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The lattice parameters and strain evolution in Al;_ In N films with 0.07<x<0.22 grown on
GaN-buffered sapphire substrates by metal organic vapor phase epitaxy have been studied by
reciprocal space mapping. Decoupling of compositional effects on the strain determination was
accomplished by measuring the In contents in the films both by Rutherford backscattering
spectrometry (RBS) and x-ray diffraction (XRD). Differences between XRD and RBS In contents
are discussed in terms of compositions and biaxial strain in the films. It is suggested that strain plays
an important role for the observed deviation from Vegard’s rule in the case of pseudomorphic films.
On the other hand, a good agreement between the In contents determined by XRD and RBS is found
for Al;_,InN films with low degree of strain or partially relaxed, suggesting applicability of
Vegard’s rule in the narrow compositional range around the lattice matching to GaN. © 2008
American Institute of Physics. [DOI: 10.1063/1.2924426]

I. INTRODUCTION

The potential of the group-III nitride semiconductor
family for optoelectronic and high-power as well as high-
frequency electronic applications was early recognized.l
Consequently, substantial efforts have been directed into the
growth and understanding of the physics of these materials.”
Among the ternary III-N systems, the Al,_JIn N alloys have
band gap energies spanning the unmatched range from
0.6 eV (InN) to 6 eV (AIN). However, the large differences
in thermodynamic properties, ionic sizes, and ionicity of the
constituting binaries make the growth of Al;,_JIn,N alloys
difficult. Hence, low-defect density and single-phase
Al;_/InN layers are rather rare and the Al;_,In N system is
one of the least studied III-nitride alloys. Recently, consider-
able research efforts have been focused on the growth of
high-quality Al;_,In N layers with composition around x
=0.16-0.18 allowing lattice match to GaN. Such lattice-
matched Al;_InN can be used as a buffer layer to grow
strainfree and low-defect density GaN, providing high charge
carrier densities at the heterointerface and high band off-sets
and high refractive index contrast with GaN. Although
Al;_,In,N-based Bragg reflectors, microcavities, and field-
effect transistors have been demonstrated,”® the precise con-
trol of alloy composition, which is mandatory for device de-
sign and fabrication, remains an issue.

A widely employed method to extract composition of
ternary alloys is based on the application of Vegard’s rule,
i.e., assuming that the relaxed lattice parameters of the ter-
nary can be calculated from a linear interpolation between
the relaxed lattice parameters of the respective binaries. The
applicability of this rule to the Al,_,In N system is, however,
disputable owing to the large difference in ionic sizes and
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ionicity of the binaries. Recent first-principle calculations in-
fer deviations from Vegard’s rule for wurtzite Al,_JIn/N al-
loys of 0.063 and —0.16 A for the a and ¢ lattice parameters,
re:spectively,7 while a good agreement with Vegard’s rule up
to In content of x=0.8 is predicted for cubic All_xIan.8 For
the InGaN system the combination of x-ray diffraction
(XRD) and Rutherford backscattering spectroscopy (RBS)
has been shown to be a valuable approach in studying the
interrelation between strain and composition.9_11 For the
Al;_In,N system experimental differences between the In
content x determined by XRD and RBS up to ~6.7% in
absolute magnitude are reported for alloys with 0.07<<x
<0.82, prepared by magnetron sputtering epitaxy on MgO
substrates.'> On the other hand, studies on near-lattice-
matched Al;_InN films grown on GaN-buffered sapphire
substrates by metal organic vapor phase epitaxy (MOVPE)
have revealed slight deviations of the order of 1% (in abso-
lute values) between the XRD and RBS In contents.' These
findings suggest that the experimentally observed deviations
from Vegard’s rule may depend on the growth technique and
conditions, material properties, strain, composition range,
and the method used to extract alloy composition from XRD,
which motivates further investigations.

