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I. Introduction

The numerous potential semiconductor applications of the wide band gap Ill-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 eV and forms
continuous solid solutions with both AIN (6.2 V) 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 Ill-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 AlyGa1.xN alloys containing even low
(x 2 0.05) concentrations of AIN deposited on 6H-SiC(0001) substrates at high (=21000°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 AlxGaj.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 AlxGaj-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
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field emitter structures. The selective growth of GaN and Alg,1Gag 9N 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) selective
growth of and field emission from GaN and AlxGajxN pyramids on 6H-SiC substrates,
(2) growth, doping and characterization of GaN, AlxGaj.xN and InxGaj.xN films on 6H-SiC
substrates, (3) determination and correlation of biaxial strains, bound exciton energies and
defect microstructures in GaN films, and (4) the application of the inductively coupled etching
technique to produce device microstructures in GaN and AIN. 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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II1. Selective Growth Via OMVPE of and Field Emission from GaN
and Alp2Gag.gN Pyramids on GaN/AIN/6H-SiC(0001)
Multilayer Substrates

A. Introduction

Wide band gap II-nitrides are being extensively studied for application in optoelectronic
and microelectronic devices, including field emitter. Gallium nitride is a promising material in
this group for field emitters because of its low electron affinity (2.7-3.3eV) [1, 2], high
thermal, chemical and mechanical stability as well as the ability for controlled n-type doping. A
recent report, in which AIN and Al-rich AlxGaj«xN films have been shown to have a negative
electron affinity, suggests these materials could be key elements of field emitters [2, 3].

Selective growth techniques are available not only for the fabrication of semiconductor
devices such as quantum well wire and dot structures, but also for field emitters. The selective
growth of GaN and Alg 1Gag 9N on linear windows and GaN hexagonal pyramid fabrication
on dot-patterned GaN/sapphire substrates by this technique have been reported [4, 5]. The first
field emission and the enhancement of this phenomenon from an undoped GaN hexagonal
pyramid array on a GaN/sapphire substrate have been observed [6, 7]. In a related area, the
selective growth of GaN layers on sapphire substrates has been reported for low-loss optical
wave guide structures for active and passive photonic devices [8]. To date, all research on the
selective growth of GaN have used sapphire substrates. In this paper, the selective growth of
GaN and Alg2Gag gN on stripe patterned GaN/AIN/6H-SiC(0001) multilayer substrates via
organometallic vapor phase epitaxy is reported. These substrates were produced using
techniques described elsewhere [9, 10]. For the first time, fabrication of GaN and Si-doped
GaN hexagonal pyramid arrays on circular patterns and the field emission results from these
arrays is reported.

B. Experimental Procedures

The selective growth of GaN and Alp2GaggN was performed on stripe (window
width = 3-80pm) and circular (diameter = 5pm) patterned GaN/AIN/6H-SiC(0001) multilayer
substrates. To produce these substrates, undoped or Si-doped GaN films (n = 2E18cm3)
having a thickness of 1.5um were first grown on a high temperature AIN buffer layer on a
6H-SiC(0001) substrate in a cold-wall, vertical, pancake-style, RF inductively heated OMVPE
system. The experimental growth parameters are described elsewhere [9, 10]. A §iO2 mask
layer (thickness=1000A) was subsequently deposited on each multilayer substrate by
RF sputtering or LPCVD. Patterning of the mask layer was achieved using standard
photolithography techniques and etching with a buffered HF solution. In the stripe patterned
samples, the edges of the stripes were parallel to the <11-20> direction. Prior to selective



growth, the patterned samples were dipped in a buffered HCI solution to remove the surface
oxide of the underlying GaN layer.

Selective growth was conducted at 1000-1050°C and 45 Torr. Triethylgallium (TEG),
triethylaluminium (TEA) and 1500 sccm NH3 were used in combination with a 3000 sccm Hp
diluent. The ratio of NH3 and TEG was varied from 960 to 2600. Silicon was incorporated
into the GaN hexagonal pyramids during the selective growth using SiHy at a flow rate of
5.5nmol/min. The morphologies of the selectively grown samples were observed using
scanning electron microscopy (SEM-JEOL 6400 FE). The final step was the deposition of
Ti(200A)/Au(1500A) contacts via electron beam evaporation on Si-doped GaN layer.

The field emission measurements (FEM) were performed on the hexagonal pyramid arrays
of Si-doped GaN in a UHV-FEM system having a working pressure of 2x10°8 Torr. During
the measurement, samples were placed beneath a Smm diameter movable Mo anode with a flat
tip. The anode was controlled by a stepping motor such that one step yielded a translation of
0.44 um. The current-voltage (I-V) measurements were taken at several distances ranging from
2 to 40 um for anode voltages in the range of 0 to 1100 V.

C. Results and Discussion

The characteristics of the stripe patterns of deposited GaN and Alp2GaggN having various
window widths were determined using SEM as shown in the micrographs in Fig. 1. Both
materials showed prismatic morphology with (1-101) side facets on the 3um-wide stripes.
Truncated prismatic growth with (0001) top facets and (1-101) side facets was observed on
stripe patterns with widths greater than Sum. Polycrystals of AlyGa;-xN nucleate on the SiOp
mask because of the chemical interaction between Al and SiO» [4], there is no, however,
significant difference in the final growth morphology for the GaN and Alp2Gag gN patterns.
Only a slight roughening of the (1-101) facets was observed for Alp2Gag gN selective growth.
This is probably due to the poor selectivity of Alp2Gag gN, that is, the deposition of
polycrystalline material on the SiO2 mask. No ridge growth was observed along the edge of the
stripes, and the (0001) top facets were very smooth and flat regardless of the width of the
stripes. This suggests that insignificant lateral vapor phase diffusion of the reactive species
from the mask to the window area occurred during the selective growth. It is probably due to
the large ratio (=0.5) of the window to the mask area, because lower values of this ratio induce
more lateral vapor diffusion [11].

Figure 2 shows SEM images of GaN grown on 5um-wide stripe patterns using different
flow rates of TEG. The higher flow rate of TEG resulted in a smaller area of (0001) top facets
and the development of (1-101) side facets. This behavior supports the model that GaN
selective growth depends on the balance between the incoming flux on the (0001) top facets
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Figure 2.

SEM micrographs of the selectively grown GaN (left) and Alg2Gag gN (right)
layers on different wide-stripe patterns. (a-b) 3um, (c-d) 5 pm.

SEM micrographs of the selectively grown GaN layers on 5um wide-stripe
patterns at different flow rates of TEG. (a) 26j.mol/min. (b) 70p.mol/min.
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and the outgoing flux from the (0001) to the (1-101) side facets [5]. Increased TEG flow rate
promotes two-dimensional nucleation on the (0001) top facets, thereby reducing the surface
diffusion length of the Ga adatoms. As a result, the growth rate of the (0001) facets becomes
faster than that of the (1-101) facets.

The optimum conditions for selective growth of GaN hexagonal pyramids on circular
patterns was based on the selective growth conditions on stripe patterns. The height of a
hexagonal pyramid can be easily calculated by the relation of H=D-tan62°/2, where H and D
are the height and the diagonal width of the base of the pyramid. Each pyramid has six (1-101)
side facets. The growth rate of these pyramids is strongly dependent upon the ratio of window-
to-mask area in the patterned region as well as the selective growth conditions. The average
diagonal width of the pyramids was 7.7um using a ratio of 0.1. However, increasing the ratio
to 0.23 resulted in an average diagonal width of 5.7um for the same growth condition. These
results indicate that the lateral diffusion of the reactive species from the mask to the window
area is also an important factor for the fabrication of GaN hexagonal pyramids. As shown in
Fig. 3(a), the growth of an uniform array of Si-doped GaN hexagonal pyramid in an area of
0.5x0.5mm?2 was achieved for the first time. The high magnification SEM image shown in
Fig. 3(b) reveals that the tip radius of the pyramids is less than 100nm.

Field emission measurements (FEM) of the Si-doped GaN pyramid arrays were conducted
using a UHV-FEM system. The emission current was measured as a function of the anode
voltage applied to a Mo rod. The I-V curve in Fig. 4(a) showes the turn-on voltage of 680V for
a current of 10.8nA at a distance of 27um between the pyramid array and the anode. This turn-
on voltage corresponds to a turn-on field of 25V/um. Using the same system, a polycrystalline
p-type diamond film (p = 2.5E17cm3) grown on Si(100) exhibited a turn-on field intensity of
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Figure 3. (a) SEM micrograph of Si doped GaN hexagonal pyramid array. (b) High
magnification SEM image of the apex of a hexagonal pyramid. Tip radius is less
than 100nm.
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27V/um. The Fowler-Nordheim (F-N) plot obtained from the I-V data as shown in Fig. 4(b)
reveals a linear relationship. This indicates that the emission from the Si-doped GaN array
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obeys F-N field emission theory. Research is in progress to reduce the turn-on field of the
Si-doped GaN arrays to several volts per um in order to be considered for practical
applications.

