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A compliant substrate approach has been employed to release lattice-mismatch caused strain in GaN
epilayers through stress absorption in the substrate. GaN layers have been grown on
silicon-on-insulator~SOI! substrates by low-pressure metalorganic chemical vapor deposition.
Photoluminescence measurements at 4 K show the spectrum of grown GaN being dominated by UV
emission around 3.47 eV related to neutral-donor bound excitons. The much weaker yellow
luminescence shows a broad spectrum around 2.16 eV. Peak position of the UV emission changes
both with measurement temperature and strain. At room temperature, the UV peak is red shifted by
64 meV corresponding well to the band-gap temperature dependence. Strain-induced blue shift of
the peak, compared to unstrained GaN, is much less than for growth on sapphire, indicating strain
relief in the GaN by growth on SOI. Further reduction of the blue shift is consistent with increased
electron mobility. © 1997 American Institute of Physics.@S0003-6951~97!03348-2#
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Extensive research efforts have been devoted to ob
high quality GaN and related nitrides because of their pro
ise in ~UV!/blue light emitters1 and high-power, high-
temperature electronic devices.2 Improvement of materia
quality has been hindered by the lack of an ideal subst
that is well latticed and thermally matched. The misma
leads to high interfacial strain between epilayer and subst
and causes a large defect density in the GaN epitaxial lay

To release epilayer strain, compliant substrates h
been proposed for lattice-mismatched epitaxy.3–7 Thick,
lattice-mismatched InGaAs epitaxial layers have been gro
on compliant GaAs substrates via molecular beam epit
~MBE!.3,4 Most recently, thick dislocation-free InGaP laye
have been grown on twist-wafer-bonded GaAs compli
substrates.5 Various types of compliant substrates can be
visaged but techniques that offer the potential of large wa
size are obviously most attractive since they are best su
for device and circuit applications. The compliant substr
reported by the authors in the past6,7 addresses exactly thi
need by employing as substrate the thin Si overlay of
silicon-on-insulator configuration in order to accomoda
most of the strain. Silicon-on-insulator~SOI! substrates offer
also the possibility of GaN device incorporation into silico
based integrated circuits in order to perform more comp
functions.

The use of SOI substrates has been reported for~MBE!
growth of SiGe.8 Also, GaN was grown on the SiC-SOI he
erostructure using MBE9,10 in order to exploit the advantag
of this compliant substrate. Improved results for GaN lay
grown by metalorganic chemical vapor depositi
~MOCVD! directly on SOI substrates without previous fo
mation of SiC have been reported by the authors.6,7

According to the compliant substrate principle, the str

a!Electronic mail: pavlidis@umich.edu
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in a lattice-mismatched epilayer can be reduced, with resp
to growth on a thick Si or sapphire substrate, via par
accommodation of the total strain in a thin complia
overlay.11,12

The SOI substrates used in this work were fabricated
SIMOX ~separation by implanted oxygen! technology.13

Thicknesses of silicon overlay and SiO2 buried layer were
52.861.1 nm and 81.264.4 nm, respectively. The Si sub
strate was~100!-oriented. GaN layers were grown on SO
substrates in a modified EMCORE GS-3200 low-press
~60 Torr! MOCVD system, using H2 as carrier gas~3000
sccm!. Trimethylgallium~TMGa! and Ammonia (NH3) were
used as Ga and N precursors, respectively. The NH3 flow
rate was constant 2000 sccm both during buffer and b
GaN growth. The TMGa flow rate was 36mmol/min during
bulk growth ~V/III 52500, growth rate;0.8mm/h! and 18
mmol/min during buffer growth. Thermal annealing
nitridation temperature prior to GaN buffer growth~;250 Å
thick! was 1040 °C, buffer growth temperature was 500 °
and bulk growth temperature was 940 °C.

The quality of the grown GaN layers was examined
standard single crystal~u-2u! x-ray diffraction~XRD!, scan-
ning electron microscopy~SEM!, van-der-Pauw Hall mea
surements, and photoluminescence~PL! measurements. The
PL laser was an argon laser by COHERENT equipped w
an intra-cavity prism to select the 334 nm emission line fro
its spectrum. The output power was constant 15 mW.

