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I. Introduction

The numerous potential semiconductor applications of the wide band gap IlI-nitrides has
prompted significant research regarding their growth and development. Gallium nitride
(wurtzite structure), the most studied in this group, has a bandgap of =3.4 ¢V and forms
continuous solid solutions with both AIN (6.2 eV) and InN (1.9 eV). As such, materials with
engineered band gaps are feasible for optoelectronic 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-temperature 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 commercially available. Sapphire(0001) is the most
commonly 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 AIN on sapphire are difficult at elevated
(>900°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 polycrystalline buffer layer of AIN [1,2] or GaN [3,4] at low-temperatures (450°-600°C) is
necessary to achieve both nucleation and relatively uniform coverage of the substrate surface.
Subsequent deposition at higher temperatures and concomitant grain orientation competition
has resulted in films of GaN(0001) and various nitrides alloys of improved quality and surface
morphology relative to that achieved by growth directly on this substrate.

By contrast, we have observed that AIN and AlyGaj-xN alloys containing even low
(x 2 0.05) concentrations of AIN deposited on 6H-SiC(0001) substrates at high (=1000°C)
temperatures undergo two-dimensional nucleation and growth with resulting uniform surface
coverage. In this research, the use of a 1000 A, monocrystalline, high-temperature (1100°C)
AIN buffer has resulted in GaN films void of oriented domain structures and associated low-
angle grain boundaries [5,6]. Monocrystalline films of AlxGai.xN (0.05 < x £0.70) of the
same quality have also been achieved at 1100°C.

The investigations to 1975 regarding III-Nitrides in terms of thin films growth,
characterization, properties and device development have been reviewed by Kesamanly [7] and
Pankove and Bloom [8]. 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,Ga;xN films on
o(6H)-SiC(0001)s; substrates. Only the investigations involving the former technique are
described herein. '

Selective growth of particular microstructures have been used extensively for the
fabrication of semiconductor devices such as quantum well, wire and dot structures, as well as




field emitter structures. The selective growth of GaN and Alp,1GagpgN linear windows and
GaN hexagonal pyramid arrays on dot-patterned GaN/sapphire substrates have been reported
[17,18]. The first field emission from an undoped GaN hexagonal pyramid array on a
GaN/sapphire substrate has also been observed [18], and the enhancement of field emission
performance was recently reported [20]. Thus far, all research regarding selective growth of
GaN has used sapphire substrates. However, in the present research, 6H-SiC substrates have
been employed with excellent results.

In this reporting period, research has been conducted in the following areas: (1) pendeo-
epitaxial growth of GaN thin films as a function of temperature, (2) conventional metalorganic
vapor phase epitaxy (MOVPE) of AIN and GaN thin films in H; and N; diluents with n(Si)-
and p(Mg)-type doping and the characterization of these films via photoluminescence,
transmission electron microscopy, Hall measurements, and secondary ion mass spectrometry,
(3) computational fluid dynamic modeling of the MOVPE deposition process to analyze the
film growth conditions for the films noted in (2), and determination of the electrical properties
of Ni/Au contacts on p-type, Mg-doped GaN films as a function of heating and exposure to an
atomic nitrogen plasma. The following sections are self-contained in that they provide an
introduction, results, discussion of results, conclusions and references for a given topic.
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II. Ranges of Deposition Temperatures Applicable for
Metalorganic Vapor Phase Epitaxy of GaN Films Via the
Technique of Pendeo-epitaxy

D. B. Thomson, T. Gehrke, K. J. Linthicum, P. Rajagopal, and R. F. Davis
Department of Materials Science and Engineering, North Carolina State University, Box 7907,
Raleigh, NC 27695-7907

Abstract

Pendeo-epitaxy is a type of selective growth of thin films from the sidewalls of etched
forms. The resulting films are suspended from the sidewalls and do not interface with the
substrate. In this research, pendeo-epitaxial growth of GaN films has been achieved on
elongated GaN seed columns. The seed columns were etched from GaN grown on 6H-SiC
(0001) substrates via metalorganic vapor phase epitaxy (MOVPE). Silicon nitride mask layers
on top of the GaN seed columns forced growth from the sidewalls. Pendeo-epitaxial growth of
GaN was investigated using several growth temperatures. Higher growth temperatures resulted
in improved coalescence due to greater lateral to vertical growth ratios.

