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Abstract 

Monocrystalline GaN(0 0 0 1) thin films were grown 
at 950°C on AlN(OO0 I) bufleer layers previously 
deposited at 1100°C on a(6H)-SiC(OOOI)si sub- 
strates via metallorganic chemical vapor deposition 
(MOCVD). Films of Al,Gal_,N (0 5 x 5 1) were 
grown directly on the same SC surface at 1100°C. 
X-ray rocking curves for the GaN(0 0 0 4) reJection 
for I a4 pm films revealed FWHM values of 58 and 
151 arc set for materials grown on on-axis and of- 
axis substrates, respectively. Cathodoluminescence 
exhibited strong near band-edge emission for all 
materials. Controlled n- type S-doping in GaN and 
Al,Gar_,N (for x 5 0.4) was achieved with net 
carrier concentrations ranging from approximately 
2 x lOI cm-3 to 2 x lOI9 (Al,Gar_,N) or to I x Ido 
(GUN) cmP3. Mg-doped, p-type GaN and Al,Gat_,N 
(for x< O-13) was achieved with nA_nD % 
3 x 10t7cmP3. 0 1997 Elsevier Science Limited. 

1 Introduction 

The numerous potential semiconductor applica- 
tions of the wide bandgap III-Nitrides has promp- 
ted significant research regarding their growth and 
development. GaN (wurtzite structure), the most 
studied in this group, has a bandgap of ~3.4 eV 
and forms continuous solid solutions with both 
AlN (6.2 eV) and InN (1.9 eV). As such, materials 
with engineered bandgaps are feasible for opto- 
electronic devices tunable in wavelength from 
the visible to the deep UV. The relatively strong 
atomic bonding of these materials also points to 
their application for high-power and high-tem- 
perature microelectronic devices. Diodes emitting 
light from the yellow into the blue regions of the 

spectrum, blue emitting lasers, and several types 
of high frequency and high power devices have 
recently been fabricated from these materials. 

Single crystal wafers of GaN are not commer- 
cially available. Sapphire (0 0 0 1) is the most com- 
monly used substrate, although its lattice 
parameter and coefficients of thermal expansion 
are significantly different from that of any III- 
Nitride. The heteroepitaxial nucleation and growth 
of monocrystalline films of GaN on any substrate 
and AlN on sapphire are difficult at elevated 
( > 9OO’C) temperatures. Therefore, at present, for 
successful organometallic vapor phase epitaxy 
(OMVPE) of GaN films on sapphire the use of the 
initial deposition of an amorphous or poly- 
crystalline buffer layer of A1Ni,2 or GaN3,4 at low 
temperatures (4%600°C) is necessary to achieve 
both nucleation an relatively uniform coverage 
of the substrate surface. Subsequent deposition 
at higher temperatures and concomitant grain 
orientation competition has resulted in films 
of GaN(OOO 1) and various nitrides alloys of 
improved quality and surface morphology relative 
to that achieved by growth directly on this sub- 
strate. 

By contrast, we have observed that AlN and 
Al,Gai_,N alloys containing even low (x 2 O-05) 
concentrations of AlN deposited on 6H-SiC(0 0 0 1) 
substrates at high (2 1OOO“C) temperatures under- 
go two-dimensional nucleation and growth with 
resulting uniform surface coverage. In this research, 
the use of a 1000 A, monocrystalline, high-tem- 
perature (1lOO’C) AlN buffer has resulted in 
GaN films void of oriented domain structures and 
associated low-angle grain boundaries.5T6 Mono- 
crystalline films of Al,Gai_,N (0.05 5 x 2 0.70) of 
the same quality have also been achieved at 
1100°C. 
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The investigations up to 1975 regarding III- 
Nitrides in terms of thin film growth, characteriza- 
tion, properties and device development have been 
reviewed by Kesamanly’ and Pankove and Blooms. 
The considerable progress accomplished in these 
areas in the intervening years has been reviewed in 
Refs. 9-16 Research in the authors’ group at NCSU 
employs both MOCVD and GSMBE to grow GaN 
and Al,Gai_,N films on a(6H)-SiC(0 0 0 1)si sub- 
strates. Only the investigations involving the for- 
mer technique are described herein. 

In the present research, GaN and Al,Gai_,N 
films were deposited either on monocrystalline 
high-temperature (HT) AlN buffer layers pre- 
viously deposited on vicinal and on-axis 6H- 
SiC(OO0 1) substrates (GaN) or directly on the Sic 
(Al,Gai_,N alloys). The n- and p-type doping of 
GaN and Al,Gai_,N using Si and Mg dopants, 
respectively, has also been accomplished. Extensive 
chemical, optical, microstructural and electrical 
characterization of the binary and ternary films has 
also been conducted. The following sections 
describe the experimental procedures and results 
and provide a discussion and conclusions regarding 
this research. 