D. Conclusions

The selective growth of GaN and Alg2Gag gN has been conducted on stripe and circular
patterned GaN/AIN/6H-SiC(0001) multilayer substrates. Prismatic morphology with (1-101)
side facets was observed on 3um wide stripes for both materials. Truncated prismatic growth
with (0001) top facets and (1-101) side facets were obtained on stripe patterns with widths
greater than Spm. No ridge growth was observed along the edges of the stripe patterns and the
(0001) top facets were very smooth and flat. Polycrystalline AlyGaj.xN were deposited on the
SiOj mask. For GaN selective growth on the stripe patterns, the increase of TEG flow rate
resulted in the development of (1-101) side facets. Uniform hexagonal pyramid arrays of
Si-doped GaN were successfully grown on circular patterns having diameters of Sum. Field
emission measurements of these arrays showed a turn-on field was 25V/um for an emission
current of 10.8nA at an anode-to-pyramid array distance of 27pm.
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IT1. Acceptor and Donor Doping of AlxGaj.xN Thin Films Alloys
on 6H-SiC(0001) Substrates via Metalorganic Vapor Phase
Epitaxy

A. Introduction

The potential and realized employment of III-nitride materials for both optoelectronic and
microelectronic applications has stimulated considerable research [1]. The wurtzitic phase of
GaN forms a continuous solid solution with AIN; thus, materials having bandgaps from 3.4 eV
to 6.2 €V can and have been produced. The AlyGaj.xN solid solutions are of interest for use in
ultraviolet emitters [2] and detectors [3], as well as high electron mobility transistors [4,5].

A principal focus in the area of epitaxial growth of III-N thin films is the marked reduction
in the density of line and planar defects and point defects [6-12]. The densities of these
extended defects are usually determined by substrate choice and the crystallography and
microstructure of its surface, buffer layer choice, and the presence of impurities on the growing
surface. The inclusion and the concentrations of point defects, e.g., impurities and native
defects, are determined primarily by deposition conditions. Understanding and control of these
point defects is critical in order to achieve the desired operational characteristics of nitride-based
devices.

At present, Si and Mg are the most commonly employed donor- and acceptor-type dopants,
respectively, for GaN. Therefore, it is logical that Si and Mg would likely be the most suited
for doping AlyGaj.«xN alloys. For metalorganic vapor phase epitaxy (MOVPE) growth, the use
of SiHy presents few complications; however, the conventional source of magnesium, CpoMg,
has been found troublesome. It is a solid source at room temperature which can lead to non-
uniform transport to the growth chamber throughout the lifetime of the source. Moreover, the
vapor is an unsaturated molecule which adsorbs to stainless steel causing memory affects.
Additionally, it can bond with and transport oxygen into the growth chamber [13]. In MOVPE,
decomposition of the metalorganics (MO) is the dominant source of carbon impurities while
ammonia (NH3) decomposition is a source of hydrogen. Moreover, in aluminum alkyls, the
dominant impurity, dimethyaluminum-methoxide(DMAM) (CH30A1(CH3)y), is a source of
oxygen contamination [14]. Upon transport to the growth chamber, decomposition allows for
the incorporation of oxygen into the film. As the bubbler is depleted, the amount of oxygen
transported to the chamber increases. Conversely, residual impurities in these alkyls, e.g.,
silicon decreases, since they tend to be incorporated in more volatile compounds which are
transported earlier in the bubbler lifetime [15].

The concentrations of native defects such as antisites and vacancies are a strong function of
growth conditions, particularly the substrate temperature and the V/III ratio. Additionally, the
position of the Fermi level can strongly influence the existence of these defects which makes



them difficult to study. Although the estimation of their concentrations via state-of-the-art
calculations are possible, quantitative determination is difficult. Usually implantation and
annealing experiments are required for quantification. More frequently, variance of growth
conditions, in conjunction with electrical and optical characterization, allows for the qualitative
investigation of these defects. Similarly, quantification of impurity levels is extremely difficult
in alloys since secondary ion mass spectroscopy (SIMS) is matrix dependence; thereby
necessitating the fabrication of separate sets of standards for each alloy composition. It is also
necessary to correlate these levels with electronic and optical properties in GaN and then apply
these techniques to the investigation of alloy materials. In this research, doped and undoped
AlyGajxN (x < 0.42) deposited under various conditions has been characterized electrically
and optically. These results will be discussed in light of recent theoretical studies.

B. Experimental Procedures

Thin films of AlyGajxN were deposited on on-axis 6H-SiC(0001) substrates at 1050°C
and 1100°C at 45 Torr using a vertical, cold-wall, RF inductively heated MOVPE deposition
system. Deposition was performed using various ratios of triethylaluminum (TEA) and
triethylgallium (TEG) in combination with 1.5 SLM of ammonia (NH3) and 3 SLM of Hy
diluent. The total metalorganic precursor flow rate was 32.8 pmoles/min. A 0.1pm AIN buffer
layer was used for Si-doped films to provide electrical isolation from the substrate. A 0.1 pm
AIN/0.5 pm GaN buffer structure was used for Mg-doped samples, since p-type layers are
usually the top layers in device structures. Donor- and acceptor-type doping of the alloys was
accomplished by the addition of SiH4 and CppMg, respectively. The Mg-doped samples were
subsequently annealed by rapid thermal annealing (RTA) for 30s at 800°C. During annealing

" they were in contact with a Si wafer, and the temperature was measured by a calibrated

thermocouple attached to the Si wafer. Films were characterized using scanning (SEM) and
transmission (TEM) electron microscopies, photoluminescence (PL), cathodoluminescence
(CL), capacitance-voltage (CV) measurements, Hall effect using the van der Pauw geometry at
293K and secondary ion mass spectroscopy (SIMS). Additional details regarding the
experimental procedures are described elsewhere [16,17,18].

C. Results and Discussion

Scanning electron microscopy of the Si-doped AlxGaj«N films (0.03 < x <0.42) revealed
smooth, featureless surfaces under high magnification (40kX). Cathodoluminescence spectra
of these films revealed strong, near-band edge (NBE) emission and a weak donor-to-acceptor
(DA) transition located approximately 200 meV below the bandgap. Weak “yellow” emission
was also present. The compositions of these films were estimated using EDX and the positions
of the NBE CL emission. Although the previously published relationship of NBE CL emission
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and composition (Eq.(1)) was for AlxGajxN films deposited directly on SiC substrates [19],
the differences in the calculated values of the Al mole fraction in those films and the films in the
present study were within the limits of error (+2%) of the EDX analysis. Therefore, the slight
blue shift in the NBE energy observed for AlyGaj.-xN films using an AIN buffer was
neglected.

Ep(x)=3.50 + 0.64x + 1.78x2 €))

Results from Hall effect measurements for Si-doped AlxGaj.xN grown with a constant Si
flow rate are shown in Table I. The growth rate was determined to be about 0.5 pum/hr. for
lower concentrations of Al (x=0.08) while films with higher Al concentrations (x=0.42) had a
growth rate of about 0.35 pm/hr. Results from Si-doped GaN films (Group II) are included for
comparison of the Hall mobilities.

For samples in Group I, small increases in the Al concentration greatly reduced the mobility
of the donors. At 14% Al concentration, the mobility was reduced by more than 75% that of
GaN having a similar donor concentration (Samples AlGaN:2 and GaN:4). At 42% Al
composition, the Hall mobility was reduced by more than a factor of 20 over similarly doped
GaN films (GaN:1 and GaN:2). Several reasons may be cited for these marked changes in
electrical behavior: (1) alloy scattering, (2) donor level movement deeper into the gap and (3)
formation of donor complex (DX) centers.

Alloy scattering (Mechanism 1) is certainly a potential reason for the lowered mobilities
given the non-periodic potential created by the randomly placed Al and Ga atoms on the cation
site in the lattice. Temperature dependent Hall measurements will be performed to verify the

Table 1. Results of Hall Measurements on Si Doped and Undoped

Al,Gaj.xN and GaN Thin Films

Sample ID Composition Donors Hall Mobility Resistivity

' (Al mole fraction) (cm3) (cm2/V s) (Q-cm)
GROUP I (Si-doped)
AlGaN:1 0.08 9.6e18 110 0.0062
AlGaN:2 0.14 9.9¢18 41 0.015
AlGaN:3 0.24 2.6e18 76 0.031
AlGaN:4 0.32 1.1e18 51 0.11
AlGaN:5 0.42 5.0e17 14 0.90
GROUP II (Si-doped)
GaN:1 e 3.8e17 411 0.039
GaN:2 e 6.4e17 309 0.031
GaN:3 e 2.0e18 257 0.012
GaN4 e 1.1e19 170 0.0032

11



role of Mechanism 2. Silicon is shallow hydrogenic donor in GaN, but it is predicted to be a
deep donor in AIN [20]. Mechanism 3 is a phenomena has been widely studied in
AlyGaj_xAs [21]. Oxygen has been predicted to form a DX center in AlyGajxN for alloys with
a bandgap greater than 4.0 eV (x=0.35) [8]. This may contribute to the lower carrier
concentrations and mobilities for alloys containing greater than 35% aluminum. Experimental
results are needed to confirm this effect.

