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Effect of Si doping on strain, cracking, and microstructure in GaN thin
films grown by metalorganic chemical vapor deposition
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The effect of Si doping on the strain and microstructure in GaN films grown on sapphire by
metalorganic chemical vapor deposition was investigated. Strain was measured quantitatively by
x-ray diffraction, Raman spectroscopy, and wafer curvature techniques. It was found that for a Si
concentration of 231019cm23, the threshold for crack formation during film growth was 2.0mm.
Transmission electron microscopy and micro-Raman observations showed that cracking proceeds
without plastic deformation~i.e., dislocation motion!, and occurs catastrophically along the low
energy$11I00% cleavage plane of GaN. First-principles calculations were used to show that the
substitution of Si for Ga in the lattice causes only negligible changes in the lattice constant. The
cracking is attributed to tensile stress in the film present at the growth temperature. The increase in
tensile stress caused by Si doping is discussed in terms of a crystallite coalescence model. ©2000
American Institute of Physics.@S0021-8979~00!03410-1#
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I. INTRODUCTION

Growth of III–V nitrides for device applications is pri
marily done on sapphire substrates using metalorga
chemical vapor deposition~MOCVD!.1 Since the thermal ex
pansion coefficient of sapphire is larger than that of GaN
compressive stress estimated at greater than 1 GPa wou
expected to develop in a film that was grown stress free
the growth temperature~typically 1000 °C!.2 Typically,
smaller, but still compressive stresses are observed.2–6 An
interesting effect has been observed with Si doping. Hig
Si doped GaN is desired to form low resistancen-type con-
ductive layers in nitride-based light emitting diodes, lase
and optoelectronic devices. However, the maximum amo
of Si doping appears to be limited by cracks that develop
films with high Si concentration.7,8 Ex situRaman and x-ray
diffraction ~XRD! studies performed on Si doped GaN film
have shown that the compressive strain observed at r
temperature in MOCVD-grown films decreases with incre
ing Si concentration.6 It has also been suggested that t
reduction of compressive stress observed at room temp
ture in moderately Si doped samples (;331018cm23) is
due to the formation of dislocations in the basal plane.5 Re-
cently, in situ wafer curvature measurements have sho
that undoped GaN films are in tension at the grow
temperature.9

We perform here a detailed study of the effect of
doping on the strain and microstructure of MOCVD-grow
GaN films. First-principles calculations were used to det
mine the change in lattice constant expected for Si subst

a!Electronic mail: romano@parc.xerox
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ing for Ga in GaN. Film strain was measured with thr
complementary techniques: XRD, wafer curvature, a
micro-Raman spectroscopy with 1mm lateral resolution. The
microstructure was evaluated with transmission electron
croscopy~TEM!, scanning electron microscopy~SEM!, and
atomic force microscopy~AFM!. Strain gradients in the vi-
cinity of cracks were measured with micro-Raman spectr
copy. The experimental observations are discussed in te
of a crystallite or domain coalescence model developed
the growth of polycrystalline films.10

II. EXPERIMENT

A. Samples

GaN films were grown in conventional MOCVD reac
tors on ~0001! sapphire substrates similar to studies d
scribed elsewhere using trimethylgallium, ammonia, and
drogen as a carrier gas.11 Silane was introduced into the ga
stream to achieve Si doping in the range from 331016 to 5
31019cm23. The standard deposition procedure for S
doped films~A films! was sequential growth of:~1! a low
temperature~LT! nucleation layer,~2! a 100 nm high tem-
perature~HT! undoped layer, and~3! 1–2.5mm HT Si-doped
layer. Some samples~B films! were made without the un
doped HT layer~i.e., silane was introduced immediately aft
growth of the LT nucleation layer!. The total film thicknessh
was varied between 1 and 3.0mm.

