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We have studied the effects of rapid thermal annealing at 1300 °C on GaN epilayers grown on AlN
buffered Si�111� and on sapphire substrates. After annealing, the epilayers grown on Si display
visible alterations with craterlike morphology scattered over the surface. The annealed GaN/Si
layers were characterized by a range of experimental techniques: scanning electron microscopy,
optical confocal imaging, energy dispersive x-ray microanalysis, Raman scattering, and
cathodoluminescence. A substantial Si migration to the GaN epilayer was observed in the crater
regions, where decomposition of GaN and formation of Si3N4 crystallites as well as metallic Ga
droplets and Si nanocrystals have occurred. The average diameter of the Si nanocrystals was
estimated from Raman scattering to be around 3 nm. Such annealing effects, which are not observed
in GaN grown on sapphire, are a significant issue for applications of GaN grown on Si�111�
substrates when subsequent high-temperature processing is required. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2259817�
I. INTRODUCTION

Heteroepitaxy of GaN on Si�111� substrates is an inter-
esting alternative for the fabrication of light emitting diodes
�LEDs� and field effect transistors �FETs� because of the
availability of large high-quality Si substrates at much lower
cost than the sapphire and SiC substrates used for commer-
cially available blue and green LEDs. Also, the development
of a nitride-based optoelectronic technology on silicon is
highly attractive for a possible integration with the main-
stream Si�001� technology.1 A major problem for the growth
of good quality GaN epilayers on Si is the large difference in
thermal expansion coefficients, which in the cooling process
often leads to cracked layers unsuitable for devices. Also, Si
diffusion from the substrate2,3 and the formation of an amor-
phous SiNx layer at the interface2 contribute to degrade the
epilayer quality. The insertion of an AlN buffer is widely
used to avoid these problems and to accommodate lattice
mismatch. The realization of LED structures grown by mo-
lecular beam epitaxy �MBE� on Si�111� �Ref. 4� spurred the
efforts on GaN-based devices on Si. In the last few years,
there has been significant progress in the growth of high-
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quality, thick GaN layers on Si. Several approaches to alle-
viate the thermal mismatch effects have been proposed.5

High-quality AlGaN/GaN heterostructures with two-
dimensional electron gas �2DEG� electron mobilities as large
as 1800 cm2/V s have been obtained with good uniformity
on 100 mm Si substrates.6 Recently, a commercial company
�Nitronex Inc.� has announced the release of a 50 W rf
power transistor based on proprietary GaN on Si technology.
The emission efficiency of GaN-based LED on Si is severely
limited by the presence of cracks in the material and by high
absorption losses in the GaN layer and in the Si substrate.
Virtually crack-free LED structures were grown on Si by
using low-temperature AlN interlayers and by in situ inser-
tion of a SixNy mask.7 Although blue LEDs obtained by this
technique yielded an output power of 152 �W at 20 mA,
which is sufficient for low-power signaling applications, the
development of GaN-based LED devices on Si is still mainly
restricted to academic research work.

Ion implantation is a doping technique specially suited to
produce selective doping with high lateral definition and
good control on the doping profile. The process introduces
damage in the host lattice and a postimplantation thermal

annealing step is required to restore crystallinity and activate
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the dopants. In the case of GaN layers grown on Si substrate
ion implantation doping may be problematic, since lattice
recovery of implanted GaN is achieved only for annealing
temperatures above 1200 °C.8,9 Such high annealing tem-
peratures may have damaging effects on the GaN/Si epilay-
ers. In fact, decomposition of low-temperature-grown GaN
on Si and corrosion of the Si substrate was observed after
annealing at 1050 °C,10 and deterioration of the GaN layer
by meltback etching is known to occur in GaN grown on Si
at high temperatures.2

In the present work, we study the effects of high-
temperature rapid thermal annealing �RTA� on GaN epilayers
grown on AlN buffered Si�111� and on sapphire substrates.
The annealing temperature used in the experiments �T
=1300 °C� is the highest temperature at which the encapsu-
lating AlN layer is still effective, before the onset of AlN
decomposition.9 Whereas the GaN epilayers grown on sap-
phire maintained their homogeneity and crystallinity after
RTA, we found a severe degradation of the GaN epilayers
grown on Si as a consequence of a substantial Si migration
from the substrate. Since the damage removal for optimum
electrical properties of implanted GaN requires very high
annealing temperatures, the thermal instability of the Si sub-
strate is a significant issue for ion-beam doping applications
in GaN-based device technology on Si.

