This value is in excellent agreement
with the value of -2.06 eV measured for MBE de-
posited monolayers. ' This agreement may be an
indication that the disorder in MBE heterostruc-
tures actually results from simple diffusion, or



27) 6 ED CAR UTHKRS AND P. J. LIN-CHUNG 17

it may be that the islandlike defects in the mono-
layers are small enough to be adequately modeled
by the VCA pseudopotential we used.

In the last column of Table VII we include the en-
ergies of those (Ga,A1 3As), -(Ga sAI~, As), le-
vels corresponding to the prominent structures in
the (GaAs), (AIAs), DOS. Again, there are split-
tings of structures which would be single peaks in
Ga,A1, ,As. However, for this case these split-
tings are only one-half to one-fourth as great as in
(GaAs), -(AlAs), . The movement of structures to-
ward higher energies near the top of the DOS is al-
so reduced by diffusion. In keeping with our ab-
sorption-edge results, we expect that the DOS for
materials with islandlike disorder is between those
for (GaAs), (A1As), and (Ga, ,A1, ,As), —

(Al, ,Ga, ,As), and that splittings should be observ-
able by photoemission.

E(IV)
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I I

Zx5

(GQ, „AI„As),—

(Al&&GQ& As),

(a)

l.5

0

GQwx Alx As),
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FIG. 10. (a) Composition dependence of the most im-
portant energy levels in (Ga& „Al„As)&-(Alf gGagAs)f.
This corresponds to the effects of diffusion x on the
(GaAs)&-(AlAs)

&
energy levels; (b) composition depen-

dence of the most important eigenvalues of (GaAs)&-
(Ga& „Al„As)&.

C. (GaAs)& (Gsg zAI„As)

For multilayer heterostructures, Ga, Ql+s with
x~ 0.3 is preferred as a barrier between GIAs lay-
ers. This is partly because the Qa-rich alloy is a
direct band-gap material and partly because the
small lattice mismatch is further reduced as x-0.
Since the (GaAs), -(Ga, Ql+s), monolayer can be
prepared by the same MBE techniques used to pre-
pare (GaAs), -(A1As}, a preliminary theoretical ex-
ploration may be helpful to experimentalists con-
sidering which materials should be fabricated. At
the moment theoretical explorations are more con-
venient than experimental.

In Fig. 10(b) we show the composition dependence
of two valence-band maxima and five conduction-
band minima for this material.

For x =0 (pure GaAs), the Z», and I', conduction-
band minima are degenerate (the ZB X;). As x in-
creases Zz, stays always above I',. The I", and I'4
levels of (GaAs), (Ga, +I+s), lie lower thanthel",
and X; levels of Ga. ..+I„,+s (the ternary alloy
with the same percent of Al) for 0&x~ 1. The
change of ordering of the I", and I"4 levels at x
=0.6V parallels the changed ordering of I"', and X',
in Ga, Q~s at x=0.45. The crossover in
(GaAs), -(Ga, Ql+s), takes place at 53.5/q Al,
rather than 45% because of the extra ordering in
the monolayer material. F. , is also reduced to
1.82 eV as a consequence of the monolayer order-
ing. Because I', is s-like, the 1,"-1', optical tran-
sition should be observable for all x. Similarly,
transition from I'," to the p-like 1,' should be very
weak for all x. Thus, we find that an optical-ab-
sorption experiment on (GaAs), -(Ga, Ql+s),
should not see the cross-over phenomenoncharac-
teristic of Qa, „Al„As.

