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The AlGalnN gquaternary alloy system is uniquely suited for numerous device applications
because the bandgap can be varied from 1.9 to 6.2 eV by changing the alloy composition.
Growth of epitaxial device-quality group 111 (Al, Ga, In) nitride films has been hindered by
a lack of suitably lattice matched substrates, the large equilibrium dissociation pressure of
N, from the nitrides at typical growth temperatures, and predeposition reactions in the
commonly employed metal—organic chemical vapor (MOCVD) precursors. The most
successful films have been grown at temperatures in excess of 900 °C by MOCVD. However,
high growth temperatures may limit compatibility and incorporation of group Il nitrides
with existing fabrication technologies and devices. Attempts to lower deposition temperature
include activated nitrogen sources and alternative precursors. This review will discuss
improvement in film properties as a function of growth chemistry and will focus on MOCVD
precursors used specifically for the growth of group Il nitrides.

Introduction

The refractory group Il nitrides (group Il refers to
Al, Ga, In) are the focus of intense research and device
development.! The wurtzite polytypes of gallium nitride
(GaN), aluminum nitride (AIN), and indium nitride
(InN) are excellent materials for bandgap engineering,
because they form a continuous range of solid solutions
and superlattices with direct room-temperature band-
gaps ranging from 1.9 eV for InN, to 3.4 eV for GaN, to
6.2 eV for AIN (Figure 1).2 The group Il nitrides are
ideal for high-power applications and utilization in
caustic environments, because they are chemically inert,
are resistant to radiation, and have large avalanche
breakdown fields, high thermal conductivities, and large
high-field electron drift velocities. The group I11 nitrides
and their alloys have been fabricated into various high-
temperature and high-power microelectronic and opto-
electronic devices such as passivation barriers,® ohmic
contacts* in integrated circuits, blue light-emitting
diodes,® candela-class blue-light emitting diodes,® green
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and yellow light-emitting diodes,” UV photodetectors,?
reflector stacks,® high electron mobility transistors,©
heterostructure field effect transistor,!! metal semicon-
ductor field-effect transistors,’> and surface acoustic
wave devices.® Stimulated emission has been reported
from optically pumped GaN'* and AlGalnN alloy®
double heterostructure films.

Growth of epitaxial device quality group Il nitride
films with low defect densities and dopant concentra-
tions has been hindered by a lack of suitably lattice
matched substrates, large n-type background carrier
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Figure 1. Bandgap versus lattice parameters for wurtzitic
and cubic group I nitrides.

concentrations in the deposited nitride films, large
equilibrium dissociation pressure of N, from the nitrides
at typical growth temperatures, and predeposition reac-
tions in the commonly employed metal—organic chemi-
cal vapor deposition (MOCVD) precursors, trimethyl-
aluminum, trimethylgallium, or trimethylindium and
ammonia. All studies before 1987 reported the fabrica-
tion of material that typically contained a large free
electron concentration (10°—-10%° cm~2) and low mobil-
ity (10—20 cm?/Vs). Recent advances in heteroepitaxial
growth of thin films has resulted in significant improve-
ments in crystallinity, electrical, and optical properties
and the fabrication of practical devices. The successful
use of buffer layers has allowed single-crystalline
growth on poorly lattice matched substrates. The most
successful films have been grown at temperatures in
excess of 900 °C by MOCVD. However, the disadvan-
tages associated with such high growth temperatures
include introduction of thermal stresses in the films,
accumulation of defects at the interface, poor compat-
ibility with existing integrated circuit technology, and
difficulty of indium alloy formation. Attempts to lower
deposition temperature include activated nitrogen sources
and alternative precursors. This review will discuss
improvement in film properties as a function of growth
chemistry and will focus on MOCVD precursors used
specifically for growth of group Il nitrides.

Structure of AIN, GaN, and InN

GaN is known to exist in at least two distinct
crystalline polymorphs. They are the hexagonal equi-
librium wurtzite structure (a) and the metastable cubic
zinc blende structure (b) (Figure 2). A third polymorph
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Figure 2. (a) Wurtzite structure of GaN. (b) Zinc blende
structure of GaN. Reprinted with permission from Introduc-
tion to Ceramics, 2nd ed.; Kingery, W. D., Bowen, H. K.,
Uhlman, D. R., Eds.; John Wiley & Sons: Inc., New York,
1976.

is only formed under high pressure.1® Both wurzitic and
zinc blende GaN have tetragonal coordination with each
atom bonded to four other atoms of opposite species. The
nature of the bonding is predominately covalent with
some ionic character. Wurzitic GaN is hexagonal close
packed with an ABAB layer structure, and zinc blende
GaN is cubic close-packed with an ABCABC layer
structure. The nearest-neighbor positions are almost
identical. Only the relative positions of the second
nearest neighbor differ. The major difference between
the two structures is the stacking order of the tetrahe-
dral atomic sheets along the (111) axis. The wurtzitic
hexagonal phase has lattice constants of a = 3.186 A
and ¢ = 5.178 A and a Ga—N bond length of 1.98 A.17
The zinc blende cubic phase has a lattice constant of
4.51 A17 AIN and InN are most commonly observed in
the wurzitic form with lattice constants of a = 3.112 A,
c=4.982 A and a=13.548 A, ¢ = 5.760 A, respectively,
but AIN and InN can nucleate in the zinc blende phase?®
with lattice constants of 4.38 and 4.98 A, respectively.

The wurtzite (0002) and zinc blende (111) stacking
planes have the same lattice spacing. The wurtzite
(1120) and zinc blende (110) lattice spacings are also
equal. Because the wurtzite and zinc blende structures
differ only in their packing sequences, care must be
taken when determining epitaxial growth by X-ray
diffraction.1®

Thermal Stability of Group Il Nitrides

The group Il nitrides thermally dissociate with loss
of nitrogen near their melting points. The stability
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Figure 3. Stability limits for AIN, GaN, and InN. Reprinted
with permisson from ref 20. Copyright 1993 Elsevier Science.

limits for AIN, GaN, and InN are presented in Figure
3.20 AIN is significantly more thermally stable than
GaN or InN. InN is the least stable group Il nitride
and is known to thermally dissociate at temperatures
>600 °C. Even though stability at high temperatures
is essential for use in high-temperature and high-power
electronic and optoelectronic systems, few annealing
studies of group Il nitride films have been conducted.
Thermal anneals of GaN indicated no decrease in
photoluminescence intensity?! or change in crystalline
quality and electrical properties were observed for high-
quality GaN films annealed at 900 °C under nitrogen.
However, thermal decomposition was observed during
a H, anneal at 900 °C. Hydrogen was proposed to
reduce Ga®* to gallium metal (GaN + 3/;H, — Ga°® +
NH3).22 Because of AIN’s high melting point and low
nitrogen dissociation pressure, similar results for AIN
and AlGaN films would be expected. In contrast, InN
is significantly less stable than AIN or GaN. Annealing
InN films above 550 °C has been shown to severely
degrade the film crystallinity. The degradation of the
InN film is attributed to decomposition of the nitride
with subsequent desorption of nitrogen. (INN — In® +
1/2N2).23

Heteroepitaxial Growth of Group I1l Nitrides

Heteroepitaxial growth of group 111 nitrides on vari-
ous substrates has been hindered by a lack of suitably
lattice matched substrates, large equilibrium dissocia-
tion pressure of N2 from the nitrides at typical growth
temperatures, poor cracking efficiency of ammonia, and
predeposition reactions in the commonly employed
MOCVD precursors, trimethylaluminum, trimethylgal-
lium, or trimethylindium with ammonia.2* A combina-
tion of buffer layers, high growth temperatures (~700—
1400 °C), activated nitrogen species, and large nitrogen
source overpressures have been used to overcome these
difficulties and obtain device quality films.
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Table 1. Characterization Data for GaN Films Grown
with Trimethylgallium and Ammonia at Substrate
Temperatures of 775, 875, and 1050 °C?5

growth temp (°C)

775 875 1050
n (300 K) cm—3 2 x 10%° 7 x 107 1 x 10Y7
u (300 K) cm?/V s 69 148 350
u (180 K) cm?/V s 64 182 435
u (77 K) cm?/V's 56 88 254
PL (fwhm) (300 K) meV 160 80 25
abs edge (10—90%) nm 15 10 5

Growth of group Il nitrides by MOCVD requires a
minimum deposition temperature to provide sufficient
mobility of surface species during growth to obtain
epitaxial, single-crystalline growth of the group 11l
nitrides. The conventional MOCVD precursor used for
GaN growth, trimethylgallium, begins pyrolyzing at 475
°C, and oriented (0001) polycrystalline GaN has been
deposited at 500 °C with ammonia and trimethylgal-
lium. However, temperatures in excess of 800 °C are
necessary to obtain single-crystalline high-quality GaN
films on sapphire. The GaN films with the best electri-
cal and optical properties are grown at 1050 °C (Table
1).25 At substrate temperatures exceeding 1100 °C the
dissociation of GaN results in voids in the growth layer.
A similar temperature dependence is observed for AIN
film growth by MOCVD. Although, trimethylaluminum
is more reactive than trimethylgallium and begins
pyrolyzing at 300 °C and oriented polycrystalline AIN
is deposited at 400 °C, a minimum temperature of 1200
°C is necessary to obtain high-quality single-crystalline
AIN on sapphire.?® Disadvantages associated with high
growth temperatures include introduction of thermal
stresses in the films, accumulation of defects at the
interface, dopant and impurity diffusion, poor compat-
ibility with existing integrated circuit technology and
difficulty of indium alloy formation.

New MOCVD deposition technologies utilizing an
activated form of nitrogen?” have attempted to lower
deposition temperatures of group Il nitride films.
However, low growth temperatures often results in
amorphous or polycrystalline materials, because there
is insufficient energy for the adsorbed species to migrate
to their preferred crystalline location. For example,
polycrystalline and amorphous GaN28 and AIN2® have
been deposited at temperatures <350 °C by plasma-
enhanced CVD. Polycrystalline GaN has been deposited
by combined laser and microwave plasma-enhanced
chemical vapor deposition at 500 °C.3° Better results
have been obtained by activating the nitrogen source

(25) Khan, M. A.; Kuznia, J. N.; Van Hove, J. M,; Olson, D. T. Appl.
Phys. Lett. 1991, 58, 526.