Furthermore, lattice matching of Al,_InN to GaN
should be achieved for different values of the In composi-
tion, depending on the substrate used, GaN thickness, and
growth technique. Most often Al,_ In,N layers in device het-
erostructures are grown nearly lattice-matched rather than
lattice-matched and thus experience strain to a certain de-
gree. Strain relaxation, which takes place above the so-called
critical thickness, is often a driving force for a phase separa-
tion. Alloy composition, growth technique, and conditions
are again determinative factors. For instance, Al;_,In N films
grown by MOVPE on Si substrates are single phase and
pseudomorphic up to a thickness of 16 nm for x between

© 2008 American Institute of Physics
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FIG. 1. (Color online) Random and simulated RBS spectra from the ~14 nm thick Al,_In,N layers with In contents x=0.07 (a), x=14.8 (b), and x=0.21 (c)
and ~100 nm thick Al,_,In,N layers with In contents of x=0.128 (d), x=0.18 (e), and x=0.22 and x=0.264 (f).

0.13 and 0.31."*" On the other hand, when grown again by
MOVPE, but on sapphire substrates Al;_InN films are
single phase up to ~100 nm for x between 0.128 and 0.194
being pseudomorphic13 or deviating from pseudomorphic
growth.'(’ Strain relaxation was also shown to be critical for
the thermal stability of the alloy.I7 Besides, the degree of
strain itself may affect the precision of the values of alloy
composition extracted from XRD through the uncertainties
of the strainfree lattice parameters and stiffness constants of
AIN and InN. Knowledge of strain evolution with thickness
and composition in nearly lattice-matched Al,_In,N alloys
is therefore of importance for the device engineering and
performance. Further, these issues are of fundamental inter-
est since very little is known about the nature of the decom-
position in multicomponent nitride systems.18

In this work we report on a comprehensive study on
composition, lattice parameters, and strain evolution in
nearly lattice-matched Al,_ In N layers with varying thick-
nesses and x between 0.07 and 0.264 grown by MOVPE on
sapphire.

Il. EXPERIMENTAL

Two series of nominally undoped c-plane wurtzite
Al;_,In N films were grown by MOVPE on sapphire sub-
strates using 1 or 2 um thick GaN buffer layers.4 The first
series consist of five Al,_JIn,N layers with thicknesses of
~14 nm and using an 1.2 nm AIN interlayer.19 The change
in the In composition is achieved by varying the growth
temperature from 800 to 880 °C. The second series contains
five Al;_,In N layers with a thicknesses of ~100 nm. The
alloys are grown at 820 °C and the change in composition in

this case is achieved by varying either the trimethylalu-
minium and trimethylindium flow rates or in some cases by
fluctuations of the growth temperature.

RBS on the first ~14 nm thick sample series was per-
formed using a 1.7 MeV “He* beam at a grazing incidence
angle of 60° and a scattering angle of 170°. The second,
~100 nm thick sample series, were measured using 2 MeV
*He* beam, with normal incidence and at a scattering angle
of 167°. Both horizontal and vertical incident angles were
randomized to suppress channeling effects, for 7° and 1° in
the normal and grazing incidence cases, respectively. The
obtained data were fitted with the SIMNRA simulation code.*
Since the thickness of the thin films is around the depth
resolution of the used setup, the In content was calculated by
minimizing the mean square error between fit and experi-
mental curve for a series of thickness-composition combina-
tions. The total In coverage in atoms/cm? obtained from the
thickness-composition combinations with minimum error
was cross-checked to those evaluated by In peak integration
in the surface approximation10 and found to be in a good
agreement.

High-resolution XRD was performed using a Philips
triple axis diffractometer with a parabolic graded multilayer
mirror collimator, followed by a channel-cut two-bounce
Ge(220) monochromator on the primary side and an asym-
metric two-bounce Ge(220) analyzer crystal giving a reso-
lution of 36 arc sec (around 26=30° —40°).2!

lll. RESULTS AND DISCUSSION

Figure 1 shows representative random and fitted RBS
spectra from the thin (~14 nm) and thick (~100 nm)
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TABLE I. Thickness, In contents measured by RBS and XRD, lattice parameters a and ¢, and in-plane strain e, for the two series of Al;_In N layers.

