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The effect of film thickness on the strain and structural properties of thin epitaxial AlN films has been
investigated by high resolution x-ray diffraction techniques and transmission electron microscopy. As a result
a sublayer model of the degree of strain and related defects for all films is proposed. A sublayer with low defect
density and a strain gradient is found to be present in all films and it reaches a maximum thickness of 65 nm.
The films are compressively strained and the strain relaxation after a thickness of 65 nm is shown to be
accompanied by misfit dislocation generation and increase of the mosaic tilt. The vibrational properties of the
films have been studied by generalized infrared spectroscopic ellipsometry. The proposed sublayer model has
been successfully applied to the analysis of the ellipsometry data through model calculations of the infrared
dielectric function which confirm the sublayer model. It is found that the strain gradient results in a gradient of
the phonon mode frequencies and broadening parameter. The initial strain relaxation in the films leads to
narrowing of the observable infrared modes, while further strain relaxation broadens the modes when substan-
tial defect generation occurs.
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I. INTRODUCTION

Recently, much attention has been focused on AlN be-
cause of its attractive physical properties. Due to its high
thermal conductivity, high hardness, and stability at elevated
temperatures and in caustic environments, AlN is a good
candidate for electronic packaging applications. In addition,
AlN is considered a promising material for high power opti-
cal and surface acoustic wave device applications. AlN also
forms a continuous alloy system with GaN, exhibiting a tun-
able band gap, which is suitable for optical devices operating
from blue to the ultraviolet region.1 In addition, AlN thin
films have appeared to be one of the most suitable buffer
layers for good quality GaN growth on foreign substrates.2

Despite the recent progress, there are still problems to
synthesize the material in the form of high quality epitaxial
films.3 Among the different techniques used to obtain AlN,
reactive magnetron sputter epitaxysMSEd provides ultra-
high vacuum conditions and excellent opportunities to con-
trol the growth process.4 Using this technique AlN layers
with good crystalline quality and high purity have been
grown on SiC.4,5 We previously reported that high tempera-
ture MSE-AlN has been successfully used as a buffer layer
for hydride vapor phase epitaxysHVPEd of thick GaN layers
on sapphire.6,7 In contrast to metal organic vapor phase epi-
taxial GaN grown on low temperature AlN,8 no highly

faulted nucleation zone is found in HVPE-GaN grown on
high temperature MSE-AlN6,7 and the reason is believed to
be a specific microstructure of the AlN buffers. Details about
the effect of the buffer layer properties on the HVPE-GaN
quality and the epitaxial relationship between the AlN films
and the substrate were previously reported.4,9

Relatively high dislocation densities, mosaicity, tilted, and
twisted small crystallites are well-known characteristics of
III-nitride heteroepitaxial layers.10 Signatures of these de-
fects can be revealed by x-ray diffractionsXRDd techniques.
The application of XRD methods for studying III-nitrides
presents some challenges because there is an anisotropic dis-
tribution of dislocations in the films, related to the wurtzite
structure. A broadening of the XRD curves is affected not
only by the dislocation structure, but also by heterogeneous
strain, impurities, and instrumental broadening. Reciprocal
space mappingsRSMd provides an excellent tool for deter-
mining defect distribution and degree of strain relaxation in
films and heterostructures.11 We note that the studies of the
structural properties of thin AlN layers are mostly performed
with a focus on the application of the AlN as buffer layers
for a subsequent GaN growth.4,9,12–14

Another aspect is the lack of detailed studies of the strain
effect on the infraredsIRd vibrational properties of thin AlN
layers. We have recently reported on the experimental deter-
mination of the E1sTOd deformation potentials in AlN.15
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However, more information about the parameters of IR ac-
tive modes is needed, especially for the purposes of model-
ing the IR response of complex III-V nitride heterostructures,
which very often contain a thin AlN buffer layer strained to
a different extent16,17 or/and an AlN based alloy.18

In this work MSE-AlN layers ona-plane sapphire sub-
strates are studied by high resolutionsHRdXRD, transmis-
sion electron microscopysTEMd, and generalized infrared
spectroscopic ellipsometrysgIRSEd. We focus on the evolu-
tion of the strain versus layer thickness, and two main rela-
tions are investigated:(i) between structural properties and
strain and(ii ) between vibrational properties and strain. Fur-
ther, the strain in the films is correlated with the frequencies
and broadening parameters of the IR active phonon modes.