II. EXPERIMENT

The samples used in this study were GaN films of
�1 �m thickness grown by molecular beam epitaxy on
Si�111� substrates after deposition of a thin ��20 nm� AlN
layer. GaN epilayers grown on sapphire were also studied for
comparison purposes. To avoid surface decomposition of the
GaN epilayer during high-temperature RTA, the samples
were encapsulated with a reactively sputtered AlN film of
100 nm, which was deposited in a Leybold Z-550 sputtering
system.

The samples were annealed at 1300 °C for 10 s in a
80 kW ADDAX-RM infrared lamps reactor using a 4 in. di-
ameter SiC susceptor. The samples were placed between the
two plates of the susceptor with the Si substrate facing down
in contact with the SiC holder plate. The temperature of the
sample was monitored by means of a Pt thermocouple intro-
duced through the susceptor holder plate in order to place its
tip in close proximity to the sample. Energy dispersive x-ray
�EDX� microanalysis was carried out in a Jeol JSM 6400

scanning electron microscope and the surface topography
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was investigated using a Sensofar confocal imaging profiler,
with a depth resolution better than 5 nm. Spectrally resolved
cathodoluminescence �CL� measurements were carried out at
80 K with a XiCLone monoCL3 system from Gatan. Micro-
Raman measurements were performed using a Jobin-Yvon
T64000 spectrometer. The excitation source was the
514.5 nm line of an Ar+ laser and the measurements were
done in backscattering configuration with spatial resolution
of �1 �m. Focused ion-beam �FIB� milling experiments
were performed in an FEI dual beam DB232 Strata system,
using Ga ions accelerated at 30 kV and ion-beam currents in
the 1–20 nA range.

III. RESULTS AND DISCUSSION

Figure 1�a� shows a scanning electron microscopy
�SEM� image of the GaN epilayer on Si�111� after RTA at
1300 °C for 10 s. Coalescent dark regions that develop
around the nuclei of typically 50 �m diameter can be ob-
served all over the sample surface. As can be seen in the
confocal optical microscopy image shown in Fig. 1�b�, the
sample surface exhibits a high degree of roughness, with
height variations of the order of several hundreds of nanom-
eters, and craterlike regions can be observed around the pro-
truding nuclei. Element analysis carried out by EDX re-
vealed a substantial presence of Si �around 30% atomic
concentration� in the central nuclei as well as a strong deple-
tion of Ga and nonstoichiometric Ga/N ratios of about 1:4.
The Si atomic concentration was found to be consistently
high over the dark regions, with values around 20%, whereas
it dropped below detection levels in the homogeneous re-
gions in between. These results suggest that a massive Si
migration from the substrate takes place at specific points of
the epilayer during the high-temperature annealing. Si migra-
tion from the substrate to the surface had been previously
observed in GaN layers directly grown on Si by MBE �Ref.
3� and by metal-organic vapor phase epitaxy.2 The mecha-
nism for the anomalously high Si migration observed in the
GaN/Si samples annealed at 1300 °C is not well understood
yet, but it could be related to the columnar structure of het-
eroepitaxial GaN layers11 and to the presence of grain bound-
aries. Pipe diffusion through threading dislocations12 may
also enhance Si migration, which due to the strong reactivity
of Ga and Si at high temperatures gives rise to the meltback
etching effect.2,10