Thin Al,_In,N

Thick Al,_,InN

Sample Al Bl Cl D1 El A2 B2 Cc2 D2 E2
Thickness (nm) 14.0 14.2 13.7 14.2 14.7 123 97 97 123 65/35
RBS In (%) 7.0 12.0 14.8 20.0 21.0 12.8 15.7 15.8 18.0 22.0/26.4
XRD In (%) 8.2 13.4 15.3 20.3 22.1 12.6 15.5 16.2 18.1 20.8
a (A) 3.1811 3.1824 3.1825 3.1828 3.1824 3.1786 3.1807 3.1800 3.1854 3.1862
¢ (A) 5.0064 5.0633 5.0842 5.1413 5.1623 5.0581 5.0890 5.0980 5.1138 5.1439
e,(1073) 12.82 6.38 2.64 -4.23 -5.69 4.11 0.85 0.495 -0.75 -5.82

Al;_In\N layers for three different compositions: lowest,
highest, and intermediate, respectively. The thicknesses have
been derived from the RBS area density thicknesses assum-
ing bulk atomic density according to AlInN crystal structure
and have been confirmed by scanning electron microscopy or
infrared spectroscopic ellipsometry. The thicknesses and ex-
tracted In contents x are summarized in Table I. The In con-
tents in the 14 nm thick Al;_In,N films were determined by
RBS to be between 0.07 and 0.21 [Figs. 1(a)-1(c) and Table
I]. The magnitude of the In content is found to decrease
linearly with increasing growth temperature in similarity
with In;_ Ga N alloys. In the ~100 nm thick Al;_,In N films
with x between 0.128 and 0.180 the In content is homoge-
neous across the layer thickness [Figs. 1(c) and 1(d), and
Table I]. Uniquely for the thick film with the largest In con-
tent, E2 (Table I), two sublayers with different In contents
have been identified: an interface layer with a thickness of
~65 nm and x=0.220 and a ~35 nm thick surface sublayer
with an In content as high as 0.264 [c.f. Fig. 1(f)]. We note
that some grading of In composition along the thickness of
the surface sublayer is in general possible. According to elas-
tic recoil detection analysis the impurity levels of O, H, C,
and Ga in the Al,_ In,N films are below the detection limit
of 1 at. %.

Symmetric reciprocal space maps (RSMs) around the
GaN 0002 reciprocal lattice point (rlp) (not shown here)
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show that there are no macroscopic tilts between the buffer
layers and the Al,_,In N films. Figures 2 and 3 show asym-

metric RSMs around the GaN 1015 rlp from the two series
of Al;_In N layers, respectively. The a lattice parameters of
the Al,_,In,N films and GaN buffer layers, evaluated from
the asymmetric RSMs, and the estimated in-plane strains are
plotted versus the In content as determined by RBS in Figs.
4(a) and 4(b), respectively (see also Table I). The calculated
lattice parameters according to Vegard’s rule, and using
af™N=3.111 A, ¢fN=4.98 A, 4{™=3.53774 A, and ™
=5.7037 A (Ref. 23) are also given in Fig. 4.

It is seen from the asymmetric RSMs in Fig. 2 that the
diffraction from the Al;_ In N and GaN layers have the same
lateral position, evidencing a pseudomorphic growth of the
thin Al,_,In,N layers [see also Fig. 4(a)]. The relatively large
transverse broadening of the RSMs (Fig. 2) associated with
the Al;_In\N layers is related to the limited film thickness.
In contrast the asymmetric RSMs of the thick Al;_,In,N lay-
ers (Fig. 3) are much narrower in the transverse direction.
The maximum full widths at half maximum of symmetric
and asymmetric rocking curves from the thick Al,_ In N lay-
ers do not exceed 190 and 170 arc sec, respectively, indicat-
ing state-of-the-art material in terms of defect density and
crystal quality of the alloys. The asymmetric RSMs from the
thick Al;_,InN layers reveal that none of them are fully

