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Vibrational properties of AlN grown on „111…-oriented silicon
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We study the vibrational spectrum of AlN grown on Si~111!. The AlN was deposited using gas-source
molecular beam epitaxy. Raman backscattering along the growthc axis and from a cleaved surface perpen-
dicular to the wurtzitec direction allows us to determine theE2

1, E2
2, A1~TO!, A1~LO!, andE1~TO! phonon

energies. For a 0.8-mm-thick AlN layer under a biaxial tensile stress of 0.6 GPa, these are 249.0, 653.6, 607.3,
884.5, and 666.5 cm21, respectively. By combining the Raman and x-ray diffraction studies, the Raman stress
factor of AlN is found to be26.361.4 cm21/GPa for theE2

2 phonon. This factor depends on published values
of the elastic constants of AlN, as discussed in the text. The zero-stressE2

2 energy is determined to be 657.4
60.2 cm21. Fourier-transform infrared reflectance and absorption techniques allow us to measure theE1~TO!
and A1~LO! phonon energies. The film thickness~from 0.06 to 1.0mm! results in great differences in the
reflectance spectra, which are well described by a model using damped Lorentzian oscillators taking into
account the crystal anisotropy and the film thickness.

DOI: 10.1103/PhysRevB.63.125313 PACS number~s!: 78.30.Fs, 78.20.2e, 78.66.Fd, 62.20.Dc
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I. INTRODUCTION

The physical properties of hexagonal aluminum nitri
have recently become of great interest.1 It has the largest
energy band gap among the III-N compounds of InN, Ga
and AlN. As an alloy family, these compounds permit t
growth of semiconductors having energy gaps ranging fr
1.9 to 6.2 eV. AlN also has a large thermal conductivi
high thermal stability, and high hardness, is an excell
electrical insulator, and is piezoelectrically active. The
properties are both physically interesting and technologic
important.1–3

Epitaxial growth of nitride semiconductors uses sapph
SiC, or Si substrates. The film properties of AlN are stron
influenced by the substrate materials.4 Using silicon as the
substrate is highly attractive for device applications due
potential integration with well-developed silicon technol
gies. The large differences between the lattice constant
AlN and Si make the growth of high-quality material ve
difficult. Recently, growth of high-quality AlN has bee
demonstrated on~111!-oriented silicon substrates using m
lecular beam epitaxy~MBE!.5–12 Despite their importance
many of the physical properties of crystalline AlN have n
been fully investigated, specifically when it is epitaxially d
posited on a substrate.

In this paper, we examine the vibrational properties
AlN grown on silicon substrates. These studies are car
out using Fourier-transform infrared spectroscopy~FTIR!
and Raman scattering. We find only two FTIR reports
bulk-grown AlN ~Refs. 13 and 14! and a few articles con
cerning FTIR studies of crystalline AlN deposited o
silicon.4,15–19The E1 andA1 phonons are infrared active i
0163-1829/2001/63~12!/125313~7!/$15.00 63 1253
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the wurtzite crystal structure.20 We find no detailed discus
sion of the effects of anisotropy on the AlN reflectance sp
trum. Four primary effects influence the optical properties
anisotropic semiconductors in the infrared region, as
been recently discussed by Tiwaldet al., in connection with
silicon carbide.21 These effects are the optical anisotropy
the wurtzite crystal structure, film thickness, epilayer dopin
and substrate conductivity.22 MacMillan, Devaty, and
Choyke discuss the presence of anisotropy in the dielec
function of AlN.15 However, use of an anisotropic mod
was not critical in their case due to the small angle of in
dence~5°! used in the experiments. Our results for AlN o
silicon are well described based on the anisotropy of
dielectric function and thin-film effects.