Hall-effect and secondary ion mass spectrometry m
surements were used to determine the electron and Si
centrations@Si#. In all the samples the quantitative agreeme
between@Si# and the carrier concentration indicated that
the Si was electrically active and it was therefore inferred
5 © 2000 American Institute of Physics
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reside on the Ga site. The surface roughness and micros
ture of the films were measured by a combination of AF
SEM, and TEM. Samples for TEM were prepared in t
standard way by mechanically thinning and ion milling
electron transparency.

B. Strain determination from x-ray diffraction

The a and c lattice constants were measured by XR
using the (101I5) and ~0002! reflections, respectively. Th
strain values can then be obtained from the equations

ea5a/a021 ~1!

and

ec5c/c021. ~2!

To calculate these strains, the lattice constantsa0 andc0 of
the relaxed, unstrained bulk material must be known. Amo
the reported values, it is our opinion that the ones that m
closely approximate the ‘‘true’’ lattice constant of pure Ga
are the values measured for undoped homoepitaxial la
grown on top of bulk single crystals with values ofa0

53.1878 Å andc055.1850 Å.12 These values are extreme
close to the values ofa andc measured for bulk single crys
tal GaN grown under high pressure in the presence of
(a053.1876 Å andc055.1846 Å!.13

C. Strain determination from Raman measurements

In-plane strain (Da/a5ea) was measured with a latera
spatial resolution of 1mm with micro-Raman spectroscop
using shifts of the E2 phonon. The E2 phonon line in GaN is
sensitive to strain in the layer, and its frequency can be
curately measured using Raman spectroscopy. In Ref. 14
following relationship was derived between the measu
shift of the phonon lineDE2 and the stress in the layer:

DE25sa3~22.460.2 cm21/GPa! . ~3!

The stresssa is related to the strainea through the expres
sion

ea5sa /M f , ~4!

whereM is the biaxial modulus of GaN, which is defined

M f5c111c1222c13
2 /c33. ~5!

Elastic constants for GaN were taken from Ref. 15, yield
a value forM5478 GPa.

As discussed in Ref. 14, the Raman measurements
duce an accurate assessment of theslopeof the stress versu
phonon shift curve, but the absolute magnitude of stres
and strains depend on the choice of a reference lattice
stant. The standard used in the Raman shift measuremen~a
bulk single crystal! has lattice constants slightly larger tha
the homoepitaxial films which we choose as our reference
discussed above. The relationship between the measured
man shift and strain is then

ea50.000 6220.000 86DE2. ~6!
uc-
,

g
st

rs

g

c-
he
d

g

o-

es
n-

as
Ra-

D. Strain determination from curvature
measurements

Wafer curvature measurements of the films were p
formed in a Tencor laser system using a sapphire substra
a reference. The curvaturek is equal to the inverse of the
radius of curvature. The stress in the film,sa , is related to
the curvaturek by Stoney’s Equation16 ~see Ref. 9!

sah5MsdAl2O3
2 k/6, ~7!

whereh is the thickness of the GaN film,dAl2O3 is the sub-
strate thickness~430 mm in our case!, andMs is the biaxial
modulus of the substrate@see Eq.~5!#. We have used the
value Ms5610 GPa for Al2O3 , as derived from the elastic
constants in Ref. 17. Equation~7! thus allows us to deter
mine the stress in the film, and the strain can subsequentl
derived using Eq.~4!.

III. RESULTS

A. Strain

The a andc lattice constants were measured for all t
films by XRD. The results for the 2mm films are shown in
Fig. 1 for samples A~undoped prelayer! and B~no undoped
prelayer!. Thea lattice constants are found to be smaller~and
c lattice constants larger! than the value found for bulk single
crystals for films with@Si#,1018cm23, whereas thea lattice
constant is greater~andc lattice constants smaller! than the
bulk values for Si.1018cm23. The values for the single
crystal lattice parametersasc andcsc are noted in Fig. 1 from
Ref. 12.