II. SAMPLES

AlN layers were deposited ons112̄0d-oriented sapphire
(a-plane) by reactive dc magnetron sputter epitaxy under
ultra-high vacuum conditionss,5310−9 Torrd. A 75-mm
diameter aluminum disk(purity of 99.999%) was used as a
target for sputtering in an atmosphere of purified nitrogen
gass99.999999%d kept at 10 mTorr. AlN layers with thick-
nesses in the range of 30–110 nm were obtained at a depo-
sition rate of 0.05 nm/s and a constant magnetron target cur-
rent of 1 A. The substrate-to-target distance was 135 mm
and the substrate temperature was kept at 1000°C, as mea-
sured by a thermocouple placed behind the substrate. It is
difficult to measure the temperature on the surface of a trans-
parent substrate, but it may be lower than 1000°C, due to IR
transparency.

III. EXPERIMENTAL AND THEORETICAL PROCEDURES

In order to determine the film thickness we performed
low-angle x-ray reflectivity(scattering angle 2uø20°) mea-
surements using a Bragg-Brentano diffractometer with
Cu Ka1-radiation, having an instrumental broadening of
,0.05°. The measured low-angle reflectivity curves were
simulated to obtain the film thickness, using the Philips soft-
wareWin-GIXA.19 The crystal structure of the AlN buffer lay-
ers was investigated by HRXRD using a Philips triple axis
material research diffractometersMRDd system. The pos-
sible scan axes are the azimuthal anglef, the tilt anglex
between the scattering vector and the sample surface, the
angle 2u between the incident and diffracted beams, and the
“rocking” anglev. A parabolic graded multilayer mirror col-
limator, followed by a channel-cut 2-bounce Ges220d mono-
chromator on the primary side and an asymmetric 2-bounce
Ges220d analyzer crystal giving a resolution of 36 arcsec
(around 2u=30–40°) were used for reciprocal space map-
ping. The reciprocal space mapssRSMsd were recorded as
consecutive coupled 2u−v scans each separated by anv
offset. Singlev and 2u−v scans were also measured by a
Philips MRD system equipped with a Ge 4-crystal(220)
monochromator and a symmetric 2-bounce Ges220d analyzer
in triple axis configuration. The latter gave a resolution of
12 arcsec using CuKa1-radiation.

To account for an eventual miscut of the substrate and to
provide reproducible measurements the following procedure
was employed in the HRXRD and RSM investigations. As a

first step the orientations of the AlNh101̄3j planes at grazing
angle of incidence were found in an azimuthalf-scan. In this
way the reflection planes were brought into the diffraction
condition without anyx inclination and therefore a broaden-
ing of the rocking curves due to possible azimuthal twist
between subgrains is avoided.20 Then the azimuth of the nar-
rowest and strongest peak was chosen. For this fixed azimuth
an optimization procedure of the angle of inclinationx was
applied by performing successive AlN 0002v-scans, each
separated by a smallx offset and then a similarf optimiza-

tion was performed at the AlN 1013̄ peak. Finally all angular
svd and radials2u−vd scans, as well as the RSMs were
carried out at the optimizedxopt andfopt angles.

Room-temperature gIRSE measurements were performed
in the spectral range of 350–1500 cm−1 with a spectral reso-
lution of 2 cm−1, and at 70° angle of incidence. Details about
the rotating-compensator Fourier-transform-based spectro-
scopic ellipsometer(J. A. Woollam Co., Lincoln, USA) used
are reported in Ref. 21.

The samples were oriented such that the sapphire[0001]
axis and the plane of incidence included an angle of approxi-
mately 45°. All measurements were performed in the gener-
alized spectroscopic ellipsometry mode, and the spectra of
the normalized complex Jones matrix elementsRpp, Rps, and
Rsp defined further below, were determined.

Ellipsometry determines the ratio of the complex reflec-
tion coefficientsRp andRs for light polarized parallelspd and
perpendicularssd to the plane of incidence, respectively,22

r = Rp/Rs = tanC expsiDd, s1d

whereC and D denote the ellipsometric angles. Since both
AlN and sapphire are anisotropic materials and because of
the a-plane orientation of the substrate(the AlN layers are
c-plane oriented themselves) it is necessary to apply a gen-
eralized ellipsometry approach.23–25 In the generalized ellip-
sometry situation Eq.(1) depends on the polarization state of
the incident plane wave and the respective parametersCi j
andDi j si , j =p,sd are defined by the following ratios of the
polarized light reflection coefficients:26

rpp

rss
= Rpp = tanCpp expsiDppd, s2d

rps

rpp
= Rps= tanCps expsiDpsd, s3d

rsp

rss
= Rsp= tanCsp expsiDspd. s4d

A regression analysis is necessary to obtain the IR optical
properties from the IRSE data. Further details about the data
analysis are given in Refs. 18 and 27 and references therein.
The anisotropic AlN dielectric function is parametrized as
follows (j =i and j =' to thec-axis):
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« jsvd = «`,j
v2 + igLO,jv − vLO,j