Raman scattering has been used extensively to study
nitride semiconductors, including AlN. There are only a fe
reports concerning the Raman spectrum of crystalline A
grown on silicon.4,16–19 Six phonons,E2

1, E2
2, A1~TO!,

A1~LO!, E1~TO!, andE1~LO!, are allowed in Raman scat
tering from wurtzite crystals.20 The E1~LO! band is only
seen in right-angle scattering, e.g.,y(xz) x̄, using the stan-
dard Porto notation. Thec axis of the AlN crystal is defined
as thez direction, andx and y are perpendicular toz. The
wurtzite-structure phonon symmetries, together with allow
configurations for Raman backscattering, are summarize
Table I. In this work, we measure all AlN phonons that a
allowed in Raman backscattering.

The primary focus of our work is the determination of th
substrate-induced stress in the AlN. The stress is prima
due to differences in the thermal expansion coefficients
the epitaxial layer and substrate cool from the growth te
perature to ambient conditions.23 Stress is important becaus
©2001 The American Physical Society13-1
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TABLE I. AlN ~wurtzite! phonon symmetries, allowed backscattering configurations, and measure
ergies. Phonon energies determined by FTIR spectroscopy are also included.

Phonon
symmetry

Raman-allowed
backscattering

Raman phonon
energy~cm21!a,b

Raman
phonon energy

~cm21!c
FTIR phonon

energy~cm21!d

E2
1 z(yx) z̄, z(yy) z̄, x(yy) x̄ 249.060.4 248.660.2

E2
2 z(yx) z̄, z(yy) z̄, x(yy) x̄ 653.660.2 657.460.2

A1(TO) x(yy) x̄, x(zz) x̄ 607.360.2 611.060.2
E1(TO) x(yz) x̄ 666.560.2 670.860.2 665e,f

A1(LO) z(yy) z̄ 884.560.2 890.060.2 884e

aThis work.
bAlN film thickness 0.80mm. Tensile stress 0.6 GPa.
cRelaxed phonon energies from Ref. 35.
dAlN film thickness 0.06mm.
eFrom reflectance.
fFrom absorption.
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it alters the energy band structure and can influence the
ilayer properties, even resulting in layer cracking.24,25Raman
scattering is a proven method for studying stress. TheE2

2

Raman band has been used extensively to study
substrate-induced biaxial stress in GaN.23,26–28However, for
AlN we find no published reports establishing the relatio
ship between known stress and theE2

2 phonon energy. Pub
lished values of theE2

2 phonon energy in unstressed AlN a
varied, ranging from 655 to 665 cm21.29–31 Phonon-stress
relationships are established best using externally app
uniaxial stress, such as what has been extensively repo
for silicon.32 An alternative, which is appropriate for epitax
ial films, is to examine the effects of biaxial stress on t
Raman spectrum. This relationship is extremely import
because it allows one to measure thecompressiveor tensile
stress in AlN layer deposited onany of the commonly used
substrates.

We combine Raman and x-ray diffraction~XRD! studies
to obtain the Raman-stress factor for undoped AlN un
tensile biaxial stress. Two quantities are necessary: the
non energy under no stress and that at some known bia
stress. Thus, the Raman-stress factor~k! is obtained using

Dv5ks' , ~1!

whereDv is the shift in the phonon energy due to biax
stress (s') perpendicular to the growth~c! axis. Tensile
~compressive! stress corresponds tos'.0 (,0). Typically,
strain is measured using XRD; then the corresponding st
is found from the elastic constants. A range of values
been reported for the AlN elastic constants both fro
experiment33–36 and theory.37–39 Knowledge of the elastic
constants is essential in determining the stress/strain rela
ship.

II. EXPERIMENTAL METHODS

AlN layers were grown at 1100–1160 K using gas-sou
molecular beam epitaxy~GSMBE! with ammonia on~111!-
oriented silicon substrates. Details of the growth are
12531
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scribed in Refs. 9–11. Epitaxial layers varied from 0.06
1.0 mm in thickness. The AlN epilayers were not intentio
ally doped. Secondary-ion mass spectroscopy measurem
show the impurity concentrations of silicon and carbon to
,231017cm23 and oxygen to be'531018cm23.40 For
this oxygen concentration, it is possible that there is inter
‘‘hydrostatic’’ stress within our samples. However, we ha
made no systematic studies of the effects of oxygen on
vibrational properties of AlN, similar to what has been do
in Ref. 26 for intentional~substitutional! doping of GaN.