A. Introduction

The III-Nitride community has shown considerable interest in the technique of lateral
epitaxial overgrowth (LEO) of GaN and related materials. This interest was boosted by the
report of Nakamura et al. [1] of a projected laser diode lifetime of 10,000 hours in GaN-based
devices fabricated using LEO. In conventional lateral epitaxy, GaN initially grows vertically
within the openings of a patterned mask layer. Lateral growth of this material from these
openings and over the masked areas results when the proper process parameters are employed.
Transmission electron microscopy has shown that the masked areas stop the propagation of
threading dislocations which arise from lattice mismatch at the GaN/AIN and AIN/6H-SiC
interfaces. As such, the overgrown GaN regions contain four-to-six orders of magnitude lower
density of dislocations relative to the unmasked regions [2].

Conventional single layer LEO films consist of alternating lateral regions of high and low
defect density GaN. Device placement requires careful alignment with respect to the underlying
mask stripes to take advantage of the superior quality material. Device size is limited to the
width of the mask stripes. It is, therefore, desirable to have a continuous layer of low defect
material over the entire GaN surface such that devices can be fabricated anywhere on the wafer
without confinement to particular small areas.

MRS Internet J. Nitride Semicond. Res. 451, G3.37 (1999).
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Nam et al. [3] have obtained the desired layer via repetition of the process route used to
produce the first LEO GaN layer. In this case, the second set of mask stripes were placed
directly over the openings of the first LEO mask. This double LEO process required two
lithography steps and two depositions of GaN films beyond the growth of the initial seed layer.
The process of pendeo-epitaxy (PE) was anticipated to yield the same result—a continuous
layer of low defect density GaN—with only one lithography step and a single growth of GaN
beyond the seed layer. As its name implies, pendeo-epitaxy is the epitaxial growth of
crystalline material that hangs from freestanding forms and is suspended above the substrate.
In the particular PE approach used in this research, etched columnar GaN forms were capped
with a silicon nitride mask layer. As such, pendeo-epitaxial growth of the GaN films originated
only from the sidewalls of these columns. The material grew laterally and vertically until it
coalesced between and over the silicon nitride masks located atop the columns in the manner
employed in the conventional LEO approach. A continuous layer of low defect density GaN
was thus created. This process route was capable of producing continuous layers over large
areas and was limited only by the size of the substrate.

B. Experimental Procedure
Pendeo-epitaxial growth of GaN films was performed in the manner shown schematically

in Fig. 1.
SiNx mask

seed GaN
AIN—" |

6H-SiC
(@) (b)

PE GaN
SiNx mask
seed GaN

AIN
(c) 6H-SiC (d)

Figure 1. Schematic diagram showing the process steps for growth of pendeo-epitaxial
GaN: (a) GaN seed layer, (b) etched GaN columns prior to PE growth, (c)
partial growth of PE GaN, (d) coalesced growth of PE GaN.




Each substrate was prepared via growth of a 1 pm thick GaN seed layer at 1000°C on an
AIN buffer layer previously grown at 1100°C on a 6H-SiC(0001) substrate in a cold-wall,
vertical, pancake-style, RF inductively heated metalorganic vapor phase epitaxy (MOVPE)
system. Additional details of the growth experiments have been previously reported [4]. The
consecutive deposition of a growth mask layer of silicon nitride (SiNy) and an etch mask layer
of nickel were achieved on the GaN seed layer using plasma enhanced chemical vapor
deposition (PECVD) and e-beam evaporation, respectively. The latter mask layer was patterned
using standard photolithography techniques in parallel 2 pm wide stripes spaced 3 Um edge-to-
edge and oriented along the [1-100] direction of the GaN film. Long columns containing the
GaN seed material were produced via inductively coupled plasma (ICP) etching through the
SiNy, GaN and AIN layers and into the 6H-SiC substrate. Detailed procedures for the ICP
etching have been previously reported [5]. The nickel etch mask was removed by dipping in
HNO3 for approximately five minutes. The samples were subsequently cleaned by consecutive
dips in trichloroethylene, acetone, methanol, and HCI for five minutes each and blown dry
with nitrogen.

Pendeo-epitaxial growth of GaN from the (1 120) sidewalls of the columns was performed
at 45 Torr and temperatures ranging from 1000°C to 1100°C via MOVPE. Reactants consisting
of 26 umol/min triethylgallium (TEG) and 1500 sccm ammonia were delivered into the growth
chamber and entrained in 3000 sccm of hydrogen diluent. The morphological microstructure of
the PE GaN layers was characterized using scanning electron microscopy (SEM-JEOL 6400
FE) in cross-section and plan view. Surface roughness was characterized by atomic force
microscopy (AFM-Digital Instruments, Inc. Dimension 3000). Additional modes of PE growth
of GaN and AlyGaj N films and details regarding the procedures employed have been
reported externally [6,7] and within this volume [8,9].