(26) Matloubian, M.; Gershenzon, M. J. Electron. Mater. 1985, 14,
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(27) (a) Sumakeris, J.; Sitar, Z.; Ailery Trent K. S.; More, K. L;
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Dupuy, C.; Ballador, J. L.; Cot, L. J. Cryst. Growth 1993, 129, 621. (c)
Aspar, B.; Rodriguez-Clemente, R.; Figueras, A.; Armas, B.; Combes-
cure, C. J. Cryst. Growth 1993, 129, 56. (d) Rodriguez-Clemente, R.;
Aspar, B.; Azema, N.; Armas, B.; Combescure, C.; Duran, J.; Figueras,
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Table 2. Selected Physical Properties of Substrates for Group 111 Nitride Films2%3
lattice CTE repeat repeat misfit
substrate sym parameters (A) (10-8/°C) unit GaN unit substrate with GaN (%)?2
GaN hexagonal a=3.189 5.59
¢=5.185 3.17
GaN cubic a=452 n/ab
AIN hexagonal a=3.112 4.2 a, hex a 2.5
¢ =4.982 53 ¢, hex c 4.1
AIN cubic a=4.38 n/a a, cubic a 3.2
InN hexagonal a=3.548 4 a, hex a —-10.1
¢ =5.760 3 ¢, hex c —10.0
InN cubic a=4.98 n/a a, cubic a -9.2
(0001)sapphire hexagonal a=4.7759 7.5 a, hex V3/2a 22.7
¢ =12.991 8.5 V/3a, hex a 13.8
6H-SIC hexagonal a=3.08 n/a a, hex a 3.5
c=15.12 c, hex 1/3c 2.9
ZnO hexagonal a = 3.252 2.9 a, hex a -1.9
¢=5.213 4.75 ¢, hex c —-0.54
Si(111) cubic a=5.4301 3.59 V/3a, hex a 1.7
¢, hex a —4.5
GaAs(111) cubic a=5.6533 6 +/3a, hex a -2.3
c, hex a -8.3
3C-SiC cubic a=4.36 n/a a, cubic a 3.7
a, hex a 27
¢, hex a 19
MgO cubic a=4.216 10.5 a, cubic a 7.2
a, hex a 24
¢, hex a 23
MgAIl;04 cubic a = 8.083 7.45 a, cubic 1/2a 12
a, hex 1/2a 21
¢, hex 1/2a 28

a Lattice Mismatch = f = (dsupstrate — driim)/dsiim. © n/a = not available.

by a variety of techniques such as laser-assisted chemi-
cal vapor deposition (LCVD),3! remote plasma enhanced
chemical vapor deposition (RPCVD),%2 atomic layer
epitaxy (ALE) with NH332 and N»%* cracked by a hot
filament, catalytically decomposed ammonia,3® photo-
assisted chemical vapor deposition,3¢ and electron cy-
clotron resonance plasma-assisted chemical vapor depo-
sition.3” However, more research is needed with these
activated nitrogen sources to grow device quality films
and devices at deposition temperatures <700 °C. Atomic
layer epitaxy is the most promising of the lower growth
temperature techniques. ALE is capable of cracking
ammonia at temperatures lower than those required for
MOCVD, because of the more active surface covered
with Ga atoms or their monomethylgallium radicals.
The ALE process allows the adsorbed species to migrate
with a higher surface diffusion than obtained by MOCVD
or molecular beam epitaxy (MBE).38

Growth of AIN has been reported by high-temperature
processes in the range 1050—1250 °C by MOCVD and
reactive molecular beam evaporation.?® A few high-
quality epitaxial films have been grown at lower tem-
peratures (300—700 °C) by switched atomic layer epit-
axy,*® electron cyclotron resonance plasma assisted
CVD,*! reactive sputtering,*? and pulsed laser deposi-
tion.*3

Perhaps the largest barrier to growth of device quality
GaN films has been the lack of good lattice-matched
substrate materials. For heteroepitaxial growth of GaN,
various single crystals have been used as substrates,
e.g., Si, 6H—SiC,* 3C—SiC,* MgO,* zZn0,?* GaAs, and
sapphire.#” Among these the sapphire substrates of
different crystallographic orientations have been the
most popular, but the large difference in lattice param-
eters and thermal expansion coefficient are major
problems (Table 2). Although SiC substrates have
smaller lattice mismatches, they are expensive and
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Figure 4. SEM photographs of the surface and cross sections of GaN films grown on Si substrates with (a), (b) and without (c),
(d) AIN buffer layer. Markers represent (a) 5, (b) 1, (¢) 5, and (d) 10 mm. Reprinted with permission from ref 51. Copyright 1993

Elsevier Science.

suffer from inferior structural quality compared to the
commonly available sapphire wafers. Workers from
Cree Research Inc. recently reported X-ray diffraction
data with a fwhm of typical SiC substrates to be ~93
arc s*8 while sapphire fwhm's are routinely <10 arc s.
Obtaining clean substrate surfaces prior to growth
appears to be a major obstacle to the achievement of
good-quality epitaxy.*® Generally, growth of group Il
nitride films on poorly lattice matched substrates results
in polycrystalline island-like films with poor surface
morphology. The films are often cracked after post
growth cooling as a result of thermal strain® as depicted
for GaN growth on Si in Figure 4a.5!

The use of buffer layers has dramatically improved
crystallinity, film morphology, and electrical and optical
properties. Examples include single-crystalline growth
of GaN on AIN buffered (111) Si (Figure 4b, d),5! GaN
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on AIN buffered sapphire,2 GaN on GaN buffered
sapphire,®® InGaN alloys on GaN buffered (0001) sap-
phire,>* AlGaN alloys on AIN buffered (0001) sapphire,®
GaN and AlGaN alloys on Si with a 3C—SiC buffer
layer,8 thick GaN films (200—400 mm) by vapor phase
epitaxy on sputtered ZnO buffered (0001) sapphire,5’
and InN films on AIN buffered (0001) sapphire.58
Using reactive molecular beam epitaxy, the growth
of an AIN buffer layer was first shown to significantly
improve the optical and electronic properties of the
subsequent GaN layer.522b Three-dimensional growth
of GaN by atmospheric pressure metal organic chemical
vapor deposition (APMOCVD) on sapphire was shown
to be effectively suppressed (Figure 5) by a two-step
growth technique which uses either an AIN or GaN
buffer layer grown at temperatures 400—600 °C before
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Figure 5. Interference micrographs of the surface of GaN
films grown with and without a GaN buffer layer. The growth
times of the buffer layers of each sample were (a) 30, (b) 70,
(c) 70, and (d) O s. Reprinted with permission from ref 53.
Copyright 1991 Japanese Journal of Applied Physics.
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Figure 6. (a) Carrier concentrations and (b) electron mobili-
ties of 4.0 mm GaN layers as a function of GaN and AIN buffer
layer thickness on (0001) sapphire. Reprinted with permission
from ref 60. Copyright 1993 American Institute of Physics.

growth of epilayers at higher temperatures 900—1100
°C.52¢-h53 The AIN and GaN buffer layers are amor-
phous when deposited. During the heating step prior
to growth of the epilayer, the buffer layer crystallizes
by solid-phase epitaxy and forms columnar fine crystals
with preferred orientation. Coalescence of the islands
results in defect-free domains in the buffer layer with
low-angle grain boundaries. The buffer layer is pro-
posed to provide a significantly larger number of
nucleation sites for the subsequent GaN growth, allow-
ing pseudo two-dimensional growth to dominate, and
concentrating defects at the interface.5°

Crystal quality, surface morphology, electrical and
optical properties have been shown to be critically
dependent on the thickness and quality of the buffer
layer (Figures 5 and 6).%0 The sensitivity of the epilayer
to buffer layer growth conditions may be related to
incorporation of various defects or impurities in the
buffer layer during growth or to the surface morphology
of the buffer layer surface. GaN film properties grown
on a-plane sapphire have been reported to be much less
sensitive to the buffer conditions than growth on c-plane
sapphire which is tentatively attributed to a better
surface polish and/or a better lattice mismatch.6!
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A. Jr. J. Electron Mater. 1995, 24, 269.
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Initial nitriding of the sapphire substrate is reported
to improve the heteroepitaxial interface between AINS2
and GaN®3 and sapphire than nonnitrided sapphire.
Initial nitriding of sapphire before growth of the low-
temperature buffer layer resulted in a buffer layer
consisting of grains with only one orientation. In
contrast, as discussed earlier GaN buffer layers depos-
ited on sapphire contain grains of many random orien-
tations. Improved electrical and optical properties are
reported for GaN films grown on such prenitrided GaN
buffer layers.6* Sasaki has reported that the GaN(0001)
surface is stabilized (necessary for smooth film morphol-
ogy) on AIN buffered sapphire under the following
growth conditions: high H; partial pressure, high total
pressure, high growth temperatures, and low growth
rate.®5

As-grown GaN films are known to contain a high
density of defects, due to the large lattice mismatch and
thermal expansion coefficient difference between the
epilayer and the substrate. Although two-step growth
improves film crystallinity, the films still contain a large
structural defect density of about 2 x 10° cm~2 (Figure
7).6 Despite the extremely high density of structural
defects, highly efficient light-emitting diodes (LEDSs)
have been fabricated. The electronic properties of the
more ionic materials such as GaN appears to be more
tolerant of high defect densities than more covalent
materials such as GaAs. In addition to the large lattice
mismatches between the epitaxial layer and substrate,
which can lead to high defect densities, heteroepitaxial
growth encounters the problem of lattice distortion due
to the presence of residual stress. The residual stress
might arise from the large difference in lattice param-
eters or thermal expansion coefficients.6” Wafer bend-
ing and cracking result during cooling from growth
temperatures.’8 TEM analysis of GaN films grown by
the two-step method reveal that the dominant defect
in the GaN films are threading dislocations resulting
from the misfit strain introduced by the lattice mis-
match between the epilayer and the substrate, and low-
angle grain boundaries, caused by small misorientations
of GaN islands nucleated on the buffer layer during
initial stages of growth. The nature of these threading
dislocations suggests that careful optimization of the
thickness and deposition temperature of the buffer layer
is necessary to minimize or avoid formation of grain-
type structures in the GaN film.°

Superior crystalline quality has been reported for
GaN epilayer on GaN buffered sapphire by low-pressure
chemical vapor deposition (LPCVD 60 Torr). A full
width at half-maximum (fwhm) value of 37 arc sec was
reported and TEM analysis revealed no stacking faults
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Figure 7. Bright-field two-beam TEM micrographs showing
the defect distribution along a GaN blue light emitting diode
from Nichia Chemical. (a) Cross section of full thickness of
device; (b) top region of device including the double hetero-
structure active region. The dislocation density is in the range
(2—10) x 10%° dislocations/cm?. Reprinted with permission from
ref 66a. Copyright 1995 American Institute of Physics.

or columnar growth.”® The narrowest rocking curve
fwhm value of 30 arc sec was reported for GaN grown
by LPCVD (76 Torr) with an AIN buffer layer.”* In
contrast to atmospheric pressure chemical vapor deposi-
tion (APCVD), TEM analysis of GaN and AIN buffer
layers grown by LPCVD (76 Torr) revealed a smooth
surface morphology and a single crystalline nature.”?
The improved crystalline nature of the buffer layers
grown by LPCVD may contribute to the superior
crystalline quality of the GaN films grown by LPCVD
described above.