Figure 2~a! is a combined plot of the in-plane strainea

measured by XRD, Raman, and curvature techniques
function of Si doping for 2mm thick, A and B films. The
strains were calculated as discussed in Sec. II. The fig
shows that our three different techniques for measuring
strain produce consistent results. Some exceptions are n
for films at the highest@Si#, where cracks were present an

FIG. 1. a and c lattice constants measured by x-ray diffraction for 2mm
thick GaN films as a function of@Si#. Inverted triangle symbols are A films
~with undoped interlayer!, diamond symbols are B films~no undoped inter-
layer!. Hatched open symbols are thea lattice constants, solid symbols ar
the c lattice constants.asc and csc are the values for the bulk lattice con
stants~from Ref. 12!. The solid line through the points is a guide and n
meant to imply the transition is continuous.
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found to cause local strain variations. XRD and wafer cur
ture measure strain over a macroscopic area, whereas
Raman microprobe is able to measure local strain variatio
Strain variations around cracks will be discussed in S
III C. Figure 2~a! shows that the in-plane strain increas
with @Si# and the values of the strain for A and B films a
comparable in magnitude. At low@Si# the films are in com-
pression, which is expected to occur on cooling, due to
difference in thermal expansion coefficients between G
and sapphire. However, as the Si concentration increases
films are found to be in in-plane tension. The transition fro
compressive to tensile strain occurs at a@Si# between
1018– 1019cm23. Figure 2~b! shows a comparison of th
strain for the 1 and 2mm thick films in which only the
Raman measurements are shown for simplicity. The 1mm
thick films clearly exhibit a lower strain than the 2mm thick
films for doping concentrations exceeding 1018cm23.

FIG. 2. ~a! Comparison of in-plane strainea measured for 2mm thick GaN
films as a function of@Si# by XRD ~squares!, micro-Raman spectroscop
~triangles!, and wafer curvature~circles!. The circles with a cross are A
films and the open circles are B films. The trend of increasing tensile s
with increasing@Si# is observed by all three techniques. The solid li
through the points is a guide and not meant to imply the transition is c
tinuous.~b! Comparison of in-plane strainea as a function of@Si# for 1 and
2 mm thick films as measured by micro-Raman. Solid circles are 1mm thick,
A films; circles with a cross are 2mm thick, A films; open circles are 2mm
thick, B films. The solid line through the points is a guide and not mean
imply the transition is continuous.
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B. Extended defect structure observed by TEM

The defect structure was investigated by TEM for A a
B samples with different@Si#. It was found that the density
and the type of dislocations in the films were dependent
the doping level and presence of the undoped prelayer.
TEM images shown in Fig. 3 are for films grown at a dopi
concentration and thickness for which cracking was not
served. Figures 3~a! and 3~b! were obtained using a diffrac
tion vector g-5g ~g50002! weak beam condition, at a til
approximately ten degrees from the$112I0% towards the
$101I0% zone. Figure 3~a! is for a 1 mm thick film with
@Si#5231019cm23 grown on a 100 nm undoped prelaye
The image shows a broad band of contrast near the inter
between the undoped prelayer and the doped overlayer.
contrast is due to the interference of overlapping regio
with different c and a lattice constants across the dope
undoped interface as measured by XRD.18 The broad fringe
contrast was not observed for a 1mm thick film with
@Si#5531018cm23 as shown in Fig. 3~b!, where there was
no significant lattice constant change between the undo
and doped layer. The threading dislocations in both of
images either have mixed or screw character with a com
nent of the burgers vectorb along the^0001& direction.

