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Epitaxial layers of AIN and GaN were grown by gas source molecular-beam
epitaxy on a composite substrate consisting of a thin (250 nm) layer of silicon
{111) bonded to a polycrystalline SiC substrate. Two dimensional growth modes
of AIN and GaN were observed. We show that the plastic deformation of the thin
Si layer results in initial relaxation of the AIN buffer layer and thus eliminates
cracking of the epitaxial layer of GaN. Raman, x-ray diffraction, and
cathodoluminescence measurements confirm the wurtzite structure of the GaN
epilayer and the c-axis crystal growth orientation. The average stressin the GaN
layer is estimated at 320 MPa. This is a factor of two less than the stress reported

for HVPE growth on 6H-SiC(0001).
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INTRODUCTION

One of the problems in the epitaxy of nitrides is the
lack of a suitable substrate material on which lattice-
matched group Ill-nitride films can be grown. The
large lattice mismatch of most of the available sub-
strates leads to high interfacial strain between the
substrate and the epitaxial layer, resulting in three-
dimensional (3D) growth and formation of misfit
dislocations.! Growth on compliant substrates offers
a way of minimizing such interfacial strain.'® The
ideais to produce a free-standing thin layer by placing
the layer on a bulk substrate with frictionless glide on
each other.” There are additional advantages of bond-
ing the compliant layer to a polycrystalline substrate.
More specifically, polycrystalline SiC substrate offers
an excellent match of thermal expansion coefficient to
GaN. Low cost, large diameter polycrystalline SiC
substrates are commercially available, offer high ther-
mal conductivity (300 W/m-'K), and can be made
electrically conducting or insulating (>5000 ohm-cm),
an important feature for optical devices and micro-
wave power applications. The concept of a strain-
relaxed compliant substrate and the behavior of epi-
taxial films grown on such substrates are well known.?
However, the influence of the free-standing layer
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thickness and its plasticity on the subsequent growth
of AIN and GaN are still under study.

This work describes preparation of AIN and GaN on
a thin (250 nm) Si(111) film that is wafer bonded to a
100 mm diameter polycrystalline SiC substrate. We
also discuss the investigation of growth mechanisms,
stress relaxation, and optical properties of epitaxial
AIN and GaN layers.

EXPERIMENTAL DETAILS

AIN and GaN films were grown by gas source
molecular beam epitaxy (GSMBE) with ammonia on
a thin (250 nm), chemically-mechanically polished
(CMP) silicon (111) layer that was bonded to a poly-
crystalline SiC substrate. The poly-SiC substrates
were polished using the technology developed previ-
ously for SiC mirrors, which makes wafer bonding
possible.® Atomic force microscopy (AFM) of the top Si
layer shows a RMS roughness of 0.2 nm.

The influence of growth conditions on the structure
and homogeneity of the epitaxial layers of AIN and
GaN was studied using 10 kV reflection high energy
electron diffraction (RHEED), x-ray diffraction (XRD),
Raman spectroscopy, and cathodoluminesence (CL).

Ammonia was introduced into the growth chamber
through a mass-flow controller operating in the range
of 30 sccm. The substrate temperature was measured
by a pyrometer, corrected for the emissivity of the
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Fig. 1. The (a) 1x1 and (b) 2x2 RHEED patterns related to 2D growth mode of AIN and GaN, correspondingly. The azimuth of the electron beam
is parallel to the GaN [1120]||Si[110].

substrate. To increase the substrate heating effi-
ciency Ti and Ni were used to coat the backside of the
Si/poly-SiC. Layers of AIN were grown in the tem-
perature range of 860+£30°C.° Layers of GaN were
grown at 780£20°C.1°

RESULTS AND DISCUSSION

Epitaxial growth of AIN and GaN was performed
using growth conditions similar to those described
previously for bulk Si(111).21%-12 Formation of a thin
film of AIN was monitored by RHEED. The growth
process was carried out at a high temperature
(>830°C), where formation of the Al-Si y-phase is not
possible due to the short residence time of Al atoms on
Si. The growth was initiated by a brief exposure to
NH,. At this point, RHEED showed the presence of an
ordered periodic structure on (111)Si, attributed to a
strongly bound layer of chemisorbed N. Once the
ordered structure was formed, the surface was ex-
posed to the flux of Al. This resulted in the formation
of Si-N-Al islands. This step was followed by alternat-
ing exposure to Al and ammonia, carried out several
times, until a complete surface coverage with the Si-
N-Al phase was obtained. After this step, the growth
surface was free of amorphous SiN, and epitaxial
growth of AIN could be started. The surface periodic
order examined by RHEED suggests that the nucle-
ation of AIN occurs in a 2D mode. A typical 1x1
RHEED pattern due to the formation of AIN ordered
surface structure is shown in Fig. 1a.