C. Results and Discussion

Partially grown GaN pendeo-epitaxy after 30 minutes of growth at 1000°C is shown in
Fig. 2(a). No nucleation of the GaN was observed on the surfaces of the etched SiC trenches.
The SiNy mask forced the GaN to grow only from the sidewalls of the etched GaN columns.
Growth of the GaN could, therefore, begin only in the lateral directions. As the lateral growth
progressed, the GaN began to grow vertically once (0001) top surfaces were created. As the
vertical growth reached the top of the mask, lateral growth over the mask commenced. The
high lateral to vertical growth ratio (approximately three to one) caused the GaN to wrap
around the mask layers.

The results of allowing growth to continue for a total of 80 minutes at 1000°C are shown in
Fig. 2(b). Note the presence of the ~60° inclined {1101} planes, which were the most stable
and slowest growing planes in the GaN wurtzite crystal structure [3]. Gaps between the
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approaching growth fronts were also observed. These gaps suggested that the growth rates of
the laterally growing faces decreased as they came into close proximity. The high vertical
growth rates coupled with the continually decreasing space between converging growth fronts
resulted in less GaN source material reaching these areas either by surface diffusion or by way
of gaseous reactants.

The micrographs shown in Fig. 3 demonstrate the effect of growth temperature on pendeo-
epitaxial growth. Figure 3(a) is a plan view of the same film shown in Fig. 2(b), which was
grown for 80 minutes at 1000°C.

Coalescence of the GaN was observed in only a few regions. Figure 3(b) is a plan view of
PE GaN grown for 80 minutes at 1050°C. The increase in temperature promoted the lateral
growth such that the GaN coalesced over much of the surface. Growth for 80 minutes at a

irm F1 L@1
SKU X12,8008 16mm -

(b)

Figure 2. Cross-sectional SEM micrographs of PE GaN grown at 1000°C for (a) 30
minutes, and (b) 80 minutes.

) (b)

Figure 3. Plan view SEM micrographs of PE GaN grown for 80 minutes at temperatures
of: (a) 1000°C, (b) 1050°C, and (c) 1080°C.




temperature of 1080°C resulted in a completely coalesced GaN surface shown in Fig. 3(c). A
faint periodicity consistent with the SiNx stripe spacing was observed. Characterization of this
surface using AFM revealed a RMS roughness of 1.32 nm. As the emphasis of the present
study focused primarily on determination of parameters necessary for achieving coalescence,
optimization of growth parameters subsequent to coalescence was expected to result in
smoother PE GaN surfaces suitable for growing device structures.

A cross sectional view of coalesced PE GaN films grown for 80 minutes at 1080°C
between and over several columns and masks, respectively, is shown in Fig. 4(a). The origins
of the darker areas have not yet been determined. Figure 4(b) is a higher magnification of
coalesced PE GaN.

The higher growth temperature promoted swift lateral growth until coalescence was
achieved between the columns. As in the LEO approach, the GaN was observed to grow
vertically over the edges of the SiNx mask stripes and laterally across the top until it coalesced

with the material growing laterally from the other side of the stripe.

D. Conclusions

Uniform layers of GaN anticipated to have very low dislocation densities over the entire
GaN surface have been grown via the technique of pendeo-epitaxy. This process route was an
improvement over conventional LEO and was a more efficient method of producing the same
results of multiple layers of LEO. Growth temperature was observed to have a significant effect
on the morphology of the PE GaN films. Coalescence improved with increasing growth
temperatures due to greater lateral to vertical growth ratios. It is expected that pendeo-epitaxy
will prove itself useful for improving device quality in optoelectronic and microelectronic

applications.

SiNy mask

im F 2
RI1Z,000 14mm

0

Figure 4. Cross-sectional SEM micrographs of PE GaN grown at 1080°C for 80 minutes
showing features at (a) low magnification and (b) high magnification.
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III. Diluent Gas Effects on Properties of AIN and GaN Thin Films
Grown by Metalorganic Vapor Phase Epitaxy on o(6H)-SiC
Substrates

A. Hanser, C. WoldenT, W. Perry, T. Zheleva, E. Carlson, P. Hartlieb, R. F. Davis

Department of Materials Science and Engineering, North Carolina State University, Ralei gh,
NC 27695

TDepartment of Chemical Engineering, Colorado School of Mines, Golden, CO 80401

Abstract

Thin films of AIN and GaN were deposited on o(6H)-SiC(0001) wafers using
metalorganic vapor phase epitaxy (MOVPE) and H, and N, diluents. A computational fluid
dynamic model of the deposition process was used to analyze the film growth conditions for
both diluents. Low temperature (12 K) photoluminescence of the GaN films grown in N, had
peak intensities and full widths at half maximum of ~7 meV which were equal to or better than
those films grown in H,. Cross-sectional and plan-view transmission electron microscopy of
GaN films grown in both diluents showed similar microstructures with a typical dislocation
density of 10°/cm®. Hall measurements of n-type (Si doped) GaN grown in N, revealed Hall
mobilities equivalent to those films grown in H,. Acceptor-type behavior of Mg-doped GaN
grown in N, was repeatably obtained without post-growth annealing. Secondary ion mass
spectrometry revealed equivalent levels of H in Mg-doped GaN films grown in both diluents.