2

v2 + igTO,jv − vTO,j
2 , s5d

wherevTO,', vTO,i, vLO,' andvLO,i denote the frequencies
of the AlN E1sTOd, A1sTOd, E1sLOd, and A1sLOd modes,
respectively andgTO,', gTO,i, gLO,', gLO,i are the respective
broadening parameters.«`,' and«`,i are the high-frequency
limits for polarization perpendicular and parallel to the AlN
c-axis.

TEM imaging was performed using a Philips electron mi-
croscope operated at 200 kV. Cross-sectional samples were
prepared by a conventional procedure including mechanical
polishing followed by ion milling to electron transparency.
The TEM imaging was performed at imaging conditions(g,
3g), gAlN =s0002d.28

IV. RESULTS AND DISCUSSION

A. Strain evolution

The XRD analyses were initiated with 2u−v scans that
showed that all films consist ofc-oriented crystalline wurtz-

ite AlN with s0001dAlN / / s112̄0dsapphire. The AlN 101̄3 azi-
muthalf scans of all AlN layers(not shown here) exhibited
six-fold symmetry showing that the films are epitaxial with

an epitaxial relationship s0001dAlN / / s112̄0dsapphire and

f11̄00gAlN / / f0001gsapphire.
Figure 1 shows high resolution reciprocal space maps

around the 0002 AlN reciprocal point from films with differ-
ent thicknesses. A well-resolved main peak and a low-
intensity streak in the direction normal to the sample surface

are seen in all RSMs in Fig. 1. Thec lattice parameter is
determined for each film from the RSM main peak using the
transverse scattering vectorq'

q' =
4p

l
sin u cossu − vd =

2p

d'

, s6d

and

c = ld', s7d

where d' is the lattice spacing perpendicular to the film
plane andl =2 is the respective Miller index. The achieved
precision in the determination of the lattice parameter is 2
310−5. The calculated lattice parametersc of all AlN films
are larger than the unstrained one for bulk AlNc0
=4.9816 Å.29 The value of the out-of-plane strain decreases
with increasing film thickness from 30 to 110 nm as 0.39,
0.36, 0.25, and 0.15% indicating some partial strain relax-
ation.

The a lattice parameter was determined for one represen-

tative sample from the 1013̄ RSM(not shown here) using the
lateral scattering vectorsqi

a =
2p

qi

Î4

3
sh2 + k2 + hkd. s8d

We found that thea lattice parameter is smaller than that one
of unstrained AlNa0=3.1130 Å (Ref. 29) showing a pres-
ence of in-plane compressive strain in the film. Such a biax-
ial compressive stress is expected to occur in AlN layers on
sapphire due to the difference in the thermal expansion co-
efficients of sapphire and AlN.30 The ratio between the in-
plane and out-of-plane strain gives value of 2.1 being

FIG. 1. Reciprocal space maps around the 0002 Bragg peak of AlN layers with different thicknesses:(a) 30 nm,(b) 50 nm,(c) 70 nm,
and(d) 110 nm. Note the difference in the lateral scattering vector scales. The intensity is normalized and plotted as 0.9, 0.5, 0.4, 0.3, and
0.2 for all samples measured. Note that the second contour renders the full width at half maximum. Models of the sublayer structure of each
film derived from the XRD results are shown for all films below the corresponding map.
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slightly lower than theC33/C13 value of 2.8(Ref. 31). The
observed difference can be understood having in mind the
uncertainty of the stiffness constants of AlN. Another expla-
nation could in principle be a contribution of hydrostatic
strain. However, such contribution should be rather small in
our films since previous study on MSE-AlN showed that the
films are stoichiometric with low impurity levels.4 Hence, we
conclude that the in-plane strain in our films is of biaxial
compressive nature. The presence of biaxial compressive
strain in the films has been confirmed by the observed blue-
shift of theE1sTOd mode frequency with increasing strain.15

