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A model for analyzing the correlation between lattice parameters and point defects in semiconductors has
been established. The results of this model for analyzing the substitutes in semiconductors are in accordance
with those from Vegard’s law and experiments. Based on this model, the lattice strains caused by the antisites,
the tetrahedral and octahedral single interstitials, and the interstitial couples are analyzed. The superdilation in
lattice parameters of GaAs grown at low temperatures by molecular-beam epitaxy can be interpreted by this
model, which is in accordance with the experimental results. This model provides a way of analyzing the
stoichiometry in bulk and epitaxial compound semiconductors nondestructively.@S0163-1829~96!05336-2#

I. INTRODUCTION

The lattice parameters of semiconductors have a close
correlation with the characteristics of semiconductor
devices1 and the stoichiometry of compound single
crystals.2,3 Point defects such as substitutes, antisites, and
interstitials play an important role in deviations in the lattice
parameters of semiconductors.4,5 Both the superdilation of
undoped As-rich GaAs grown at low temperatures of 200–
250 °C ~LT GaAs! by molecular-beam epitaxy~MBE!,6–8

and the lattice contraction of heavy carbon-doped GaAs
grown by MBE,9–12 are significant in the x-ray double-
crystal diffractometry~XDCD! measurements. Although va-
cancies and dislocations may also affect lattice parameters of
single crystals, their effects can be neglected compared with
those of substitutes, antisites, and interstitials.13 A precise
measurement of lattice parameters of single crystals can be
generally accomplished by Bond14 and improved
methods15,16utilizing an x-ray double-crystal diffractometer.
Because it is a nondestructive measurement, XDCD is pre-
ferred in a measurement of the stoichiometry of compound
semiconductors,1,2 even though there is not a theoretical
model for the analyses. For analyzing the causes of the de-
viation in lattice parameters, the original form of Vegard’s
law was used,13 based upon the chemical covalent radii given
by Pauling.17 However, the elasticity of crystals was not a
concern there. In addition, the commonly used Vegard’s law
~which will be discussed in Sec. II! is invalid for some dop-
ants in semiconductors, such as carbon in GaAs. Although
some other efforts have also been adopted,18–20 the mecha-
nism of the deviation in lattice parameters still remains am-
biguous.

A model for analyzing the deviations in lattice parameters
caused by point defects will be established in this paper. The
effects of the substitutes and the antisites are analyzed in
Sec. II, the effects of single interstitials and interstitial
couples are discussed in Sec. III, a discussion is given in Sec.
IV, and final conclusions are given in Sec. V.

II. EFFECTS OF THE SUBSTITUTES AND ANTISITES

The unit cells of diamond and blend crystals are similar.
Both of them are composed of two interlaced face-centered

cubes, as shown in Fig. 1.~AtomsA andB are the same for
the diamond structure.! Although the atmospheres of the
nonequivalent atoms of the two cubes are not completely the
same, they both have a common feature, i.e., each has four
nearest neighbors sitting at four apexes of a regular tetrahe-
dron, as shown by the smaller cube in Fig. 1. The distance
between the two nearest atoms is

d05AB5r a1r b , ~1!

wherer a and r b are the chemical covalent radii of atomsA
andB, respectively. If there are substitutional or antisite de-
fects in a single crystal, the distance becomes

d05r s1r b or r s1r a ~substitute ofA or B!,
~2a!

d052r a or 2r b ~antisite AB or BA!, ~2b!

with the chemical covalent radiusr s of the substitutional
atom.

FIG. 1. The unit cell of blend or diamond~atomsA5B! struc-
ture. Each atom has four nearest neighbors~smaller cube!.
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In order to calculate the lattice strain caused by a point
defect, we take account of a small cube as shown in Fig. 1.
When the distance between the two nearest atoms changes
from d0 to d, an elastic strain alonĝ111& direction occurs:

«5
Dd

d0
5
d2d0
d0

. ~3!

The components of« projecting on the three axeŝ100&,
^010&, and^001& are the same:

«x5«y5«z5«. ~4!

According to Hook’s law, a stress along^001& caused by the
strain will be

sz5c11«z1c12~«x1«y!5~c1112c12!«, ~5!

wherec11 andc12 are the stiffness coefficients of the crystals.
Then the equivalent principal strain along^001& is

Ez5
sz

c11
5
c1112c12

c11
«5m«, ~6!

wherem5(c1112c12)/c11. If the strains among atoms other
than the nearest neighbors can be neglected, the lattice
strains caused by the substitutes and the antisites will be

Da

a0
5

m

d0N0
(
p

DdpNp , ~7!

whereNp andN0 are the densities of the point defects and
the matrix atoms of the crystal, respectively, and the sum is
for all the possible point defects described by Eq.~2!.
Da5a2a0 is the difference between measured and standard
lattice parameters.