Dislocations with burgers vectorb parallel to thê 112I0&
direction are imaged in Fig. 3~c! (g5101I0) for the same
region of film shown in Fig. 3~a!. The combination of both
images in Fig. 3~a! and 3~c! show that the threading disloca
tions are unperturbed at the boundary between the undo
and doped layers and no additional dislocations are crea
In addition, no dislocations along the basal plane were
served. This observation is consistent with the difficulty
generating misfit dislocations~on the basal plane! at lattice
mismatched interfaces found previously for thick InGaN la
ers on GaN19 and thin films with high In content in quantum
well structures.20 By comparison a 3.0mm thick film grown
without an undoped prelayer for@Si#5531018cm23 is
shown in Fig. 3~d! using diffraction conditionsg5101I0. It
can be observed that predominately basal plane dislocat
are found within a 1mm thick region above the LT buffe
layer. The presence of dislocations on the basal planes
creases the probability of defect interactions with thread
dislocations. This may explain the decrease in dislocat
density at the film surface with increasing@Si# observed by
other groups.5 However, for the films in our study no suc
trend was observed for films grown with an undop
prelayer since basal plane dislocations were typically
present. As discussed above, the dislocations that were
erated in the undoped prelayer extended unperturbed to
surface resulting in a defect density at the surface
;1010/cm2 for @Si# up to 231019cm23.

C. Cracking

Cracking was observed for both A and B films with
doping level of 231019cm23 for h>2 mm. The cracks were
found to either extend partially (h52 mm) or completely
from the film/substrate interface to the surfaceh
52.5mm). The SEM micrographs in Fig. 4 for an A film
that was 2mm thick, shows that the crack occurs on th
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FIG. 3. TEM images for 1mm thick, A films with @Si#5231019 cm23 in ~a! and~c!; and@Si#5531018 cm23 in ~b!. The images in~a! and~b! were using a
diffraction vectorg-5g (g50002) weak beam conditions. A 3.0mm thick B film with @Si#5531018 cm23 is shown in~d!. The images in~c! and~d! are dark
field images withg5101I0.
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prismatic$11I00% cleavage planes21 of the GaN~i.e., parallel
to the growth direction! and extends into the substrate. Fi
ures 5~a!–5~c! are TEM micrographs of a subsurface crack
the same film. Dislocation images taken in the same reg
alongg5101I0 @Fig. 5~a!# andg50002 @Fig. 5~b!# near the
^112I0& zone, show that no additional dislocations are gen
ated near the crack. This suggests that plastic deforma
does not take place to promote crack formation. The wid
part of the crack is revealed using the imaging conditions
Fig. 5~b! to beDL;50 nm and the average crack spacingL
is shown in Fig. 5~c! to be;10 mm. As shown in the AFM
image and corresponding line scan in Fig. 6, the surface
the film that grows over the cracks is higher than the reg
between the cracks. The lighter contrast lines are the pos
of the cracks below the film surface indicating the cra
pattern and a crack spacing of;10 mm for parallel cracks,
consistent with the TEM results. For the position measu
in Fig. 6, the surface of the overgrown film was;16 nm
higher above the crack compared to the region between
cracks. Typical values for the root mean square roughn
n

r-
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between the cracks was found to be;3 nm whereas the
surface height over the cracks typically ranged betwe
10–20 nm. The subsurface cracking suggests that the fi
cracked during growth at high temperature, which is cons
tent with our measurements showing tensile strain in th
films.

Micro-Raman measurements of strains around a crac
a 2.5mm thick ~A film ! with @Si#5231019cm23 are shown
in Fig. 7. The inset in Fig. 7 is a SEM showing that the cra
extends from the film substrate to the film surface. At d
tances far away from the crack~.75 mm!, the in-plane strain
is 10.015~tensile!. The strain decreases near the crack, a
parts of the film are in a small amount of compressi
~20.005! at the crack location. We attribute the compress
strain at the crack to thermal stresses occurring on film c
down ~we assume the cracking occurred at the growth te
perature!. Several groups22–24 have studied the elastic stres
field around surface cracks in thin films. We apply here
model in Ref. 23, assuming that by symmetry, a surfa
crack in a stressed film is equivalent to a semi-infin



ud
ra
h
ur
ts
-
ra
ea
s
o

ud
he
f

d

tion
ant
u-

er-
ost
lec-
of

uc-
red

-
ed;
tion

tr

acks.