It is seen from Figs. 1(a)–1(c) that the RSMs of 30-, 50-,
and 70-nm-thick AlN reveal very narrow main peaks in the
direction parallel to the surface plane and elongated in the
surface normal direction, which is typical for strained epitax-
ial layers.32 However, the 0002 peak is twice broader for the
70-nm-thick AlN compared to the 50-nm-thick AlN, indicat-
ing that the initial strain relaxation proceeds via misfit dislo-
cation formation or/and increase of the tilt component[Figs.
1(b) and 1(c)]. An additional lattice distortion in this film
could be inferred from the broadening of the low-intensity
RSM component in lateral direction. The 0002 peak of the
110-nm-thick AlN is considerably broadened in the direction
parallel to the surface plane. The observed peak shape is
characteristic for a relaxed single crystalline film with a dis-
torted lattice resulting from a generation of misfit relaxation
dislocations.32

The low-intensity streak in all the RSMs in Fig. 1 appears
at lower scattering vectors than the main peak. This implies
that the scattering comes from a “sublayer” with largerc
lattice parameters than that one of the main layer, i.e., the
“sublayer” is more strained. The streak is elongated in the
direction perpendicular to the sample surface suggesting a
strain gradient along the growth direction. A strain gradient
in thin AlN layers on sapphire has previously also been ob-
served by XRD using synchrotron radiation.33 On the other
hand no diffuse scattering can be seen around the streak(Fig.
1) indicating that the gradual change of the lattice parameter
is not accompanied by a generation of structural defects.
Such a strain relaxation mechanism is based on the dimin-
ishing of the lattice mismatch as a result of atomic rearrange-
ments and may include a change of stoichiometry.34 The
presence of a strain gradient in our films is also manifested in
their radial scans. Figure 2 shows single 2u−v scans for the
AlN films with different thicknesses. The shift of the main
peak toward larger scattering angles indicates a strain relax-
ation, while the presence of an additional low-intensity peak
at the low-angle side of the main peak can be associated with
a strain gradient in the films. Figure 3(a) shows the 2u−v
scan of the 50-nm-thick film together with a simulation curve
obtained using the softwareEpitaxy 3.0 provided by Philips.
The simulation is performed for strained AlN with thickness
of 49.5 nm which agrees well with the x-ray reflectivity re-
sults about the film thickness of 50 nm. The x-ray reflectivity
measurement and the respective simulation curve are given
in Fig. 3(b). As seen from Fig. 3(a) there is higher scattered
intensity at the low-angle side of the peak only in the experi-
mental scan which is a direct indication of the presence of a
strain gradient in the film. In addition, interference fringes
can also be seen in the experimental radial scan. They can be

detected only in relatively thin layers with a high crystal
quality and parallel interfaces. This result is in agreement
with the RSM results[Fig. 1(b)] showing a peak which is
narrow in the direction parallel to the sample surface, and it
is also consistent with the abrupt and parallel interfaces, ob-
served by high resolution transmission electron microscopy.7

It is seen from Fig. 2 that the intensity of the strain gradient
peak decreases appreciably with increasing thickness as
compared to the main peak intensity. Moreover, the strain
gradient peak can hardly be detected in the single scan of the
thickest AlN film. This evolution with film thickness
indicates that the highly strained graded “sub-
layer” appears most probably at the interface with the sub-
strate in order to accommodate the large lattice mismatch.
Therefore, based on the RSM and single scan XRD analysis
we suggest that the observed low-intensity streak in the
RSMs could be attributed to the presence of an interfacial
layer with low defect density and a strain gradient along the
growth direction.

B. Strain and structural properties

The full width at half maximum(FWHM) variation of the
AlN 0002v peak with film thickness is shown in Fig. 4. One
can see a minimum in the dependence around 50 nm and
after that the FWHM increases from 20 to 3240 arcsec with
increasing AlN thickness up to 110 nm. The broadening of
the 0002 rocking curve indicates an increase of mosaic tilt
and density of dislocations with a screw component and a
line component along the[0001] direction.35 In principle, the
broadening of the 0002 rocking curve could also be due to a
presence of domains with small lateral sizes. It is unlikely to
have such a contribution to the broadening in our case, since
a domain boundary annihilation is usually observed with in-
creasing film thickness.36 Our results suggest that for
MSE-AlN on sapphire the critical thickness needed for mis-
fit dislocations to appear and consequently to relieve the
strain, is between 50 and 70 nm. It has been shown that the