V. CONCLUSIONS AND SUGGESTIONS

QaAs and AlAs are very similar materials. They
match well in lattice constant and dielectric con-
stant. Because of these similarities the (GaAs), -
(AlAs), structure can be formed by MBE. Several
properties of (GaAs), -(A1As), look very much like
superpositions of the properties of QaAs and AlAs:
e.g. , DOS, a, (&o), and p(r). However, measure-
ments of these properties have not yet been re-
ported. %e have performed the first band calcu-
lation on this material and, through the relative
simplicity of our pseudopotential method, we have
been able to calculate all these properties and to
show their relation to the properties of the pure
materials. For z, we find enough extra structure
in the monolayer case that we suggest electrore-
Qectance experiments as a method of distinguish-
ing (GaAs), -(A1As), from GaAs, A1As, or
Ga,Al, As. Our analysis of the valence-band
DOS indicates that photoemission should provide a
clearer technique than optical absorption for in-
dicating the degree and kind of disorder present in
the monolayer materials prepared by MBE.

A1As and QaAs differ primarily in the positions
and energies of their conduction-band minima,
QaAs having a direct gap of 1.51 eV and AlAs hav-
ing an indirect gap of 2.21 eV. As we have shown,
the conduction-band minima of (GaAs), -(A1As), are
not at all like those of QaAs, A1As, or
Ga, ,Al, ,As. Here the unique ordering of cations
which characterizes the monolayer heterostructure
has its greatest effect. %e have shown that the
lowest conduction-band minima (I'„1.59 eV) is
very sensitive to diffusional disorder and very dif-
ficult to observe by optical-absorption techniques.
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Yet the existence of this state is the most unique
property of (GaAs), -(A1As), . As long as it is not
detected experimentally, theory and experiment
cannot claim to be in agreement. We therefore
hope that this work will encourage further experi-
rnents such as differential optical absorption, two-
photon absorption, and/or photoconductivity. All
these techniques should be more sensitive than op-
tical absorption to a weak threshold. A combin-
ation of these experiments with photoemission and
electroreflectance spectra in the 4-8-eV range
would serve both to measure the perfection of
MBE monolayer heterostructures and to test the
importance of spin-orbit effects neglected in this
calculation.

In this paper we have also presented what we be-
lieve to be the most successful application to date
of the pseudopotential virtual-crystal approxi-
mation to a crystalline semiconductor alloy. Our
success maybe largely attributable to the similarity
of the components of the alloy. However, it is
known that semiconductor alloy properties depend
strongly on the pseudopotentials chosen for the
pure materials. " We believe that our method of
choosing atomic form factors may be combined
with composition-dependent dielectric constants to
yield accurate VCA band structures for three and
four component semiconductor alloys.

We have applied our method of treating substitu-
tional disorder to alloy monolayer heterostructures
similar to (GaAs},-(AIAs), . Our results for the
case of cation self-diffusion indicate that the mea-
sured disorder in MBE monolayer heterostructures
may be primarily diffusional in nature.

Our results on (GaAs},-(Ga., Ql+s), establish
band-gap trends and locate a crossover point at

x, = 0.67. For x &x, the lowest direct band gap
should be easily and clearly observable. In the
range 0 ~ x ~ x„E can be varied from 1.51 to 1.82
eV.

We hope that our treatments of (GaAs), (AlAs)„
GaAs, A1As, Ga,, jkl+s, (Ga, Ql+s), —

(Al, Ga+s)„and (GaAs), -(Ga, QI„As), clarify
the ways in which electrical and structure prop-
erties are related across a series of similar ma-
terials.

The method and the form factors used here have
also been applied to multilayer heterostructures.
Results of these investigations will appear separ-
ately.

Note added in Proof. In applying this method to
multilayer heterostructures we have changed

Vo,(G} from the values in Table III to -0.085 Ry
and -0.060 Ry for (aG/2v)'= 1 and 2, respectively.
This produces a smoother curve when low-C val-
ues of Vo,(G) are found by quadratic interpolation.
Adjusting the form factors in this way changes in-
dividual monolayer eigenvalues by %0.10 eV and
increases the fundamental band gap to 1.77 eV.
Peak positions and shapes of curves for DOS,
q, (~), and p(r), however, are not changed. Re-
vised monolayer results, as well as results for
multilayer heterostructures will be published in
J. Vac. Technol. , Aug. -Sept. , 1978.
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