Molecular Beam Epitaxy

MBE technology using reactive nitrogen sources is a
favorable growth technique for group Il nitrides be-
cause of the reduced growth temperature, growth of as-
grown p-type layers, and high compositional controlla-
bility of monolayer thickness. Low-temperature growth
has the potential of fabricating stoichiometric epitaxial
layers at relatively low nitrogen supply ratios. Several

(70) (a) Holmes, A. L.; Fertitta, K. G.; Ciuba, F. J. Dupuis, R. D.
Electron Lett. 1994, 30, 1252. (b) Fertitta, K. G.; Holmes, A. L.; Neff,
J. G,; Ciuba, F. J.; DuPuis, R. D. Appl. Phys. Lett. 1994, 65, 1823. (c)
Fertitta, K. G.; Holmes, A. L.; Ciuba, F. J.; Dupuis, R. D. J. Electron.
Mater. 1995, 24, 257.
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types of reactive nitrogen sources, such as electron
cyclotron resonance (ECR) microwave plasma,’38384
microwave N, plasma,” ion source,*® and RF (radio
frequency) radical plasma source’™ have been coupled
with MBE for the growth of group 111 nitrides. Because
of the strong N—N bond in N, plasma assistance is
necessary for excitation of the nitrogen molecule and
generation of nitrogen atoms and radicals. However,
plasma N sources present a tradeoff between nitrogen
supply and ion damage that is a byproduct of the source.
The GaN growth rate is limited by the available flux of
low Kinetic energy reactive N species. This growth rate
is quite small 0.4—0.04 um/h. If higher growth rates
are attempted, Ga droplets form on the surface due to
insufficient nitrogen supply. Higher nitrogen fluxes are
obtainable at higher plasma power but more energetic
ions are created, which may degrade material quality
by ion bombardment.”® An increase in GaN lattice
strain has been observed at higher input powers.””
Reducing the relative concentration of ion to excited
neutral (atomic and metastable molecular) nitrogen
species results in a substantial improvement in the
films’ optoelectronic properties.”® Promising results are
being achieved using biasable substrates and adjustable
grid voltages to eliminate the higher energy ions.”® GaN
films grown by ECR-MBE with a flow-limiting exit
aperture on the ECR source were found to have superior
structural, electrical and optical properties.8° The low
growth rates are a serious limitation of the plasma-
enhanced MBE compared to MOCVD, which offers
device-quality films at faster growth rates. More reac-
tive nitrogen species such as ammonia,®! dimethylhy-
drazine,®? and hydrogen azide® have been investigated
as the nitrogen source for MBE growth of group 111
nitrides.

As observed for films grown by MOCVD, higher
quality films are grown on buffered substrates. For
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example, single-crystalline GaN (0001) has been grown
by electron cyclotron resonance molecular beam epitaxy
(ECR-MBE) on AIN buffered sapphire,®* AIN buffered
Si,% by reactive ion molecular beam epitaxy on AIN
buffered sapphire,® and by reactive magnetron sputter
deposition on AIN buffered GaAs.8” Epitaxial (0001)
AIN films have been grown by plasma-assisted gas
source molecular beam epitaxy on a 6H-SiC,%8 and by
rf diode sputtering on Si.8% At lower substrate temper-
atures (275—350 °C) transparent, weakly oriented,
polycrystalline GaN (0001) films were deposited on
Corning 7059 glass with Ga and activated N, by ECR
plasma-assisted deposition.?°

Heteroepitaxial Growth of Zinc Blende Group
Il Nitrides.

Growth of zinc blende (cubic) group 11l nitrides has
lagged behind growth of the thermodynamically favored
wurzitic phase. The cubic-phase material may be
superior for certain device applications and may be more
readily integrated with existing high-quality 111-V
semiconductor substrates and devices. Most cubic group
11 nitrides have been grown by MBE on GaAs sub-
strates. The crystal structure of epitaxial zinc blende
GaN is strongly influenced by the substrate material
and orientation. Zinc blende GaN has been epitaxially
stabilized on B-SiC-coated Si(100),°* MgO,* and 3C—
SiC,%2 which are closely lattice matched, and on GaAs-
(100),°3 nitrided GaAs(100) substrates,® and Si.% The
cubic GaN phase is obtained by optimizing the param-
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eters that affect initial nucleation. Conditions such as
predeposition annealing, nitridation of the substrate
surface, buffer layers, and growth temperature are
critical in determining the phase and crystallinity of the
resulting layers. For example, zinc blende GaN on Si
(001) substrates can be attained only if the GaN buffer
is epitaxially grown on Si (001) in the zinc blende
structure. If the GaN buffer is either amorphous or
polycrystalline, the subsequent GaN film grows in the
wurtzitic structure.®* During MBE growth, the crystal
structure of GaN was controlled by varying the incident
arsenic overpressure. High-quality cubic GaN was-
grown at 700 °C with an arsenic overpressure with no
evidence of GaAs incorporation.%

Nitridation of the GaAs (100) surface with hydra-
zine,’ 1,1-dimethylhydrazine, ammonia,® microwave-
excited ammonia plasma,®® activated N, from a cold
cathode gun,1® activated N, from an ECR generator,10?
and electron%? and laser'® irradiation of ammonia
before growth has been found to promote epitaxial
growth of cubic GaN.

A zinc blende InN polytype with a InAs interlayer
(~80 nm) was grown on GaAs(100) substrates by
plasma-enhanced molecular beam epitaxy. A TEM
microstructural study revealed a high density of stack-
ing fault defects from which wurtzite domains of InN
were nucleated.1%4

Heteroepitaxial Growth of InN, InGaN, and
InAIN

To realize the full potential of the group Ill nitride
semiconductor system, the growth of each member must
be optimized and alloys and superlattices using the
alloys formed. The growth of InN is particularly
important because it has the lowest energy bandgap (1.9
eV). By alloying InN into either AIN or GaN the
bandgap of the semiconductor can be lowered into the
2—3 eV range, a critical range for making high-efficiency
green and yellow visible light sources and detectors.
Growth of high-quality InN films has proven difficult
because of the low dissociation temperature (550 °C) of

(95) (a) Lei, T.; Fanciulli, M.; Molnar, R. J.; Moustakas, T. D. Appl.
Phys. Lett. 1991, 59, 944. (b) Lei, T.; Moustakas, T. D.; Graham, R.
J.; He, Y.; Berkowitz, S. J. J. Appl. Phys. 1992, 17, 4933.

(96) (a) Orton, J. W.; Lacklison, D. E.; Baba-Ali N.; Foxon, C. T,;
Cheng, T. S.; Novikov, S. V.; Johnston, D. F. C.; Hooper, S. E.; Jenkins,
L. C,; Challis, L. J.; Tansley, T. L. J. Electron. Mater. 1995, 24, 263.
(b) Cheng, T. S.; Jenkins, L. C.; Hooper, S. E.; Foxon, C. T.; Orton, J.
W.; Lacklison, D. E. Appl. Phys. Lett. 1995, 66, 1509. (c) Foxon, C. T.;
Cheng, T. S.; Novikov, S. V.; Lacklison, D. E.; Jenkins, L. C.; Johnston,
D.; Orton, J. W.; Hooper, S. E.; Baba-Ali, N.; Tansley, T. L.; Tret'yakov,
V. V. J. Cryst. Growth 1995, 150, 892.

(97) (a) Mizuta, M.; Fujieda, S.; Matsumoto, Y. Jpn. J. Appl. Phys.
1986, 25, L945. (b) Fujieda, S.; Matsumoto, Y. Jpn. J. Appl. Phys.
1991, 30, L1665.

(98) (a) Hong, C. H.; Wang, K.; Pavilidis, D. J. Electron. Mater.
1995, 24, 213. (b) Hong, C. H.; Pavilidis, D.; Brown, S. W.; Rand, S.
C. J. Appl. Phys. 1995, 77, 1705.

(99) Jones, M. E.; Shealy, J. R.; Engstrom, J. R. Appl. Phys. Lett.
1995, 67, 542.

(100) He, Z. Q.; Ding, X. M.; Hou, X. Y.; Wang, X. Appl. Phys. Lett.
1994, 64, 315.

(101) Bharatan, S.; Jones, K. S.; Abernathy, C. R.; Pearton, S. J.;
Ren, F.; Wisk, P. W.; Lothian, J. R. J. Vac. Sci. Technol. A 1994, 12(4)
1094.

(102) Sun, Y.-M.; Ekerdt, J. G. J. Vac. Sci. Technol. B 1993, 11,
610.

(103) (a) Zhu, X.-Y.; Wolf, M.; Huett, T.; White, J. M. J. Chem. Phys.
1992, 97, 5856. (b) Zhu, X.-Y.; Wolf, M.; White, J. M. J. Vac. Sci.
Technol. A 1993, 11, 838.

(104) Strite, S.; Chandrasekhar, D.; Smith, D. J.; Sariel, J.; Chen,
H.; Teraguchi, N.; Morkoc, H. J. Cryst. Growth 1993, 127, 204.

Chem. Mater., Vol. 8, No. 1, 1996 17

InN.105 The nitrogen equilibrium vapor pressure over
InN is orders of magnitude greater than over AIN or
GaN. To combat this difficulty, low deposition temper-
atures (<600 °C) and various growth techniques such
as reactive evaporation,% jon plating,'%’ reactive radio-
frequency (rf) sputtering,1% reactive magnetron sput-
tering,1%° vapor phase epitaxy,!1® microwave-excited
MOCVD,! |aser-assisted CVD,1? halogen transport,13
and MBE!!4 have been explored to obtain InN films.