2 Experimental Procedures 

As-received vicinal (oriented 3”+ off-axis toward 
< 1 120 > ) and on-axis 6H-SiC(0 0 0 1)si wafers 
containing an z 1 pm n-type homoepitaxial layer 
which had been thermally oxidized were cut into 
7.1 mm squares, degreased in sequential ultrasonic 
baths of trichloroethylene, acetone and methanol 
and rinsed in deionized water. They were subse- 
quently dipped into a 10% HF solution for 10 min 
to remove the thermally grown oxide layer and 
blown dry with N2 before being loaded onto a 
Sic-coated graphite susceptor contained in a cold- 
wall, vertical, pancake-style reactor. The diffusion- 
pumped system was evacuated to less than 3 x 10e5 
Torr prior to initiating growth. The continuously 
rotating susceptor was RF inductively heated to 
the AlN or Al,Gai_,N deposition temperature of 
1100°C (as measured optically on the susceptor) in 
3 SLM of flowing Hz diluent. Hydrogen was also 
used as the carrier gas for the various metalorganic 
reactants and dopants. Deposition of each AlN 
buffer layer or Al,Gai_,N was initiated by flowing 
triethylaluminum (TEA), triethylgallium (TEG) 
and ammonia (NH3) into the reactor at 23.6 
32.8 pmol min-’ (total MO flow rate) and 1.5 
SLM, respectively. The system pressure during 
growth was 45 Torr. Each AlN buffer layer was 
grown for 30min resulting in a thickness of 
x 100 nm. The TEA flow was subsequently termi- 

nated, the susceptor temperature decreased to 
950°C and the system pressure increased to 90 Torr 
for the GaN growth. The flow rate of triethylgal- 
lium (TEG) was maintained at 24.8 pmol min-‘. 
The growth rate for GaN was zO.9 pm h-i. 
Silicon-doped GaN and Al,Gai_,N films were 
grown by additionally flowing SiH4 (8.2-12.4 
ppm in a balance of N2) at flow rates between 
~0.05 nmol min-’ and M 15 nmol min-‘. Mg-dop- 
ing of GaN was accomplished by introducing bis- 
cyclopentadienylmagnesium (Cp*Mg) at a flow 
rate of 0.2 pm01 min-‘. 

The structural, microstructural, optical and elec- 
trical characteristics of the epitaxial films were 
analyzed using transmission and scanning electron 
microscopies, double-crystal X-ray rocking curve 
(DCXRC) measurements of the GaN(OO04) and 
AlN(0 0 0 2) reflections, photoluminescence (PL) 
and cathodoluminescence (CL) at 8K using a 15 m 
W He-Cd laser (h = 325 nm) or electron gun oper- 
ated at 6 keV and a beam current of 100 PA as the 
respective excitation sources. Secondary ion mass 
spectrometry of the dopants was accomplished 
using a Cameca ims-3f. The carrier concentrations 
and mobilities in the Si- and Mg-doped GaN and 
the Si-doped Al,Gai_,N films were determined via 
Hall-effect measurements (Van der Pauw geometry). 
Thermally evaporated Al (GaN) and In (Al,_ 
Gai_,N) served as the ohmic contacts. Capaci- 
tance-voltage (CV) measurements were also 
conducted on the Mg-doped GaN and the Si- 
doped Al,Gai_,N using an Hg probe. Separately 
deposited AlN buffer layers were characterized 
using reflection high-energy electron diffraction 
(RHEED) and SEM. 

3 Results and Discussion 

3.1 AlN and GaN 
The AlN films grown on the vicinal and on-axis 
6H-SiC(0 0 0 1)si substrates were monocrystalline, 
as determined via RHEED analysis, with a smooth 
surface morphology. Coalescence of GaN islands 
occurred on monocrystalline HT-AlN buffer layers 
on vicinal and on-axis 6H-SiC(0 0 0 l)si substrates 
within the first several hundred angstroms of 
growth. The SEM image in Fig. 1 shows an inter- 
mediate stage of coalescence of x 150 A thick GaN 
islands after 1 min of growth. Subsequent growth 
occurred by a layer-by-layer mechanism. By con- 
trast, for GaN film growth on low-temperature 
buffer layers on sapphire(O 0 0 1) a similar growth 
scenario pertains but requires several thousand 
angstroms of deposition and crystallographic geo- 
metric selection before island coalescence and 
layer-by-layer growth result.17T18 
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Fig. 1. SEM image showing an intermediate stage of coales- 
cence of x 150 A thick GaN islands after 1 min of growth on a 
monocrystalline AlN buffer layer deposited at 1100°C on a 

BH-SiC(0 0 0 l)si substrate. 