FIG. 2. 2u–v scans of the 0002 Bragg peak of AlN layers with
different thicknesses: 30 nm—solid line, 50 nm—dashed line,
70 nm—dotted line, and 110 nm—dash-dotted line. The main peak
and the strain gradient peak are indicated.
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critical thickness in the case of metal organic vapor phase
epitaxial AlN layers on sapphire is less than 90 nm.37 In

contrast to the 0002 rocking curves the asymmetric 1013̄ v
peaks of all AlN layers are very broad, with FWHMs typi-
cally around 4000 arcsec, measured without the symmetric
analyzer(for intensity reasons). In this measuring geometry
broadening due to finite thickness is superimposed with the
v-broadening due to structural defects. A broadening due to
finite thickness effects would be at most 1200 arcsec as es-

timated from the transverse widths of the 1013̄ peak, which
is much less than the observed FWHMs. Therefore, the ob-
served large values of 4000 arcsec could be related to the
presence of defects. The peak widths of the asymmetric re-
flectionshkil planes withh and/ork nonzero are affected by
the density of threading edge dislocations and the mosaic
twist.35 An azimuthal twist(twist axis parallel to thec-axis)
broadens all reciprocal lattice points circumferentially

around thec-axis. Then, for the the 1013̄ peak, which is
measured without any inclination of the surface normal with
respect to the substrate plane, the twist broadening is perpen-
dicular to the scattering plane and thus do not contribute to
the rocking curve width.20 Therefore, the major effect caus-

ing the observed 1013̄ rocking curve broadening is the den-
sity of edge type dislocations. We note that the symmetric
rocking curves of the AlN layers are much narrower com-

pared to the respective asymmetric 1013̄ peaks. Thus, our
results show that the dislocations in the MSE-AlN layers are
predominantly of edge type, similarly to earlier observations
for GaN grown by HVPE and molecular beam epitaxy.20,35

The broadening of the symmetrical Bragg peaks in radial
direction is caused by small coherence lengths in the surface
normal direction and heterogeneous strain along the c-axis.
These two effects can be separated either by using their dif-
ferent dependency on the diffraction vector or by the differ-
ent manner they affect the peak shape.38 Using the second
method we obtained the structural coherence lengths normal
to the surface from the integral 0002 2u−v peak widths.38–40

The AlN 0002 2u−v FWHMs and the corresponding coher-
ence lengths as a function of the film thickness are shown in
Fig. 5. The FWHM of the radial scan decreases with increas-
ing AlN thickness indicating an increase of the coherence
length. For the 30-nm-thick film the estimated coherence
length coincides with the corresponding film thickness(plot-
ted with a solid line in Fig. 5). The coherence lengths of the

50- and 70-nm-thick films are 38 and 56 nm, respectively.
These results imply that the 2u–v FWHMs for these
samples are mainly limited by the layer thickness and not by
crystalline defects. The structural coherence length of the
110-nm-thick AlN is 63 nm suggesting a deterioration of the
crystal quality with increasing thickness, as already inferred
by the broadening of the rocking curve(Figs. 1 and 4). To
further support these XRD findings a TEM study was per-
formed. A TEM weak beam dark-field image of a cross-
section of the thickest AlN sample is shown in Fig. 6. Re-
gions with Moire fringes,41 indicated by arrows, are well
resolved in the image. They are caused by the presence of
grains with a deviation of their c-axis from the one of the
main film and indicates mosaicity in the film. It is seen that
the mosaicity increases towards the top surface of the film in
accordance with the XRD results showing a distorted crystal
quality after a certain thickness(Figs. 1, 4, and 5). In addi-
tion, the interfacial region of the layer is apparently free of
dislocations and with low density of mosaic regions in agree-
ment with the RSM results. Therefore, we conclude that a
layer with a distorted crystal quality is formed on the top of
the film after a certain thickness. Based on the RSM, single
XRD and TEM results a model of the sublayer structure,
characterized by different degrees of strain and defect den-
sity can be derived for each film. This is schematically pre-
sented in Fig. 1, where the sublayer structure is shown for all

FIG. 3. (a) Experimental(solid
line) and simulated(dotted line)
2u–v scan over the 0002 peak of
the 50-nm-thick AlN film (note
the log scale). Convolution with
the x-ray optics broadening is in-
cluded in the simulation.(b) Ex-
perimental(solid line) and simu-
lated (dotted line) x-ray
reflectivity curves of the 50-nm-
thick AlN film.