All ex situ studies reported here were done with t
samples at room temperature. The smoothness of the
was determined using atomic-force microscopy. Over
5 mm35 mm areas scanned, the rms roughness of
samples ranged from 0.5 to 1.9 nm. This roughness is typ
for our AlN/Si epilayers.9 Smooth surfaces are very impo
tant for certain optical studies, such as FTIR and ellipso
etry.

XRD studies were done primarily to determine thec-axis
lattice parameter. The measurements were carried out us
high-resolution diffractometer with Ge~220!, fourfold,
Bartels-type monochromator and a Ge~220! threefold ana-
lyzer crystal. The illumination region for the XRD measur
ments is approximately 0.2 mm36 mm. Triple-crystal
2u –v and v rocking curves~RC! have been measured fo
the ~0002! AlN reflection. A typical diffraction pattern, ob-
tained from a 0.2-mm-thick AlN epilayer, is shown in Fig. 1.
The 2u –v measurement of the~0002! reflection permits us
to evaluate the lattice parameterc. The full width at half
maximum~FWHM! of the ~0002! peak in Fig. 1 has a value
of 10065 arcsec. This corresponds to a structural cohere
length of 16568 nm along the growth direction. Our resul
show that the coherence length closely matches our nom
epilayer thickness, indicating high crystal perfection. W
note that the difference between sample thickness and co
ence length is plausibly explained by the presence of a
gion near the AlN-substrate interface that possesses a
tively high defect density.9,10

FTIR spectra were measured over the 400–4000-cm21

range with a spectral resolution of 4 cm21. For the absorp-
3-2
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VIBRATIONAL PROPERTIES OF AlN GROWN ON . . . PHYSICAL REVIEW B63 125313
tion, a high-resistivity substrate~1000–4000V cm! with the
back surface polished, was used to permit transmission
light through the sample. We used unpolarized light with
30° angle of incidence for the FTIR reflectance studi
These spectra were taken using AlN grown on both hi
resistivity silicon~1000–4000V cm, back side polished! and
low-resistivity, n-type silicon~0.05–0.03V cm, rough back
surfaces!.

Raman spectra were generated using 488.0-nm light,
cused to a spot'2 mm in diameter, and direct back
scattering.28 Standard optical elements were used for the
larization studies. Scattered light was passed through a h
graphic notch filter, dispersed by a 0.5-m spectrometer,
detected using a charge-coupled device~CCD! array. This
system allows us to measure a spectral range of'600 cm21

in a single exposure of 2 to 30 min with a 2-cm21 instrument
bandpass. Calibration was done using emission lines fro
neon lamp or laser plasma lines, giving a wave-number p
cision of 0.2 cm21 for peak position determination.

III. FTIR REFLECTANCE AND TRANSMITTANCE
OF AlN ÕSi

Figure 2 shows FTIR reflectance spectra taken fr
samples with thicknesses 0.06, 0.20, and 0.80mm. The spec-
tral range shown corresponds to the transverse
longitudinal-optical-phonon energy range. For the 0.8-mm
thickness, the reflectance shows a broad, asymmetric fea
with two minima. This is reminiscent of a reststrahlen ba
bracketed by transverse- and longitudinal-optical-phonon
ergies. Because we study a thin film, the reststrahlen b
shows a pronounced asymmetry. With thinner AlN films, t
spectra in Fig. 2 evolve to show one maximum and o
minimum, which are most closely associated with t
E1~TO! andA1~LO! phonons, respectively. We find that th

FIG. 1. X-ray diffraction data~2u–v! obtained from the~0002!
reflection of an AlN/Si~111! layer 0.2mm in thickness.
12531
of
a
.
-

o-

-
lo-
d

a
e-

d

re
d
n-
nd

e

spectra can be described based on a model in which
thickness of the AlN is the primary parameter varied.