Most InN growth has been conducted at ~500 °C.
The best films are obtained with high indium and
nitrogen fluxes. Short thermal anneals (30 min, 450—
500 °C) have been shown to improve the crystallinity
of the as-deposited InN films. InN films are generally
polycrystalline with agglomerates of small columnar
grains having varying degrees of texture and epitaxy.
The crystalline improvement observed after annealing
is attributed to rearrangement of these crystallites in
the films. The electrical properties of the as-deposited
InN films are dominated by connectivity between the
grains.’5 Use of an AIN buffer layer on sapphire
altered the granular polycrystalline growth mode of InN
films resulting in substantial improvements in growth
morphology and electrical properties. However, the
electrical transport properties are still dominated by
intergranular interactions.116

The ternary compound semiconductor InGaN, which
has a direct band gap from 1.9 to 3.4 eV and the
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Figure 8. Incorporation of indium mole fraction in InGaN
as a function of flow rate of indium to the sum of group IllI
sources and growth temperature. Reprinted with permission
from ref 121a. Copyright 1992 The Minerals, Metals &
Materials Society.

quaternary InGaAIN system, which has a direct band-
gap tunable from 1.9 to 6.2 eV, are promising materials
for the active layer of double-heterostructure light-
emitting diodes and laser diodes. However, incorpora-
tion of indium is difficult because of InN low dissociation
temperature (~500 °C). A high nitrogen vapor pressure
is required to prevent the dissociation of the In—N
bond.1” Poor-quality InN, InAIN, and InGaN films with
a high indium mole fraction have been grown at low
growth temperatures (~500—700 °C) with an activated
nitrogen source by metal—organic molecular beam epi-
taxy (MOMBE?!8) or microwave-excited chemical vapor
deposition.’1® At elevated growth temperatures (~800
°C), ternary alloy InAIN and InGaN films have been
grown by atmospheric pressure MOCVD with improved
crystallinity and optical and electrical properties. How-
ever, only low indium mole fractions, <33%, are incor-
porated at the higher growth temperatures, because the
incorporation efficiency of indium decreases dramati-
cally with increasing growth temperatures (Figure 8).120
To combat the problem of InN dissociation high am-
monia and indium fluxes are used. A trimethylindium
flux as much as 12—20 times that of trimethylgallium
is necessary leading to the consumption of several grams
of trimethylindium per run.’?! High-quality InGaN was
grown at 600—700 °C by ALE which minimizes gas-
phase reactions with a significant reduction in indium
precursor consumption.’?2. The poor indium incorpora-
tion efficiency at higher growth temperatures may be
related to (a) premature decomposition of the metalor-
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ganic precursor, (b) desorption of species involved in
growth, and (c) adduct formation with ammonia, which
may undergo premature reaction with methane elimi-
nation and consequently lower trimethylindium con-
centration. Similar difficulties incorporating indium
and observation of parasitic reactions with AsH3 and
PH3 have been reported in growth of InGaP and InGaAs
alloys by MOCVD.123

An improvement in crystalline quality was observed
for InGaN growth on the well matched ZnO substrate
compared to growth on bare (0001)sapphire.12* Deposi-
tion of high-quality AlGaN layers has been reported by
MOCVD on self-nucleated sapphire!?®> and on AIN
buffered sapphire.126

Electrical Properties and Doping

Over a wide range of intentional and unintentional
doping conditions, for various growth methods of group
11 nitrides, electron-transport measurements usually
yield data which suggest strongly compensated mate-
rial, with the degree of compensation independent of
growth technique.’?” To date nearly all growth proce-
dures have resulted in GaN layers with n-type conduc-
tion with large free electron concentration (101°—10%°
cm~3) and low mobility (10—20 cm?/V s). Even the best
films have electron concentrations of 4 x 106 cm™3,
Indium nitride films have electron concentrations in
excess of 10 cm~3, whereas AIN is observed to be
insulating, probably because its donor acceptor and
defect levels lie deep within the bandgap. The nature
of n-type autodoping phenomenon in GaN is still not
understood. The n-type conductivity in unintentionally
doped GaN layers has been attributed to nitrogen
vacancies.*6128 Alternate models attributing the n-type
conductivity to some other intrinsic defect or residual
impurity!?® have also been proposed. Oxygen incorpo-
ration (during growth)!3° and interface defects'3! have
been shown to increase conductivity. Residual n-type
conduction in GaN has been reported to result from a
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band of delocalized donors.132 Recent studies suggest
that n-type behavior is associated with intrinsic defects
in the material.133 However, the identity of the defect
responsible for n-type conductivity in undoped group 111
nitrides is still in question.

As-deposited intentionally doped p-type GaN films,
usually doped with Mg are compensated, highly resis-
tive materials (o ~ 10* Q cm).1%* Recent studies suggest
that compensation in p-type films occurs via intrinsic
donor defects.?® Low resistivity (o <2 Q cm) p-typeGaN
has been obtained after low-energy electron-beam ir-
radiation (LEEBI)!'® or a Ny-ambient thermal anneal
(500—700 °C).136 The first report of p-type conduction
in Mg-doped AlGaN was reported after annealing the
as-deposited film at 1140 °C.137 Hydrogen produced by
dissociation of NH3 on the surface of GaN is thought to
passivate the p-type dopants through the formation of
acceptor—H complexes, i.e., Mg—H complexes.’3® The
Mg—H defect complexes are proposed to convert to
conventional acceptor impurities by annealing or LEE-
B1.13% Activation ratios of only 1072—1072 are generally
achieved, possibly due to the large binding energy of
Mg and residual H contamination. Thus, to obtain high
doping levels, large amounts of Mg must be incor-
porated.’? Hydrogenation of p-type GaN at 250 °C has
been shown to passivate the acceptor dopants and to
be reversible upon annealing.’® GaN films with the
highest hole mobilities (>400 cm?/V s) and lowest carrier
concentrations (5 x 10 cm~3) were grown in a hydrogen-
free environment by reactive ion MBE.1#! Hydrogen
and deuterium have been shown to have a high thermal
stability in group 111 nitride films. Annealing temper-
atures greater than 800 °C are necessary to completely

(132) Asif Khan, M.; Olson, D. T.; Kuznia, J. N.; Carlos, W. E.;
Freitas, J. A. J. Appl. Phys. 1993, 74, 5901.

(133) (a) Neugebauer, J.; Van de Walle, C. G. Phys. Rev. B 1994,
B50, 8067. (b) Glaser, E. R.; Kennedy, T. A.; Doverspike, K.; Rowland,
L. B.; Gaskill, D. K.; Freitas, J. A. Jr.; Khan, M. A,; Olson, D. T;
Kuznia, J. N.; Wickenden, D. K. Phys. Rev. B 1995, 51, 13326. (c)
Boguslawski, P.; Briggs, E.; White, T. A.; Wensell, M. G.; Bernholc, J.
Diamond, SiC and Nitride Wide-Bandgap Semiconductors, Carter, C.
H., Ed.; MRS Symposia Proceedings, 1994; 339, 693. (d) Kennedy, T.
A.; Glaser, E. R.; Freitas, J. A. Jr.; Carlos, W. E.; Asif Khan, M.;
Wickenden, D. K. J. Electron. Mater. 1995, 24, 219. (e) Zolper, J. C.;
Pearton, S. J.; Abernathy, C. R.; Vartuli, C. B. Appl. Phys. Lett. 1995,
66, 3042. (f) Gotz, W.; Johnson, N. M.; Amano, H.; Akasaki, I. Appl.
Phys. Lett. 1994, 65, 463.

(134) (a) Amano, H.; Kito, M.; Hiramutsu, K.; Akasaki, I. Jpn. J.
Appl. Phys. 1989, 28, L2112. (b) Nakamura, S.; Senoh, M.; Mukai, T.
Jpn. J. Appl. Phys. 1991, 30, L1708.

(135) (a) Glaser, E. R.; Kennedy, T. A.; Doverspike, K.; Rowland,
L. B.; Gaskill, D. K.; Freitas, J. A. Jr.; Khan, M. A.; Olson, D. T.;
Kuznia, J. N.; Wickenden, D. K. Phys. Rev. B 1995, 51, 13326. (b)
Kennedy, T. A.; Glaser, E. R.; Freitas, J. A. Jr.; Carlos, W. E.; Asif
Kahn, M.; Wickenden, D. K. J. Electron. Mater. 1995, 24, 219.

(136) Nakamura, S.; Mukai, T.; Senoh, M.; lwasa, N. Jpn. J. Appl.
Phys. 1992, 31, L139.

(137) Tanaka, T.; Watanabe, A.; Amano, H.; Kobayashi, Y.; Akasaki,
l.; Yamazaki, S.; Koike, M. Appl. Phys. Lett. 1994, 65, 593.

(138) (a) Nakamura, Ilwasa, N.; S.; Senoh, M.; Mukai, T. Jpn. J.
Appl. Phys. 1992, 31, 1258. (b) Van Vechten, J. A.; Zook, J. D.;
Horning, R. D.; Goldenberg, B. Jpn. J. Appl. Phys. 1992, 31, 3662. (c)
Ohba, Y.; Hatano, A. Jpn. J. Appl. Phys. 1994, 33, L1367.

(139) VanVechten, J. A.; Zook, J. D.; Horning, R. D.; Goldenberg,
B. Jpn. J. Appl. Phys. 1992, 31, 3662.

(140) (a) Pearton, S. J.; Abernathy, C. R.; Ren, F. Electron. Lett.
1994, 30, 527. (b) Brandt, M. S.; Johnson, N. M.; Molnar, R. J.; Singh,
R.; Moustakas, T. D. Appl. Phys. Lett. 1994, 64, 2264.

(141) Rubin, M.; Newman, N.; Chan, J. S.; Fu, T. C,; Ross, J. T.
Appl. Phys. Lett. 1994, 64, 64. Other reports include: (a) Molnar, R.
J.; Lei, T.; Moustakas, T. D. Proc. Mater. Res. Soc. Symp. 1993, 281,
753. (b) Molnar, T.; Moustakas, T. D. Bull. Am. Phys. Soc. 1993, 38,
445. (c) Lin, M. E.; Xue, C.; Zhou, G. L.; Greene, J. E.; Morkoc, H.
Appl. Phys. Lett. 1993, 63, 932. (d) Brandt, M. S.; Johnson, N. M.;
Molnar, R. J.; Singh, R.; Moustakas, T. D. Appl. Phys. Lett. 1994, 64,
2264. (e) Wang, C.; Davis, R. F. Appl. Phys. Lett. 1993, 63, 990.