FIG. 4. Full widths at half maximum of AlN 0002v scans
versus thickness. The line represents only a guide to the eye.
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films below the corresponding RSM. All models include an
interfacial layer with low defect density and a strain gradient,
hereafter calledgraded AlN layer[Figs. 1(a)–1(d)]. A re-
laxed layeris added on the top of the graded layer for the
70-nm-thick film following the XRD findings that an initial
strain relaxation via misfit dislocation generation and in-
crease of the mosaic tilt occurs in the film[Fig. 1(c)]. The
HR RSM and XRD analysis and the TEM show a deteriora-
tion of the structural parameters of the 110-nm-thick AlN
layer [Figs. 1(c), 3, and 4], which is accounted for in the
model by adding adefective layeras shown in Fig. 1(d).

C. Strain and vibrational properties

Figures 7 and 8 show experimental and calculatedC and
D spectra, respectively, for the 30-, 50-, 70-, and 110-nm-
thick AlN layers. The off-diagonal elementsCps, Dps, and
Csp, Dsp are shown only for the thinnest AlN layer and are
not included for the rest of the films for the sake of simplic-
ity. The application of generalized ellipsometry is required
since besides the anisotropic dielectric functions and the film
thickness, the sample orientation needs to be found.42 The
off-diagonal elements are mostly needed to locate the exact
in-plane orientation of the sapphirec-axis during the gIRSE
measurements, i.e., the angle that the sapphirec-axis in-
cludes with the plane of incidence. Prerequisite for the data

analysis is the precise knowledge of the sapphire dielectric
functions, which was reported by Schubertet al.27 and it was
taken without any changes in the present work. To obtain the
calculated data for each sample the models derived from
the XRD analyses were used. The models were constructed
of several “layers” on the base of the respective
AlN 0002 RSM, also shown in Fig. 1 above the correspond-
ing model. The model parameters that were allowed to vary
during the gIRSE data analysis are theE1sTOd, E1sLOd, and
A1sLOd frequency and broadening parameters,«`, the thick-
ness of each “layer,” and the in-plane orientation of the sap-
phire[0001]. Due to thec-plane orientation of the AlN layers
the ellipsometry data are not sensitive to the TO resonance
frequency with polarization vector parallel to the sample
normal.18 Consequently, theA1sTOd phonon mode resonance
could not be found and a value of 611 cm−1 (Ref. 31) was
used in the calculated data as an input parameter. We used a
multiple-sample best-fit procedure which employs a simulta-
neous minimization of all weighted error functions for each
experimental set and the respective model calculation, where
all model calculations share a common set of parameters for

FIG. 5. Full widths at half maximum of AlN 0002 2u–v scans
(squares) and the corresponding coherence lengths(triangles) as a
function of the film thickness. The film thickness is given by the
straight line for convenience.

FIG. 6. TEM weak beam dark-field image of the 110-nm-thick
AlN film on a-plane sapphire. Some of the mosaic domains are
indicated by arrows.

FIG. 7. Experimental(dots) and calculated(solid lines) gIRSE
Cpp spectra of AlN films with different thicknesses:(a) 30 nm,(b)
50 nm, (c) 70 nm, and(d) 110 nm. The generatedCps and Csp

spectra are shown with dashed and dotted-dashed lines, respec-
tively, only for the 30-nm-thick AlN film. The frequencies of the
strain-free AlN phonon modes ofA1 and E1 symmetry, as well as
the A2u andEu phonon modes of sapphire are indicated by vertical
lines (solid lines: TO phonons; dotted lines: LO phonons).
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the individual model layer constituents.43 In this way each of
the sublayers(graded, relaxed, and defective sublayers) con-
tain common parameters in the models for all samples. The
E1sTOd, E1sLOd, and A1sLOd frequencies and broadening
parameters are varied along the thickness of the graded layer
in a linear manner. The grading of the IR mode parameters
was realized by approximating the graded layer with 12 ho-
mogeneous layers. No grading of these parameters is applied
for the relaxed and defective layers. In such a way the cal-
culated data for the 30- and 50-nm-thick AlN layers were
obtained using a three-phase model: ambient/graded layer/
substrate. For the 70-nm-thick film we used a four-phase

model: ambient/relaxed layer/graded layer/substrate. Finally,
for the 110-nm-thick AlN film a five-phase model was em-
ployed: ambient/defective layer/relaxed layer/graded layer/
substrate. We note that the three-phase model could not be
applied to the 70- and 110-nm-thick AlN films. In addition,
the introduction of a defective layer in the model of the
thickest sample significantly improves the agreement be-
tween measured and calculated data. These results further
justify the proposed sublayer model of the degree of strain
and related defect structure.