x-

7749J. Appl. Phys., Vol. 87, No. 11, 1 June 2000 Romano et al.
edge.22 The adjustable parameters used in the model incl
the elastic constants and thickness of the film and subst
and the value of the film stress away from the crack. T
elastic constants used for GaN were taken from meas
ments by Polianet al.25 and the sapphire elastic constan
were from Tefft.17 A film thickness of two microns was ob
tained from the SEM measurement and the in-plane st
away from the crack was taken from our micro-Raman m
surement to be10.0015~equivalent to a tensile biaxial stres
of 560 MPa!. As shown in Fig. 7, there is good agreement
the elastic cracking model~solid line! and the values of
strain measured by micro-Raman. Therefore, we concl
that cracking of the film leads to elastic relaxation in t
vicinity of the crack which is consistent with the lack o
dislocations observed near the cracks~Fig. 5!. This is in con-
trast with the well-studied case of stress gradients in SiO2/Si
devices, where film stresses have been observed to lea
both dislocation generation and cracking.26

FIG. 4. SEM micrographs of a crack in a 2mm thick, A film with
@Si#52.031019 cm23. ~a! The crack extends to sapphire substrate and~b!
extends along the$11I00% cleavage plane of the GaN.

FIG. 5. TEM micrographs of a subsurface cracking in a GaN film~h
52.0mm, @Si#5231019 cm23, no undoped interlayer!: High magnification
image showing crack that is overgrown and extends into sapphire subs
with diffraction vector~a! g50002 and~b! g5101I0. Lower magnification
image in~c! showing distance between two cracks.
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IV. FIRST-PRINCIPLES CALCULATIONS

The observed dependence of strain on Si concentra
could, in principle, be due to a change in lattice const
induced by Si incorporation. Incorporation of dopant imp
rities has two distinct effects on the lattice constant.27 The
first effect is purely a size effect, and is related to the diff
ence in atomic radius between the impurity and the h
atom that is replaced by the Si. The second effect is an e
tronic effect, related to deformation potentials. In the case
n-type doping, the donors contribute electrons to the cond
tion band. The energy of the system can therefore be lowe
if the conduction band energy can be decreased~on an abso-
lute energy scale!. Such a shift in the position of the conduc
tion band can occur if the volume of the material is chang
hydrostatic strain indeed leads to a change in the conduc

ate

FIG. 6. ~a! AFM image of the surface of the film~shown in Fig. 5! and~b!
corresponding line scans associated with the overgrown subsurface cr

FIG. 7. Micro-Raman measurements of in-plane strain across a crack~cf.
inset! in a GaN film grown on sapphire~h52.5mm, @Si#5231019 cm23,
no undoped interlayer!. The solid line is the expected elastic strain rela
ation predicted by the model of Atkinsonet al., Ref. 23.
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band energy, with a proportionality factor given by the d
formation potential. Such strain also bears a cost, of cou
because of the elastic energy associated with the defo
tion. This elastic energy, however, varies as thesquareof the
strain, whereas the energy gain due to the deformation va
linearly with the strain; the system can therefore lower
energy by undergoing a deformation.

The size effect can be addressed by studying the re
ation of host atoms around the impurity. Even though we
dealing with wurtzite semiconductors, we treat the mate
as isotropic. Our results indeed indicate that the anisotr
of the atomic relaxations is very small compared to the m
nitude of the overall relaxations. It is customary to define
parameterbsize which relates the fractional change in th
lattice constant to the impurity concentration

Da/a5bsize@Si]. ~8!

The calculations were performed using density-functio
theory in the local-density approximation,ab initio pseudo-
potentials, and a supercell geometry. This is the same c
putational approach that we have successfully applied to
study of the atomic and electronic structure of a wide vari
of defects and impurities in nitride semiconductors.28,29 The
calculations show that the nitrogen atoms surrounding th
donor relaxinwardsby about 0.10 Å around the SiGa ~in the
positive charge state!. In order to determine the change
lattice constant, we follow a procedure described in Ref.
The idea is to use Vegard’s law~i.e., a linear interpolation! to
estimate the contribution of atom-size differences to the
served lattice parameter. The end-point structures for the
terpolation are pure GaN~0% Si! and a hypothetical zinc
blend SiN compound. Following this approach, we obtai
valuebsize521.6310224cm3. The negative sign ofbsize in-
dicates that the incorporation of Si atoms to the lattice res
in a decreaseof the lattice constant.