As an example, we take account of GaAs. In such case,
rAs and rGa are 1.18 and 1.26 Å, respectively, and
c11511.88, c1255.38~31011 dyn/cm2!,21 and m51.9057.
Then the lattice strain caused by the indium substitute InGa
~r In51.44 Å! in InxGa12xAs is

Da

a0
5m

r In2rGa
rGa1rAs

@ InGa#

N0
5m

r In2rGa
rGa1rAs

x

2
57.092231022x,

~8!

where@InGa# is the concentration of In on the site of Ga, and
@InGa#/N05x/2. Figure 2 shows a comparison of these results
with those obtained from Vegard’s law~dashed line!:

aAxB12xC
5xaAC1~12x!aBC . ~9!

An In-doped ^100& GaAs wafer grown by the liquid-
encapsulated Czochralski~LEC! technique was measured by
XDCD and, subsequently, photoluminescence~PL! methods.
The peak of the PL spectrum isl58780 Å, as shown in Fig.
3. The componentx of indium can be calculated from the
equation22

Eg51.42521.337x10.27x2. ~10!

The lattice parameter of the sample isa55.6577 Å, obtained
from XDCD measurement with the Bond method. The val-
ues ofx are 0.011, 0.010, and 0.011, obtained, respectively,
by this model, PL measurement, and Vegard’s law. It is un-

ambiguous that the result of this model is consistent with the
results of PL measurement and Vegard’s law.

Figure 4 shows the lattice strains caused, respectively, by
AsGa, CAs , SiGa, SiAs , and TeAs , with N054.4231022 cm23,
r c50.77 Å, and r Te51.32 Å. The substitutional impurity
caused deviations in lattice parameters that are quite in ac-
cordance with the experimental results.9–13,21

III. EFFECTS OF SINGLE INTERSTITIALS
AND INTERSTITIAL COUPLES

Except for some substitutes with large chemical covalent
radii, most of the point defects cause the lattice parameter of
GaAs to contract. From Fig. 4 we know that the arsenic
antisite defects AsGa do not have obvious effects on the lat-
tice parameters of GaAs. In this section we will deal with the
effects of interstitials on the lattice parameters of semicon-
ductors.

For a unit cell of blend crystals consisting of atomsA and
B ~A5B for diamond crystals!, the four atoms sitting on the
four diagonals of the unit cell form a hollow tetrahedron, as
shown by the smaller cube in Fig. 5. There are four similar

FIG. 2. Lattice strainsDa/a0 in InxGa12xAs obtained by this
model and Vegard’s law~dashed line!, respectively.

FIG. 3. PL spectrum of InxGa12xAs.
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hollow tetrahedrons in the four corners of the cell without
diagonal atoms. The atoms in the center of such hollow tet-
rahedrons, if there are any, are called single tetrahedral in-
terstitials. There are four hollow octahedrons between each
hollow tetrahedron in the corner and the central one, as
shown in Fig. 6. Similarly, the atoms in the center of such
hollow octahedrons are called single octahedral interstitials.
If two atoms share one matrix site in a metastable state, the
two atoms are called an interstitial couple, as shown in Fig.
7. All kinds of interstitials will be discussed, respectively, as
follows.

A. Single tetrahedral interstitials

The distance between a tetrahedral interstitial and its near-
est neighbors is

da5r i1r a or db5r i1r b

~ interstitial in tetrahedronA or B! ~11!

wherer i , r a , and r b are the chemical covalent radii of the
interstitial, atomA, and atomB, respectively. If the distances
da anddb are less than the distance between the center and
the apex of the hollow tetrahedron, i.e.,d05r a1r b , the ef-
fects of the interstitials on the lattice parameters can be ne-
glected. Otherwise, the interstitials will cause the lattice pa-
rameters to dilate. For convenience in the following
calculation, we suppose thatr a<r b . Whenr a,r i<r b , only
the interstitials in the hollow tetrahedrons formed by atomB
~tetrahedronB! account for the dilation in lattice parameters.
According to the results derived in Sec. II, the lattice strain
caused by the interstitials is

Da

a0
5m«b

Nbi

N0
, ~12!

where

«b5
Ddb
d0

5
db2d0
d0

. ~13!

In Eq. ~12!, Nbi is the density of the interstitials in the tetra-
hedronB.