Acceptor doping of AlxGajxN for x < 0.08 was also achieved for films deposited at
1050°C. Results of the CV measurements are shown in Table II. In general, it was found that
it was necessary to lower the CppMg flow rate as the Al concentration increased. Samples
with lower concentrations of Mg, exhibited better response to high frequency modulation (104,
105 Hz). This indicates that the more highly doped samples had a lower hole mobility [22].
Additionally, PL measurements of A1GaN:12 indicated no change in position in the commonly
observed DA peak (2.88 eV at 4.2K) seen in highly Mg doped samples. Like GaN, lower Mg
concentrations in AlyGajxN films resulted in a shift to a higher energy PL transition [23, 24]
Unlike GaN, whose higher energy PL transition is located at 3.27 eV at 4.2K, for
Alp 0gGag 12N the higher energy PL transition was located 3.19 eV. The reason for this
difference is unclear at this time.

In order to understand the Mg doped AlxGaj-xN, it is constructive to investigate and
compare with Mg doped GaN (Table II). GaN:7 is an undoped film used for comparison.
Capacitance-Voltage measurements revealed GaN:5 had a poorer response than GaN:6 to the
applied small ac signal at 104 Hz. Only by reducing the small signal ac frequency to 103 Hz
was a similar net ionized acceptor concentration measured as compared with GaN:6.

Photoluminescence revealed a strong DA luminescence peak centered at approximately
2.88 eV at 4.2K for both samples. More importantly, however, GaN:5 revealed an DA
luminescence intensity 5 times strong than GaN:6. SIMS profiling for Mg, C, H, and O was
performed on both samples as well an undoped sample. The results are shown in Table III. -

Table II. Results of Capacitance-voltage Measurements on Mg Doped AlxGaj_xN and GaN

Sample ID Composition CpaMg flow Net Ionized Acceptors
(Al mole fraction) (nmol/min) Na-Np cm3
AlGaN:12 0.0350 1.5e19
AlGaN:13 0.06 25 2.0e19
AlGaN:14 0.06 25 1.0e19
AlGaN:15 0.08 15 1.5¢18
AlGaN:16 0.08 7.5 3.0e18
GaN5s 0 - 100 5.0e18
GaN:6 00000 e 50 1.5e19
GaN:7 e - <lel6
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Table IIl. Results of SIMS Profiling of Mg Doped and Undoped GaN

Sample ID Mg H 0 C
(cm3) (cm3) (cm3) (cm™3)
GaN:5 8e19 2.2e20 7.3e19 <2.3e¢18
GaN:6 4e19 819 1.3e19 <1.2e18
GaN:7  emeee- 4el7 1.1e17 1.3e17

As expected, the Mg concentration differed by a factor of two, corresponding to the
reduction in CppMg flow into the reactor. Within the limits of error, the hydrogen
concentration differed by approximately the same factor as the Mg. The changes in the C level
are unclear due to the lack of sufficient dynamic range in the C signal during measurement.
Notably, however, the O level changed by a factor of 5. Theoretical calculations [8] as well as
jon implantation [25] have suggested that oxygen is a shallow donor. Zolper et al. [25]
measured the activation energy of oxygen in GaN to be 29 meV; however, he suggested the
possible presence of a deeper oxygen state associated with an oxygen complex. This second
deeper oxygen complex state would account for the low activation of his implanted oxygen
species as well as a state having a 335 meV activation energy in his unimplanted GaN.
Coupling the results of Zolper et al. results with the previously noted 5-fold increased in PL
intensity of the 2.88 eV transition and corresponding 5-fold increase in the oxygen
concentration for samples having a factor of two higher Mg concentration suggests that an
oxygen complex participates as the donor in this DA transition.

In light of this conclusion, additions of aluminum which are a possible source of additional
oxygen may promote this compensation mechanism in AlxGaj.xN. Hence, increasing Al
transport into the reactor may increase the amount of compensation present in Mg-doped
Al,GajxN films. Further investigation is needed to confirm or deny this hypothesis. Hall
measurements are underway to quantify the free hole concentration, mobility and Mg acceptor
level of these films. Tanaka et al. [28] reported that for Al 0g8Gap.12N the Mg acceptor state
was located 35 meV deeper than that of GaN.

Finally, a Alp,03Gag.97N p-n homojunction was fabricated. CV measurements clearly
indicated the formation of a p-n structure. This was confirmed by the opposite charging effects
seen in cross-sectional SEM. The diode characteristics will be reported at a later date.

D. Conclusions
Donor doping of AlxGajxN for x < 0.42 has been achieved for films deposited at 1100°C.

Si-doped Alg 08Gag.92N and Alg 42Gag sgN exhibited mobilities of 110 and 14 cm?/V's at
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carrier concentrations of 9.6¢18 and 5.0e17 cm3, respectively. Reasons for these marked
changes in electrical behavior include: (1) increased alloy scattering, (2) donor level movement
deeper into the gap and (3) donor complex (DX) center type behavior. Acceptor doping of
AlyGajxN for x <0.08 was also achieved for films deposited at 1050°C. Capacitance-Voltage
measurements at 104 Hz revealed an activated Mg concentration in the range of 1.5¢18
(x=0.08) to 1.5e19 (x=0.03) cm-3. In general, it was found that it was necessary to lower the
CpaMg flow rate as the aluminum concentration increased. Based on SIMS profiling of GaN,
an oxygen-related state is proposed as the donor which participates in the commonly observed
donor-acceptor transitions in Mg doped GaN. Additionally, oxygen incorporation from the
aluminum alkyls is potentially responsible for the limited p-type doping of AlxGajxN.
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IV. Growth of III-V Nitride Thin Films on o(6H)-SiC(0001) Via
Organometallic Vapor Phase Epitaxy

A. Introduction

With recent world-wide research efforts, the III-V nitride compounds have shown their
potential for optoelectronic and microelectronic semiconductor device applications. Advance-
ments in film quality and the understanding of materials issues have led to the demonstration
and production of high-quality LEDs. High power, high brightness LEDs with emission
spectra ranging from yellow to violet have been produced [1-5]. Using a multiple quantum well
heterostructure, Nakamura et al. have produced high power blue (5 mW) and green (3 mW)
LED:s [5,6] which are now commercially available. There has also been progress recently in the
development of laser diodes. Nakamura has demonstrated a current-injected laser diodes on
sapphire and spinel substrates with operating voltages around 24 V [7,8]. Although progress
has been made in both optoelectronic and microelectronic devices, further developments in the
understanding of these materials and improvements in device applications are possible. To
further investigate and demonstrate the capabilities of these materials, our research group
developed and built a novel organometallic vapor phase epitaxy system. Progress made in the
growth of GaN and InGaN films will be discussed in this report.

B. Experimental Procedure

An inverted flow rotating disc OMVPE system was used to grow the nitride films. The
design and features of the system have been described in detail in a previous report [9]. The
reactants used in the film growth were trimethylaluminum (TMA), triethylgallium (TEG),
trimethylindium (TMI) and ammonia (NH3). Silane (SiHy) diluted in hydrogen was the silicon
source for the n-type dopant. Depending on the film being grown, either hydrogen or nitrogen
was used as the diluent. Nitrogen was used as the carrier gas for the metalorganic sources. The
system was computer-controlled operated using a LabVIEW (National Instruments) control
program developed in-house.

The nitride thin films were grown on on-axis Si-face a(6H)-SiC(0001) substrates. The as-
received wafers were cleaved into smaller pieces and degreased. The SiC pieces were then
dipped into a 10% HF solution for 10 minutes to remove the thermally grown oxide and then
blown dry with Nj. The substrates were then mounted on a molybdenum substrate holder and
loaded in the system. The reactor chamber was evacuated to less than 1x10-5 Torr before
initiating growth. The substrate was heated to the deposition temperature in the flowing diluent.
The deposition pressure was 45 Torr. The substrate holder was rotated continuously during the
deposition process. The temperature of the substrate was measured using an Ircon Ultimax
Infrared Thermometer. While the growth temperature was being obtained, the flow of the
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carrier gas through the metalorganic bubblers was established using a run/vent configuration.
The temperature and pressure of each metalorganic bubbler were independently controlled.