The gIRSE spectra of the samples are dominated by the
reststrahlen bands of sapphire, indicated by the brackets be-
low spectra(a) in Figs. 7 and 8. The sharp peaks in bothC
and D spectra within the sapphire reststrahlen range
s300–980 cm−1d are due to bands of total reflection for thep
and s polarized light components between theEu and A2u
phonon modes(for further details see Ref. 27). The lattice
modes of the AlN films also affect theCpp andDpp spectra.
In particular, the gIRSE spectra provide high sensitivity to
the frequency and broadening parameter of the AlNE1sTOd
mode. It is seen in Figs. 7 and 8 that for all samples a dis-
tinctive spectral feature inCpp and Dpp appear near the
E1sTOd resonance. The appearance of a spectral feature in
Cpp related to theA1sLOd mode has been shown to depend
on the film thickness, mode broadening, and layer
sequence.44 No A1sLOd related feature is detected for our
films. On the other hand, no spectral structure could be di-
rectly attributed to theE1sLOd mode, but bothA1sLOd and
E1sLOd phonon mode parameters can be obtained from the
line-shape analysis. Due to the very small thickness of the
films compared to the wavelength of the IR probe beam, the
IR data have little sensitivity to the anisotropy of the AlN IR
optical properties. Therefore, we treated the parameters
vLO,j, g j, and«`,j isotropically. The best-fit parameter values
for the AlN films are given in Table I. The gIRSE results
show that close to the interface with the substrate the AlN
E1sTOd frequency is 692 cm−1 (Table I). This value is larger
than the strain-free value of 669 cm−1 (Ref. 45) indicating
the presence of compressive biaxial strain in the films. The
result is in agreement with the HRXRD findings about the
highly strained interfacial layer with a largerc lattice param-
eter. With increasing thickness along the graded layer the
strain relaxation is manifested by decreasing theE1sTOd fre-
quency, which reaches a value of 674 cm−1 at the top of the

FIG. 8. The same as in Fig. 7 forDpp, Dps, andDsp.

TABLE I. Best-fit values for the high-frequency dielectric constant«`, the E1sTOd and (isotropically
averaged) LO frequencies, as well as for the phonon mode broadening parameter and the thicknesses of
the individual sublayers, according to the gIRSE regression analysis using the sublayer models depicted
in Fig. 1.

AlN «` vE1sTOd scm−1d vLO scm−1d g scm−1d
Thickness(nm)

30a 50a 70a 110a

Graded layer
(bottom-top)

3.19±0.03b 692±2−674±2 892±1−884±6 160±3−4±1 40±1 64±1 65±1 58±5

Relaxed layer 3.80±0.1 669±1 913±2 15±1 15±1 33±2

Defective layer 3.80±0.1 673±2 913±2 68±4 24±3

aThickness of the whole layer as determined by x-ray reflectivity.
bParameter not graded.
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layer. We note that theE1sTOd frequency covers a much
broader interval of values along the graded layer due to the
large broadening parameter. The strain gradient along the
graded layer,Dezz, can be estimated from the RSMs accord-
ing to Eqs.(6) and(7) and using the strain-free value of the
c lattice parameter reported in Ref. 29. Then, in the case of
predominant biaxial strain, we estimated the frequency shift
of the E1sTOd mode along the graded layer using15

DvE1sTOd = S− aE1sTOd
C33

C13
+ bE1sTOdDDezz, s9d

whereaE1sTOd and bE1sTOd are the deformation potentials of
the AlN E1sTOd mode andCij are the stiffness tensor ele-
ments. ForC33/C13 we used the above obtained value of 2.1.
We obtained frequency shifts of 61.4 and 60.3 cm−1, when
using the experimentally determined deformation potentials
for theE1sTOd mode in Refs. 15 and 46, respectively. These
values are larger than theE1sTOd frequency shift of 18 cm−1

directly obtained from the gIRSE results for the graded layer
(see Table I). We note that a possible contribution of hydro-
static strain, related to some stoichiometry change along the
graded layer, is not accounted for in Eq.(9). The difference
between the estimated values of theE1sTOd frequency shift
and the determined one from the gIRSE can be explained by
the uncertainty in the stiffness constants and in the deforma-
tion potentials.15,46 It is worth mentioning that the experi-
mentally determined deformation potentials of the AlN pho-
non modes reported so far15,46 are based on studies of
relatively thin AlN films. Therefore, a presence of a strain
gradient that has not been accounted for may influence the
determined values and could possibly explain the existent
discrepancy between experimentally determined and calcu-
lated deformation potentials.15,46,47 The broadening param-
eter also evolves with strain, being much larger at the inter-
face with the substrate and gradually decreasing along the
thickness of the graded layer(Table I). In principle, the near-
interface region in highly mismatched heterostructures is
usually very defective, due to the accommodation of the
large lattice mismatch between the substrate and the film.48