Chem. Mater., Vol. 8, No. 1, 1996 19

outdiffuse hydrogen and deuterium from GaN and AIN
and temperatures > 600 °C for InN films.142 Conse-
quently, hydrogen in the growth ambient and subse-
guent processing steps!*3 should be minimized to pre-
vent passivation of the acceptor donors by hydrogen.

MOCVD Precursors for Growth of Group 111
Nitrides

This review will focus on MOCVD precursors used
specifically for growth of group Il nitrides.1#4 Suitable
MOCVD precursors should have sufficient volatility and
stability to be transported to the surface and have the
appropriate reactivity to decompose thermally into the
desired solid and generate readily removed gaseous side
products. ldeally, the precursors would be nonpyro-
phoric, water and oxygen insensitive, noncorrosive, and
nontoxic. The commonly employed MOCVD precursors
trimethylgallium, trimethylaluminum, or trimethylin-
dium and ammonia used for the growth of the group
111 nitrides satisfy the first criteria of sufficient volatility
and appropriate reactivity, but the trialkyl compounds
are pyrophoric and extremely water and oxygen sensi-
tive and ammonia is extremely corrosive. Other dif-
ficulties associated with the commonly employed pre-
cursors include the need for huge overpressures of
ammonia (as great as 10%) to minimize nitrogen dis-
sociation from the growing film and to compensate for
poor ammonia cracking efficiencies.!*> In addition
predeposition reactions between trialkyl metal (tri-
methylgallium, trimethylaluminum, or trimethylindi-
um) and ammonia are commonly encountered. The
metal alkyls often form less volatile adducts with
ammonia, making reliable transport difficult. Solutions
to the aforementioned problems include modified reactor
design with coaxial delivery tubes that keep the reac-
tants separate until just before the substrate, low
operating pressures, or alternative source materials that
do not form adducts, are water and oxygen insensitive,
and are nonpyrophoric.

Adduct formation with ammonia between tri-
methylaluminium or trimethylgallium is well docu-
mented. Adduct formation between trimethylgallium
or triethylgallium and ammonia is complete in less than
0.2 s following mixing at room temperature. The
resulting adduct, Ga(CH3)3-NH3 has a vapor pressure
of 0.92 Torr at room temperature, while the vapor
pressure of Ga(CzHs)3*NH3z is much lower.146 Thermal
decomposition of the solid adduct Ga(CHs)s-NHss) at 120
°C under 450 Torr of nitrogen results in the evolution
of methane and the formation of the trimer [(CH3),-
GaNH3]s, which was characterized by single-crystal

(142) (a) Zavada, J. M.; Wilson, R. G.; Abernathy, C. R.; Pearton,
S. J. Appl. Phys. Lett. 1994, 64, 2724. (b) Wilson, R. G.; Pearton, S.
J.; Abernathy, C. R.; Zavada, J. M. J. Vac. Sci. Technol. 1995, A13,
719.

(143) Pearton, S. J.; Abernathy, C. R.; Vartuli, C. B.; Mackenzie,
J. D.; Shul, R. J.; Wilson, R. J.; Zavada, J. M. Electron. Lett. 1995, 31,
836.

(144) General reviews include: (a) Jones, A. C. J. Cryst. Growth
1993, 728. (b) Zanella, P.; Rossetto, G.; Brianese, N.; Ossola, F.;
Porchia, M.; Williams, J. O. Chem. Mater. 1991, 3, 225. (c) Baixia, L.;
Yinkui, L.; Yi, L. J. Mater. Chem. 1993, 3, 117. (d) Bohling, D. A.;
Abernathy, C. R.; Jensen, K. F. J. Cryst. Growth 1994, 136, 118.

(145) Liu, S. S.; Stevenson, D. A. J. Electrochem. Soc. 1978, 125,
1161.

(146) (a) Sywe, B. S.; Schlup, J. R.; Edgar, J. H. Chem. Mater. 1991,
3, 737. (b) Sywe, B. S.; Schlup, J. R.; Edgar, J. H. Chem. Mater. 1991,
3, 1093.
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analysis (Figure 9):147
3Ga(CHy)y*NHy(,) — [(CH5),GaNH,]y(s) + 3CH,(0)
(2)

The corresponding aluminum adduct AlI(CHg3)s-NH3(s)
decomposes in a few days at room temperature with
evolution of methane to form the trimer [(CH3),-
AINH_2]5(s), which is structurally similar to [(CHs)2-
GaNH]3:.18 In the gas phase, a trimer—dimer—
monomer equilibria is observed. Decomposition of
[(CH3)2AINH,]3 begins at 125 °C with evolution of
methane.1® In solution, the decomposition mechanism
of (CH3),Al-NH;z was found to be autocatalytic.’50 Amine-
catalyzed ring opening was observed with addition of
ammonia and methylamine to [(CHs),AINH2]s. The
ability of amines to open AIN rings suggests an expla-
nation for empirical observations that pyrolysis of R,-
AINH; (R = CH3;, C;Hs) amides under ammonia yields
AIN of improved purity and crystallinity.'5? Ring open-
ing by ammonia would facilitate skeletal rearrangement
and RH elimination over pyrolysis of the alkyl groups.152

During chemical vapor deposition of group 111 nitride
films with RzM (R = CHj3, C;Hs, M = Al, Ga, In) and
ammonia successive displacement reactions of the alkyl
by ammonia is believed to result in the formation of the
nitride film as illustrated below for the growth of AIN
from trimethylaluminum and ammonia (eqs 2—5).153
Similar reactions would be expected for the formation
and GaN from trimethylgallium and ammonia'>* and
InN from trimethylindium and ammonia.

(CH,),Al + NH, —

(CH3);AI'NH, ammonia adduct (2)

(CH.),AI'NH, — CH, + [(CH,),AINH,],  amide
)

[(CH,),AINH,], = CH, + [CH,AINH],  imide
(4)

The surface chemistry of aluminum nitride formation
on alumina using trimethylaluminum and ammonia as
precursors has been studied in detail. The coadsorption
of ammonia and trimethylaluminum on alumina surface

(147) (a) Almond, M. J.; Drew, M. G. B.; Jenkins, C. E.; Rice, D. A.
J. Chem. Soc., Dalton Trans. 1992, 5. (b) Coates, G. E. J. Chem. Soc.
1951, 2003.

(148) (a) Interrante, L. V.; Sigel, G. A.; Garbauskas, M.; Hejna, C.;
Slack, G. A. Inorg. Chem. 1989, 28, 252. (b) Sauls, F. C.; Interrante,
L. V.; Jiang, Z. Inorg. Chem. 1990, 29, 2989.

(149) (a) Amato, C. C.; Hudson, J. B.; Interrante, L. V. Mater. Res.
Soc. Symp. Proc. 1991, 204, 135. (b) Amato, C. C.; Hudson, J. B.;
Interrante, L. V. Appl. Surf. Sci. 1992, 54, 18. (c) Amato, C. C;
Hudson, J. B.; Interrante, L. V. Mater. Res. Symp. Proc. 1993, 282,
611. (d) Ault, B. S. J. Phys. Chem. 1992, 96, 7908.

(150) (a) Interrante, L. V.; Sigel, G. A.; Garbauskas, M.; Hejna, C.;
Slack, G. A. Inorg. Chem. 1989, 28, 252. (b) Sauls, F. C.; Interrante,
L. V.; Jiang, Z. Inorg. Chem. 1990, 29, 2989.

(151) Interrante, L. V.; Carpenter, L. E.; Whitmarsh, C.; Lee, W.;
Slack, G. A. Mater. Res. Symp. Proc. 1986, 73, 359.

(152) Sauls, F. C.; Czekaj, C. L.; Interrante, L. V. Inorg. Chem. 1990,
29, 4688.

(153) Reviewed by: Sauls, F. C.; Interrante, L. V. Coord. Chem.
Rev. 1993, 128, 193.

(154) (a) Tripathi, A.; Mazzarese, D.; Conner, W. C.; Jones, K. A.
J. Electron. Mater. 1988, 18, 45. (b) Mazzarese, D.; Tripathi, A.;
Conner, W. C.; Jones, K. A.; Calderon, L.; Eckart, D. W. J. Electron.
Mater. 1989, 18, 369. (c) Bertolet, D. C.; Rogers, Jr., J. W. J. Phys.
Chem. 1991, 95, 4453.
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[CH,AINH], > CH, + AIN  nitride )
results in a surface adduct, ammonia, and bridge-
bonded NH,. The adduct structure is proposed to be
(CH3),Al-NH3 with Al bonded to surface oxygen and
hydrogen. Evidence of hydrogen bonding between
surface oxygen and hydrogen in NHj is observed for
some of the adduct species and excess NHs. The
minimum temperature of AIN formation was observed
to be 330 °C. Additional heating of the surface gener-
ates more AIN, AINN, and HAINN species on the
surface. At 777 °C the only species observed on the
surface are AIN and AINN. Bridge-bonded 4-coordinate
NH, was proposed to lead to AIN and 3-coordinate NH>
to result in AINN, dinitrogen complexes.15°

Several alternative group 111 alkyl MOCVD sources
have been investigated to produce aluminum-, gallium-,
and indium-containing films, including triethyl and
triisopropyl. These sources all pyrolyze below 250 °C.
Carbon levels in the resultant thin films are greatly
reduced relative to films grown with trimethyl deriva-
tives. Carbon reduction is attribution to a more efficient
B-hydride elimination decomposition pathway.!®¢ Use
of a trialkyl group Il precursor other than trimethyl
may result in improved film quality, lower oxygen and
carbon incorporation, and/or lower deposition temper-
atures. In fact, GaN with one of the narrowest fwhm
of 37 arc sec was grown with triethylgallium.”