Once the growth temperature was reached, film deposition was started by flowing the
metalorganic precursor(s) and NH3 into the reactor. For all films grown, a high temperature
AIN buffer layer was used. Buffer layers of AIN were grown between 1100 and 1150°C for
times ranging from 5 to 30 minutes. The TMA flow rate was varied between 3.0 and
8.0 umol/min. After the growth of the buffer layer, the temperature was adjusted for the next
film layer. GaN growth was investigated in the temperature range between 950 and 1050°C.
The TEG flow rate was varied between 17.5 and 25 pmol/min. For Si doping, SiHy diluted in
hydrogen was introduced into the reactor at flow rates varying between 0.15 and
3.75 nmol/min. The InGaN films were grown between 750 and 800°C. The TEG flow rate
was varied between 1.4 and 3.8 pmol/min. The TMI flow rate was varied between 20 and
35 umol/min. The InGaN films were grown exclusively in nitrogen.

The photoluminescence (PL) properties of the films were determined at room temperature
and 4.2 K using a 15 mW He-Cd laser (A=325 nm) as the excitation source. Scanning electron
microscopy (SEM) was performed on a JEOL 6400 FE operating at 5 kV. Transmission
electron microscopy (TEM) was performed at 200 keV using standard sample preparation
techniques. Capacitance-voltage (CV) measurements were taken using a mercury (Hg) probe
and a computer-controlled Hewlett-Packard 4284A LCR meter. Contacts for Hall-effect
measurements were made using annealed electron-beam deposited Ti/Au.

C. Results and Discussion

GaN Growth. Figure 1 is an SEM micrograph representative of the quality of the surface of
the GaN films. On SiC, it has been shown that a deposition of a high temperature,
monocrystalline AIN buffer layer is necessary in order to deposit high-quality GaN films [10].
Figures 2 and 3 are TEM micrographs showing the cross-sectional defect structure of the GaN
films. The AIN buffer layer has a smooth surface which helps in the deposition of a low defect
density GaN layer. Figure 4 is a TEM plan view micrograph of a GaN sample showing the
defect concentration in the film. The dislocation density in the film is on the order of 1e9 cm2,
which is approximately one order of magnitude lower than GaN films grown on sapphire [11].
The absent of defects in the GaN shows up in C-V measurements of the material. Undoped
films have a measured net ionized carrier concentration (NgNy) less than 116 cm3, measured
at 1 MHz. Si doping of GaN has been achieved in the range of 5¢16 cm™3 to 3e18 cm3, as
measured by C-V at 1 MHz. The Hall-effect mobility for GaN doped at 2el17 cm-3 was
measured to be 255 cm2/V-s, at room temperature. Figure 5 is the PL spectra of GaN at 4.2K.
The absence of deep levels is indicative of the high quality of the material. The near-band-edge
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peak occurs away from the relaxed value for GaN, possibly indicating strain in the film or near
band-edge defect levels. The FWHM is 18 meV.

Gallium nitride films were grown in both hydrogen and nitrogen diluents. There appears to
be a difference in film quality depending on the diluent used. Electrical properties for undoped
films are similar. However, the PL spectra for the GaN films grown in nitrogen are
approximately twice as strong as that for hydrogen grown films. Further optimization of the
growth parameters may lead to similar PL results for the two diluents. One other difference
between the two diluent gases is the growth rate of the films. AIN buffer layers grown in
nitrogen grow at approximately 1/4 the rate of those grown in hydrogen. The GaN films grown
in nitrogen grow at approximately 0.7 the rate of those grown in hydrogen. The difference in
growth rates can be attributed to the metalorganic chemistry. In the presence of hydrogen, the
methyl metalorganic species undergoes an assisted decomposition. The ethyl species, however,
decomposes through a B-hydride elimination process, which is influenced less by the presence
of hydrogen [12].

InGaN Growth. The InGaN nitride films were grown exclusively in nitrogen. Efforts were
made to grow InGaN films in hydrogen, however, the same parameters which yielded indium
incorporation in a nitrogen diluent produced only GaN films in a hydrogen diluent. This agrees
with other experimental observation [13,14]. It is suggested the hydrogen plays a role in the
decomposition of the nitride film, especially in indium containing films. Experiments

Figure 1. SEM of GaN surface.
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Figure 2.

Figure 3.

TEM micrograph of GaN and AIN films on SiC.

TEM micrograph of GaN and AIN films on SiC.
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Figure 4.
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using helium as a diluent support this argument by duplicating the results obtained using
nitrogen diluents, suggesting it is the chemical nature of hydrogen, rather than the diffusion or
heat transfer properties of nitrogen, that causes the difference [13].

All of the InGaN films characterized were approximately 1000A grown on a 5000A GaN
underlayer. InyGaj.xN films were grown with x as large as 0.22. Figures 6 and 7 are PL
spectra for InGaN films at room temperature and 12K, respectively. At room temperature the
PL spectra have appreciable deep levels, which disappear at 12K with a noticeable increase in
the near-band-edge emission. The emission at 418.5 nm in Figure 6 corresponds to an indium
mole fraction of 0.22, while the emission at 405.5 nm corresponds to an indium mole fraction
of 0.18 [2]. Figure 8 is a cross sectional TEM micrograph showing the InGaN film on the
GaN. The interface is clean, with few threading dislocations generated at the interface. From
the TEM, the surface of the InGaN is smooth, however, in SEM small pits can be seen, which
may be a result of the surface of the GaN underlayer. With the improvement of the InGaN
microstructure, as well as the GaN underlayer, the photoluminescence of the films should

improve, providing device-quality material.

D. Conclusions

The growth of GaN and InGaN thin films on o(6H)-SiC(0001) using a high temperature
AIN buffer layer has been investigated. SEM and TEM of the GaN films show a smooth
surface with a relatively low dislocation density of 1€9 cm2. The near-band-edge photo-
luminescence peak occurs away from the relaxed value for GaN, possibly indicating strain in
the film or near band-edge defect levels. Si doping of GaN was achieved, with doping levels
between 5e16 cm-3 and 3e18 cm-3. Gallium nitride growth in hydrogen and nitrogen were
compared, with two main differences being photoluminescence intensity and growth rate.
InGaN films were grown with an In fraction of up to 0.22. Narrow and bright luminescence
was observed both at room temperature and 12K. Cross sectional TEM shows a clean
interface between the GaN and InGaN, with few threading dislocations being generated at the
interface.

E. Future Research Plans and Goals

Future research includes optimizing the growth of GaN in both hydrogen and nitrogen
diluents. p-type doping using Zn and Mg will be investigated. Further research of the InGaN
compounds will focus on increasing film quality and the indium mole fraction. Quantum well
structures using InGaN active layers will be grown. High speed microelectronic device
structures will also be grown and characterized. Finally, quaternary alloys will be investigated
in an effort to grow lattice-matched device structures.
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Figure 8. Cross Sectional TEM of Ing 22Gag 78N on GaN.
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V. Correlation of Biaxial Strains, Bound Exciton Energies,
and Defect Microstructures in GaN Films Grown on
AIN/6H-SiC(0001) Substrates

A. Introduction

Mismatches in the lattice parameters (a and ¢) and the coefficients of thermal expansion (o)
exist between heteroepitaxial GaN films and all of the presently used substrates. These
mismatches result in interfacial biaxial strain which leads to misfit dislocations and associated
threading defects that degrade film quality. Measurement and analysis of these strains have
been the goals of the research reported herein.

The most common substrate used for GaN film growth is sapphire (0001). Buffer layers of
AIN and GaN have been used to improve GaN film quality, although significant mismatches in
the lattice parameters between these layers and sapphire exist (Aa/a, = 13.6 and 16.1%,
respectively, see Table I). The resulting lattice mismatch strain is compressive for both GaN on
AIN and GaN on sapphire and alters the values of both a (decreases) and ¢ (increases) of the
films [1,2]. Hiramatsu et al.[3] have assumed this strain to be relieved after several nanometers
of growth according to the critical thickness theory. The primary relief mechanism is the
formation of dislocations at the film/substrate interface during film growth. Upon cooling, the
difference in thermal expansion coefficients (Otsapphire > LAIN > 0.GaN) Tesults in additional
compressive stresses which are often assumed [1,4] to be wholly responsible for the observed
compressive strain. However, high resolution transmission electron microscopy (HRTEM)
analysis of the GaN/AIN interface on sapphire [5] suggests that the lattice mismatch stress in
GaN is not fully relieved. This residual stress was assumed [5] to be accommodated elastically
and to give rise to biaxial stresses in the GaN films. However, it is difficult to substantiate this
through other characterization techniques since both thermal and lattice mismatch stresses are
compressive, and there is a marked variation in published thermal expansion coefficients that
could be used in calculations. Moreover, none of these coefficients applies to temperatures
above 900°C, where most GaN thin films are deposited.