Therefore, a large value of the broadening parameter close to
the interface would not be surprising and could be related to
the presence of defects. However, we note that the RSM and
TEM results showed that the interfacial sublayers of the
films are virtually free of dislocations and with low degree of
mosaicity, which we relate to an initial coherent growth of
highly strained AlN with a strain gradient. Another possible
explanation is that the broadening parameter could be wid-
ened in an attempt to mimic a larger strain gradient than the
one given by the frequency shift or to account for a possible
nonlinear grading. Similar to theE1sTOd mode, the LO
frequency also experiences a shift along the graded layer
(Table I).

TheE1sTOd mode in the relaxed layer has a frequency of
669 cm−1 coinciding with the strain-free value45 and a rela-
tively small broadening parameter of 15 cm−1 (Table I). The
structural investigations showed that further growth up to a
thickness of 110 nm is disturbed by dislocation generation
and increase of the degree of mosaic tilt(Figs. 1 and 4–6).

This is manifested in the gIRSE response by an increase of
the broadening parameter up to 70 cm−1 and the value of the
E1sTOd frequency up to 674 cm−1 with respect to the corre-
sponding values for the relaxed layer. The latter could be
related to microstructure variation or generation of defects
which create strain fields. We note that the generation of
strain possibly due to grain growth or island coalescence was
detected byin situ measurements for thick GaN films.49

The total thicknesses of the AlN films determined from
the gIRSE results are very close to the values estimated by
XRD, being slightly larger. The observed difference is most
probably related to the employment of different model pa-
rameters in the gIRSE and x-ray reflectivity data simulations.
These model parameters(for instance, the material density
and the dielectric constant) differ from the bulk values avail-
able in the literature and in addition are strongly dependent
on the defect structure in a complex manner and may corre-
late with the film thickness.50 The results for the individual
thicknesses(Table I) show that a strained growth of high
quality material is realized up to a thickness of 58–65 nm, in
agreement with the XRD findings that the strain relaxation
via misfit dislocation generation occurs between 50 and
70 nm. Further relaxed growth of approximately 25 nm
without a significant deterioration of the crystal quality can
be achieved. Any further increase of the film thickness is
related to substantial defect generation. We note that the
thickness value of 58–65 nm of the high-quality strained
AlN layer also confirms our previous findings for the optimal
buffer thickness for subsequent HVPE-GaN growth.6,9

V. CONCLUSIONS

The strain evolution and its effect on the structural and
vibrational properties of thin epitaxial AlN layers with dif-
ferent thicknesses have been studied by HRXRD, TEM, and
gIRSE. Based on the HRXRD and TEM results a model of
the strain evolution with film thickness and related defect
structure is suggested and it is successfully applied to the
gIRSE data analysis. A layer with low defect density and a
strain gradient is found to be present in all films and has been
suggested to form at the interface with the substrate. The
strain gradient is manifested in a gradient of the frequency
and broadening parameters of the observable IR active
modes along the thickness of the graded layer, showing
higher strain at the interface which decreases towards the
top. All films are compressively strained and partial strain
relaxation occurs with increasing film thickness, resulting in
narrowing of the IR active modes and shift of theE1sTOd
frequency towards the strain-free value. We found that after a
thickness of about 58–65 nm the strain relaxation is accom-
panied by a misfit dislocation generation, an increase of the
mosaic tilt and a decrease of the coherence lengths. There-
fore, the critical thickness needed for misfit dislocation gen-
eration is estimated to be between 58 and 65 nm. The value
of the E1sTOd frequency of the relaxed layer is found to
confirm previous result for AlN single-crystals, while the LO
frequency is found to be somewhat higher than both the
E1sLOd and A1sLOd frequencies of AlN single-crystals. A
substantial generation of defects is observed at a thickness of
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110 nm which results in broadening of the IR active modes
and a small blueshift of theE1sTOd frequency.

It is worth noting that the results for the degree of strain
and related defect density, and the individual thicknesses of

the sublayers deduced from the gIRSE analysis are in good
agreement with the HRXRD findings. Therefore, the gIRSE
has been demonstrated to be an excellent tool for studying
strain evolution in thin films with complex strain behavior.
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