Coordinatively saturated precursors, such as tri-
methylindium—trimethylamine adduct (CHgs)sln-N-
(CH3)3,*" trimethylindium—diisopropylamine adduct
(CH3)3In-NH(CH(CHs)2)2,'%8 or dimethylamidodiethylin-
dium (CzHs)2InN(CH3),,1%° or an intramolecular adduct,
such as 1,3-[(dimethylamino)propyl]dimethylindium
(CH3)2N(CH_)3In(CH3), (Figure 10a)'%° are attractive
because they are nonpyrophoric, relatively insensitive
to oxygen and water, and less likely to form adducts
than the trialkyl precursors. Growth of high-quality
low-oxygen I11-V materials has been demonstrated
with the coordinatively saturated 1,3-[(dimethylamino)-
propyl]-1-gallacyclohexane (Figure 10b)161 and 1,3-
[(dimethylamino)propyl]-1-alacyclohexane (Figure 10c)62
precursors. Use of the coordinatively saturated com-
pounds may be restricted to low-pressure growth tech-

(155) (a) Liu, H.; Bertolet, D. C.; Rogers, J. W. Jr. Surf. Sci. 1994,
320, 145. (b) Bertolet, D. C.; Rogers, Jr., J. W. J. Phys. Chem. 1991,
95, 4453. (c) Bertolet, D. C.; Liu, H.; Rogers, Jr., J. W. Mater. Chem.
1993, 5, 1814.

(156) (a) Kuech, T. F.; Veuhoff, E.; Kuan, T. S.; Deline, V.; Potemski,
R. J. Cryst. Growth 1986, 77, 257. (b) Shastry, S. K.; Zemon, S.;
Kenneson, D. G.; Lambert, G. Appl. Phys. Lett. 1988, 52, 150. (c)
Bohling, D. A.; Abernathy, C. R.; Jensen, K. F. J. Cryst. Growth 1994,
136, 118.

(157) Souliere, V.; Abraham, P.; Bouix, J.; Berthet, M. P.; Monteil,
Y.; Pougnet, A. M.; Mellet, R.; Ougazzaden A.; Mircea, A. J. Cryst.
Growth 1992, 124, 93.

(158) Hovel, R.; Brysch, W.; Neumann, H.; Heime, K. J. Cryst.
Growth 1992, 124, 106.

(159) Rossetto, G.; Franzheld, R.; Camporese, A.; Favaro, M. L.;
Torzo, G.; Ajo, D.; Zanella, P. J. Cryst. Growth 1995, 146, 511.

(160) Schumann, H.; Gorlitz, F. H.; Seuf, T. D.; Wasserman, W.
Chem. Ber. 1992, 125, 3. (b) Scholz, F.; Moser, M.; Molassioti, A.;
Streubel, K.; Hostalek, M.; Pohl, L. Inst. Phys. Conf. Ser. 1990, 106,
45,

(161) (a) Hostalek, M; Pohl, L.; Brauers, A.; Balk, P.; Frese, V.;
Hardtdegen, H.; Hoverl, R.; Regel, G. K.; Molassioti, A.; Moser, M.;
Scholz, F. Thin Solid Films 1989, 174, 1. (b) Frese, V.; Regel, G. K,;
Hardtdegen, H.; Brauers, A.; Balk, P.; Hostalek, M.; Lokai, M.; Pohl,
L. J. Cryst. Growth 1990, 102, 290. (c) Frese, V.; Regel, G. K,
Hardtdegen, H.; Brausers, A.; Balk, P.; Hostalek, M.; Lokai, M.; Pohl,
L.; Miklis, A.; Werner, K. J. Electron. Mater. 1990, 19, 305. (d)
Brauers, A. J. Cryst. Growth 1991, 107, 281.

(162) Molassioti, A.; Moser, M.; Stapor, A.; Scholz, F.; Hostalek, M.;
Pohl, L. Appl. Phys. Lett. 1988, 54, 857.
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Figure 9. Molecular structure of [(CH3),GaNH;]s. Reprinted
with permission from ref 147a. Copyright 1992 The Royal
Society of Chemistry.
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Figure 10. Chemical structure of (a) [(dimethylamino)propyl]-
dimethylindium, (b) 1,3-[(dimethylamino)propyl]-1-gallacyclo-
hexane, and (c) 1,3-[(dimethylamino)propyl]-1-alacyclohexane.

niques because of their relatively low vapor pressures
as compared to the commonly employed trialkyl precur-
sors.

Use of trimethylamine alane, (CH3)sN-AlH3 is known
to dramatically reduce carbon and oxygen levels in
AlGaAs.163 However, the extreme reactivity of the
hydride derivatives, such as trimethylamine alane and
gallane,%4 limit their usefulness for MOCVD growth of
group Il nitride films. Trimethylamine alane and
ammonia are known to react in the gas phase at room
temperature, liberating trimethylamine and hydrogen
and forming (HNAIH),, a polymeric material.165> The
trimethylamine alane and ammonia reaction on an
alumina surface is similar to the gas-phase reaction.166
Trimethylamine gallane, (CH3)3N-GaHs, is substantially
less stable than trimethylamine alane'®” and has been
shown to react with ammonia at room temperature to
form cyclotrigallazane, [H,GaNH;]s, which can be fur-

(163) Abernathy, C. R.; Jordan, A. S.; Pearton, S. J.; Hobson, W.
S.; Bohling, D. A.; Muhr, G. T Appl. Phys. Lett. 1990, 56, 2654.

(164) (a) Foord, J. S.; Murrell, A. J.; O'Hare, D.; Singh, N. K.; Wee,
A. T.S.; Whitaker, T. J. Chemtronics 1989, 4, 262. (b) Almond, M. J.;
Jenkins, C. E.; Rice, D. A.; Yates, C. A. J. Mol. Struct. 1990, 222, 219.

(165) Storr, A. J. Chem. Soc. A 1968, 2605.

(166) Bertolet, D. C.; Liu, H.; Rogers, J. W. Jr. J. Appl. Phys. 1994,
75, 5385.

(167) (a) Foord, J. S.; Murell, A. J.; O'Hare, D.; Singh, N. K.; Wee,
A. T.S.; Whitaker, T. J. Chemtronics 1989, 4, 262. (b) Almond, M. J.;
Jenkins, C. E.; Rice, D. A,; Yates, C. A. J. Mol. Struct. 1990, 222, 219.
(c) Lorberth, J.; Dorn, R.; Wocadlo, S.; Massa, W.; Gobel, E. O;
Marschner, T.; Protzmann, H.; Zsebok, O.; Stolz, W. Adv. Mater. 1992,
4, 576.

Chem. Mater., Vol. 8, No. 1, 1996 21

ther pyrolized to give cubic GaN powder.168 Trimethy-
lamine alane is best suited for low-pressure processes
such as MOMBE?° or ALE7° which minimize parasitic
gas-phase reactions.

The most commonly employed nitrogen source is
ammonia. However, ammonia is extremely corrosive
and does not readily decompose at temperatures below
800 °C.171 Although dissociation of ammonia has been
observed at lower temperatures on silicon surfaces’?
and group 111 nitride films have been grown at temper-
atures <800 °C by a variety of techniques, substrate
temperatures in excess of 800 °C are routinely employed
to grow epitaxial device-quality group Il nitride films
with ammonia. High growth temperatures are known
to introduce thermal stresses in the films, enhance
impurity diffusion, and hinder indium incorporation. To
compensate for poor ammonia cracking efficiencies and
to minimize nitrogen dissociation from the growing film,
huge overpressures of ammonia are employed. Another
difficulty with ammonia is the formation of less volatile
adducts with the group Il alkyl precursors such as
trimethylgallium, trimethylaluminum, or trimethylin-
dium making reliable transport difficult. Thus, alterna-
tive nitrogen sources such as NF3, hydrazine (N2Hy), 1,1-
dimethylhydrazine ((CHs),NNH,), hydrogen azide (HN3),
tert-butylamine (‘BuNHy), and isopropylamine (PrNH,)
have been explored.

Alkylamines such as tert-butylamine have been con-
sidered as ammonia replacements. Growth of AIN by
plasma-excited MOMBE at temperatures <700 °C could
not be obtained with tert-butylamine as the nitrogen
source, due to the poor decomposition efficiency of tert-
butylamine at low temperatures. Growth of AIN was
observed at higher temperatures, but the films were of
poor crystallinity and wet-etched substantially faster
than ECR-plasma derived AIN.173 High carbon levels
(14—17 atom %) were observed in AIN films grown using
trimethylaluminum and isopropylamine gas mixtures.3*
Slightly lower carbon levels (3—9 atom %) were observed
in AIN films grown using tert-butylamine and tri-
methylaluminum or ‘BuzAl gas mixtures.t’# Directly
bonded species such as ((CH3),AINHR); R = '‘BuNH,
and 'PrNH, were proposed to form in situ in the gas
phase prior to film growth. In conclusion, alkylamines
are poor nitrogen sources for the growth of nitrides due

(168) (a) Hwang, J.-W.; Hanson, S. A.; Britton, D.; Evans, J. F.;
Jensen, K. F.; Gladfelter, W. L. Chem. Mater. 1990, 2, 342. (b)
Gladfelter, W. L.; Hwang, J.-W.; Phillips, E. C.; Evans, J. F.; Hanson,
S. A.; Jensen, K. F. Mater. Res. Symp. Proc. 1991, 204, 83.
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P. W.; Abernathy, C. R.; Pearton, S. J.; Ren, F.; Lothian, J. R.; Katz,
A.; Jones, K. Mater. Res. Soc. Symp. Proc. 1993, 282, 599.
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1814. (c) Mayer, T. M.; Rogers, J. W. Jr.; Michalske, T. A.; Chem.
Mater. 1991, 3, 641. (d) Bertolet, D. C.; Liu, H.; Rogers, J. W. Jr. J.
Appl. Phys. 1994, 75, 5385. (e) Kidder, J. N. Jr.; Kuo, J. S.; Ludviksson,
A.; Pearsall, T. P.; Rogers, J. W. Jr.; Grant, J. M.; Allen, L. R.; Hsu, S.
T. J. Vac. Sci. Technol. A 1995, A13, 711.

(171) (a) Liu, S. S.; Stevenson, D. A. J. Electrochem. Soc. 1978, 125,
1161. (b) Yu, Z. J.; Edgar, J. H.; Ahmed, A. U.; Rys, A. J. Electrochem.
Soc. 1991, 138, 196.

(172) (a) Bozo, F.; Avouris, P. Phys. Rev. Lett. 1986, 57, 1185. (b)
Bozo, F.; Avouris, P. Phys. Rev. 1988, B38, 3937. (c) Zhou, X.-L.; Flores,
C. R.; White, J. M. Surf. Sci. Lett. 1992, 268, L267.