The deformation-potential effect can be derived by p
forming a minimization of the sum of the elastic energy c
~quadratic in the strain! and the energy gained due to lowe
ing of the conduction band, occupied with a certain num
of electrons~linear in the strain!. Similar to the paramete
bsize defined in Eq.~8!, one can define a parameterbe ,
where the subscript indicates the deformation-potential ef
for electrons

Da/a5ben ~9!

andn is the electron concentration. Note that the carrier c
centrationn is not necessarily equal to the donor concent
tion, because of compensation or incomplete ionizati
However, as discussed in Sec. II A, the samples studie
the present work show complete electrical activation of
Si donors and since most of the donors are ionized at ro
temperature, we can assumen5@Si#.

The shift of the conduction band minimum is describ
by the ‘‘absolute’’ deformation potentialac , as defined in
Ref. 27.be can be calculated as

be52ac/3B, ~10!

whereB is the bulk modulus of GaN. The absolute deform
tion potentialac was calculated in Ref. 30 (ac526.0 eV).
-
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We thus obtainbe51.5310224cm3, the positive sign indi-
cating that placing electrons in the conduction band result
an expansionof the lattice.

We conclude that for Si the size effect and deformatio
potential effects have similar magnitudes but are of oppo
sign, resulting in a very small net strain effect for SiGa. As-
suming complete ionization, we can writeDa/a5b tot@Si#,
with b tot5bsize1be520.1310224cm3. For @Si#5231019

cm23 ~the maximum concentration used in this work! the
expected in-plane strain is2231026. This value is much
smaller than the range of strain values observed as a func
of @Si# ~21.131023– 2.531023, as reported above!. There-
fore, we conclude that the changes in lattice constant a
function of @Si# cannot be attributed to lattice distortion
caused by the substitution.

V. DISCUSSION

A. Effect of silicon on the lattice constant

In Sec. IV we argued, based on first-principles calcu
tions, that incorporation of silicon does not affect the latti
constant of the GaN overlayer. This result can actually
confirmed purely based on the measured lattice constant
invoking the theory of elasticity.

From the theory of elasticity we know that the strains a
related by the expression:

ec52Dea , ~11!

whereD52c13/c33. Theoretical15 and experimental25 deter-
minations of the elastic constants have produced a consis
and reliable value forD, namelyD50.51. This corresponds
to a value of Poisson’s ration50.20, which is also well
accepted.31 Here we systematically use the elastic consta
derived by Wright,15 which are very close to the experimen
tal values of Polianet al.25

Combining Eqs.~1!, ~2!, and ~13!, we can use a given
pair of measureda andc values for a strained layer to deriv
the unstrained lattice constants of that layer, by assuming
above value ofD, and a particular value for thec/a ratio; for
the latter, we have chosen 1.6265. Forall of the layers ex-
amined in the present study, thea0 lattice constant extracted
from this analysis is within 0.0010 Å of the valuea0

53.1878 Å quoted above for pure GaN~with a systematic
deviation towards larger values!. This deviation is very
small, when compared to lattice-constant variations repo
in the literature~see, e.g., Ref. 32!. This result confirms our
conclusion that the effect of silicon incorporation on the l
tice constant of our layers is very small.