©
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FIG. 2. (Color online) Reciprocal
space maps around the GaN 105 recip-
rocal lattice point from the ~14 nm
thick Al,_JIn.N layers with In contents
of x=0.07 (a), x=0.120 (b), x=0.148
(c), x=0.20 (d), and x=0.210 (e). The
RSMs are normalized to the maximum
intensity and the same 19 contour lev-
els (from 0.0001 to 1) equidistant in
log scale are used in (a)—(e). The posi-
tions of fully relaxed and pseudomor-
phic growth of Al,_InN are given by
solid and dashed lines, respectively.
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coherent to the GaN buffer layer (Fig. 3). The Al,_InN
layers with In contents between 0.128 and 0.158 [Figs.
3(a)-3(c)] show deviation from the coherent growth towards
larger in-plane lattice parameters, indicating compressive
strain relaxation, whereas films with higher In content [Figs.
3(d) and 3(e)] show deviation from the coherent growth to-
wards smaller in-plane lattice parameters, indicating tensile
strain relaxation. Thus, lattice matching should occur be-
tween x=0.158 and x=0.18 for the particular GaN buffer
layers employed in the growth. Indeed Vegard’s rule predicts
lattice matching to our GaN buffer layers for an In content of
0.167 [see Fig. 4(a)]. Accordingly, the in-plane lattice param-
eters of the thick Al,_In,N films with x=0.157 and x
=0.158 are very close to the in-plane lattice parameter of the
GaN buffer layer ay,s. The more the In content differs from
the lattice-matched value the more elstic strain energy is
built up in the films for a given thickness. Consequently, the
observed deviations between the measured in-plane lattice
parameters of the GaN buffer layers and the thick Al;_In N
films increase with changing the alloy In content towards
lower or higher values, since it becomes increasingly more
difficult to maintain coherency of the growth. At the same
time the a lattice parameters measured and predicted by Ve-
gard’s rule start to deviate, giving rise to an increase in ten-
sile (compressive) in-plane strain in the alloys as their In
content decreases (increases) [Figs. 4(a) and 4(b)]. There-
fore, although the thickness of the films of ~100 nm appar-
ently exceeds the critical film thickness (even for x within
1% of the lattice matched In composition), the films remain
only partially relaxed. In general, strain relaxation may pro-
voke phase separation. The Al;_In,N film with x=0.22 ex-
periences some partial strain relaxation [Fig. 4(b)], which
may be the driving force for the formation of the layer with
a higher In content. In support of this interpretation is the
fact that no composition grading was detected for the thin
pseudomorphic layers with similar In content x=0.20-0.21.
We note that we have not detected any instability, which in
general may provoke a variation in the In content, during the

of x=0.128 (a), x=0.157 (b), x
=0.158 (c), x=0.180 (d), and x
=0.220 and x=0.264 (e). The RSMs
are normalized to the maximum inten-
sity and the same 19 contour levels
(from 0.002 to 1) equidistant in log
scale are used in (a)—(e). The positions
of fully relaxed and pseudomorphic
growth of Al,_In,N are given by solid
and dashed lines, respectively.

2.24 226 2.28 2.30 232

growth of the thick sample with x=0.22. It is worth also
mentioning that a formation of a sublayer with a different In
content, which is attributed to strain relaxation, has been
observed for Al,_JInN with x=0.24 by other researchers.”
Furthermore for the InGaN system, strain relaxation affects
the amount of In incorporated and it is not uncommon to
have alloys with varying strain and thus composition across
the film thickness.” It was also previously reported that thin-
ner MOVPE Al,_InN films are single phase up to x=0.32 if
they are fully strained.'*

A linear fit to the in-plane strain in the Al,_JIn,N films
renders for a strainfree material In content of x=0.1665 and
0.168 when the thick and thin layers are considered, respec-
tively. This finding is in a very good agreement with the
estimation of 0.167 for the lattice-matched value [Fig. 4(a)].
Note that the GaN buffer layers are slightly compressed with
respect to strainfree bulk GaN,* for which lattice matching
will occur at x=0.184. Indeed, for Al;_In,N films grown on
a less compressed GaN buffer layer an In content of 0.171 is
estimated for a strainfree material."?