(173) Mackenzie, J. D.; Abernathy, C. R.; Pearton, S. J.; Krish-
namoorthy, V.; Bharatan, S.; Jones, K. S.; Wilson, R. G. Appl. Phys.
Lett. 1995, 67, 253.
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to their poor decomposition efficiency which is directly
related to the strength of the C—N bond.
Trifluroamine (NF3) was considered as a potential
ammonia alternative because it has a relatively weak
N—F bond (60 kcal/mol) and is not known to form
adducts. In contrast, ammonia has strong N—H bonds
(110 kcal/mol)17 and acts as a strong Lewis base to form
adducts with Lewis acid acceptor molecules such as
trimethylgallium or trimethylaluminum. No gas-phase
reactions were observed between ammonia and tri-
methylaluminum, trimethylgallium, or triethylgallium
and NF3.16 However, when trimethylaluminum and
NH; were reacted at 58 °C in the gas phase, (CH3),AlF
was observed and may be a route for incorporation of
AIF; impurities in AIN.T77 Polycrystalline AIN films
grown with trimethylaluminum and NF; at ~500 °C by
MOCVD were observed to be contaminated with AlF;.178
Therefore, NF3 is not a good nitrogen source.
Hydrazine (N2H4) and 1,1-dimethylhydrazine have
been proposed as alternatives to ammonia for lower
temperature growth, because dissociation of the NH,—
NH, bond (71 kcal/mol)17® can occur more readily than
loss of H from ammonia (110 kcal/mol). However,
hydrazine and 1,1-dimethylhydrazine are toxic and
flammable. Care must be taken in the handling and
storage of hydrazine to exclude oxidants and metals
which can explosively decompose hydrazine.'®0 Hydra-
zine has been reported to form a bis adduct with
trimethylgallium or trimethylaluminum in the gas
phase (eq 6). The adduct is believed to decompose with

2(CH;);Ga + N,H, — (CH,);GaNH,H,NGa(CH,),
(6)

(CH,),GaNH,H,NGa(CH,), —
(CH,),GaNHHNGa(CH,), + 2CH, (7)

loss of methane to form the amide (eq 7) at temperatures
< 100 °C. Growth of GaN was achieved through the
pyrolysis of the bis adduct. Good-quality GaN was
obtained at 900 °C growth temperature with Hall
mobilities of 50 cm?/Vs and carrier concentrations of 6
x 10Y7 ¢cm=3.181 |n addition, a much lower hydrazine
partial pressure is needed for the growth of GaN films
than ammonia.l82 Hydrazine is a good nitrogen source,
but its toxic and explosive nature limits its usefulness.

Dimethylhydrazine has been used as a nitrogen
source in gas source MBE (GSMBE) to nitride GaAs
surfaces and for growth of GaN on GaAs. However, the
obtained GaN epilayers contain a lot of carbon impuri-
ties and have poor crystalline properties.82 Surface

(175) Cukauskas, E. J.; Carter, W. L.; Qadri, S. B. J. Appl. Phys.
1985, 57, 2538.
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ed.; Butterworth: London, 1985; pp 1190—1194.
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1986, 77, 418.
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studies of the thermal nitridation of GaAs(100) with 1,1-
dimethylhydrazine indicate that dimethylhydrazine dis-
sociates with cleavage of the N—N bond during adsorp-
tion above 127 °C on GaAs (100).18 The decomposition
pathway of dissociated dimethylhydrazine on the sur-
face may be similar to that of the alkylamines, leading
to large carbon incorporation.

Another alternative nitrogen source which has been
considered is hydrogen azide (HN3). Hydrogen azide
has a high vapor pressure (bp 37 °C) and is a highly
reactive, easily thermally decomposed molecule. Hy-
drogen azide decomposes at ~300 °C to form an N
molecule and a metastable HN (nitrene) radical with
two dangling bonds which provides a ready source of
active nitrogen. However, hydrogen azide is highly toxic
and in the liquid state at high pressures is potentially
explosive. Surface studies indicate that GaAs (110) and
(100) substrate surfaces could be nitridated by photo-
dissociation of HN3 with 308 nm excimer laser radia-
tion.18* Preliminary film growth results with trimeth-
ylgallium and hydrogen azide at 600 °C, 106 mbar
resulted in flat, uniform, highly oriented polycrystalline
GaN films.18 Polycrystalline InN films have been
grown by laser-assisted chemical vapor deposition with
trimethylindium and HN3 on Si(100) at 427 °C under
low-pressure conditions.18 Epitaxial GaN was grown
with triethylgallium and HNj3; under similar condi-
tions.18” GaN films grown with hydrogen azide by MBE
were smoother, more uniform, with no surface damage,
and had greater growth rates than GaN films grown
with an ECR plasma.8% Hydrogen azide is a good
nitrogen source for nitride growth but suffers from its
toxic and potentially explosive nature.

Alternative source materials that contain both the
group 111 and the nitrogen delivering moiety in the same
molecule have also been considered for the growth of
group Il nitrides. Polycrystalline GaN films were
grown with triethylgallium monamine {(C,Hs)sGa-NH3}
without an additional nitrogen source. However, Ga-
(C2Hs)3*NH3 decomposed in the saturator to form the
diethylgallium amide (C,Hs).GaNH,, which underwent
further decomposition and resulted in a noticeable
decrease in vapor pressure and deposition rate of GaN
films.188  Although polycrystalline AIN films were grown
by MOCVD with [(CH3),AINH;]z at 500 °C,8% Interrante
has noted that on melting, [(CH3),AINH]; gradually
converts to an insoluble, involatile solid of approximate
composition [CH3AINH],. A similar reaction may be
occurring during the decomposition of (C,Hs),GaNH,.

Alkylamine adducts and alkylamides of gallium®
and aluminum have also been considered as precursors
for GaN and AIN growth. As illustrated for tri-
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Figure 11. Atomic concentrations as determined by X-ray
photoelectron spectroscopy of AIN films deposited on Ni (100)
by the single-source precursors (a) [(CH3).AINH'Pr], and (b)
[(CH3),AINH'BuU],. Reprinted with permission from ref 193.
Copyright 1994 The Korean Chemical Society.

methylaluminum and tert-butylamine, the alkylamine
adducts are known to thermally decompose by amide
formation and loss of methane from aluminum (eq 9).

(CHJ),Al + 'BUNH, —

(CH,);AI*NH,'Bu amine adduct (8)

(CH,);AI'NH,'Bu —

CH, + [(CH,),AIN,'Bul, amide (9)
AIN films grown with the amides [HAI(NR)s], and
[HAI(NR2)2]: {R = CH3, C;Hs} had atomic ratios of
AIC1.3Ng.0500.4 (surface) and AlC; 2No.4-0600.06-0.2 (after
argon sputter-etching 300—500 A) as determined by
Auger electron spectroscopy.®! High carbon levels (15—
38 atom %) and relatively more Al than N were observed
in AIN films grown with [(CH3)2AIN(CHs3)2]2, [(CH3)2-
Al(Azir)]s {Azir = aziridine, NCH,CH5}, and [(CzHs5).-
AINH'BU], on Si(100) substrates.’®2 AIN films grown
on Ni(100) with [(CH3),AINHR], (R = isopropyl, tert-
butyl) also contained relatively large amounts of alu-
minum and carbon compared to nitrogen, and the
carbon concentration was found to increase with tem-
perature (Figure 11). Excess carbon was reported to
result from methyl groups originally bonded to alumi-
num.19 These results suggest that alkylamine adducts

(191) Takahashi, Y.; Yamashita, K.; Motojima, S.; Sugiyama, K.
Surf. Sci. 1979, 86, 238.

(192) Gladfelter, W. L.; Boyd, D. C.; Hwang, J.-W.; Hassch, R. T.;
Evans, J. F.; Ho, K.-L.; Jensen, K. F. Mater. Res. Symp. Proc. 1989,
131, 447.
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and group 11l alkylamides that contain C—N bonds are
poor single sources for nitride growth.

Potentially better results may be observed by trans-
ammination or replacement reactions of the aluminum
and gallium alkylamides with ammonia. Transammi-
nation of Gay{ N(CHs3),}6, hexakis(dimethylamido)digal-
lium, at 200 °C with ammonia resulted in polycrystal-
line GaN films with carbon contents less than 2%. The
key step might be the facile ammonia/dialkylamide
transamination reaction where dimethylamine is re-
placed by ammonia (eq 10).1%4 Dialkylamido complexes

Ga—N(CH,), + NH; — Ga—NH, + HN(CH,), (10)

and ammonia have been demonstrated to be excellent
precursors for the deposition of other metal nitride films.
For example nearly stoichiometric TiN films have been
grown from tetrakis(dimethylamido)titanium and am-
monia at temperatures of 200—400 °C.1% The advan-
tage of transammination with alkylamido gallium and
aluminum complexes is the removal of all metal—carbon
bonds, which should lead to a more facile decomposition
mechanism and reduced carbon incorporation. The
disadvantage is the lower volatility of the alkylamido
complexes relative to alkyl species. For example, hexa-
kis(dimethylamido)digallium sublimes at 70—80 °C
under 1072 Torr vacuum compared to trimethylgallium,
which has a vapor pressure of ~1 Torr at room temper-
ature.

A single-source precursor that incorporated a hydra-
zine substituent as the nitrogen-delivering substituent
was used to grow GaN films. The films grown with
dimethylhydrizodimethylgallium, (CH3),GaNHN(CHy3),
were polycrystalline and had a poor surface morphology.
Pyrolysis studies indicate that (CHs),GaNHN(CHy3),
decomposes by cleavage of the Ga—N bond at 260 °C
and the Ga—C bond cleaves around 500 °C. The poor
film quality may be related to loss of the hydrazine
nitrogen delivering ligand because of the facile cleavage
of the Ga—N bond at 260 °C.1%

A more promising nitogen-delivering species is an
azide (N3) substituent. Growth studies with the di-
alkylaluminum azides [R2AIN3]3 (R = CH3, C;Hs)7 and
diethylgallium azide®® resulted in nearly stoichiometric

(193) Sung, M. M.; Jung, H. D.; Lee, J.-K.; Kim, S.; Park, J. T;
Kim, Y. Bull. Korean Chem. Soc. 1994, 15, 79.