The best growth results were achieved for a NH,/Al
flux ratio near unity, in agreement with previous
results obtained on bulk Si(111)." Thin (40 nm) AIN
was used as a buffer layer for the subsequent growth
of GaN. The initial formation of GaN on AIN layer
showed 3D character. This could be explained by the
large (~3%) lattice mismatch between GaN and AIN.
The transition to 2D growth mode was observed after
the growth of at most 10 nm of GaN. Once the 2D
growth was reached GaN layers showed 2x2 surface
reconstruction, presented in Fig. 1b.

In our experience on bulk Si(111), the strain energy
of GaN can be reduced by a defect-blocking superlattice
(SL) consisting of two to four pairs of Al,.Ga, N (x
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Fig. 2. Room temperature Raman spectra of GaN grown on Si/poly-
SiC substrate. The intense bands at 520, 795 and 970 cm~" are from
the Si layer. E, phonon near 566 cm'is from GaN layer. A weaker A,
optical band is observed at 735 cm~'. This spectrum is characteristic
of back scattering along the wurtzite GaN c = (0001) axis.
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=0.1-0.4) with GaN spacers.'®3 The SL tends to accom-
modate the strain due to a large difference in thermal
expansion coefficients between group-III nitride lay-
ers and Si. This strain is responsible for the formation
of cracks in thick nitride layers (>0.1 um). The use of
the SL results in complete elimination of cracking in
nitride layers thicker than 0.2 um (see for details Ref.
10). However, in our growth experiments on Si(111)/
poly-SiC substrates, the AlGaN/GaN superlattice was
not needed. Formation of cracks was not observed for
0.5 um thick layers of GaN grown on 40 nm thick AIN
buffer layers. Such an outcome can be explained by
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Fig. 3. Results of an x-ray diffraction (XRD) study. (a) XRD-pattern of
waurtzite GaN film grown using a thin AIN buffer layer on a thin Si(111)
layer that is wafer bonded to a polycrystalline SiC substrate; (b) x-ray
linewidth (FWHM) measured for GaN layers as a function of thickness.
Black squires correspond to GaN grown on bulk Si(111). Circled
square corresponds to GaN grown on Si/poly-SiC. The solid line
shows the FWHM calculated for an ideal crystal (see Ref. 18).

the high degree of relaxation of the initial lattice
mismatch at the AIN/Si hetero-interface. We believe
the reduction in stress occurs through the plastic
deformation of the thin Si layer bonded on poly-SiC.

The results of the growth experiments are sup-
ported by Raman and x-ray diffraction measurements.
Raman measurements were carried out at room tem-
perature using the 488-nm line of an Ar* laser. The
scattered light was detected in back-scattering geom-
etry of a micro-Raman system, as previously de-
scribed.' Figure 2 shows a typical Raman spectrum of
GaN(500 nm)/AIN(40 nm)/Si/poly-SiC sample taken
in z (yy) z’ parallel polarization configuration. The
most intense bands at 520, 795 and 970 cm! are from
the Silayer. Because the epitaxial layer of GaN is very
thin, its modes, E, (high) near 566 cm and A,(LO)
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Fig. 4. Room temperature CL of GaN grown on Si/poly-SiC. The
symbols 14 represent GaN peaks for different excitation power. The
spectrum, labeled 5, corresponds to the SiC substrate.

band near 735 cm, are weaker. The presence of these
two modes is in good agreement with allowed polar-
ization rules'® and confirms both the wurtzite struc-
ture ofthe GaN epilayer and the c-axes crystal growth
orientation. The observed 4.7 cm! FWHM for E,
(high) is comparable to that obtained from bulk GaN,
testifying to the high crystal quality.