The influence of strain and composition on the lattice
parameters must be separated in order to obtain the correct
In content in the Al;_,In N films from the XRD results.”?’
This can be achieved by taking into account that the
Al;_In,N films are under biaxial strain and thus according to
elasticity theory out-of-plane and in-plane strains obey the
following relationship:

Cal,_in N~ Co(*) 2C15(x) @al,_in N~ do(*)

colx)  Cyu) ao(x)

: (1)

where ¢ Al_In N and CAl,_ N are the measured alloy lattice
parameters, ¢, and a, are the relaxed parameters given by
Vegard’s rule, and C;; are the linearly interpolated stiffness
constants from the binary compounds. The correct In content
may then be obtained by solving Eq. (1).2%

The In contents in this work were calculated using the
above listed strainfree lattice parameters of AIN (Ref. 22)
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and InN (Ref. 23) and the stiffness constants from Ref. 28.
These materials’ parameters are listed in Table II and here-
after called materials’ parameters set I. The results are
shown in Fig. 5 by filled symbols for the thin and thick
Al,_,In N layers, respectively. A comparison between the
XRD and RBS In contents reveal a very good overall agree-
ment for the ~100 nm thick layers up to x=0.180. The rela-
tive deviations of the In contents determined by XRD as
compared to RBS vary from negative to positive values and
are less than 3.3% in magnitude for these samples with ho-
mogeneous In contents [Fig. 5(b)]. A larger difference be-
tween XRD and RBS In content Ax/x [Fig. 5(b)] of —=5.6% is
detected for the thick alloy with the highest In content, where
two sublayers with different In contents were detected by
RBS. The observed difference may be a result of an inherent
deviation from Vegard’s rule for the Al;_InN alloy system
that can take place with increasing In content. Recent first-
principle calculations inferred deviations from Vegard’s rule
for the Al;_,In N, which was attributed to relaxation of the
Al-N and In-N bonds.” However, bond relaxation (or rather
bond alternation) has been shown to coexist with the appli-
cability of Vegard’s rule to the lattice parameters of a number
of semiconductor alloys.29 Furthermore, first-principle calcu-
lations on zinc-blende Al,_In N indicate validity of Veg-
ard’s rule for In content below x=0.80.% Similarly, the lattice
parameter of cubic Ti;_, AL, N was shown to follow Vegard’s
rule for low fractions of AIN, but deviates increasingly with
increasing Al content.'® A presence of some minority phase,
which are not detectable by XRD, but may affect the RBS
results, cannot be excluded as a possible reason for the in-
creased deviation between the XRD and RBS contents ob-
served for our sample with In content x=0.22.

Interestingly, larger deviations between the In contents
determined by XRD and RBS are estimated for the thin
Al;_In,N layers that are fully strained to the GaN buffer
layer and thus experiencing a higher degree of strain com-
pared to the thick layers [Figs. 5(b) and 4(a)]. It should be
also noted that all deviations have a positive sign in similar-
ity with findings for thick Al;_ In N layers being pseudomor-
phic to the buffer layers."> As seen from Fig. 5(b) the mag-
nitudes of the differences between the XRD and RBS In
contents do not scale with the composition, but rather may be
correlated with the magnitude of the strain in the films. This
result suggests that for low In contents strain may play an
important role for the experimentally observed deviations
from Vegard’s rule. In principle, strain may affect the In

TABLE II. Lattice parameters aq and ¢ in A and elastic stiffness constants C,3 and Cs3 in GPa of AIN and InN

used to extract the XRD In content.

AIN InN

[<5) Co Ci3 ag Co Ci3 Cs3
Set I 3.111° 4.98* 108° 3.537 74° 5.7037° 92° 224°
Set II 3.113¢ 4.9816° 99° 3.537 74° 5.7037° 92° 224°

“Reference 22.
PReference 28.
“Reference 23.
dReference 31.
“Reference 32.
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(filled circles) and set II for the ~100 nm thick Al,_,InN (open triangles) and ~14 nm thick Al,_InN (open circles). One-to-one correspondence between

RBS and XRD results is represented by lines.