The monocrystalline GaN films deposited on 
the HT-AlN buffer layers on the on-axis 6H- 
SiC(OO0 l)si substrates had very smooth surfaces. 
A slightly mottled surface was observed for films 
deposited on vicinal 6H-SiC(0 0 0 1)si substrates, 
probably as a result of the higher density of steps 
coupled with the mismatch in the Si/C and Al/N 
bilayer stacking sequences at selected steps19 on the 
growth surface of the this substrate. A representa- 
tive cross-sectional TEM micrograph of such a film 
is shown in Fig. 2. No low-angle grain boundaries, 
twins or stacking faults were observed in these 
images. Residual lattice strain resulting from 
inversion domain boundaries (IDBs) generated at 
the SIC steps as a result of the difference in the Si/C 
and Al/N bilayer stacking sequence19 along (0 0 0 1) 
and resultant threading dislocations were apparent 

Fig. 2. Cross-sectional TEM micrograph of GaN grown at 
950°C on a monocrystalline AlN buffer layer deposited at 

1100°C on a vicinal 6H-SiC(0 0 0 1)si substrate. 

in the AlN buffer layers. The dislocation density 
within the first 0.5 pm of the GaN film on the 
vicinal 6H-SiC(0 0 0 1)si substrate was approxi- 
mately 1 x lo9 cme2, as determined from initial 
plan view TEM analysis by counting the number of 
dislocations per unit area. This value is approxi- 
mately an order of magnitude lower than that 
reported 2o for thicker GaN films deposited on 
sapphire (0 0 0 1) substrates using low-temperature 
buffer layers. The dislocation density of the GaN 
film deposited on the vicinal 6HSiC(O 0 0 1)si sub- 
strate decreased rapidly as a function of thickness. 
The on-axis wafers had less step and terrace fea- 
tures; thus, the HT-AlN buffer layers on these 
substrates were of higher microstructural quality 
with smoother surfaces and fewer IDBs. Conse- 
quently, the microstructural quality of the GaN 
films were better for on-axis growth as shown by 
the DCXRC data noted below. 

Measurements taken via DCXRC on simulta- 
neously deposited 1.4 ,um GaN films on HT-AlN 
(1lOO’C) buffer layers revealed full width at half 
maximum (FWHM) values to be 58 arc set and 
151 arc set for deposition on the on-axis and off- 
axis 6H-SiC(0 0 0 l)si substrates, respectively. The 
FWHM values of the DCXRC values for the 
corresponding 100 nm AlN buffer layers were 
approximately 200 and 400 arc sec. These latter 
values were unchanged by increasing the growth 
temperature to 1200°C. The 2.7 pm GaN film 
deposited under identical conditions on a vicinal 
GH-SiC(0 0 0 1)si substrate yielded a FWHM value 
of 66 arc sec. The reduction in FWHM values is 
consistent with the decrease in the dislocation den- 
sity as a function of thickness for GaN films grown 
on vicinal 6H-SiC(OO0 1)si substrates, as noted 
above. 

The low-temperature (8K) PL spectra of the GaN 
films on both on-axis and vicinal 6H-SiC(0 0 0 1)si 
substrates showed strong near band-edge emission 
at 357.4nm (3.47 eV). The FWHM values of these 
I2 bound exciton peaks were 4meV. The spectra 
for all the films revealed a very weak peak centered 
at x 545 nm (2.2 eV), commonly associated with 
deep levels (DL) in the band gap. 

Undoped high quality GaN films grown on 
HT-AlN buffer layers on both vicinal and on-axis 
6H-SiC(OO0 1)si substrates were too resistive for 
Hall-effect measurements. Controlled n-type dop- 
ing was achieved using SiH4 for net carrier 
concentrations ranging from x 1 x lOi cmp3 to 
z 1 x 1020 cme3 in GaN films grown on vicinal 
6H-SiC(O0 0 1)si substrates. The net carrier con- 
centrations and room temperature mobilities ver- 
sus SiH4 iow rate are plotted in Fig. 3. 

Mg-doped GaN films were deposited at 950°C 
on HT-AlN (1lOO’C) buffer layers on vicinal 
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Fig. 3. Net carrier concentration and room temperature 
mobilities in Si-doped, n-type GaN as a function of SiH4 

flow rate. 