(194) (a) Gordon, R. G.; Hoffman, D. M.; Riaz, U. Mater. Res. Symp.
Proc. 1991, 204, 95. (b) Hoffman, D. M.; Rangarajan, S. P.; Athavale,
S. D.; Economou, D. J.; Liu, J. R.; Zheng, Z. S.; Chu, W.-K. Mater. Res.
Soc. Symp. Proc. 1994, 335, 3. (c) Hoffman, D. M.; Rangarajan, S. P.;
Athavale, S. D.; Deshmukh, S. C.; Economou, D. J.; Liu, J. R.; Zheng,
Z. S.; Chu, W.-K. J. Mater. Res. 1994, 9, 3019. (d) Hoffman, D. M.
Polyhedron 1994, 13, 8.

(195) (a) Hoffman, D. M.; Rangarajan, S. P.; Athavale, S. D
Economou, D. J.; Liu, J. R.; Zheng, Z. S.; Chu, W.-K. J. Vac. Sci.
Technol. 1995, A13, 820. (b) Sandhu, G. S.; Meikle, S. G.; Doan, T. T.
Appl. Phys. Lett. 1993, 62, 241. (c) Price, J. B.; Borland, J. O.; Selbrede,
S. Thin Solid Films 1993, 236, 311. (d) Fix, R. M.; Gordon, R. G.;
Hoffman, D. M. J. Am. Chem. Soc. 1990, 112, 7833.

(196) (a) Neumayer, D. A.; Cowley, A. H.; Decken, A.; Jones, R. A;;
Lakhotia, V.; Ekerdt, J. G. Inorg. Chem. 1995, 34, 4698. (b) Lakhotia,
V.; Neumayer, D. A.; Cowley, A. H.; Jones, R. A.; Ekerdt, J. G. Chem.
Mater. 1995, 7, 546.

(197) (a) Boyd, D. C.; Haasch, R. T.; Mantell, D. R.; Schulze, R. K.;
Evans, J. F.; Gladfelter, W. L. Chem. Mater. 1989, 1, 119. (b)
Gladfelter, W. L.; Boyd, D. C.; Hwang, J.-W.; Hassch, R. T.; Evans, J.
F.; Ho, K.-L.; Jensen, K. F. Mater. Res. Symp. Proc. 1989, 131, 447.

(198) (a) Kouvetakis, J.; Beach, D. B. Chem. Mater. 1989, 1, 476.
(b) Ho, K.-L.; Jensen, K. F.; Hwang, J. F.; Gladfelter, W. L.; Evans,
J.-W.; J. Cryst. Growth 1991, 107, 376. (c) Ho, K.-L.; Jensen, K. F.;
Hanson, S. A.; Evans, J. F.; Boyd, D. C.; Gladfelter, W. L. Mater. Res.
Symp. Proc. 1990, 162.
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AIN and GaN films with carbon concentrations of ~10%.
The amorphous AIN and GaN films were deposited on
a variety of substrates at temperatures as low as 400
°C. Addition of ammonia during growth of GaN with
diethylgallium azide improved film quality. Oriented
GaN films were obtained at substrate temperatures
>650 °C on (0001) sapphire with electron mobility of
45-50 cm?/Vs and carrier concentrations of 2 x 1018
cm~3.19% Under chemical beam epitaxy conditions (pres-
sure = 1075—-10"* Torr) polycrystalline GaN films were
grown with dimethylgallium azide, (CH3),GaN32% at
substrate temperatures 450—650 °C. Interestingly,
highly oriented (0001) GaN was grown on a variety of
substrates including (100) GaAs, (111) GaAs, (0001)
sapphire and quartz. Slightly better quality GaN films
were grown with dimethylgallium azide and dimethyl-
hydrazine.155

Thin films of AIN were deposited by atmospheric
pressure chemical vapor deposition (APCVD) with tri-
ethylaluminum and trimethylsilylazide (CH3)3;SiN3 at
300—450 °C. A growth mechanism involving the in situ
formation of an intermediate gas-phase species such as
dimethylaluminum azide, (CH3),AIN3, was proposed (eq
11).2%1 The as-deposited films were nearly stoichiometric

(CH,);SiN; + (CH,);Al — (CH,),AIN; + (CH,),Si
(11)

and had carbon concentration of 9%, similar to films
deposited with the dialkylaluminum and gallium azides.

The most promising alternative single-source precur-
sor to date is bis(dimethylamido)gallium azide, ((CH3).-
N),GaNj3, which combines labile amido ligands and an
azide nitrogen delivering substituent. Bis(dimethyla-
mido)gallium azide is a polymeric chain of dimers
(Figure 12) with the azide substituent bridging two
gallium centers and consequently has a lower vapor
pressure than trimethylgallium or dimethylgallium
azide. The more labile amido ligands compared to alkyl
substituents results in a reduction in carbon incorpora-
tion in the subsequent GaN films and reduces growth
temperature. For example, an amorphous GaN film
with a 3.4 eV bandgap was deposited on (0001) sapphire
at 250 °C with bis(dimethylamido)gallium azide. At a
higher substrate temperature of 580 °C an epitaxial
wurzitic (0001) 0.7 mm GaN film with a bandgap of 3.2
eV was deposited on (0001) sapphire in 3 h (Figure 13).
Epitaxy was confirmed by a y scan and partial pole
figure analysis. Using GaAs implanted standards SIMS
(secondary ion mass spectroscopy) analysis of the epi-
taxial film grown at 580 °C revealed a carbon content
of 2 x 102! atoms/cm3. In contrast, the carbon levels in
GaN films grown from dimethylgallium azide were too
high to be measured by SIMS.20?

(199) Ho, K.-L.; Jensen, K. F.; Hwang, J.-W.; Evans, J. F.; Glad-
felter, W. L. Mater. Res. Symp. Proc. 1991, 204, 101.

(200) Dimethylgallium azide is a polymer in the solid state. The
basic repeating unit (CH3),GaN3; forms a spiral along the a axis of the
orthorhombic unit cell. The gallium atoms in the chain are bridged
by a single nitrogen of the azide group. Atwood, D. A.; Jones, R. J.;
Cowley, A. H.; Atwood, J. L.; Bott, S. G. J. Organomet. Chem. 1990,
394, C6.

(201) Auld, J.; Houlton, D. J.; Jones, A. C.; Rushworth, S. A;
Critchlow, G. W. J. Mater. Chem. 1994, 4, 1245.

(202) (a) Neumayer, D. A.; Cowley, A. H.; Decken, A.; Jones, R. A.;
Lakhotia, V.; Ekerdt, J. G. J. Am. Chem. Soc. 1995, 117, 5893. (b)
Lakhotia, V.; Neumayer, D. A.; Cowley, A. H.; Jones, R. A.; Ekerdt, J.
G. Chem. Mater., submitted.
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Figure 12. Molecular structure of bis(dimethylamido)gallium
azide, [(MezN).GaNs],. Thermal ellipsoid view of the dimer
(a) is illustrated above. Selected bond distances (A) and bond
angles (deg) are as follows: Ga—N1 1.992(3), Ga—N1' 1.998-
(3), Ga—N2 1.834(3), Ga—N3 1.919(4), Ga—Ga' 2.8814(7), N1—
C1 1.476(5), N1—C2 1.484(4), N1-Gal' 1.998(3), N2—C3
1.460(5), N2—C4 1.426(7), N3—N4 1.177(5), N4—N5 1.138(5);
N2—Ga—N3 114.7(2), N2—Ga—N1 124.51(14), N3—Ga—N1
107.70(14), N2—Ga—N1' 114.19(12), N3—Ga—N1' 103.50(14),
N1-Ga—N1'87.52, Ga—N1—Ga’' 92.48(11), NA—N3—Ga 124.8-
(3), N5—N4—N3 175.6(5). The polymeric chain (b) with
hydrogen atoms omitted for clarity is illustrated below.
Reprinted with permission from ref 202a. Copyright 1995 The
American Chemical Society.
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Figure 13. X-ray diffraction §—26 scan of a GaN film grown
on (0001) sapphire with the single-source precursor, bis-
(dimethylamido)gallium azide, at a substrate temperature of
580 °C. Reprinted with permission from ref 202a. Copyright
1995 The American Chemical Society.

More reactive precursors, such as trimethylamine
alane, hydrazine, hydrogen azide, or single-source pre-
cursors such as bis(dimethylamido)gallium azide which
incorporate a facile decomposition pathway and a
nitrogen-delivering substituent should be utilized in
growth of group Il nitrides by MOMBE (or GSMBE).

(203) Values for Table 2 are obtained in part from refs 1b and 1c.
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MOMBE operates at near UHV conditions, facilitating
the use of less volatile precursors and eliminating gas
phase collisions thus limiting potential parasitic reac-
tions between incompatible precursors. MOMBE reac-
tions tend to be unimolecular and thermodynamically
driven, and consequently film growth by MOMBE would
benefit from the use of more reactive precursors. In
contrast growth of group Il nitrides by conventional
MOCVD is driven by macroscopic, multiple molecule,
complex reaction pathways. Incorporation of nitrogen
in the growing nitride film is abetted by the use of huge
overpressures of ammonia. Plasma activation of am-
monia may enhance nitrogen incorporation. The use of
more reactive trialkyl precursors such as triethylgallium
may reduce carbon incorporation and improve film
quality. Transamination with amido substituted group
Il precursors should be more thoroughly explored.
Perhaps the biggest difficulty with conventional MOCVD
growth is incorporation of indium at elevated growth
temperatures. Use of a coordinatively saturated indium
precursor may improve indium incorporation efficiencies
by improving the thermal stability of the precursor
during transport to the surface and minimizing parasitic
reactions with ammonia.
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Summary

The group Il nitrides are primary candidates for
applications in short-wavelength emitters and detectors
and high-temperature, high-power electronics. How-
ever, high growth temperatures may limit compatibility
and incorporation of group Il nitrides with existing
fabrication technologies and devices. The relation
between deposition temperature and crystalline quality
is not well understood. Several approaches are under
consideration to lower deposition temperatures includ-
ing various techniques to activate nitrogen. The poten-
tial of alternative precursors for MOCVD has been
demonstrated, but device-quality films have yet to be
grown with alternative precursors. The most pressing
need is for an InN precursor which deposits high-quality
InN at growth temperatures less than 500 °C and allows
higher indium mole fractions to be incorporated in
device quality ternary and quaternary alloys with
gallium and aluminum nitrides.
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