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Control of strain in GaN using an In doping-induced hardening effect
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We study the hardening effect by isoelectronic In doping on strain in GaN grown by metalorganic vapor
phase epitaxy. Incorporated In into GaN was found to pin the slip of screw dislocations, producing internal
resistance stress in GaN as a result of the hardening of GaN. We found that this result is due to the interaction
between In atoms and screw dislocations. The calculated stress in GaN yielded by the interaction was found to
be in good agreement with the measured stress by x-ray diffraction and Raman spectroscopy. The internal
resistance stress was estimated to be 0.3 GPa at maximum.
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I. INTRODUCTION

The use of a low-temperature deposited buffer layer in
growth of GaN on sapphire enables us to grow high-qua
films without cracks,1 although there are high-density threa
ing dislocations on the order of 108–1011 cm22. Recently,
the reduction of threading dislocations has been achieve
epitaxial lateral overgrowth2 or the low-temperature inter
layer technique.3,4 We have attempted to use other approac
to reduce defects, that is, isoelectronic In doping. Sev
effects of strain associated with isoelectronic impurity do
ing on the crystalline quality was observed. The In dop
into GaN has been recently reported by some rese
groups,5,6 together with its effect on crystalline quality an
optical properties. We have recently investigated the ef
of In doping on controlling the strain in GaN,6,7 and found
that this technique is also useful for the improvement
crystalline and optical properties of quantum wells.8,9 In this
paper, the controllability of strain in GaN by isoelectronic
doping and its mechanism in terms of the interaction
tween In and screw dislocations are discussed.

II. EXPERIMENT

All undoped and In-doped GaN samples studied h
were grown by metalorganic vapor-phase epitaxy at 1000
in H2 or N2 carrier gas~denoted below by H2-GaN and
N2-GaN, respectively!. In was doped into GaN by supplyin
trimethylindium ~TMI ! during the growth of the GaN layer
The thickness of GaN was set at 2.7mm. Lattice constantc
was determined by the conventional~0002! 2u/v-scan x-ray
diffraction measurement, and lattice constanta was deter-
mined directly using (101̄0) 2u/v-scan grazing inciden
x-ray diffraction measurement. In concentration in so
GaN samples was measured by secondary-ion mass spe
copy ~SIMS!.
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III. RESULTS AND DISCUSSION

Figure 1 shows the relationship between the strain of
tice constantc and that of lattice constanta o fH2-GaN
~closed circles! and N2-GaN ~open circles!. The dashed line
was obtained by best fitting the experimental data. The fit
c0 and a0 were obtained using the theoretical expression10

Dc/c0522(C13/C33)(Da/a0). C13 and C33 are the elastic
stiffness coefficients for bulk GaN.c0 , a0 andC13/C33 are
5.18497 Å, 3.18874 Å and 0.21288 Å, respective
which are very close to the data reported for bulk GaN.11 The
direction of the arrows indicates the direction of increase
In concentration in GaN. H2-GaN is under compressiv
stress and N2-GaN is under tensile stress at room tempe
ture. With increasing In concentration, lattice constantsc and
a of both H2-GaN and N2-GaN approached the values fo
bulk GaN. It should be noted that GaN grown with low
temperature deposited buffer layer is under tensile stres
growth temperature.12

FIG. 1. Dc/c0 as a function ofDa/a0. „H2-GaN with thickness
of 2.7mm ~closed circles!. N2-Ga with thicknes of 2.7mm ~open
circles!…. The dashed line denotes the relationship betweenDc/c0

and Da/a0 estimated by calculation. The direction of the arrow
indicates that of the increase in In concentration in GaN.
©2001 The American Physical Society18-1
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In Fig. 1 the plots ofDc/c0 as a function ofDa/a0 lie
along the theoretical line for almost the entire range of
concentration. In general, for Ga12xInxN alloy, lattice con-
stantsa and c characterizing the hcp~Ga, In! sublattice in-
crease approximately linearly with In concentration. We co
sider that in the concentration range of In in GaN less th
131020 cm23, In acts as a strain absorber, so that the to
energy be reduced further. However, for a larger In conc
tration (.131020 cm23), the plot ofDc/c0 as a function of
Da/a0 deviates from the theoretical line, implying the begi
ning of the formation of Ga12xInxN. Consequently, In in
some concentration region serves mainly to relieve the st
in GaN, and for a larger In concentration region, it serv
mainly to form Ga12xInxN.