Recent work [6,7] has used a SiC(0001) substrate/AIN(0001) buffer layer combination.
The lattice mismatch strains at both the GaN/AIN and AIN/SiC interfaces are compressive
(aGaN > GAIN > asic), but the reduced lattice mismatch between AIN and SiC (~1%) compared
to AIN and sapphire leads to improved GaN film quality. This mismatch is expected to be at
least partially relieved by the formation of misfit dislocations, as the calculated critical thickness
for AIN(0001) on SiC(0001) is only 47A [8]. The differences in thermal expansion coefficients
are opposite in sign (0GaN> 0siC ~ OAIN) to that for GaN on sapphire and result in a biaxial
tensile stress contribution. Hence, the two main stresses in the GaN/AIN/SiC heteroepitaxial
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system are opposite in sign, which offer the potential to substantiate if residual lattice mismatch
stress exists through lattice parameter measurements and other techniques. Li and Ni [9]
measured the lattice parameters for thick GaN films grown directly on both SiC(0001) and
sapphire(0001). They observed that the film on SiC was in tension while that on sapphire was
in compression. They attributed this variation in strain to the difference in thermal expansion
coefficients between the two substrates.

Table I. Comparison of III-Nitride Material Properties with 6H-SiC and Sapphire?.

Material Lattice Parameter at  In-Plane Mismatch with Coefficients of
RT(A) GaN (%) Thermal Expansion
(10-6/K)
GaN a=3.1891° 5.59; 3.1,6.2°
c=5.1855" 7.75°% 2.8,6.1°
AIN a=3.112 2.5 4.15
c=4.982 5.27
6H-SiC a=3.08 3.5 4.2; 3.2,4.2°
c=15.12 4.68; 3.2,4.0°
Sapphire a=4.758 16.1 7.5: 4.3,9.2°
c=12.99 8.5; 3.9,9.3

:Landolt-Bb'rnstein, edited by O. Madelung (Springer, New York, 1982), Vol. 17.
cC. M. Balkas, C. Basceri, and R. F. Davis, Powder Diffraction 10 266 (1995).

Properties of Group III Nitrides, edited by J. H. Edgar INSPEC, London, 1994).

M. Leszczynski, T. Suski, P. Perlin, H. Teisseyre, I. Grzegory, M. Bockowski, J. Jun, S. Porowski, J.
Major, J. Phys. D: Appl. Phys. 28 A149 (1995), For T =300-350 K and 700-750 K, respectively.

One consequence of film strain is a shift in the band-gap energy (Eg) [10]. The biaxial strain
can be viewed as an isotropic cubic component together with a uniaxial component along the
c-axis of the GaN film [11]. The cubic, or hydrostatic term influences the band gap directly,
while the uniaxial component introduces subtle shifts between individual lines in the spectrum.
However, it is difficult to measure Eg directly in GaN due the strong excitonic features at the
absorption edge [12]. Changes in Eg may be detected by shifts in these excitonic features using
low temperature photoluminescence (PL). At T < 4.2 K the PL of high-quality GaN reveals
intense near-band edge emission attributed to the recombination of both free excitons and/or
excitons bound to shallow neutral donors [4,6,7,12,13]. The bound exciton feature is often the
dominant feature due to the nature of GaN, which is always n-type for undoped films. The
identity of the shallow donor(s) is unknown, although recent work suggests that both native
defects and extrinsic impurities are possibilities [14-16]. Amano, ez al. [1] observed a shift of
the bound exciton energy (Epx) to higher energies that was attributed to biaxial compressive
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strain for GaN films deposited on sapphire(0001). Reported Egx values range from 3.467 to
3.494 eV for GaN on sapphire [12,13,17,18], and from 3.463 to 3.472 for GaN on SiC
[4,6,7,18,19]. The disparity between the two energy ranges has been attributed to the
difference in thermal expansion coefficients of the two substrates [4,18].

In this research, the relationship between Egx and lattice parameters (and hence strain) was
determined for 22 GaN films grown on AIN buffer layers previously deposited on
6H-SiC(0001). A value of Epx for relaxed GaN was determined. Poisson’s ratio was
calculated from lattice parameter measurements and used to determine the shift of Epx with
biaxial stress (0,). The roles of the AIN buffer layer and the tilt of the SiC substrate on film
stress and the associated PL spectra were also determined. Transmission electron microscopy
(TEM) was employed to compare and contrast the crystal structure of GaN films grown on the
vicinal (off-axis) and on-axis SiC wafers. The GaN/AIN interface was analyzed via high
resolution (HR)TEM to determine if any residual lattice mismatch stress occurred.

B. Experimental Procedures

The GaN/AIN films were grown in an organometallic vapor phase epitaxial (OMVPE)
system described previously [6,7] on both on-axis and vicinal (2-4° off-axis) 6H-SiC(0001)
substrates. The GaN films ranged in thickness from 0.3-3.7 pm and were grown at
temperatures ranging from 950-1100°C. The AIN buffer layer for each sample was 1000 A
thick and grown at 1100°C. All of the GaN films were unintentionally doped, with n-type
carrier concentrations ranging from <1x1016-1x1017/cm3.

Absolute lattice constants values were measured using a Philips X’Pert MRD X-ray
diffractometer in the triple-axis mode. The technique used was originally proposed by
Fewster [20], and is comparable to, and in many ways more accurate than, the commonly
used “Bond” method. The high resolution of the triple-bounce analyzer crystal and the steps
taken to eliminate inaccuracies due to the 20 zero error and sample centering account for this.
The data were collected using 20-w scans, with corrections made for refraction. The accuracy
of the lattice parameters measured using this system was 0.0002A. The c-axis lattice parameter
(c) was measured using the (002) reflection. Measurements of the a-axis lattice parameter (@)
were made using both the (002) and (015) reflections; however, the low count rate for the
asymmetric reflections limited the number of samples that could be measured accurately.

Photoluminescence (PL) measurements of the GaN films on SiC were made at 4.2 K using
a He-Cd laser (A=325 nm) as the excitation source, unless otherwise noted. TEM studies were
performed using a TOPCON EM - 002B HRTEM, operated at 200 kV with a point-to-point
resolution of 0.18 nm. The cross-sectional samples in the [1120] orientation were prepared by
conventional techniques using mechanical grinding and polishing, and Ar* ion-milling at a low
angle in the final stage [21, 22].
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PL/XRD Analysis. Low temperature PL of the GaN(0001) films grown in this research
exhibited strong near-band-edge emission due to the recombination of both free and donor-
bound excitons, as shown in the spectrum from a 3.7 pm thick film in Fig. 1. The emission
from the donor-bound exciton (BX) decreased in intensity much faster than that from the free
excitons (FX) as the temperature was increased from 10 to 100 K. This behavior is due to the
small localization energy (Ep) of the donor-bound excitons compared to the binding energy of
the free excitons (Ex). From this data Ey, was estimated to be 5.9 meV, which agrees favorably
with earlier measurements [7,13]. Recent work on this and other samples measured Ex to be
21%1 meV for the A- and B-free excitons [23], although earlier work suggested a higher
(26 meV) value [13]. The PL of the GaN films in this study was dominated by the bound
exciton emission, and its dependence on lattice strain as manifest in changes in lattice
parameters will be described below.

The bound exciton energies (Egx) determined at 4.2 K as a function of the c-axis lattice
parameter (c) for 22 GaN films on SiC are shown in Fig. 2. The lattice parameter measurements
measurements were performed at room temperature. It is expected that the tensile strain in the
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Figure 1. PL of a 3.7 um thick GaN film on an AIN buffer layer previously grown on a
SiC(0001) wafer at 10, 20, 30, 40, 60, 80 and 100 K. The peaks labeled BX
and FX are due to the recombination of bound and free excitons, respectively.
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Figure 2. Lattice constant ¢ vs. the bound exciton energy (Egx) for GaN/AIN/SiC. The

PL was performed at 4.2 K and the lattice parameter measurements at room
temperature. The dashed line indicates the relaxed value of C, (5.1855 A) for
GaN. A data point for GaN grown on sapphire is included.

GaN films due to thermal expansion mismatch will increase as the temperature is decreased
from room temperature to 4.2 K, but lattice parameter measurements are not possible at these
temperatures. A linear relationship between the ¢ and Egx was observed, where the bound
exciton peak shifted to lower energies as ¢ decreased. Any change in ¢ is in response to a strain
(€a) along the a-axis (a), Aa/a,, which results from the biaxial stress produced in the plane of
the film by residual stresses. Thus a decrease in the value of ¢ indicates that the biaxial tensile
strain in the film is increasing, which causes Eg to decrease and Epx to shift to lower
energies.