Figure 8 showsc versusa for all the 1 and 2mm films in
our study. The solid line corresponds to the prediction fro
the theory of elasticity, for a biaxially strained film wit
given bulk lattice constants~a053.1878 Å and c0

55.1850 Å!. The deviation from the solid line is smalle
than the measured variation ina and c ~see Fig. 1!. This
indicates that the measured values are due to variations in
strain induced on the film rather than a change in the b
lattice constants.
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B. Dependence of strain on silicon concentration

The increase in tensile strain with Si doping is puzzlin
We have shown above that incorporating Si in the GaN
tice ~substituting on a Ga site! has a negligible effect on th
lattice constant of the GaN lattice. Silicon must therefo
play a different role in introducing strain in the materia
Recently Hearneet al.9 reportedin situ wafer curvature mea
surements that show that tensile strains occur in GaN film
the growth temperature. The films in their study were nom
nally undoped, and exhibited tensile stresses up to 0.6 GP
the growth temperature. At room temperature the films in
study by Hearneet al. were found to be in compression
which is consistent with our results for films wit
@Si#,1018cm23. Thermal cycling between 1000 and 450 °
showed that plastic relaxation of the growth stress does
occur during the cool down.9 This is consistent with our
results on films that were cracked without creating additio
dislocations.

Except for cracking, there was no obvious effect of Si
the microstructure for films grown with the undope
prelayer. Furthermore, the cracks generated during
growth occurred without the creation of dislocations. O
possible explanation of the film stress present during gro
may be as a consequence of film coalescence. The intr
stresses that develop during the growth of polycrystall
films have been investigated for many years.33,34 Tensile
stress is often found in these films and attributed to attrac
forces between the grains. Nix and Clemens10 have recently
developed a quantitative model for this process. In t
model, tensile film stress increases monotonically with
creasing crystallite size.

In our study, the GaN films are single crystal. Howev
the surface structure, as measured by AFM, was found
depend on the Si concentration. We measured the sur
roughness of two Si doped films with a thickness of 20
grown on undoped prelayers by AFM. Increasing@Si# from
531017 to 531019cm23 leads to a doubling of the roo
mean square surface roughness~from 5.5 to 11.0 nm!. These

FIG. 8. Lattice constantsc anda ~in angstrom! for all the 1 and 2mm films
examined in the present study. The solid line is the prediction from elast
theory for strained films with lattice constantsa053.1878 and c0

55.1850 Å. A different choice of bulk lattice constants would produce
line parallel to the one shown in the figure.
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films showed no evidence of cracks. It is possible that g
on the surface, due to the roughness, coalesce in a sim
way as the crystallites described in the model by Nix a
Clemens~NC!. Limited surface diffusion of atoms on th
growing surface would cause adatoms to attach to
strained crystal at their point of arrival, and the film wou
grow in a strained state. If we associate the observed
roughness with an effective crystallite size, then as
roughness increased the effective crystallite would decre
According to the NC model, this would predict a higher te
sile stress with increasing roughness~high @Si#!. The cause
for the increased surface roughness with increasing@Si# is
not understood. The presence of Si may limit the surfa
diffusion of the Ga and N atoms on the growing surface. T
presence of Si on the surfaces of AlGaN35 and InGaN36 has
been shown to lead to GaN quantum dot formation35 and
spiral growth.36 The competition for N atoms to form SiN
may also play a role in the limited surface diffusion of th
Ga and N atoms. It has been found that the growth rate
SiN grown by MOCVD was found to be three times high
when increasing the temperature from 800 to 1080 °C.37,38

VI. CONCLUSIONS

Crack formation in GaN films doped with Si was studie
by measuring the strain and comparing to the microstruct
The strain was found to increase with film thickness and
concentration. Crack formation along the$11I00% cleavage
planes was found to be the major strain relief mechanism
occurred without creating additional dislocations. This su
gests that plastic deformation is difficult in these materials
the temperatures used during growth. First-principles ca
lations showed that silicon incorporation does not affect
lattice constant of the GaN crystal. It was proposed that
increase in tensile stress with increasing@Si# is related to the
presence of tensile stress due to crystallite coalescenc
accordance with a model established recently by Nix a
Clemens.10
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