6H-SiC(0 0 0 l)si substrates which were subse- 
quently annealed at 700°C at 700 Torr in 3 SLM of 
N2 for 20min. These same samples were re- 
annealed at 900°C for 20min under identical con- 
ditions. Similar to the results of Nakamura et c&21 

the PL intensity of the blue emission was increased 
by the 700°C anneal and was dramatically 
decreased by the subsequent 900°C anneal. Hall- 
effect measurements made on the annealed samples 
revealed p-type GaN with a net hole carrier con- 
centration of nA-nD z 3 x 1017 cmp3, a resistivity of 
p x S&cm and a hole mobility of p z 3 cm2 Vs-‘. 
Likewise, 4-point probe and Hg-probe C-V mea- 
surements verified p-type GaN. 

3.2 Al,GaI_,N 
Al,Gar _,N films have been grown for Al mole 
fractions of 0 5 x 5 1. Al,Gar_,N films for 
0 < x < 0.3 were then simultaneously deposited 
directly on vicinal and on-axis 6H-SiC(OO0 1) 
substrates without the use of the customary 
high-temperature AlN buffer layers. These films 
were electrically insulating as-grown. The Al mole 
fractions were determined by low-temperature 
CL measurements as described below. The 
DCXRC measurements again revealed smaller 
FWHM values for A&Gal _,N films grown on 
the on-axis substrates as compared to simulta- 
neously deposited films grown on vicinal sub- 
strates. Also, the FWHM values expand with 
increasing Al mole fraction. These results are 
shown in Fig. 4. 

The low-temperature (8K) CL spectra of the 
Al,Gar_,N films with x < O-5 showed strong near 
band-edge emission. As expected, the energy posi- 
tions of these peaks shifted towards higher energy 
with increasing x. The Al mole fractions were 
assigned from the near band-edge peak positions 
using a bowing parameter of b = 0.98 eV, as 
determined by Khan et ~1.~~ 

d off-axis 

+ on-axis 

0.0 0.1 0.2 

Alloy concentration (x) 

0.3 

Fig. 4. DCXRC FWHM values versus alloy concentration 
for Al,Gal_,N films simultaneously deposited on vicinal and 

on-axis 6H-SiC(0 0 0 1) substrates. 

The FWHM of the energy peaks increased with 
increasing values of x. Al,Gar _,N films grown on 
the on-axis substrates showed a similar trend. The 
broadening of the near band-edge peak is possibly 
due to increased fluctuations in the alloy composi- 
tions of Al,Gar _,N films for increasing values of 
x.22 The CL peak intensities were 0.1 to 1 order of 
magnitude stronger for undoped AlGaN films 
grown on vicinal substrates than for films grown 
on the on-axis substrates. This phenomenon is 
being further investigated. 

The controlled introduction of SiH4 allowed the 
reproducible achievement of donor carrier con- 
centrations within the range of 2 x 1017 cmm3 to 
2 x 1019cm-3 in films with x 5 0.4. The growth of 
p-type A1,GaI_,N films for x 5 0.13 via the intro- 
duction of Mg has been successful. All attempts to 
similarly dope films with x > 0.13 have been 
unsuccessful. 

4 Conclusions 

Metalorganic chemical vapor deposition has been 
used to grow monocrystalline GaN(0 0 0 1) thin films 
at 950°C on high-temperature on 1OOnm thick, 
monocrystalline AlN(0 0 0 1) buffer layers pre- 
viously deposited at 1100°C on a(6H)-SiC(0 0 0 1)si 
substrates. Al,Gar_,N films (0 5 x 5 1) were grown 
directly on these substrates at 1050 or 1100°C. 
Chemically abrupt heterojunctions were demon- 
strated. All films possessed a smooth surface 
morphology and were free of low-angle grain 
boundaries and associated oriented domain micro- 
structures. The PL spectra of the GaN films 
deposited on both vicinal and on-axis substrates 
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revealed strong bound exciton emission with a 
FWHM value of 4meV. The spectra of these films 
on the vicinal substrates were shifted to a lower 
energy, indicative of films containing residual 
tensile stresses. A peak believed to be associated 
with free excitonic emission was also observed in 
each on-axis spectrum. Cathodoluminescence of 
solutions with x < 0.5 exhibited strong near band- 
edge emission with a FWHM as low as 31 meV. 
The CL spectra of the Al,Gar_,N films for 
x ~0.5 showed strong near band-edge emission. 
The FWHM values of the main energy peak 
increased with increasing Al mole fraction. Con- 
trolled n- type Si-doping in GaN and Al,Gar _,N 
(for x < 0.4) was achieved for net carrier concen- 
trations ranging from approximately 2 x 1017 cme3 
to 2 x 1Or9 (Al,Gar_,N) or to 1 x 1020 (GaN) 
cmM3. Mg-doped, p-type GaN was achieved 
with nA-nD z 3 x 1017cm-3 , p x 7S2cm and 
pz53cm2 V+-‘. 
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