Compared with GaN layers grown directly on Si su
strates, crystal uniformity, surface morphology, and num
of threading dislocations of GaN layers grown on SOI su
strates are improved as evidenced by XRD and transmis
electron microscopy~TEM!.6 Full width at half maximum
~FWHM! XRD values improved from 672 to 378 arc sec b
growth on SOI instead of Si substrates.6 The GaN layers
grown directly on Si substrates are highly resistive wh
/97/71(26)/3880/3/$10.00 © 1997 American Institute of Physics
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those on SOI substrates are unintentionallyn type. Crystal
quality, surface morphology, and especially electron mobi
ity of GaN on SOI improve by increasing the growth tem
perature, the buffer growth rate, and by reducing the thick
ness of the top Si layer of the SOI substrate. The latter resu
in a FWHM reduction of the GaN~0002! XRD peak from
510 to 366 arc sec, and an electron mobility increase by
order of magnitude to 350 cm2/Vs at a low background car-
rier concentration of 1.831017 cm23.

PL measurements have been performed to evaluate
optical properties of nominally undoped, 1.2mm-thick GaN
layers grown on SOI substrates. A representative PL spe
trum ~sample A! taken at 6 K is shown in Fig. 1. The elec-
tron mobility and the background carrier concentration o
this sample are 320 cm2/Vs and 3.931017 cm23, respec-
tively. The dominant photoluminescence at low temperatu
is the near-bandgap emission around 3.47 eV attributed
the neutral-donor bound exciton.14 The other major feature
of the luminescence spectrum is a very broad, low energ
luminescence band centered at about 2.16 eV with a
FWHM of 360 meV, commonly referred to as yellow lumi-
nescence. The UV/yellow luminescence peak intensity rat
is 23 at 6 K.

At room temperature~RT!, the near-bandgap emission is
still detectable, indicating good quality of the GaN epilayer
grown on SOI. The peak intensity of the UV emission at RT
is reduced compared to 6 K. This is generally observed a
due to nonradiative processes. The decreasing UV/yellow l
minescence peak intensity with increased temperature w
also reported elsewhere.14 The yellow luminescence has a
broad spectrum even at low temperatures. As the measu
ment temperature is increased from 6–300 K, peak positio
and FWHM remain almost constant, indicating that the ye
low luminescence is associated with widely spread energ
levels deep within the band gap.

The above described mechanism for the yellow lumine
cence which involves deep C acceptors is consistent with o
investigation of the composition of the epitaxial layers. X
ray photoelectron spectroscopy~XPS! and secondary ion
mass spectroscopy~SIMS! analysis of GaN grown on SOI
reveal the presence of O, H, Si, and C impurities in th

FIG. 1. PL spectrum at 6 K of a 1.2mm thick GaN layer grown on SOI
~sample A!.
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epilayer, which may also contribute to the background car-
rier concentration. The C concentration in the GaN epilayer
is in the order of 1018– 1019 cm23, which may well contrib-
ute to the yellow luminescence. The source of C incorpo-
rated in the GaN epilayers is not clear at this point. It may
come from the TMGa, the graphite susceptor or its SiC coat-
ing, both of which may release C atoms into the chamber
during high temperature growth. For optoelectronic applica-
tions of GaN in short wavelength range, the competition be-
tween yellow and UV luminescence will decrease the effi-
ciency of the devices, especially for devices at room
temperature. From the above discussion, decreasing the car
bon incorporation in the epitaxial layer may help to reduce
the yellow luminescence of GaN and improve crystal quality.

Figure 2 shows the details of the UV emission PL spec-
trum at 6 K of another sample of GaN grown on SOI~sample
B, electron mobility and background carrier concentration of
this sample are 178 cm2/Vs and 2.831017 cm23, respec-
tively!. At low temperature, the peak is centered at 3.473 eV
and the FWHM is a moderately low 21 meV, indicating rea-
sonable good quality of the GaN epilayer.