The value of ¢ for relaxed GaN has recently been measured to be 5.1855 A [24]. As shown
in Fig. 2, six of the GaN films grown on SiC(0001) have values of ¢ greater than this, which
indicates they are compressively strained. This suggests that the compressive strain due to
lattice mismatch has not been fully relieved by defect formation in these samples. The highest
value of c observed was 5.190 A, and the bound exciton energy for this sample was 3.484 eV.
The highest reported Egx value previously reported for GaN grown on 6H-SiC was 3.472 eV
[19]. The n-type carrier concentration of this film was reported to be 1x1018 cm-3; thus it is
possible that this value was slightly shifted to higher energies by the Burstein-Moss [25] effect
rather than by strain. The free carrier concentration for the samples in this study was less than
1x1017/cm-3; therefore, it is assumed that the shift observed in Egy in this study was not due
to this effect.
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Values of Egx can be estimated from a linear regression of the data in Fig 2, which yielded
Egx = (-14.91 + 3.545%c) eV, where c is in angstroms. Using this relationship Epx, was
predicted to be 3.469 eV for relaxed GaN. This compares favorably to reported values of
3.467, [26] 3.469, [27] and 3.472 eV[28]. The marked dependence of the values of Egx on ¢
indicated that the wide range of energy values reported for the donor-bound exciton in the
literature are due primarily to different amounts of strain present in the films. For GaN on
sapphire, typical Epx values are between 3.467-3.494 eV, which are predominantly in the
energy range indicated for films under compression in this study. Included in Fig. 2 is a data
point for a 4.7 um GaN film grown on sapphire, which indicated that Egx can be predicted for
GaN grown on any substrate using values of ¢ and the relationship determined in this study.

For biaxially strained wurtzitic films the relationship between the lattice parameters ¢ and a
is given by the strain ratio [29],

€c/ea = (Ac/co)/(Aafap) = - 20 /(1-V), (D

where v is Poisson’s ratio and a, and ¢, are the relaxed lattice parameters. For GaN, values
of v which range from 0.372 [30] to 0.20 [31] have been calculated using anisotropic
elastic constants. A recent survey [32] of x-ray data available in the literature determined
v = 0.2310.06 for samples dominated by biaxial strain. In this study @ and ¢ were measured
simultaneously for 22 GaN films on 6H-SiC, including 10 of those shown in Fig. 2. The
relationship between a and c is displayed in Fig. 3. Also included is a data point for the 4.2 um
GaN film on sapphire included in Fig. 2. An average strain ratio of €¢/ea = -0.455 was
determined for this data set using values of 3.1891 A and 5.1855 A for a, and ¢,, respectively
[28], which resulted in a Poisson’s ratio of © = 0.18. Further analysis showed that remarkably
different strain ratios of €./€3 = -0.33, -0.47, and -0.59 were calculated from the same data
using other published values for a, and ¢,.[32,2,33] This disparity in the strain ratios was due
to individual values of ¢ and a that were close to the different values for a, and ¢, which
resulted in abnormal values in the nominator and/or denominator of equation (1) for that
sample’s strain ratio. A distortion of the average strain ratio for the data set resulted.

Given this wide variation in the calculated strain ratios two methods were used to obtain a
more reasonable estimation of the strain ratio and the resulting Poisson’s ratio. The first
eliminated those data points (4 total) that had adverse effects on the average strain ratio of the
data set. An average strain ratio was then calculated using each of the four sets of published
values for a, and ¢, [28,32,2,33] and averaged to give a strain ratio €c/e; = -0.425. The
corresponding Poisson’s ratio was v = 0.18. The second method fit a line to the data in Fig. 4,
and then used the experimentally determined values of ¢ to calculate values of g that fit the line.
The strain ratio for each point was then calculated using values of ¢, = 5.1850 and a, = 3.1891,
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Figure 3. Lattice constant o vs. ¢ for GaN/AIN/SiC. The lattice parameter measurements

were performed at room temperature. The Poisson’s ratio calculated using this
data as v =0.18 £ .02.
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Figure 4. PL at 4.2 K of three sets of GaN films (a, b, c) grown concurrently on vicinal
(off-axis) and on-axis SiC. The off-axis tilt of sample c is ~2°, which is lower
than a tilt of 3-4° that is typical for the vicinal wafers.

30



R WA B T N BN S B e

where the latter value was determined from the line fit to the data in Fig. 4. The average strain
ratio using this method was €c/€; = -0.446 + .03, which resulted in a Poisson’s ratio of
v =0.18 £ .02. The two calculated values of Poisson’s ratio were identical, and they compared
favorably with values determined from x-ray data (0.23 + .06 [32]) and anisotropic elastic
constants (0.20 [31], 0.24 [34] and 0.26 [35]).

The shift of Egx as a function of the biaxial film stress (AEgx/AG,) can be estimated from
the data in Fig. 2 using the relationship [29],

O3 = Y/(1-v)eg =-Ye/2v, )

where Y is the Young’s modulus (290 £ 20 GPa).[32] The first step was to calculate AEgy/Ae,
from the data in Fig. 2, where relaxed values of Egxo = 3.469 eV and ¢, = 5.1855 A
were assumed. A linear regression of the data yielded AEgx/Ae; = 18.1 eV. Using this
expression, and the previously determined Poisson’s ratio of v = 0.18, a value of
dEgx/doy = 23 meV/GPa was calculated. This result is lower than that reported previously for
hydrostatic pressure experiments (39 [36] and 40 [37] meV/GPa), but it compared favorably to
results for GaN films where biaxial stress was assumed 27 [32,38] meV/GPa). However, the
similarity of the value given in Ref. [38] with that determined in this research may be a
coincidence given that the authors assumed the wrong relationship between stress and strain. It
should be noted that uncertainties in Poisson’s ratio and Young’s Modulus can have a dramatic
effect on these calculations.

The role of SiC off-axis tilt on GaN film stress was investigated using films grown
concurrently on off- and on-axis SiC(0001) wafers. Previous analysis in this laboratory of
1.4 pm GaN/AIN films deposited simultaneously on vicinal and on-axis 6H-SiC(0001)
substrates showed the microstructural quality of the GaN and AIN layers on the on-axis
substrate to be superior [7]. Moreover, double crystal x-ray curve (DCXRC) measurements
showed a FWHM of 58 arcsec for the on-axis film, compared to 151 arcsec for the vicinal
film. Plan view TEM measurements showed a lower dislocation density for a GaN film on the
on-axis SiC, and the AIN buffer layer was of high microstructural quality. The bound exciton
energy of the vicinal film was shifted to a lower energy relative to the on-axis film, with
AEpx =3 meV.

The PL spectra of the bound exciton emission from three separate GaN film sets grown
concurrently on off- and on-axis SiC are displayed in Fig. 4, where the film thickness was
< 0.6 um for all of the samples. In each case the BX emission on the vicinal wafers was
shifted to lower energies, with AEgx as large as 17 meV. A related shift in the lattice parameter
¢ was observed, with Ac as great as 0.0072 A. Thus the GaN films grown on vicinal SiC were
compressively strained compared to those grown on on-axis SiC. The disparity in Egx and ¢
values persisted as the film thickness increased. However, AEgx decreased, and Egx for both
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types of films shifted to energies commonly associated with GaN on 6H-SiC(0001)
(Epx = 3.469 eV). It should be noted that the values of ¢ for the underlying vicinal and on-axis
6H-SiC were identical at the AIN/SiC interface, which indicated that the phenomena discussed
is not due to differences in the lattice constants of the substrates.

TEM/HRTEM Analysis. To understand these results it is necessary to examine the defect
microstructures of GaN films grown on an AIN buffer on 6H-SiC(0001) substrates. The
primary defects in the AIN buffer layers grown on the off-axis SiC substrates were domains
and their associated domain boundaries, as shown by HRTEM in Fig. 5 and lower
magnification TEM in Figs. 6(a) and (b). Recent studies [39] show that the steps on the vicinal
surface provide sites for the growth of inversion domains, which are separated by inversion
domain boundaries (IDBs). These defects introduce a marked amount of strain in the AIN
buffer layer grown on off-axis SiC substrate. There is also a high density of threading
dislocations in the buffer layer.

By comparison, the crystal quality of AIN films grown on on-axis SiC substrate is of
improved crystalline quality, as shown by HRTEM in Fig. 7 and TEM in Fig. 8. Most
significantly, there is a reduced density of inversion domain boundaries due to the reduction in
the density of SiC steps. The primary defects are stacking faults parallel to the AIN/SiC
interface and associated partial dislocations. Threading dislocations running from the top to the
bottom of the film are also present.

The crystal quality of the GaN is directly influenced by the AIN buffer. The inferior quality
of the AIN buffer layer grown on vicinal SiC results in a high dislocation density
(~109-1010/cm?2) at the interface, as determined from plan-view TEM analysis by counting the
number of dislocations per unit area. The dislocation density decreases markedly about two
hundred angstroms away from the GaN/AIN interface. The predominant defects are threading
dislocations and threading segments that persist throughout the film. In addition stacking faults
and dislocation loops are observed close to the interface. Finally, domain boundaries that
originate at the GaN/AIN interface are also visible. It should be noted though that recent work
has shown that the formation of domains can also be associated with non-stoichiometry or
contamination of the AIN surface [40].