The position of the E, (high) mode is red shifted with
respect to the standard value for the bulk GaN. This
reflects the presence of tensile biaxial stress in the GaN
epilayer. Using the Raman stress factor of —6.2 cm/
GPa,'® we obtained the average stress magnitude of
320 MPa. The stress variation across the wafer is
+10%. The 320 MPa tensile stress corresponds to the
maximum stress value obtained in the GaN/Si sys-
tem'® and is a factor of two lower than the stress in
GaN grown by HVPE on 6H-SiC(0001). This stress is
below that of the breaking point of 400 MPa, for GaN
under tensile stress.'”

The results of x-ray diffraction studies are shown in
Fig. 3a and b. The characteristic width of the x-ray
rocking curve of GaN layer (500 nm thick) is in the
region of 80 arcsec (/26 scan). These results confirm
the high quality of the GaN layers grown on the wafer
bonded layer of Si(111) and are similar to those
obtained for GaN grown by GSMBE on bulk Si(111)
and sapphire.’*'2 Figure 3b plots the x-ray diffraction
linewidth, full width at half maximum (FWHM), of
the (0002) peak of GaN grown on bulk Si(111) (black
squares) and on Si/poly-SiC(circled square), mea-
sured as a function of the layer thickness. Figure 3b
also shows the FWHM curve calculated for ideal
crystalline layers as a function of thickness.!® A com-
parison of measured and calculated FWHM shows
that our GaN layer grown on Si/poly-SiC is almost
completely coherent in the growth direction.

A considerable increase in the FWHM of the thin
Si layer, shown in Fig. 3a, was observed after the
growth of GaN. The linewidth of the 250 nm thick
Si(111) layer was about 180 arcsec, while the FWHM
of the Si(111) layer prior to growth of GaN was about
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100 arcsec. We believe the reason for the increase in
the peak width is plastic deformation of the thin Si
layer. This could also account for the relaxation of the
GaN layer and elimination of cracking. The optimum
thickness of the Si layer and its plasticity are still
under study.

Optical properties of GaN layers were character-
ized by cathodoluminescence (CL) measurements at
room temperature. Samples were excited with an
electron beam in the range of 1-9 keV, at a current of
1 mA. Excitation power density was changed from 10
to 30 W/ecm? The resulting spectra are shown in
Fig. 4. At the low excitation intensity, curve 1, an
intense peak at 3.336 eV (~368 nm) was observed. The
peak’s position is similar to that previously reported
for GaN grown on bulk Si(111).'3 The red shift exhib-
ited with higher excitation intensities is attributed to
sample heating. On the other hand, the FWHM of
110 meV is larger than the 40-80 meV observed in
samples grown on bulk Si (111).19%° This difference
may be due to the limited thickness of the GaN layer.
Weak emission in the range of 2-2.5 eV was also
observed. The relative intensities of the two bands
change with the excitation intensity, confirming the
deep level nature of the broad emission peak. At the
excitation level of ~20 W/cm?the intensity of the deep
emission level begins to saturate.

In addition to the GaN-related features, we ob-
served, at high incident voltages, a band originating
in the SiC substrate. The origin of this band, labeled
5, was confirmed by CL measurement on substrates
prior to growth. The presence of SiC-related feature
distorts the shape of GaN “yellow” emission band by
producing a peak at ~2.4 eV.

In summary, we describe the growth of high quality
AIN and GaN on a thin silicon (111) layer wafer
bonded to a polycrystalline SiC substrate. Raman
measurements show the average stress magnitude of
320 MPa, similar to the values measured in GalN
layers grown on bulk Si (111), and about a factor of
twolowerthan the stressin GaN grown on 6H-SiC(0001)
by HVPE. X-ray diffraction measurements suggest
that the strain is transferred from the epitaxial GalN
layer to the thin Si layer bonded to the SiC substrate.
Epitaxial layers grown on the composite substrate are
completely coherent in the growth direction.