A. Introduction

Blue and green light emitting diodes based on III-Nitrides are commercially available [1],
and the fabrication and room temperature continuous wave operation of nitride-based short
wavelength injection laser diodes with lifetimes over 10,000 hours have recently been reported
[2]. Additionally, microelectronic devices for high-temperature, high-frequency, and high-
power applications are being pursued [3,4]. Efforts are ongoing to further improve device
performance and to better understand the factors which influence film properties.

In the following sections the results of a computational fluid dynamics model in an inverted
MOVPE reactor similar to that used in this research for the growth of III-Nitride materials are

presented. The stagnation point flow reactor geometry approximated in our reactor has the

*Presented at the 1997 Fall Meeting of the Materials Research Society, Nitride Semiconductors Symposium,
Boston, MA, USA.




potential to produce large area films that are uniform in both thickness and composition [5,6].
Under ideal conditions a flow field is obtained that results in uniform heat and mass transfer
gradients across the deposition radius. However, the effects of buoyancy and finite geometries
lead to the development of thermal recirculation flows that disrupt the ideal transport
conditions. The model results include analysis of the predicted heat and mass transfer gradients
and were applied to the deposition of AIN and GaN thin films on SiC substrates. The gas flow
structure and the influence of the diluent gas on film properties were investigated. The diluent
gas usually constitutes > 50% of the gas phase in the reactor. As such, it essentially helps
determine the flow structure in the reactor and often affects the decomposition of the source
species. The thermal conductivity and viscosity of the gas phase and the molecular diffusivity
of species through this phase are also important in the MOVPE process. H; is the primary
diluent used in the MOVPE deposition of films of AIN, GaN, and AlGaN alloys; however, it
has been shown to have deleterious effects on the incorporation of In in indium-containing
nitride films [7]. The effect of the diluent species, if any, on growth of AIN and GaN are not
well known. The influence of H, and N, diluents on the optical, electrical, and microstructural

properties of our AIN and GaN thin films is presented.

B. Experimental Procedures

Computer Modeling. A computational fluid dynamics model was developed using FIDAP,
a commercial software package that employs the finite element method, to obtain a better
understanding of the factors governing thin film growth in our MOVPE system The velocity
and temperature fields were calculated by solving the following coupled conservation equations

in cylindrical coordinates:

V({pv)=0 Continuity Equation 1
p(v e Vv) =-VP + p,Vzu + pg Conservation of Momentum (2)
pC, (L e VT) =V o (kVT) Conservation of Energy 3)

The simplified energy balance neglects contributions from Dufour effects, viscous dissipation,
radiation, and heat generated by reactions. Previous work [6, 8] has shown that it is safe to
ignore these effects under low pressure MOVPE conditions. The calculations were performed
for a binary mixture of ammonia and the diluent gas (H, or N;). The temperature-dependence
of the transport properties were abstracted from the Sandia database [9, 10] and included in the
simulations. The viscosity and thermal conductivity of the mixture were determined using the
semiempirical formula developed by Wilke [11]. It is appropriate to neglect contributions of the
metalorganic precursors as they constitute less than 0.01% of the mixture. Buoyancy effects

were included in the momentum balance.

10




The reactor geometry shown in Fig. 1 was simulated in the computer model. The two
viewports were excluded to make the system perfectly axisymmetric. The velocity boundary
conditions included a zero velocity condition at the inlet and reactor walls. The velocity at the
substrate and susceptor were fixed at the rotation speed of 30 RPM. The boundary conditions
included neither a radial gradient at the centerline nor an axial gradient at the outlet.