FTIR reflectance spectra were modeled using Lorentz
cillators for the dielectric functions, which take into accou
the uniaxial anisotropy of the AlN. In the presence
uniaxial anisotropy, the dielectric tensor« has the diagona
form41

«5F «'

«'

« i

G , ~2!

where «'(« i) is the ordinary~extraordinary! dielectric re-
sponse to fields perpendicular~parallel! to the wurtzitec
axis. The dielectric functions are

« i ,'5«`i ,'1
«`i ,'~vLOi ,'

2 2vTOi ,'
2 !

vTOi ,'
2 2v22 ivG i ,'

. ~3!

Here, vLOi and vTOi are theA1-symmetry LO- and TO-
phonon energies, respectively. Likewise,vLO' andvTO' are
the E1-symmetry LO-and TO-phonon energies. The hig
frequency dielectric functions are«`i'«`'54.84.13 The
damping constants~G i andG'! and the phonon energies a
parameters in the model. The stress field is not explicit in
~2! because biaxial stress perpendicular to thec axis will not
lower the crystal symmetry, leaving the form of the dielect
tensor unchanged. Stress enters through the phonon ene
in Eq. ~3!. Reflectance is calculated at the experimental an

FIG. 2. FTIR reflectance spectra of AlN on Si~111! with differ-
ent epilayer thicknesses. The symbols are the data sets, and
curves are calculated using the anisotropic dielectric function
Fresnel relations for thin films backed by a substrate. The pho
energies used to calculate the spectra are indicated by the ve
dashed lines.
3-3
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T. PROKOFYEVAet al. PHYSICAL REVIEW B 63 125313
of incidence~30°! using these dielectric functions and th
Fresnel relations for thin dielectric films on a substrate.42 The
AlN thickness enters as a parameter in the Fresnel relati
The 0.06-mm sample thickness was determined using sp
troscopic ellipsometry. The thicknesses of the other sam
shown in Fig. 2 were determined to be 0.2060.03 and 0.80
60.03mm from the Fabry-Perot fringes in uv-visible refle
tance. Our FTIR reflectance model yielded respective th
nesses of 0.06, 0.16, and 0.80mm. The energy-dependen
optical properties of silicon were used for the reflectan
calculation.41 The substrate thickness was set to that of
wafers~about 0.5 mm!. The incoherent interference of fron
and back surface reflections was taken into account. The
flectance of the back surface was varied to obtain g
agreement with the data. This primarily accounts for
smoothness of the back surface.

Results of the model reflectance spectra are shown in
2, along with the data. The agreement seen between
model and the data in Fig. 2 is good for each thickness.
E1(TO) phonon energy found from modeling our data lies
the 665–666-cm21 range. TheA1(LO) phonon has energy
between 883 and 885 cm21. We fix theE1(LO) phonon en-
ergy at 912 cm21 ~Ref. 35! and that of theA1(TO) phonon is
held at 607 cm21 based on our Raman measurements. T
model is not as sensitive to the values used for theE1(LO)
and A1(TO) phonon energies. These are determined wit
65 cm21 from these studies. Table I shows our phonon
ergies to be in good agreement with previo
studies13,18,31,34,43and with our Raman measurements. Var
tions by several cm21 can be attributed to changes in th
epilayer stress, to be discussed in the next section.
broadening parameters ranged from 8 to 19 cm21. These
values are consistent with recent infrared spectrosco
ellipsometry measurements of AlN grown on sapphire us
metal-organic vapor phase epitaxy43 and are smaller than
what is obtained in films deposited on sapphire us
plasma-enhanced chemical vapor deposition.18 We note also
a larger reflectance background in the data from the 0
mm-thick sample in Fig. 2. This is because the substrate u
had its back surface polished for the transmission meas
ments. We have adjusted the reflection from the polis
back surface of the substrate so that we have a good mat
the background level. The dip near 620 cm21 is from two-
phonon (TA1TO) absorption in the silicon substrate44 and is
not associated with theA1(TO) phonon of AlN.