Figure 2 shows biaxial stress in GaN obtained by th
different measurements;~i! Raman shift of theE2 mode as a
function of Da/a0 ~closed and open circles for H2- and
N2-GaN, respectively!, ~ii ! Stoney’s equation as a functio
of Da/a0 ~closed and open squares H2- and N2-GaN, respec-
tively!, ~iii ! theoretical calculation using a set ofCi j ( i , j
51,2,3,4) ~solid line! as follows.

Biaxial stresssa in GaN obtained using Raman shift wa
also derived from the following equation.14

DvE2
5sa34.2cm21/GPa, ~1!

where the E2 line of bulk GaN~Ref. 11! was set at
568 cm21. Biaxial stress in GaN obtained using Stoney
equation was derived from the following equation.15

sa5
~Ests

31Egtg
3!k

6~12ns!~ ts1tg!tg
, ~2!

whereE is Young’s modulus,t is thickness,n is Poisson’s
ratio, andk is the curvature of GaN. The suffixes,s andg,
mean substrate and GaN, respectively. As those const
we used the following values, biaxial modulusMs[Es /(1
2ns)5602 GPa,12 Eg5346 GPa5Mg3(12ng), where

FIG. 2. Biaxial stress in GaN obtained by Raman measurem
as a function ofDa/a0 ~closed and open circles!. Biaxial stress in
GaN obtained by Stoney8s equation as a function ofDa/a0 ~closed
and open squares!. The relationship between strain and stress
bulk GaN according to Eq.~3! ~solid line!.
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ng50.23,12,14 ts5330 mm, and tg52.7 mm. As k experi-
mental results obtained by wafer curvature measurem
were used.

On the other hand, biaxial stress in GaN can be obtai
using the following expression.16

sa5S C111C122
2C13

2

C33
DDa

a0
. ~3!

The elastic constants,C115374 GPa,C125106 GPa,C44
5101 GPa, C335379 GPa, and C13570 GPa are
adopted11 for our samples because the value ofC13/C33 was
closest to that when using one set of those constants. U
those values, we plotted Eq.~3! in Fig. 2.

The values obtained by the above three ways are see
be in fairly good agreement, meaning that In doping de
nitely producessa according to the deformation of bul
GaN.

As shown above, In doping has been found to control
strain in GaN; moreover, it improved the crystalline qual
and the surface structure.6,7

Figures 3~a! and 3~b! show bright-field plan view TEM
images of H2-GaN obtained with diffraction vectorg
5@0002̄# with or without In doping, respectively. In Fig
3~a!, a growth pit associated with screw dislocations is se
in H2-GaN, while for the sample with In doping, no pit i
seen. In Fig. 3~b!, screw dislocations are observed to p
those dislocations. Similar results are seen for N2-GaN
samples as shown in Figs. 3~c! and 3~d!. In fact, cross-
sectional TEM observation revealed as below that the d
sity of screw dislocations was decreased by In doping wh
that of edge dislocations was almost unchanged. This me
that In atoms suppress the generation and/or accumulato
screw dislocations rather than that of edge dislocations.

nt

FIG. 3. TEM images.~a! plan view of H2-GaN without In dop-
ing, ~b! plan view of H2-GaN with In doping,~c! plan view of
N2-GaN without In doping, and~d! plan view of N2-GaN with In
doping.
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Figures 4~a! and 4~b! show cross-sectional view take
with diffraction g5@0002̄# andg5@11̄00#, respectively, for
H2-GaN without In doping. Figure 5~a! and 5~b! show cross-
sectional view taken with diffractiong5@0002̄# and g

5@11̄00#, respectively, for H2-GaN with In doping.
From the degree of visibility of the dislocation in th

TEM images, we determined the type of dislocation us
the relationg•b, whereg is the diffraction vector andb is
Burgers vector of the dislocation. The marks of ‘‘e,’’ ‘‘ s’’
and ‘‘m’’ means edge dislocation, screw dislocation a
mixed dislocation, respectively. The pure or mixed scr
threading dislocations~TD’s! act as centers for spiral growt
of GaN by making surface steps, whereas the edge T
form small angle boundaries of GaN grains slightly miso
ented with each other. It has been reported that the threa
dislocations which have screw component burgers vect
have a strong influence on radiative efficiency.13 The screw
and mixed dislocations should act as the dominant nonr
ative centers in GaN. In fact, in the samples discussed h
strong enhancement of photoluminescence intensity was
served. For H2-GaN (N2-GaN) with In doping, the intensity
became 10~40! times larger than that without In doping.