A uniform axial velocity across the gas inlet was assumed. This velocity profile was
achieved experimentally following the approach used to generate flat flames for combustion
studies [11]. The reactants were first passed through a packed bed to ensure good mixing. A
uniform velocity profile was subseqdently created by flowing the reactants through a 1-inch
long honeycomb structure created by a packed array of thin wall, 1 mm diameter silica tubes.
The temperature boundary conditions included in the model were fixed temperatures at the
inlet, reactor walls and susceptor and the absence of both a radial gradient at the centerline and
an axial gradient at the outlet. A nonuniform mesh employing nine-node biquadratic elements
was used to divide the reactor geometry into discrete elements. A typical mesh included ~2000
elements which produced ~20,000 equations and unknowns that were solved using a
combination of successive substitution and Newton-Raphson techniques. All calculations were
performed at the North Carolina Supercomputing Center.
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Figure 1. Schematic of the MOVPE deposition chamber.

11




Film Growth, Doping and Characterization. The AIN and GaN thin films were grown on
on-axis 6H-SiC(0001) substrates in an inverted flow, vertical cold wall MOVPE reactor similar
to the model described in the previous section and elsewhere [12]. The MOVPE system was
operated under computer control using a LabVIEW-based program developed in-house. The
substrate was heated to the deposition temperature under a diluent flow of either H; or N; at
2.2 standard liters per minute (slm). The deposition pressure was 45 Torr. The substrate was
rotated continuously at approximately 30 RPM during deposition. Nitrogen was used as the
carrier gas for the metalorganic precursors in all depositions. Trimethylaluminum (TMA) and
triethylgallium (TEG) were the group III sources, and ammonia (NH3) was the nitrogen
source. The ammonia was delivered to the deposition chamber through a line separate from the
metalorganic precursors. Silane (SiHy) diluted in H, was the source for the n-type Si dopant;
bis-(cyclopentadienyl) magnesium (Cp,Mg) was the source for the p-type Mg dopant.

A high-temperature (1100°C) AIN film approximately 1000A thick was grown directly on
each 6H-SiC(0001) substrate as the buffer layer. The GaN deposition conditions were
optimized for each diluent. The flow rate of TEG in both diluent gases was 25.0 pmol/min and
the flow rate of NH; was 1.6 slm. The'SiH4 was introduced into the reactor at flow rates
between 0.15 and 3.75 nmol/min; the Cp,Mg was introduced into the reactor at flow rates
between 0.13 and 0.25 pmol/min. After terminating the GaN growth the substrate was cooled
at a controlled rate to room temperature under the flowing diluent and NHs.

The photoluminescence (PL) properties of the films were determined at 12 K using a
15 mW He-Cd laser (A=325 nm) as the excitation source. Transmission electron microscopy
(TEM) was performed at 200 keV using standard sample preparation and imaging techniques.
Capacitance-voltage (CV) measurements were made using a mercury (Hg) probe and a
computer controlled Hewlett-Packard 4284A LCR meter. Contacts for n-type Hall-effect
measurements were made using annealed Ti/Au bilayers; contacts for p-type measurements
were made using as-deposited and annealed Ni/Au bilayers. The contacts were deposited on the
corners of 7mm X 7mm samples in the Van der Pauw geometry. The contacts were annealed in
a RTA system under flowing N, at 600 °C for one minute. Hall effect measurements were
performed at room temperature. Secondary ion mass spectrometry (SIMS) was conducted
using a Cameca IMS-6F system and GaN thin films implanted with H and Mg as standards.

C. Results and Discussion

Figures 2(a) and 2(b) show the calculated velocity contours and temperature contours
obtained under the deposition conditions employed for our MOVPE reactor with the use of H;
and N diluents, respectively. A 60% diluent 40% NH; gas mixture was used in the modeling.
Figure 2(a) shows the velocity contours for both diluents to be similar, with minimal
recirculation cells forming below the substrate. Figure 2(b) demonstrates one of the differences
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between the two diluents. The higher thermal diffusivity of H, generates higher temperatures
further away from the substrate, with a temperature boundary layer approximately 1.5 times as
thick as with the N,diluent. Uniform temperature gradients are achieved across a majority of
the substrate for both diluents. In the mass transport limited regime, the general conclusions
can be extended from heat to mass transfer, resulting in predicted uniform transport of the
growth species to the substrate across a large area of the substrate. This was experimentally
verified using electron microscopy, where a film thickness uniformity variation of ~5% was
observed over a 2.54 cm diameter.

The as-grown GaN films had highly reflective surfaces with no visible pits or cracks. A
cross-sectional TEM micrograph of a 1 um GaN film grown in H; is shown in Fig. 3. The
GaN has a high concentration of defects near the AIN-GaN interface which decreases with
distance from the interface. The microstructures of the films grown in both diluents were very
similar.