An interesting result of the FTIR reflectance measu
ments is that they are sensitive to theE1(TO) andA1(LO)
phonons. The former is not surprising, since theE1(TO)
phonon is allowed to interact with infrared radiation at th
energy when the light propagates along thec axis. However,
the high-frequency shape of the reststrahlen band is gene
dictated by the LO phonon of the same symmetry. The m
mum in reflectance seen from theA1(LO) phonon is inter-
esting, since theA1-symmetry vibrations should interact wit
light that does not propagate strictly along thec axis. Forp
polarization, the oscillating electric field has compone
both parallel and perpendicular to thec axis, inducing re-
sponses from both« i and «' . Because the dielectric func
tions vary strongly, especially in the energy range betw
12531
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the A1(LO) andE1(LO) phonons, light refracts away from
thec axis ~normal!. This gives rise to interaction with« i and
results in the allowedA1 scattering. This situation has bee
discussed in detail by Tiwaldet al., regarding their infrared
ellipsometry studies of SiC.41

Figure 3 shows the FTIR transmission spectrum of a 0.
mm-thick sample grown on high-resistivity silicon. For ligh
incident normal to the sample surface, we see only the
lowedE1(TO) absorption band at 665 cm21. From the FTIR
absorption measurement the experimental phonon line w
is 17 cm21. AlN deposited on Si~111! by reactive magnetron
sputtering and pulsed laser deposition showed very br
absorption bands that ranged in peak position from 665
706 cm21, depending on the deposition conditions.17 They
attribute the large shifts and linewidths to stress distributio
within the AlN. Our much narrower linewidth indicates un
form stress, consistent with the Raman measurements
now discuss.

IV. RAMAN MEASUREMENTS OF AlN ÕSi AND THE
RAMAN-STRESS RELATIONSHIP

Figure 4 shows Raman spectra taken under different s
tering and polarization configurations from a 0.8-mm-thick
AlN layer. We observe all AlN phonons allowed in bac
scattering, in agreement with the expected selection rule20

The intense band at 520 cm21 is the O~G! phonon from the
silicon substrate. The features near 620 and 830 cm21 are
also from the substrate. Clear from this figure is the lo
scattering intensity from the 0.8-mm-thick AlN. The intensi-
ties from the AlNE2

2 phonon, which is the strongest ban
observed, were smaller for thinner epitaxial layers and co
parable to that of the substrate bands at 620 and 830 cm21.

AlN phonon energies are summarized in Table I. Exc
for the E2

1 band, all modes red shift relative to their respe

FIG. 3. FTIR absorption spectrum of a 0.06-mm-thick AlN
grown on high-resistivity silicon. Only theE1(TO) phonon inter-
acts with light incident along thec axis ~sample normal!.
3-4
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tive relaxed energies, implying tensile stress in the AlN. T
E2

1 exhibits a slight blueshift, as expected from its negat
mode-Gru¨neisen parameter.45 It is well known that the
A1(LO) phonon will interact with a free-carrier plasma if th
plasma is present due to intentional or unintentional dop
TheA1(LO) band loses intensity with increasing carrier co
centrations in GaN,46 and it is reasonable to anticipate th
same effect in AlN. OurA1(LO) to E2

2 relative intensities for
AlN are comparable to what we measure for GaN with lo
free-carrier concentration (,1017cm23).47 In our best
samples theE2

2 mode has a narrow FWHM of 6.2 cm21,
which is comparable to 5.6 and 7.2 cm21 reported for AlN
grown on sapphire and SiC substrates, respectively.48 The
presence of all phonon modes allowed in backscatte
measurements and their narrow linewidths confirm the h
crystalline quality of the wurtzite AlN studied here.