The improved quality of the AIN buffer layers on the on-axis SiC carries over into the
GaN, as displayed in Fig. 8. A dislocation density in the order of ~108/cm? in the GaN layer
was observed in plan-view TEM near the GaN/AIN interface. Most notably there are no planar
defects such as stacking faults or domain boundaries in the GaN. The dominant defect in the
on-axis GaN films are edge-type dislocations with burgers vectors b = 1/3<1120> and
b = 1/3<1-100>. These are the misfit dislocations which form at the GaN/AIN interface. This
TEM anslysis, as well as that of other [41] NCSU samples, reveal that the lattice mismatch
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Figure 6.

HR micrograph from an AIN/6H-SiC vicinal interface reveals that the strain at
the interface is due to the numerous domain boundaries (denoted by D and the
arrows) formed when neighboring grains coalesce during the growth process.

OH-S10

(b)

Low magnification TEM micrographs of a GaN/AIN/vicinal 6H-SiC(0001)
heterostructure. (a) the AIN film exhibits domain type of growth with
characteristic domain boundaries. Plan view of the GaN film reveals a
dislocation density of ~1010-1011/cm? comprised mostly of threading
dislocations and threading segments. (b) The nonuniform contrast in the AIN
film is due to the overlapping stress fields at the AIN/6H-SiC and GaN/AIN
interfaces from the lattice parameters and coefficients of thermal expansion.
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Figure 7. HRTEM micrograph from AIN on on-axis 6H-SiC(0001). There are no
domains and associated domain boundaries as observed in the off-axis films
shown in Fig. 5.

stress in GaN films grown on the on-axis SiC substrate is accommodated mostly by misfit
dislocations. However, our PL, XRD and TEM studies suggest that these defects do not
provide full stress relief.

In order to further assess the residual strain in the GaN films, HRTEM studies were
performed at the GaN/AIN interface of the on-axis SiC in the [1 120] orientation, as shown in
Fig. 9. It can be seen that the interface is epitaxial and free of domains, threading dislocations
and low angle grain boundaries. Using HRTEM, it is possible to calculate the residual strain at
the interface for planes that are perpendicular to the interface and parallel to each other. Ning,
et al. [5], used this method to calculate the misfit at the GaN/sapphire interface, where they
found a ~1% residual strain in the GaN film.

To determine the residual strain in the GaN films grown in the present research, the average
lattice mismatch was calculated along the GaN/AIN interface from HRTEM micrographs in
[1120] GaN orientation, by counting the number of (1-100) GaN and AIN planes along
[1-100] direction that was bounded on each end by commensurate GaN and AIN planes. The
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Figure 8. TEM micrograph from the GaN/AIN/on-axis 6H-SiC(0001) heterostructure in
[1120] orientation showing the considerably improved quality of the GaN/AIN
and AIN/SiC interfaces relative to those achieved with the vicinal substrate (see
Fig. 6a). Note also the reduction of the defect density in comparison with the
structure grown on the off-axis SiC substrate.

experimental mismatch was assessed to be 0.9% lower than the theoretical misfit value of 2.5%
for GaN and AIN. The experimental mismatch is equal to NGaN - NAIN'NAIN, where N is the
number of (1-100) planes perpendicular to the interface (Fig. 9). This calculation was repeated
at ~20 different locations along the interface, with the average results presented here. Thus,
there is a 0.9% residual compressive strain in the on-axis GaN film. This result supports the
data from our PL and XRD studies presented earlier.

Additional evidence for the existence of residual compressive strain in the GaN films is the
TEM contrast exhibited by the GaN films at distances of 50 - 80 A from the interface with AIN.
As can be seen in Fig. 9, the contrast reveals traces of rounded peaks and grooves, which are
typical for films that are under compression [42,43]. Such near surface undulations are formed
during heteroepitaxial growth by migration of the atoms deposited on the surface under the
strain induced chemical potential gradients. From the same figure, it can be seen that at the
groves the interplanar distances are smaller than at areas close to the peaks. This shows that
there is a complementary compression at the areas close to the peaks.
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Figure 9. HRTEM micrograph from GaN/AIN interface of GaN/AIN 6H-SiC on-axis
heterostructure. Note the extra-half planes in GaN films which are the misfit
dislocations (MD) generated to relieve the misfit strain at that interface. The
peaks and grooved are denoted by P and D.

Thus our HRTEM studies reveal the stress due to lattice mismatch is not fully relieved at
the GaN/AIN for films grown on on-axis SiC. This results in a residual compressive stress that
counteracts the tensile stress due to thermal mismatch. If this compressive stress is stronger
then the GaN films should be in compression. This explains why the thin (t < 0.6 pm) GaN
films grown on-axis films are in compression, while those grown concurrently on vicinal SiC
wafers are in tension, with a maximum Ac = 0.0072 A. As thickness increase (t =2 1 um) this
compressive stress lessens, and at greater thicknesses (t =2 4 um) cracking may occur in the
GaN to relieve thermal mismatch stress.

D. Conclusions

Compressive strain in GaN films grown on AIN/6H-SiC(0001) is reported for the first
time. Residual biaxial strains determined in the films was due both to mismatches in thermal
expansion coefficients and lattice parameters. A linear dependence due to this strain was
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determined between Epx and ¢ for 22 GaN films grown on AIN/6H-SiC, and expressed by
Epx = (-14.912 + 3.545*c) eV. Poisson’s ratio for GaN was determined to be v = 0.18 from
values of ¢ and a for 22 GaN films. The shift of Egx with biaxial film stress was estimated to
be 23 meV/GPa. A marked variation in Egx and ¢ was observed for GaN films grown
concurrently on AIN buffers and vicinal and on-axis SiC wafers. This variation was greatest
for films < 0.6 pm thick, where a maximum shift of AEgx = 17 meV and Ac = 0.0072 A was
observed, and the samples on the on-axis SiC were in compression.

Related TEM results showed a higher density of steps on the vicinal SiC wafers. These
steps acted as formation sites for inversion domain boundaries (IDBs). Threading dislocation
densities of ~1010/cm? and ~108/cm? were observed for GaN on AIN grown vicinal and
on-axis SiC, respectively. The on-axis SiC substrate did not contain sufficient steps for defect
formation to fully relieve the lattice mismatch via defect formation at the GaN/AIN and AIN/SiC
interfaces at the growth temperature. This resulted in residual compressive stresses that
counteracts the tensile stresses that formed upon cooling due to the mismatch in thermal
expansion coefficients. A 0.9% residual compressive strain at the GaN/AIN interface was
calculated by comparing the average experimental lattice mismatch at the interface (1.6%)
observed via HRTEM with that theoretically predicted for GaN/AIN (2.5%). It is proposed that
this strain was accommodated elastically and resulted in biaxially compressive stresses in the
films.

E. Future Research Plans and Goals

Raman Spectroscopy will be used to confirm that some of the GaN films in this study have
compressive residual strain. The initial results are promising, and in the next report they will be
presented in full detail. GaN films grown by other systems in our group, most notably MBE
grown material, will tested by PL and XRD to see if they fit the model presented for Egy, as
well as the calculation of Poisson’s ratio. In addition, two additional GaN films on sapphire
will be tested.
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VI. Dry Etching of Gallium Nitride

A. Introduction

Gallium nitride is a wide bandgap semiconductor which has applications such as short
wavelength light emitters and detectors, high temperature, frequency, and power electronics
[1,2]. A crucial step in creating these devices is to etch anisotropic features in the GaN. Wet
etching has been employed in many semiconductor processes. Thus far, wet etching has
produced poor results on GaN, such as slow etch rate and isotropic etch profiles [3]. Both of
these characteristics are undesirable for commercial applications. As technology advances, the
need for anisotropic etch profiles increases to accommodate a smaller, more densely packed
network of devices. Dry etching is an attractive alternative to wet etching. Varying degrees of
anisotropy along with high etch rates can be achieved using different dry etch techniques.

There are four primary dry etch techniques that have been employed on GaN. They are
Reactive Ion Etching (RIE), Electron Cyclotron Resonance Etching (ECR), Magnetron
Enhanced Reactive Ion Etching (MIE), and Inductively Coupled Plasma Etching (ICP). Out of
the four techniques, RIE produces the slowest etch rates and lowest degree of anisotropy [4-6].
ECR, which has had much attention from Pearton et al. [1,3,7-8], produces significantly better
results than RIE. MIE, was employed by McLane et al. [2], and produced results comparable
to that of ECR etching. Inductively coupled plasma etching is the newest addition to the dry
etching techniques of GaN. Shul [9] has shown that ICP can produce etch characteristics
similar to that of ECR.