Low temperature (12 K) PL measurements were made on GaN films grown in both
diluents. Figure 4 shows the PL spectra for undoped GaN films grow in N, diluent. The
spectra for films grown in N, were characterized by strong near band edge (NBE) emission
with a FWHM of 6.90 meV and “yellow” emission levels that were three orders of magnitude
lower than the NBE emission. The single feature of the NBE at 358.4 nm (3.460 eV) has been
attributed to an exciton bound to a neutral donor (I,) [13]. The PL spectra for H, diluent films
were characterized by weaker NBE emission and stronger yellow emission levels, possibly due

to non-optimized growth conditions.

a)  Velocity Contours b) Temperature Contours
Hydrogen Nitrogen Hydrogen Nitrogen

Figure 2. a) velocity contours of the diluent/NHj; fluid in the MOVPE reactor under
deposition conditions. b) temperature contours of the diluent/NH; mixture
under deposition conditions. Conditions for both figures were: Tsubsm,3 =

1000°C, Pyystem = 45 Torr, Tigter and Ty = 25°C, Vinier = 250 cm sec’!
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Undoped GaN films grown in both H, and N; were too resistive for Hall measurements.
Controlled n-type doping with Si was achieved from ~5%x10™® to ~5x10'® cm™. The maximum
room temperature Hall mobility for a 1 pm thick film was 275 cm?/V's at a carrier
concentration of 1x10'" cm™. Magnesium doped GaN films deposited in a nitrogen diluent
have repeatably shown p-type behavior as determined by CV measurements without post-
growth annealing. All films grown in hydrogen required a post-growth thermal anneal to
achieve p-type behavior. Hall measurements on as-grown Mg-doped GaN samples grown in
N, revealed carrier concentrations as high as 2x10"7 em™ and a Hall mobility of ~13 cm’/V-s.
The as-deposited resistivites of these films ranged between 5-6 Q-cm.

6H-SiIC  0.3um

Figure 3. Cross-sectional transmission electron micrograph of a GaN film grown on an
AIN buffer layer. Plan view TEM measurements revealed a dislocation density
of ~10° cm™.
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Figure 4. 12 K photoluminescence of GaN grown in a N, diluent.
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The formation of Mg-H neutral complexes in GaN has been proposed as the passivation
mechanism for Mg acceptors [14, 15]. As such, the concentrations of H in undoped and Mg-
doped GaN films grown in H; and N, diluents were investigated using SIMS. Figure 5 shows
the H concentration as a function of dopant concentration in Mg-doped GaN films grown in N;
and H, diluents. The H levels for Mg-doped films grown in both diluents were ~1.5 to 2 orders
of magnitude higher than those in the undoped films. The H level of the film grown in the H,
diluent was on the order of the H levels in the films grown in the N, diluent. Additionally, the
H level for the film grown in H, was ~2 orders of magnitude lower than the Mg level in the

film. This would suggest that there is not sufficient H to compensate all the Mg acceptors.

D. Conclusions

Metalorganic vapor phase epitaxy was used to deposit AIN and GaN thin films on on-axis
o(6H)-SiC(0001) wafers using H, and N, diluents. A computational fluid dynamics computer
model of the deposition process was employed to analyze the film growth conditions using
both diluents. Low temperature (12 K) photoluminescence measurements of GaN films grown
in N, had peak intensities and full widths at half maximum of ~7 meV which was equal to or
better than those obtained for films grown in H,. Transmission electron microscopy of films
grown in both diluents showed similar microstructures. Room temperature Hall measurements
of Si doped, n-type GaN grown in N, revealed Hall mobilities equivalent to those films grown
in H,, with a maximum value of 275 cm?/Vs. Acceptor-type behavior of Mg-doped GaN
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Figure 5. Hydrogen concentration in Mg-doped GaN films vs. magnesium concentration

for films grown in N, and H, diluents.

15




grown in a N, diluent was repeatably obtained without post-growth annealing. Analysis via
SIMS of Mg-doped films grown in H, and N, revealed H concentrations on the same order for
both diluents, and ~2 orders of magnitude lower than the Mg doping level in the films.

E. Future Work

Future work include further analysis of the effect of the diluent on the as-grown acceptor-
type behavior of Mg-doped GaN thin films. Further SIMS and PL analysis will be employed
with rapid thermal annealing studies to obtain an explanation for the acceptor passivation
mechanism. Growth of undoped and Si- gnd Mg-doped Al,Ga; xN will be examined in both H,
and N, diluents to compare doping ranges as a function of AIN content in the alloy. Gallium
nitride and Al,Ga;,N p-n junction devices, as well as Al;Ga; (N/GaN MESFET devices will

be grown, fabricated and characterized.
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IV. Electrical Properties of Ni/Au Contacts Deposited on Plasma
Treated p-GaN Films Grown Via Organometallic Vapor Phase
Epitaxy

A. Introduction

The achievement of p-type conducting GaN has led to the fabrication of such practical
devices as blue and green light emitting diodes [1]. The specific contact resistivity of the n-type
contact used in these devices has been reported as low as 1x107 Q-cm® [2]. In contrast, the
specific contact resistivity of the p-type contact has only been reported as low as 1x10™ Q-cm?
[3], which is far from device quality. Therefore, the thermal stability, as well as the specific
contact resistivity of the p-type contact is detrimental to the overall efficiency of GaN-based
devices currently being produced and under development [4].