We now describe our determination of the Raman-str
factor. All measurements were carried out on samples w
0.2-mm thickness. Noting the tendency of decreasing str
with increasing thickness,49 we chose samples with mini
mum thicknesses that can be measured with an accep
signal-to-noise ratio by both Raman and XRD techniqu
The greater stress will give us larger differences in the
man energy and lattice parameter, affording the best poss
precision in determining the Raman-stress factor.

To determine the zero-stress value of theE2
2 phonon en-

ergy, we back-thinned the silicon substrate from a 0.8-mm-
thick AlN film using standard chemical etching. A free
standing crystal approximately 50mm350mm square was
cleaved for micro-Raman measurements. Although th

FIG. 4. Raman spectra for direct backscattering alongzic and
x'c axes under different polarization conditions. Observed are
phonons allowed in backscattering. The inset shows the low-en
region of theE2

1 band. Phonon energies are summarized in Tabl
12531
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may be some residual stress, we expect this to be sma
comparison to that caused by a substrate. For this f
standing crystal we found theE2

2 band energy of 657.4
60.2 cm21, which is the same value obtained in Ref. 35 f
a relaxed~7-mm-thick! AlN film grown on sapphire. An un-
doped AlN film grown on sapphire will be either relaxed
under biaxial compressive stress. Conversely, an undo
AlN film grown on silicon will be either relaxed or unde
biaxial tensile stress. The fact that both films reveal the sa
E2

2 phonon position argues that the 657.460.2 cm21 value
accurately reflects the zero-stress energy.

XRD determination of the change in the conventional c
length along thec axis gives a strainei5Dc/c0 of 2(2.16
60.26)31023. These measurements were from five samp
all with a thickness of about 0.2mm and each exhibiting the
sameE2

2 phonon energy shift of29.560.2 cm21, within ex-
perimental error. Multiple~mapping! measurements reveale
good uniformity in the stress across the wafer. We usec0
50.4980 nm.50 The biaxial stress is determined using

s'5F ~C111C12!2
2C13

2

C33
Ge' , ~4!

wheree' is the strain in the growth plane, which is propo
tional to the strain along thec axis (ei)

ei52
2C13

C33
e' . ~5!

Ci j are the elastic constants of AlN. We report here the R
man stress factor ofk526.361.4 cm21/GPa for theE2

2

phonon of AlN calculated using our combined Raman a
XRD measurements and the recent elastic constants of D
dov et al., which were based on epitaxial AlN.35 For com-
pleteness, we include in Table II the values ofk calculated
using other sets of elastic constants. Variation ink is evident
in Table II originating from the different sets ofCi j . Never-
theless, all the calculated Raman factors are within total e
of each other.

Since we find no reports of Raman stress factors for A
in the literature, we compare our value with what has be
reported for wurtzite GaN. A brief survey of articles gives
range of values:22.7 ~Ref. 20!, 24.1 ~Ref. 26!, 26.2 ~Ref.
49!, and 27.7 cm21/GPa ~Ref. 51! from biaxially stressed
GaN on sapphire. Our measurement for AlN is within t

ll
gy
I.

TABLE II. Literature values of the relevant elastic stiffness te
sor elements. The last column is the Raman-stress factor for thE2

2

phonon of AlN calculated using our data and the listed elastic c
stants.

Reference
C11

~GPa!
C12

~GPa!
C13

~GPa!
C33

~GPa!
k

~cm21/GPa!