To further characterize the material alterations in the an-

FIG. 1. �a� SEM image of the GaN
epilayer on Si�111� after RTA at
1300 °C for 10 s. �b� Topography of
the damaged surface as revealed by
confocal optical microscopy.
nealed GaN epilayer grown on Si, micro-Raman measure-
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ments were carried out in the crater area and in the homoge-
neous region between craters. In Fig. 2�a� we compare the
Raman spectra of the annealed sample with the spectrum
obtained before annealing. In addition to the strong Raman
peak at 521 cm−1 arising from the Si substrate, the charac-
teristic E2 and A1�LO� peaks of GaN can be observed, re-
spectively, at 568 and 735 cm−1 in the spectra of both the
as-grown sample and the homogenous off-crater region. No
appreciable changes in the intensity and width of the E2

peaks are found, which indicate that the homogeneous re-
gions retain a good crystallinity after annealing. The lower
intensity and slight broadening exhibited by the A1�LO�
mode in the annealed layer can be attributed to an increased
density of free carriers due to the diffusion of Si donor at-
oms, which to a much lower degree also takes place in the
crater-free regions.3,13,14 In contrast, the Raman spectrum of
the crater region is dramatically changed. No Raman signal
of the GaN modes can be detected in these regions, which
display a Raman spectrum dominated by a considerably
broadened Si peak. Additional sharp peaks emerge at 260,
364, and 668 cm−1 that are in good agreement with the re-
ported Raman frequencies of �-Si3N4.15 The detection of
these modes clearly indicate that in the crater regions the Si

FIG. 2. �a� Raman spectra of GaN epilayers grown on Si�111� after RTA
obtained in the crater region and from homogeneous regions between cra-
ters, compared with the spectrum of the layers before annealing. The arrows
indicate Raman peaks corresponding to crystalline Si3N4. �b� Raman spectra
obtained from GaN epilayers grown on sapphire before and after RTA under
identical conditions. The peaks marked with an asterisk correspond to the
sapphire substrate.
migrating from the substrate strongly reacts with GaN giving
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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rise to �-Si3N4 crystallites. This is in contrast with previous
reports on the formation of amorphous SiNx in direct epitax-
ial growth of GaN on Si at growth temperatures lower than
the annealing temperature used in this study. The high an-
nealing temperature used for the RTA cycle favors the crys-
tallization of �-Si3N4 with good crystallinity, as evidenced
by the sharp peaks observed in the Raman spectrum of Fig.
2�a�. Also, since Ga is highly corrosive to the Si substrate,10

the latter is degraded by meltback effect in the crater regions
as indicated by the broadening of the Si Raman peak.

For comparison, the same annealing study was carried
out on GaN layers grown on sapphire. In Fig. 2�b� we dis-
play the Raman spectra of the GaN/sapphire epilayers before
and after RTA at 1300 °C for 10 s. Both spectra are domi-
nated by the E2 and A1�LO� peaks, which do not show any
noticeable change in intensity and width after annealing. The
only distinctive feature that can be observed in the Raman
spectrum after RTA is a weak band emerging between the E2

and the A1�LO� frequencies. This band was previously ob-
served in ion-beam implanted GaN layers and was assigned
to vacancy-related defects.16,17 In contrast with the case of
GaN/Si�111�, the A1�LO� peak maintains its intensity after
annealing, indicating that the residual free carrier concentra-
tion has not appreciably changed in GaN/sapphire after RTA.
Even the forbidden E1�TO� that can be seen as a weak fea-
ture at �560 cm−1 in the low energy side of the E2 peak
displays the same intensity after RTA. These results show
that, contrary to the GaN/Si�111� case, the annealing process
does not alter the crystalline quality of the GaN epilayers
grown on sapphire.