Figures 4 and 5 show that with In doping, the density
screw dislocation was reduced. Consequently, the reduc

FIG. 4. H2-GaN without In doping:~a! Cross2sectional view

taken with diffractiong5@0002̄#. ~b! Cross2sectional view taken

with diffraction g5@11̄00#.
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in the density of screw dislocations play an essential role
the mechanism of the decrease in strain in GaN.

Next we discuss the mechanism of strain relief by In do
ing in terms of interaction between In and screw disloc
tions. The mechanical properties of a crystal are significan
influenced by the concentration and species of solute at
contained in it. This is because solute atoms generally af
the motion of dislocations.17 This influence may inhibit the
motion of dislocations and the response of the mate
against mechanical stress. GaN is plastically deform
mainly during growth and partly during cooling down, an
dislocations are introduced in it. In this case, screw dislo
tions play a significant role in yielding stress, because
extension of dislocations requires cross slip which is char
terstic for screw dislocations.18

Since a solute atom is generally characterized by a
similar size in solid solution from a matrix atom, the solu
behaves like an elastic inclusion and gives rise to an ela
strain field. This strain field, in turn, interacts with the stre
field of a dislocation, resulting in a solute atom-dislocati
misfit interaction. In effect, the interaction arises because
elastic strain energy of a solid containing solute atoms
dislocations is decreased when a solute atom migrates fro
position of misfit in the matrix to a position of better acc
modation in the region of imperfect packing surrounding
dislocation.

FIG. 5. H2-GaN with In doping:~a! Cross2sectional view taken

with diffraction g5@0002̄#. ~b! Cross2sectional view taken with

diffraction g5@11̄00#.
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Usually, the solute atom-dislocation interaction is an
lyzed in terms of linear isotropic elasticity. Of course, GaN
of wurtzite type, but it can be treated in terms of mechani
deformation as an isotropic material using the Vo
approximation,19 and the validity of such approximation wa
verified.14

In general, the elastic interaction energy between solu
and screw dislocations is important, and an approach to
culate the interaction with screw dilocations is consider
The interaction energy19 is obtained by Eq.~4!, as

Ue
s5

2Kem~11n!r 0
3

3p~122n!

b2

r 2
, ~4!

wherem is the shear modulus,n is Poisson’s ratio,e5(r s
2r m)/r m is the ratio of sizes of Ga and In, andb
55.185 Å is the magnitude of Burger’s vector for the scre
dislocation in this case.r 0 is the bond length of Ga-N, and i
1.94 Å.

In addition, there is a contribution to the interaction whe
ever the solute and the solvent possess dis-similar ela
moduli, since the solute atom behaves as an elastic inho
geneity in the dislocation strain field. According to th
linear-elasticity theory, these two interactions~misfit and
modulus! can be treated independently. The expression
the energy of interaction between solute atoms of a differ
modulus from the matrix and screw dislocations is giv
by20,21

Um
s 5

mem8 b2r 0
3

6pr 2
, ~5!

em8 5
1

m

dm

dx S 11
1

2m Udm

dxU D
21

, ~6!

wherex is the molar fraction of In in GaN.
Using Eqs.~4!–~6!, the interaction force between a solu

and a dislocation is obtained as follows.

Fscrew52
]Ue

s

]X
2

]Um
s

]X
5

mb2r 0
2

3pr 4
uem8 1aeu, ~7!

whereem8 is related to elastic modulus and concentration
solutes,

and a5
4K~11n!

~122n!
,

e50.161, r s50.144 for In andr m50.124 for Ga in a tetra-
hedral structure,22, andX is the direction normal to theYZ
slip plane of screw dislocations.K is unknown, and is treated
as a parameter below.