FIG. 4. Lattice strainsDa/a0 of GaAs caused, respectively, by
~from the bottom! CGa, SiGa, AsGa, SiAs , and TeAs , with the den-
sities ofNp in logarithms.

FIG. 5. Unit cell of blend crystals. The four diagonal atoms
form a hollow tetrahedron~in smaller dashed cube!.

FIG. 6. Hollow octahedron in blend crystals.

FIG. 7. An interstitial couple in a tetrahedron.
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If r i.r b , the interstitials will affect the lattice parameters
whether they are in tetrahedronA or B. The total lattice
strain caused by such interstitials is

Da

a0
5

Daa
a0

1
Dab
a0

5
m

N0
~«aNai1«bNbi!, ~14!

where

«a5
Dda
d0

5
da2d0
d0

. ~15!

Nai is the density of the interstitials in tetrahedronA.
The influence of the single tetrahedral arsenic interstitials

in GaAs on the lattice parameters can be neglected, because
rAs5r a5r i,r b5rGa.

B. Single octahedral interstitials

The hollow octahedron in a unit cell of blend crystals is
shown in Fig. 6. It can be derived that the distance between
two diagonal atoms of the octahedron is

q05255
A11
4

a05
A11
4

4

)
~r a1r b!5A11

3 d0 . ~16!

When an interstitial is pushed into the octahedron, the dis-
tance becomes

q52552r i1r a1r b52r i1d0. ~17!

If q,q0 , i.e., r i,(A11/321)d0/2, the effects of such octa-
hedral interstitials on the lattice parameters can be neglected.
Otherwise, there are lattice strains within the crystal:

Da

a0
5m«

Nqi

N0
~18!

with

«5
Dq

q0
5
q2q0
q0

. ~19!

Nqi in Eq. ~18! is the density of octahedral interstitials. For
example, the octahedral arsenic interstitial Asqi in GaAs will
cause a relative increase in lattice parameters:
Da/a050.054 56Nqi/N0 .

Figure 8 shows a double-crystal x-ray rocking curve mea-
sured from the~004! undoped GaAs grown at low tempera-
ture ~LT GaAs, at 250 °C for this sample! by molecular-
beam epitaxy technique on a semi-insulating~SI! GaAs
substrate. It can be seen from the angular difference between
the two peaks that the lattice strain in the epilayer is about
0.03%, which needs 5.3331020 cm23 of single octahedral
arsenic interstitials. Because the formation energy of octahe-
dral interstitials is much higher than that of tetrahedral inter-
stitials and arsenic antisites,23 there would be more tetrahe-
dral interstitials and arsenic antisites in GaAs crystals if there
were high density of octahedral interstitials there; i.e. there
would be several tenths of an excess arsenic atoms in the
epilayer. Obviously, this is quite unreasonable for a single
crystal.

C. Interstitial couples

In order to analyze the dilation in lattice parameters
caused by the interstitial couples, we consider the case that
an interstitial couple occupies a matrix site of atomA. Figure
9 shows the projection of the cube, including the tetrahedron
B shown in Fig. 7 on the~1̄10! plane. The dashed rectangle
in Fig. 9 shows the projection of the cube without the inter-
stitial couple. Suppose, at the beginning, that one atom of the
couple moves from pointO upwards to pointA satisfying
OA5r i andAK5r i1r b .

From the two similar triangles ofn OBC andn OKG, it
can be derived that the distance between pointsO andK is

d5OK5) OG5
)

3
OA1AAK22 2

3OA
2. ~20!

For the interstitial couples in tetrahedronB, the distance be-
comes

db5
)

3
r i1A~r i1r b!

22 2
3 r i

2, ~21!

FIG. 8. Double-crystal x-ray rocking curve from the~004! un-
doped MBE LT GaAs grown on a SI GaAs substrate.

FIG. 9. The projection of a cube including a tetrahedron with an
interstitial couple on a~1̄10! plane.
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and the lattice strain caused by them is

Dab
a0

5m«b
Nbc

2N0
, ~22!

where«b is as the same form as Eq.~13!, andNbc is the
density of single interstitial atoms in tetrahedronB. Simi-
larly, the lattice strain caused by the interstitial couples in
tetrahedronA is

Daa
a0

5m«a
Nac

2N0
, ~23!

where«a is as the same form as Eq.~15!, Nac is the density
of single interstitial atoms in tetrahedronA, and

da5
)

3
r i1A~r i1r a!

22 2
3 r i

2. ~24!