The annealing effects on the GaN/Si epilayers have also
been characterized by spectrally resolved CL measurements.
In Fig. 3�a� we compare a CL spectrum obtained at 80 K in
the crater region of a GaN/Si annealed sample �solid line�
with a typical GaN CL spectrum of an unannealed sample
�dotted line�. Several bands are resolved in the CL spectrum
of the unannealed sample. The weak feature at 360 nm has

FIG. 3. Cathodoluminescence spectra of GaN/Si epilayers obtained at T
=80 K from the crater region of an annealed sample �solid line� and from a
homogeneous sample without annealing �dotted line�. The spectra have been
normalized to display the same maximum intensity. Inset, cathodolumines-
cence mapping of the crater region with wavelength detection set at 350 nm.
been assigned to a donor bound exciton, whereas the peaks at
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382 and 391 nm are due to a donor-acceptor pair recombina-
tion and its corresponding phonon replica.18 In contrast, the
CL spectrum obtained in the crater region displays only a
broad band that is clearly blueshifted in relation to the near
band gap emission of GaN. The inset of Fig. 3�a� shows a CL
image of the crater region obtained for an emission wave-
length of 350 nm. A bright halo is observed around the non-
emitting core. Taking into account that the Raman spectra
obtained in these regions show no Raman signal from GaN
and clear peaks of Si3N4, we believe that this emission may
be related to the formation of Si3N4. Given that the Si3N4

band gap is 4.6 eV,19 the lower emission energy of the CL
peak as well as its large width suggest band gap fluctuations
and the formation of potential wells due to the presence of
SiNx nanoclusters of nonuniform composition.19 A detailed
Raman scattering study of the crater region reveals indeed
the existence of Si nanocrystals, as indicated by strong red-
shifts of the Si Raman peak due to phonon confinement.20 In
Fig. 4�a� we show a Raman spectrum obtained in the crater
region where, besides the Raman peaks of crystalline Si3N4,
a broadened Si peak of reduced intensity can be observed at
517 cm−1. In contrast with the Raman spectrum of the homo-
geneous region shown in Fig. 2, which was dominated by the
Si Raman peak of the substrate, no Raman signal of the bulk
Si substrate is detected in this spectrum, probably due to
absorption in the altered material and to a locally stronger
meltback etching at the probed location. We attribute the
strong redshift of the Si Raman peak to phonon confinement
effects in the Si nanocrystals that form as a result of the
strong Si migration during RTA. To evaluate the size of the

FIG. 4. �a� Raman spectrum obtained in the crater region displaying both
peaks corresponding to Si3N4 crystallites and a redshifted Si peak arising
from Si nanocrystals. �b� Fit of the phonon confinement model �solid line� to
the Si Raman peak �circles�. An amorphouslike broad band contribution
�dotted line� has also been included in the model.
Si nanocrystals, we have fitted our Raman data using the
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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spatial correlation model �SCM�.20–22 We follow the ap-
proach proposed by Paillard et al.,22 in which the strong
anisotropy of the Si phonon band dispersion was taken into
account using Brout’s sum rule to determine an average op-
tical mode band dispersion as

�̄opt�q� =��0
2 −

1.261 � 105q2

q + 0.53
�q � 0.5� , �1�

where �0 is the zone-center optical phonon frequency of Si
and q is the reduced wave vector expressed in units of 2� /a,
with a the lattice parameter. The line shape of phonons con-
fined to a hard sphere of diameter D is then given by

L��;D� � �
0

0.5

dq
sin2��qD/a���
�1 − �qD/a�2�2

1

��̄opt�q� − ��2 + ��/2�2 ,

�2�

where � is the damping parameter of the optical phonon of
Si. The use of the SCM �Eq. �2�� with the averaged phonon
dispersion given by Eq. �1� has been shown to yield phonon
confinement shifts in good agreement with more elaborate
microscopic calculations based on the partial density ap-
proach and the bond polarizability model,21,22 and has been
successfully applied to determine crystallite diameters in
nanocrystalline Si films.22 One should note the validity range
of Eq. �1�, which limits the applicability of the model to
crystallite diameters D	2.2 nm.