In order to apply this expression to the present data
GaN, we assume isotropic elastic deformation of GaN,
istropic elasticity is assumed with the Voigt approximation19

Thus, we use the following relations based on such appr
mation,
03531
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m5
1

30
~7C1125C1212C33112C4424C13!, ~8!

l5
1

15
~C111C3315C1218C1324C44!, ~9!

n5
l

2~m1l!
. ~10!

We obtainedm5126 GPa,l596 GPa, andn50.22. To
get values using Eq.~7!, the value ofem8 is necessary; thus
we estimate it assuming that the shear modulus line
changes with In molar fraction, and obtain 0.068 asem8 .

The maximum interaction force is given byF
;Fscrewur;b at u5p/2 using the Peach-Ko¨hler equation,23

whereu is the angle between the slip plane and the rad
vector. This is the pinning force that the applied stress m
overcome in order to move a dislocation. In the force bala
condition, F is associated with the dislocation line tensio
T5mb2/2. The critical bow-out angle offc is related to

F52T cosS fc

2 D . ~11!

The force due to the applied stress on the slip plane
balances the line tension issbL, where L is the average
spacing between In atoms. The critical stressscbL is such
that

F5scbL. ~12!

For example, using Eq. ~11!, F52T cosf/2
5mb2cosf/2, and we obtainfc/2587.8° when In concen-
tration is 131019 cm23, and then, the spacing between so
ute atoms isL59b. Through such an analysis procedure, w
obtain F;(mb2/3p)(x/r )uem8 1aeu50.6994uem8 1aeub2,
where x/r 5sinu;1. Moreover, using the expressionF
5scbL, we obtainsc5F/mb2, whereL5mb. Here,m is
the number of averaged spacing of solutes. Thus, we plo
values ofsc as a function of In concentration in Fig. 6~solid
and dashed lines!. Although K is unknown, the calculated
values are in best agreement with experimental values in
6 for K50.4 ~solid line!, a value that is close to the valu
reported for metallic alloys.20

Here we define the internal resistance stresss int as
sa-s0, wheresa is the measured stress for each sample
s0 is the measured stress for the sample without In dop
We consider thats int results from the stress yielded in Ga
against external stress. We plot it in Fig. 6 for H2-GaN
~closed circles! and N2-GaN ~open triangles! as a function of
In concentration in GaN~we confirmed that In concentratio
was proportional to TMI flow rate for the samples measu
by SIMS!.

It is found that in Fig. 6 the data for the internal resistan
stress and calculated stress based on the interaction bet
In atoms and dislocations are in good agreement. This s
gests that the phenomenon is a result of the interaction
tween screw dislocations and In atoms. In concentration
the maximum stress (531020 cm23) corresponds to;1%
8-4
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In atoms in GaN. It should be noted that In concentrat
over 131020 cm23, the data points get deviated from th
line at K50, implying that the role of In atoms become
different from that of those for In concentration less than
31020 cm23. This supports that the fact that around
31020 cm23 Ga12xInxN mixed crystals begin to form a
shown in Fig. 1.

FIG. 6. Internal resistance stressusa-s0u as a function of In
concentration~closed and open circles!. Calculated values ofsa

based on the interaction between In atoms and dislocations
function of concentration of In~solid and dashed lines!, whereK
5 ~i! 0.9,~ii ! 0.7,~iii ! 0.5,~iv! 0.4,~v! 0.3. The inset shows a mode
explaining the interaction between In atoms and screw dislocati
s.

J

d

i,
.

l.

i,

i,

n

.

d
.

03531
n

When the data of resistance stress in Fig. 6 are fitted
s int}xn, we obtain the values ofn being 0.57 and 0.64 for
H2-GaN and N2-GaN, respectively. Here,C being In cocen-
tration, it can be related to20 2b2/L2f/;C2/3, which, using
Eqs. ~11! and ~12!, is reduced to20 s int}xn (0.5<n<1),
wherex is the molar fraction of In in GaN ands int is the
force needed to move a dislocation atT50 K. Although this
fact may not be related directly to experimental data in F
6, it will support the results shown in Fig. 6.

IV. CONCLUSION

We studied the mechanisms of change of strain in G
using isoelectronic In doping. Incorporated In solute ato
in GaN were found to pin mainly the slip of screw disloc
tions, and this led to the hardening of GaN, resulting in
production of internal resistance stress in GaN.
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