The objectives of this report are to discuss recent advances in etching GaN with the three
techniques of dry etching. In the following sections, each of the etching techniques will be
discussed and compared, along with a discussion of the work being done etching GaN in our
labs and the results to date.

B. Etching Overview

As previously stated, each of the three primary dry etch techniques will be discussed. They
will be presented individually, and then compared at the end of this section.

Reactive Ion Etching. As the III-V nitride technology advances, the need for commercially
viable processes is getting more important. In this case, a commercially viable etching process
would be one that produces the fastest controllable etch rate along with etch profiles that are
suitable for the desired electronic device. Reactive ion etching is lacking in both of these areas.
The reason for these shortcomings are the parameters that are involved in the process. Reactive
ion etching is generally performed at pressures between 10 and 100 mTorr [4-6]; at these
pressures, the mean free path of the bombarding ions is between 5 and .5 mm, respectively.
With mean free paths this small, the bombarding ions will hit other ions and scatter. This
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scattering will result in the ions not hitting the GaN surface at 90° angles, resulting in a lesser
degree of anisotropy than is usually desired. There are some cases where isotropic etch profiles
are desired, but for the most part, anisotropic etch profiles are desired.

Etch rate is another area where RIE has fallen behind the other two methods. Lin et al. [4]
have reported the highest etch rate to date via RIE of 105 nm/min in a BCI3 plasma. This is
actually a fairly high etch rate, but at what cost? The parameters were 15 sccm BCl3, 10 mTorr
pressure, 150 w RF power, and -600 v dc bias. The etch rate is in part a function of the dc self
bias and the energy of the bombarding ions is also a function of the dc self bias. As the ion
energy increases, there is a better the chance of etch induced damage to the surface of the
material. There have been no etch induced surface damage studies on GaN reported to date.
Murtagh et al. [10] showed via photoreflectance spectroscopy that the larger the dc self bias,
the greater the surface damage to GaAs. Even though GaN is a much stronger material than
GaA:s, it could still undergo the same damage as GaAs, just to a lesser extent.

Electron Cyclotron Resonance Etching. Out of the major types of etching GaN, ECR has
the most widespread use in the research field. Shul ez al. [9] have recently obtained etch rates
of 900 nm/min in a Cly/Hy/ Ar plasma using ECR etching. One of the reasons for the high etch
rates is that ECR produces a high density plasma, which results in higher etch rates as
compared to RIE. The plasma in an RIE is everywhere in the chamber between the source and
ground. In an ECR etching system, the plasma is magnetically confined by permanent magnets
on the outside of the chamber.

The potential for surface damage to the material is reduced in an ECR etcher. ECR etching
uses a microwave source instead of a RF source to produce the plasma, and a separate RF
source on the substrate to bias the substrate. Since the microwave source produces a high
density plasma, a lower bias is required to etch the material. With a lower dc bias on the
substrate, the energies of the ions bombarding the surface of the material is in turn lowered.
This reduces the risk of producing etch induced surface damage.

Magnetically Enhanced Reactive lon Etching. The major difference between RIE and MIE
is that the plasma is magnetically confined in an MIE etcher. The magnetic field confines the
plasma around the cathode that the sample is on. This in turn increases the etch rate and lowers
the dc bias. Along with other things, the dc bias is a function of the surface area of the ground.
Since the plasma is confined, the surface area of the ground that the plasma is exposed to is
significantly reduced. McLane et al. [2] have reported etch rates of 350 nm/min using a BCl3
plasma which is the highest reported to date.

Inductively Coupled Plasma Etching. A newcomer to etching GaN, ICP has already proven
to have much potential as the best etching technique for GaN. Etch rates over 7000A/min have
been achieved by Shul [9] using Clp/Ho/Ar chemistries in a commercial ICP system. Like
ECR, ICP produces a high density plasma and has a separate RF source on the substrate to
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control the dc bias. ICP has some distinct advantages over ECR etching, such as better control
of plasma density, higher operating pressures, more economical, and more easily scaled up to
production.

The above has been a brief description of the four primary dry etch techniques for GaN.
The ICP, ECR, and MIE improve upon three major faults of RIE; namely the slow etch rate,
surface damage, and isotropic etch profiles. Table I is a summary of the four different etching
methods and some typical etching parameters along with the corresponding etch rates.

Table I. Etch Rate Parameters for Dry Etching of GaN

Maximum Plasma Gasses  Pressure Power DC Bias Reference

Etch Rate (mTorr) (watts) (- volts)

(nm/min)
700 Cly/Hy/Ar 1 750 280 [9] ICP
900 NM# 1 1000 290 [9]1 ECR
285 Clo/Hp/CH4/Ar 2 275 NM# [11]1ECR
110 Clo/Hy 1 1000 150 [1]ECR
110 HI/Hy/Ar 1 1000 150 [81 ECR
90 HB1/Hy/Ar 1 1000 150 [81 ECR
350 BCl3 7 NM# 100 [2] MIE
105 BCl3 10 150 231 [4] RIE
60 HBr/Ar 50 NM# 350 [6] RIE
50 SiCly/Ar 20 NMm# 400 [5] RIE

NM? designates a parameter that was not mentioned in the reference.

C. Experimental Procedure

Experimental Apparatus. Figure 1 shows the basic etching setup. It consists of an
inductively coupled plasma etcher, gas handling/storage, gas scrubber, optical emission
spectrometer, and Laser Reflectance Interferometer. The etcher consists of a custom designed
and built stainless steel chamber with a loadlock, with a water cooled anodized aluminum
cathode. A 2000w 13.56 MHz power generator and autotuning matching network provide
power to the inductive source antennae for plasma generation. Pressure in the chamber is
monitored by an MKS 627A Capacitance Manometer. A Leybold mechanical pump and an
Alcatel turbomolecular pump maintain the proper level of vacuum required for processing along
with a base pressure of 4E-7 Torr.
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Figure 1. ICP schematic diagram.

Choice of Process Gasses. The gasses that the etching system will be capable of using are
BCl3, Clp, Hp, O2, N2, and Ar. Chlorides have proven to be effective gasses to etch GaN
[1,2,4,8,11].

Etching Procedure. An etching procedure has not yet been fully developed. Photoresist is
still being tested as an etch mask. It was originally thought to work well, but further testing has
shown erosion of the photoresist.

The analytical tools that are used to characterize the etch are a profilometer for the step
height, an SEM for the slope of the step, AFM for the surface roughness, and AES/XPS to
observe the residual gas species on the sample surface. Schottky contacts are also going to be
deposited to sée how etching affects the barrier height, ideality factor, and leakage current [12].

D. Results and Discussion

Construction is complete for the new ICP etching system. Minor finishing details are being
tended to and tests are being performed.

Preliminary results have shown etch rates of 4400A /min. using Clp/Ar/H3 for the process
gasses. The surfaces look smooth under an SEM with sidewall of approximately 55° with 90°
being vertical. Figure 2 shows a typical etch profile obtained in the preliminary studies. The

 reason for the slope of the etch appears to be erosion of the photoresist mask. If the sidewalls

of the photoresist mask are not vertical, then the resultant profile of the etch will not be vertical.

43



Figure 3 shows an example of this effect. The original mask was 1pum thick and eroded down
to approximately .3y thick. Figure 4 shows an etched sample from the edge of the sample
where the photoresist is thicker. The sidewall is closer to being vertical than in Figs. 2 and 3.

E. Future Research

Once the problem of mask erosion is worked out, parametric studies will be done varying
the process gas and flow rates, ICP and RF power, and pressure to determine which
combination yields the fastest etch rates and least surface damage/contamination. This will be
aided as with the use of Laser Reflectance Interferometry to get in situ etch rates. Optical
emission spectroscopy will be used to aid in the understanding of the plasma chemistry when

Figure 2. Typical etch profile obtained in the preliminary studies.

F1 LB1

M
HMCSU Spy 3%9mm

Figure 3. The resultant profile of the etch will not be vertical if the sidewalls of the
photoresist mask are not vertical.
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Figure 4. Etched sample from the edge of the sample where the photoresist is thicker.

etching the III-N materials. The primary gasses are going to be chlorides, but the use of other

gasses may be explored. Surface analysis techniques will be employed to determine the

roughness of the surface, etch profiles, step height, and surface contamination. Since the end

product of the III-N research is electronic devices and optoelectronic devices, knowing the
effects of etch induced surface damage is very important. If an etched surface is highly
contaminated or very rough, it may not be good for electronic and optoelectronic devices.
Determining the surface effects is equally important as determining the etch rates. Other effects
such as heating or cooling the sample may also be explored. The ultimate goal of this research

is to etch anisotropic features with etch rates suitable for industry, and damage/contamination
free etch surfaces.
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