We have fitted Eq. �2� to our Raman data on annealed
GaN/Si layers. We used �0=521 cm−1 and �=3 cm−1, as
obtained from Raman measurements on bulk Si corrected for
the spectral resolution of the spectrometer. In Fig. 4�b� we
show the calculated line shape for D=2.7 nm, where a broad
band �dotted line� was also included in the fit to account for
scattering by modes of the oxidized surface of the
nanocrystals.22 As can be seen in Fig. 4�b�, an excellent fit is
obtained to both the frequency and the width of the experi-
mental spectrum. Since both frequency shift and broadening
are completely determined by the nanocrystal diameter in the
SCM model, this indicates that the observed frequency shift
is entirely accounted for by phonon confinement effects and
therefore strain effects are negligible in this case. The ob-
tained D value represents an average crystallite diameter.
This was found to be fairly homogeneous over the crater
regions, where fits to Raman spectra obtained at different
locations consistently give D values around 3 nm.

The decomposition of GaN by chemical reaction with Si,
which as already discussed yields Si3N4 crystallites, results
also in the formation of metallic Ga droplets.10 This was
strikingly demonstrated by carrying out an ion-beam milling
of an 8�4 �m2 area in the crater region, which removed the
host material in the milled area and allowed the coalescence
of the metallic Ga droplets. Figure 5 shows SEM images of
the sample at different stages of the etching process. As the
milling proceeded to a depth of �1 �m, the etched cavity
was observed to fill with metallic Ga, which having a melt-
ing point of nearly 30 °C is readily liquified by the increase
in sample temperature caused by the ion-beam bombard-
ment. This is illustrated in Fig. 5, where we display SEM

images of the etched cavity after 16 s �a� and 48 s �b� of FIB
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etching, the latter corresponding to a milling depth of
�1 �m. The lighter areas observed at either side of the
milled rectangle correspond to liquid Ga drops starting to fill
up the bottom of the cavity. These showed a temporal evo-
lution and after 60 s they eventually coalesced to cover com-
pletely the bottom of the milled cavity. This effect was ob-
served for beam currents as low as 1 nA. By contrast, no
metallic Ga could be observed in an equivalent cavity milled
in the homogeneous region between craters, even though a
beam current of 20 nA was used in this case. Figure 5�c�
shows a cavity milled in the homogeneous region, displaying
clear-cut walls and homogeneous dark base surface. Unfor-
tunately, the Ga coalescence effect precluded the preparation
of thinned samples from the crater region and transmission
electron microscopy measurements could not be carried out.

IV. CONCLUSION

We have shown that the high-temperature annealing be-
havior of GaN epilayers depends critically on the substrate.
Whereas GaN samples grown on sapphire can undergo RTA
cycles to 1300 °C without significant crystalline degrada-
tion, severe alterations of the epilayer are observed in GaN
samples grown on Si�111�. Substantial migration of Si from
the substrate to the epilayer surface has been detected at
specific locations of the sample where craters are formed. In
these regions, the strong reactivity between Ga and Si gives
rise to the decomposition of GaN with the formation of
Si3N4 crystallites, metallic Ga droplets, and Si nanocrystals.
The SCM successfully accounts for the observed frequency
shift and broadening of the optical phonon modes of the Si
nanocrystals, and it allows us to estimate an average size of
around 3 nm for these nanocrystals. To a much lower degree,
some Si diffusion from the substrate also takes place in the

FIG. 5. SEM images of an 8�4 �m2 ion-milled area in a crater region of
the annealed sample taken after 16 s �a� and 48 s �b� of ion-beam etching
showing metallic Ga flooding the bottom of the cavity. Panel �c� shows the
clear-cut walls obtained by ion-beam milling in the homogenous region
between craters.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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homogeneous regions between craters during RTA, which
gives rise to an increase of the residual free-electron concen-
tration of the layer. The deterioration of the GaN/Si�111�
epilayers observed in samples with thin AlN buffers is a
significant problem that has to be addressed in device appli-
cations when processes that necessarily rely on subsequent
high-temperature annealing cycles are involved.
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