At room temperature, the UV luminescence peak inten-
sity is decreased due to nonradiative transitions and its
FWHM is considerably larger. Compared to the spectrum at
low temperature, the near band-gap emission is shifted to
lower energies. This experimental 63 meV red shift of~from
3.473 eV at 6 K to 3.410 eV at 300 K! is in excellent agree-
ment with the theoretical 66 meV shift due to the tempera-
ture dependence of the GaN band gap which is given by16

Eg~T!53.503 eV2
5.0831024~eV/K!T2

996 K2T
. ~1!

For undoped GaN, the position of the neutral-donor
bound exciton peak at low temperatures can also reveal the
strain existing in the GaN epilayer. Detailed PL studies have
been reported on relatively thick~50–100mm! GaN samples
grown by chloride vapor transport method on~0001! sap-
phire substrates, where the neutral-donor bound exciton peak
is found at 3.469 eV. Because of the layer thickness, it seems
reasonable to assume that the GaN epilayer is completely
relaxed and the above emission energy should be character

FIG. 2. UV luminescence of GaN on SOI~sample B, grown at;0.8mm/h
and V/III52500! measured at 6 K.
3881Cao et al.
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istically for unstrained bulk GaN.16 At low temperatures and
for thin layers, strain-induced blue shift~up to 14 meV! of
this peak has been reported for GaN grown on
sapphire.14,15,17,18Shanet al.17 showed that the amount of
blue shift is proportional to the hydrostatic pressure on th
sample, which induces additional strain in the epitaxial laye
From Fig. 2, the PL blue shift of our GaN grown on SOI
~sample B! with respect to the strain-free GaN is only 4
meV, which is considerably lower than the previously re-
ported 10–14 meV for GaN grown on sapphire. This indi-
cates clearly that growth of GaN on compliant SOI substrat
reduces the strain in the epilayer by sharing it with the thin
substrate.

Figure 3 shows the detailed UV emission spectrum o
sample A of Fig. 1. Compared to sample B of Fig. 2 which
was grown at;0.8mm/h and V/III52500, sample A has
been grown with doubled growth rate (;1.5mm/h) and an
increased V/III ratio of 3000. Here, the neutral-donor bound
exciton emission peak occurs at 3.471 eV. The electron m
bility is improved from 178 cm2/Vs in sample B to
320 cm2/Vs in sample A, respectively, for a constant low
background carrier concentration of 3;431017 cm23.

In summary, GaN layers have been successfully grow
on SOI substrates by LP-MOCVD. Crystal quality and elec
trical properties improved by surface nitridation increase
bulk growth temperature and buffer growth rate and by re
duction of the thickness of the top Si layer of the SOI sub
strate. XRD FWHM of the grown GaN was 366 arc sec
which is much better than for straight GaN growth on Si
Electron mobility of 350 cm2/~Vs! was achieved for a carrier
concentration of 1.831017 cm23 indicating good crystal
quality of the GaN on SOI. Photoluminescence measure

FIG. 3. UV luminescence of GaN on SOI~sample A, grown at;1.5mm/h
and V/III53000! measured at 6 K.
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ments have been performed at both low temperature~4 K!
and room temperature. At 6 K, the PL of GaN is dominat
by an intense and sharp near-band-gap UV emission aro
3.47 eV, corresponding to the neutral-donor bound excit
The FWHM of the peak can be as narrow as 18 meV. T
yellow luminescence, which is characterized by a bro
spectrum centered at 2.16 eV, is much weaker than the
emission at this temperature. SIMS and XPS characteriza
suggest, that the yellow luminescence is associated with d
energy levels in the band gap, possibly due to C incorpo
tion. The peak position of the UV emission changes b
with temperature and strain. As the measurement temp
ture is increased to room temperature, the UV peak show
red shift which corresponds well to the temperature dep
dence of the band gap. The strain-induced blue shift, co
pared to unstrained GaN, of the UV emission at 6 K of our
GaN layers grown on SOI is much less than for growth
sapphire, indicating strain relief by growth on the complia
SOI substrate.
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