35 419 177 140 392 26.361.4
33 345 125 120 395 26.761.5
34 411610 149610 9963.5 398610 24.461.0
36 410 140 100 390 24.561.0
39 396 137 108 373 25.461.3
3-5
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range of reported values for GaN. Although we do not kn
the reasons for the large spread in Raman-stress facto
GaN, we would like to emphasize that the study of high
uniform epilayers is essential for an accurate determinat
This is because Raman scattering measurements probe a
tively small excitation area~of the order ofmm2 to 0.1 mm2!,
providing local information on any film in which there ma
be spatial variation in the stress. In contrast, XRD probe
much larger area~of the order of mm2!, providing an average
strain property.

Using the shifts measured in theE2
2 phonon energy and

our Raman-stress factor, we can calculate stress in AlN u
Eq. ~1!. We measured the stress in films having differe
thicknesses~0.2–0.8mm!. We find that the stress general
decreases with increasing AlN thickness. The maxim
stress we observe is 1.560.4 GPa in our 0.2-mm-thick
samples. Since the thermal expansion coefficient of AlN
larger than that of Si, the epitaxial layer is subjected to
axial tensile stress when the sample cools following grow
Using the thermal expansion coefficients of silicon~Ref. 52!
and AlN ~Ref. 53! we expect a biaxial tensile stress in Al
of '0.7 GPa. The additional 0.8-GPa stress present in
0.2-mm AlN layers is attributed to the residual stress pres
due to incomplete relaxation of the AlN layer at the grow
temperature. In the 0.8-mm-thick sample, for which the Ra
man data are shown in Fig. 4 and summarized in Table I,
use theE2

2 phonon energy~653.6 cm21! to obtain the tensile
stress of 0.660.2 GPa. This is consistent with our estimati
for the stress due to the thermal expansion mismatch of
and Si.

V. SUMMARY AND DISCUSSION

The FTIR reflectance spectra show a drastic variation
character~Fig. 2! over the 0.06–0.80-mm range of thick-
nesses studied. These spectra are well described by a m
using damped Lorentzian oscillators for the dielectric fun
tions, taking into account the anisotropy of the AlN wurtz
structure. TheA1- and E1-symmetry phonon energies an
the AlN layer thicknesses are the primary parameters in
model.

Raman spectra show all phonons allowed in a direct ba
scattering configuration~Fig. 4!. Phonon energies agree wit
the FTIR measurements and with previous studies~primarily
Raman scattering of AlN grown on sapphire!. The E2

2 pho-
,
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non energy for AlN under no stress is found to be 657
60.2 cm21. By using combined Raman and XRD measu
ments, we obtain a Raman-stress factor for biaxial stress
AlN of 26.361.4 cm21/GPa. As is evident in Table II, the
Raman-stress factor based on our measurements is stro
affected by the values for the elastic constants. These v
substantially between reports. The same conclusion
reached by Kisielowskiet al.26 in connection with GaN. Fur-
ther measurements, aimed at finding an accepted set of
tic constants, are needed to improve our understanding o
effects of stress, in general. Stress in AlN due to the silic
substrate is tensile, inducing a redshift to theE2

2 band. The
stresses ranged between 0.6 and 1.5 GPa. The therma
pansion mismatch between AlN and the silicon substrate
sults in a stress of approximately 0.6 GPa. The additio
stress seen in some layers is attributed to residual str
which occurs during growth.

The stresses measured in AlN are quite large. In our p
vious work concerning GaN grown on silicon, we measur
a biaxial tensile stress of 0.40 GPa.23 This stress was wel
described by the thermal expansion mismatch between
epilayer and the silicon. GaN grown on sapphire is subjec
to large biaxial compressive stresses, ranging from 0.4 t
GPa.26 A stress value of 1.3 GPa has been observed rece
in Al xGa12xN layers grown on sapphire.54 This is very close
in magnitude to the largest stress we have seen in our AlN
samples. Even larger stresses~6.3 GPa! have been reported
in GaN-AlN superlattices grown on sapphire.55 Evidently,
large stresses are typical in the nitride system of semic
ductors when they are epitaxially deposited on common s
strates. The ability for the nitride layers to withstand su
stresses depends on the uniformity, crystal quality, and la
thickness.
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