Kipshidze, Nikishin, Kuryatkov, Choi, Gherasoiu,
Prokofyeva, Holtz, Temkin, Hobart, Kub, and Fatemi

ACKNOWLEDGEMENTS

Work at TTU is supported by DARPA (monitored by
Drs. Elias Towe and Edgar J. Martinez) and the J.F
Maddox Foundation.

REFERENCES

1 A. Bourret, Appl. Surf. Sci. 164, 3(2000).

2. K.D.Hobart, F.J. Kub, M.E. Tw1gg,M Fatemi, P.E. Thomp-
son, T.S. Kuan, and C K. Inoki, J. Electron. Mater. 29, 897
(2000).

3. dJ.Cao,D.Pavlidis, Y. Park, J. Singh, and Eisenbach, J. Appl.
Phys. 83, 3829 (1998).

4. C. Carter-Coman, A.S. Brown, R. Bicknell-Tassius, N.M.
Jokerst, and M. Allen, Appl. Phys. Lett. 69, 257 (1996).

5. K.D. Hobart, F.J. Kub, G.G. Jernigan, M.E. Twigg, and P.E.
Thompson, Electron. Lett. 34, 1265 (1998).

6. W.A. Jesser, J.H. Van der Merwe, and P.M. Stoop, J. Appl.
Phys. 85, 2129 (1999).

7. A.S. Brown, J. Vac. Sci. Technol. B 16, 2308 (1998).

8. K.D.Hobart, F.J. Kub, M. Fatemi, C. Taylor, E. Eshun, and
M.G. Spencer, J. Electrochem. Soc. 146, 3833 (1999).

9. S.A.Nikishin, V.G. Antipov, S. Francoeur, N.N. Faleev, G.A.
Seryogin, V.A. Elyukhin, H. Temkin, T.I. Prokofyeva, M.
Holtz, A. Konkar, and S. Zollner, Appl. Phys. Lett. 75, 484
(1999).

10. S.A. Nikishin, N.N. Faleev, V.G. Antipov, S. Francoeur, L.
Grave de Peralta, G.A. Seryogin, H. Temkin, T.I. Prokofyeva,
M. Holtz, and S.N.G. Chu Appl Phys. Lett. 75, 2073 (1999).

11. 8. Nikishin, G. K.lpshldze, Kuryatkov, K. Choi, Iu.
Gherasoiu, L. Grave de Peralta, A Zubrilov, V. Tretyakov, K.
Copeland, T. Prokofyeva, M. Holtz, R. Asomoza, Yu.
Kudryavtse, and H. Temkin, submitted toJ. Vac. Sci. Technol.

12. S. Nikishin, G. Kipshidze, V. Kuryatkov, K. Choi, Iu.
Gherasoiu, L. Grave de Peralta, A. Zubrilov, V. Tretyakov, K.
Copeland, T. Prokofyeva, M. Holtz, R. Asomoza, Yu.
Kudryavtsev, and H. Temkin, submitted to MRS Symp.
Proc.

13. S.A.Nikishin, N.N. Faleev, A.S. Zubrilov, V.G. Antipov, and
H. Temkin, Appl. Phys. Lett. 76, 3028 (2000).

14. M. Holtz, M. Seon, T. Prokofyeva, H. Temkin, R. Singh, F.P.
Dabkowski, and T.D. Moustakas, Appl. Phys. Lett. 75, 1757
(1999).

15. V.Yu.Davidov, Yu.E. Kitaev, I.N. Goncharuk, A.N. Smirnov,
dJ. Graul, O. Semchinova, D. Uffmann, M.B. Smirnov, A.P.
Mirgorodsky, and R.A. Evarestov, Phys. Rev. 58, 12899
(1998).

16. T. Kozawa, T. Kachi, H. Kano, H. Nagase, N. Koide, and K.
Manabe, J. Appl. Phys. 77, 4389 (1995).

17. J.1. Pankove and T.D. Moustakas, editors, Semiconductors
and Semimetals, vol. 57, Gallium Nitride (GaN) II (San
Diego, CA: Academic, 1999), p. 294.

18. 8. Tagaki, Acta Crystallogr. 15, 1311 (1962).

19. T.Prokofyeva, M. Holtz, A. Zubrilov, S. Nikishin, G. Kipshidze,
V. Kuryatkov, and H. Temkin, unpublished.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