The following report is a detailed account of the behavior of as-deposited Ni/Au contact
schemes on pre-treated Mg:GaN films. Identical metallizations were deposited on an untreated
Mg-doped GaN thin film, as well as films that were exposed to a 300 W atomic nitrogen

plasma at high temperatures.

B. Experimental Procedure

The 1 micron thick Mg-doped GaN films used in this study were grown via OMVPE on a
12004 thick AIN buffer layer previously deposited at 1100°C on a 6H-SiC substrate. After
growth, the GaN films were annealed in an AG Associates 210 rapid thermal annealer at 800°C
for 30 seconds. Capacitance voltage (C-V) measurements were made using a Hewlett Packard
4284A C-V measurement system and mercury probe station. Current-voltage measurements
were made on the as-deposited contacts using a Keithley 236 Source Measure Unit. Prior to
loading, the films were cleaned in subsequent acetone and methanol baths for one minute each,
followed by a 10 minute dip in a 1:1 DIHCI solution. The samples were then immediately
Joaded into a transfer line operating at a base pressure of 1x10° Torr.

Two of the three GaN films used in this study were processed in parallel in order to assess
the effects of heating and the atomic nitrogen plasma. The net ionized impurity concentrations
of these films as measured by C-V were 2x 10" cm?. These films were also treated with an
additional 10 second dip in DI water immediately following the DI:HCI solution. The first
sample was heated to 470°C, at which point the 300 W plasma was turned on in order to
maintain an overpressure of nitrogen so as to prevent the liberation of nitrogen from the surface
of the GaN film. Once the sample temperature stabilized at 470°C it was heated to 700°C where
it was held for 1 minute and then heated to a temperature of 800°C and held for 10 minutes at a
process pressure of 1.4x10™ Torr. The sample was then cooled down to 500°C and the plasma
was turned off. The sample was cooled to 200°C whereupon 500A Ni and 1000A Au [5] films
were deposited using a Hanks HM2 electron beam evaporator operating at a base pressure of
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1.7x10 Torr. The control sample was neither heated nor exposed to the plasma prior to the
deposition of an identical metallization at a base pressure of 3.7x10” Torr. The samples above
were patterned using standard photolithographic techniques and etched in a 600 W argon
plasma to reveal transfer length method (TLM) patterns whose rectangular pads were 300 um
wide, 1500 um long and spaced at distances between 5 and 300 pm.

A third film with a net ionized impurity concentration, as measured by C-V, of 7x10"7 cm?
was treated in a separate chamber whose base pressure was maintained at 4.7x107 Torr. The
sample was heated to 800°C at which time the 300 W atomic nitrogen plasma was turned on.
Once a maximum temperature of 990°C was reached the sample was held at that temperature in
the nitrogen plasma for ten minutes at a process pressure of 2x10* Torr. The sample was then
cooled to 800°C at which point the nitrogen plasma was turned off. The sample was cooled to
200°C whereupon it was immediately transferred to the electron beam evaporator and 500A Ni
and 1000A Au films were deposited at a base pressure of 8><10"10 Torr. The metallization was
patterned using standard photolithographic techniques and then etched in 1:1:1 HNO3:HCL:DI
solution to reveal TLM patterns whose rectangular pads were 300 um wide, 1500 um long and

spaced at distances between 30 and 300 pm.