content extracted from XRD in two ways: (i) directly,
through stabilizing a structure with certain bond lengths for a
particular In content, and (ii) indirectly, through the relax-
ation of the lattice parameters. In the former case, the direct
effect implies a strain-driven deviation of the lattice param-
eters from Vegard’s rule. A possible explanation might be a
quenching of the AI-N bond length or more general a differ-
ent degree of relaxation of the two bond lengths: In-N and
Al-N. In this respect, it is worth mentioning that recent the-
oretical studies infer an important role of strain for the ther-
modynamic stability and redistribution of charges in group-
IIT nitride ternary alloys and predicts narrowing of the
miscibility gaps and critical temperatures.30

Concerning the indirect effect of strain, it is obvious that
the value of the XRD In content for given measured lattice
parameters is affected by the uncertainties in the strainfree
lattice parameters and stiffness constants of AIN and InN
[see Eq. (1)] and by the assumption of pure biaxial strain.
Although not applicable to our samples, we caution that sig-
nificant strain relaxation may cause some deviation from the
elasticity theory depending on the compositional range stud-
ied and thus may put at risk the application of Eq. (1). To
probe the sensitivity of the XRD In contents to the uncertain-
ties of the materials’ parameters we calculated x using
slightly different strainfree lattice parameters and stiffness
constants of AIN (Refs. 31 and 32) listed in Table II and
hereafter called materials’ parameters set II. The results are
plotted in Fig. 5 with open symbols for the ~14 nm thick
and ~100 nm thick films, respectively. The extracted In con-
tents have lower values as compared to the contents obtained
using materials parameters’ set I. This leads to an increase of
the deviation between XRD and RBS In contents for the
highest and, in particular, for the two lowest In contents in
the case of the thick Al,_,In,N films (Fig. 5). However, a

reasonable agreement between the XRD and RBS results for
In contents 0.128<x=<0.18 can still be seen (Fig. 5). It is
worth mentioning that a better agreement between the XRD
and RBS In contents of the MOVPE Al,_,In N films studied
in Ref. 13 can be achieved if set II of the materials’ param-
eters is used. On the other hand, we find that the use of set 11
leads to a decrease of the differences between XRD and RBS
In contents for the thin Al;_,InN films under tensile strain,
while there are no appreciable changes for the compressively
strained thin films (Fig. 5). Furthermore, it can be noted that
the use of different materials’ parameters could not reconcile
the RBS and XRD In contents for the highly strained thin
Al,_,In N films. Nonetheless, experimental work on the elas-
tic constants of the two binaries, in particular, InN, is needed
if quantitative conclusions about the deviations from Veg-
ard’s rule are to be drawn. In principle, the observed trends
may be affected by a difference in the elastic properties of
the films. However, having in mind the similarity in the
structural properties and growth conditions of the layers of
each series, the above suggestion does not seem probable.
Thus, we may conclude that Vegard’s rule seems to be appli-
cable for the MOVPE Al,_,In N films in the narrow compo-
sitional range close to the lattice-matched value to GaN
(0.128 <x<0.20) and within the sensitivities of the RBS and
XRD techniques. However, strain in the Al;_,In N films is
found to affect the differences between the In contents deter-
mined by XRD and RBS suggesting a strain-driven deviation
of the lattice parameters from Vegard’s rule in the case of
psedomorphic growth.

IV. CONCLUSION

We have presented strain and compositional analyzes of
Al,_InN films with 0.07=<x=<0.22 grown on GaN-buffered
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sapphire substrates by MOVPE. Films with homogeneous In
content can be grown up to an In content of x=0.18 and
thickness of ~100 nm. The increase of the In content up to
x=0.22 may lead to a formation of sublayers with different
compositions, which is suggested to be associated with strain
relaxation. Strain in the Al-rich Al;_InN films is found to
affect the differences between the In contents determined by
XRD and RBS for highly strained pseudomorphic films, sug-
gesting a strain-driven deviation of the lattice parameters
from Vegard’s rule in this case. On the other hand, a good
agreement between the In contents determined by XRD and
RBS can be obtained for Al-rich Al,_,In,N films with a low-
degree of strain or partial strain relaxation. An important
implication is that Vegard’s rule seems to be applicable to the
lattice parameters of Al;_In N in the vicinity of the lattice-
matched composition.
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