When ~1! da<db<d0 , the effects of interstitial couples
on the lattice parameters can be neglected; for instanceO2
~r 050.66 Å! in GaAs, db52.2249,d052.44 Å; ~2!
da,d0<db , only the interstitial couples in tetrahedronB
cause the lattice parameters to dilate; and~3! db>da.d0 ,
the interstitial couples affect the lattice parameters wherever
they are. The lattice strain caused by such interstitial couples
is

Da

a0
5

Daa
a0

1
Dab
a0

5
m

2N0
~«aNac1«bNbc!. ~25!

As an example, we consider the arsenic interstitial
couples occupying the matrix site of arsenic in GaAs. In this
case, only one atom of an interstitial couple is the excess
atom. If the density of such excess arsenic atoms isNc , the
lattice strain caused by the arsenic interstitial couples, ac-
cording to Eq.~22!, is

Dab
a0

5m«b
Nc

N0
. ~26!

For the LT-GaAs discussed above, the relative increase in
lattice parametersDa/a050.03% needs 3.4031019 cm23 of
excess arsenic atoms.

IV. DISCUSSION

Look, Grant, and Sizelove24 and Liliental-Weberet al.25

supposed the existence of dimeric interstitials in GaAs be-
fore. Although the formation energy of tetrahedral intersti-
tials is high, dense arsenic tetrahedral interstitials may appear
near the melting temperature in melt-grown GaAs. When an
interstitial arsenic is ionized, it becomes positively charged
As i

31 or Asi
1.24 It will be attracted to one of the nearest

matrix arsenic atoms when the positively charged Asi
31 or

As i
1 deviates from the center of the tetrahedron due to ther-

mal vibration. Then the two mutually attracted particles will
share the same matrix site and form a metastable interstitial
couple, as shown in Fig. 7. The arsenic interstitial couples
may appear in LT GaAs, as well. The GaAs grown by MBE
requires the interaction of gallium and arsenic species im-
pinging on a heated substrate surface. Either As4 molecules
and Ga atoms, or As2 molecules and Ga atoms, are used as

constituent molecular-beam species. If the temperature of the
substrate surface is not high enough, the arsenic and gallium
species impinging on it will not completely interact, and
some dimeric arsenic will remain as interstitial couples in
MBE LT GaAs. The fact that the arsenic interstitial couples
decrease with the increasing of growing temperature can be
interpreted by this model very well. The better interaction of
As2 and Ga than that of As4 and Ga can also explain the
decrease in point defects of LT GaAs grown with As2 and Ga
species.26

The lattice location of the excess arsenic has been de-
tected with ion channeling experiments.27 Because the exist-
ence of the arsenic interstitial couples in LT-GaAs is meta-
stable, rocking curve measurements on annealed samples
show that lattice parameters of the epilayers gradually de-
crease as the samples are annealed at temperatures higher
than 300 °C, and finally resume the value of the substrate
when the annealing temperature reaches 450 °C.

The main effects of dislocations on XDCD measurements
are the broadening of the x-ray-diffraction profile, which can
be neglected when the density of the dislocations is lower
than 105 cm22. Note that the rocking curve of the XDCD
measurement cannot tell the difference between a LEC GaAs
substrate with a vacancy concentration of 1018 cm23, and
epitaxial GaAs with vacancy concentration of 1015 cm23.13

The effects of vacancies on the lattice parameters can also be
neglected. With this model the lattice parameter of GaAs
will be contracted by AsGa. This is reasonable. Except for
the shorter covalent radius of As, AsGa is generally positively
charged in GaAs, i.e., AsGa

21 . The covalent tetrahedron com-
posed of the five As atoms will be tightened due to the stron-
ger Coulomb attraction. Even if the five As atoms are all
positively charged like AsGa

1 , the Coulomb repelling energy
is too small to make the lattice dilated, for the covalent ra-
dius only becomes about 0.01 Å longer. That is why the AsGa
defects are stable up to 1000 °C.28

V. CONCLUSIONS

In summary, we have established a model for analyzing
the correlation between lattice parameters and point defects
in semiconductors. The results of this model are in accor-
dance with those from Vegard’s law and experiments. We
conclude that the dilation in the lattice parameters of GaAs is
not caused by the AsGa defects. The effects of various inter-
stitials on the lattice parameters have been discussed system-
atically based on a theoretical model. The superdilation in
the lattice parameter of LT GaAs can be interpreted in this
model as due to the As interstitial couples. This model has
provided a way of analyzing the stoichiometry in bulk and
epitaxial compound semiconductors by nondestructive x-ray
double-crystal diffractometry measurements.
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