C. Results and Discussion

The as-deposited contacts for both the high and low temperature plasma treatments were
ohmic (Fig. 1). However, the current-voltage characteristics for the high temperature plasma
treatment were considerably better in that the voltage range over which the contacts were ohmic
as well as the currents passed were larger than the low-temperature case. Furthermore, the
contacts in the high-temperature case yielded a specific contact resistivity of 50+7 Q-cm?,
while for the low temperature case a specific contact resistivity could not be calculated. This
was due to the fact that the low temperature case did not provide consistently ohmic contacts at
each pad spacing which is necessary in order to make as accurate TLM calculation [6].
However, the ohmic characteristics of both the high and low temperature plasma treated cases
were certainly better than the untreated case (Fig. 2). These improved ohmic characteristics
may be attributed to the thermal desorption of Ga at high temperatures, as well as the
suppression of nitrogen vacancy formation due to the kinetic effects of nitrogen ions present in
the plasma. Ishikawa et al. [7] has shown that by sputtering the GaN surface with N ions the
N/Ga ratio increases slightly indicating that the formation of nitrogen vacancies is suppressed
while the formation of Ga vacancies may be favored. It is postulated that the atomic nitrogen
ions in the 300 W plasma may have a similar effect. If this is the case, then the increase in Ga
vacancies may decrease the depletion width and increase the tunneling probability, hence
leading to favorable ohmic characteristics. This effect could occur on a larger scale in the high

temperature case and may account for the results seen here. However, the difference between
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the magnitude of net ionized impurities for the samples used in the high and low temperature

cases must be taken into account due to the fact that this may overshadow the effects mentioned

above.
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D. Conclusions

In summary, we have been able to obtain ohmic Ni/Au contacts on plasma treated Mg:GaN
in the as-deposited condition with a specific contact resistivity of 50+7 Q-cm?. These ohmic
characteristics may be attributed to the generation of Ga vacancies at the immediate surface of
the Mg:GaN film by atomic nitrogen ions present in the plasma. Future experiments will
consider several annealing treatments, as well as alternate metallizations to be used after the

plasma pre-treatment.

E. Future Plans and Research Goals

Although it is possible to make ohmic contact to p-GaN [5,8], the specific contact
resistivities that have been achieved up until the present time are far from device quality. This is
no surprise when one considers the fact that GaN, which has a band gap of =3.4 eV and an
electron affinity of 3 = 2.7 eV, would require a metal with a work function = 6.1 eV. This
certainly presents a problem due to the fact that most metal work functions are never greater
than = 5 €V [9]. Consequently, one is forced into the position of considering a multilevel
metallization which would provide an increase in the carrier concentration in the immediate
vicinity of the contact or a graded heterostructure in order to achieve a lower specific contact
resistivity.

The lowest specific contact resistivity reported to date , which was ~ 1x10* Q-cm”[3], has
been achieved through the use of a solid phase regrowth (SPR) mechanism. This technique has
proven to be very effective in forming low resistance ohmic contacts to p type GaAs [11]. “The
regrowth process begins with a low temperature reaction between a metal M (e.g. Ni, Pd, or
Pt) and a compound semiconductor substrate AB to produce an intermediate M,AB or MB,
phase. A subsequent reaction at a higher temperature between an overlayer of Si, Ge, Al or In
and the intermediate phase results in the decomposition of the intermediate phase and the
epitaxial regrowth of a layer of the compound semiconductor [12].” Another vital feature of
this mechanism is that the proper dopant be incorporated during the regrowth. This can be
achieved by including the appropriate dopant interlayer placed strategically within the
metallization so as to optimize the desired thickness of this highly doped regrown layer. This
SPR mechanism has also been used to make low resistance ohmic contact to n-GaAs where the
final product of the Pd/In/Pd/n-GaAs metallization is PdIn/In,Ga,.,As/n-GaAs/ [12]. Although
this graded heterostructure has been used for ohmic contact to n-GaAs no results have been
reported regarding its application to GaN.

We plan to use an analagous SPR technique on GaN to grow a In,Ga; N/p-GaN
heterostructure so as to grade out the large bandgap associated with this material. The
metallizations will be as follows Si/Ni/Mg/In/Ni/p-GaN and Si/Ni/In/Mg/Ni/p-GaN. This

metallization was chosen due to the fact that Ni has in some cases been shown to form a
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NiGaN ternary phase even at room temperature [11], which is necessary for the first stage of
the (SPR) process. At elevated temperatures it is postulated that a NiSi phase is favored to form
which would then lead to decomposition of the intermediate phases and regrowth of GaN with
In and Mg incorporation. The most formidable obstacles to be overcome in developing this
structure will be selecting the appropriate interlayer thicknesses and annealing treatments so as
to achieve both Mg and In incorporation in the regrown InGaN layer. However, the fact that
p-type conduction in Mg-InGaN has been observed [13] is quite encouraging.

The as-deposited and annealed metallizations will be characterized electrically, chemically
and microstructurally using transmission line model (TLM) measurements, cross bridge Kelvin
resistor (CBKR) measurements, secondary ion mass spectroscopy (SIMS), Auger electron
spectroscopy (AES), and high resolution transmission electron microscopy (HRTEM). The
interlayer thickness, as well as annealing times and temperatures will then be optimized to give

the lowest specific contact resistivity.
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