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I. Introduction

Silicon carbide (SiC) is a wide bandgap material that exhibits polytypism, a one-
dimensional polymorphism arising from the various possible stacking sequences of the silicon
and carbon layers. The lone cubic polytype, B-SiC, crystallizes in the zincblende structure and
is commonly referred to as 3C-SiC. In addition, there are also approximately 250 other
rhombohedral and hexagonal polytypes [1] that are all classed under the heading of a-SiC. The
most common of the a-SiC polytypes is 6H-SiC, where the 6 refers to the number of Si/C
bilayers along the closest packed direction in the unit cell and the H indicates that the crystal
structure is hexagonal.

Beta (3C)-SiC is of considerable interest for electronic applications that utilize its attractive
physical and electronic properties such as wide bandgap (2.2 eV at 300K) [2], high breakdown
electric field (2.5x106 V/cm) [3], high thermal conductivity (3.9 W/cm °C) [4], high melting
point (3103K at 30 atm) [5], high saturated drift velocity (2x107 m/s) [6], and small dielectric
constant (9.7) [7]. Primarily due to its higher electron mobility than that of the hexagonal
polytypes, such as 6H-SiC [8], B-SiC remains preferable to hexagonal SiC for most device
applications.

Most 3C-SiC thin film growth to date has been performed on Si substrates. Large-area,
crack-free, and relatively thick (up to 30 um) epitaxial 3C-SiC thin films have been grown on
Si (100) by exposing the Si substrate to a C-bearing gaseous species prior to further SiC
growth [7, 9, 10]. However, these films exhibited large numbers of line and planar defects due
to large lattice and thermal mismatches between SiC and Si. One particular type of planar
defect, the inversion domain boundary (IDB), was eliminated with the use of Si (100)
substrates cut 2°—4° toward [011] [11-13]. Growth on Si substrates has allowed much
understanding of SiC growth processes and device development to occur, but the large thermal
and lattice mismatches between SiC and Si hamper further development using Si substrates. As
a result, great effort has been made to develop methods for growth SiC single crystal substrates
for homoepitaxial growth of SiC thin films.

Since the 1950’s, monocrystalline single crystals of 6H-SiC have been grown at using the
Lely sublimation process [14]. However, nucleation was uncontrolled using this process and
control of resultant polytypes was difficult. SiC single crystals inadvertently formed during the
industrial Acheson process have also been used as substrates for SiC growth. However,
neither these crystals or those formed using the Lely process are large enough for practical
device applications. Recently, using a seeded sublimation-growth process, boules of single
polytype 6H-SiC of > 1 inch diameter of much higher quality of that obtained using the Lely
process have been grown. The use of single crystals of the 6H polytype cut from these boules
has given a significant boost to SiC device development.

SiC epitaxial thin film growth on hexagonal SiC substrates has been reported since the




1960’s. The use of nominally on-axis SiC substrates has usually resulted in growth of 3C-SiC
films. Films of 3C-SiC (111) grown by CVD have been formed on 6H-SiC substrates less
than 1° off (0001) [15]. Films of 3C-SiC on 6H-SiC substrates have typically had much lower
defect densities than those grown on Si substrates. The major defects present in 3C-SiC/6H-
SiC films have been double positioning boundaries (DPB) [16]. Despite the presence of DPBs,
the resultant material was of sufficient quality to further device development of SiC. The use of
off-axis 6H-SiC (0001) substrates has resulted in growth of high-quality monocrystalline
6H-SiC layers with very low defect densities [17].

In addition, the use of more advanced deposition techniques, such as molecular beam
epitaxy (MBE), has been reported for SiC in order to reduce the growth temperature and from
about 1400-1500°C on 6H-SiC substrates. Si and C electron-beam sources have been used to
epitaxially deposit SiC on 6H-SiC (0001) at temperatures of 1150°C [18]. Ion-beam deposition
of epitaxial 3C-SiC on 6H-SiC has also been obtained at the temperature of 750°C using mass-
separated ion beams of 30Si* and 13C* [19].

Aluminum nitride (AIN) is also of particular interest at this time because of its very large
bandgap. It is the only intermediate phase in the Al-N system and normally forms in the
wurtzite (2H-AIN) structure. Most current uses of AIN center on its mechanical properties,
such as high hardness (9 on Mohs scale), chemical stability, and decomposition temperature of
about 2000°C [20]. Properties such as high electrical resistivity (typically 2 1013 Q-cm), high
thermal conductivity (3.2 W/cm K) [21], and low dielectric constant (€ = 9.0) make it useful as
a potential substrate material for semiconductor devices as well as for heat sinks. The wurtzite
form has a bandgap of 6.28 eV [22] and is a direct transition, thus it is of great interest for
optoelectronic applications in the ultraviolet region.

Because of the difference in bandgaps (2.28 eV for 3C-SiC and 6.28 eV for 2H-AIN)
between the materials, a considerable range of wide bandgap materials, made with these
materials, should be possible. Two procedures for bandgap engineering are solid solutions and
multilayers. A particularly important factor is that the two materials have a lattice mismatch of
less than one percent.

Research in ceramic systems suggests that complete solid solubility of AIN in SiC may
exist [23]. Solid solutions of the wurtzite crystal structure should have Eg from 3.33 eV to
6.28 eV at 0 K. Although it has not been measured, the bandgap of cubic AIN has been
estimated to be around 5.11 eV at absolute zero and is believed to be indirect [24]. Cubic solid
solutions should thus have Eg from 2.28 eV to roughly 5.11 eV at 0 K and would be indirect at
all compositions if theory holds true.

Because of their similarity in structure and close lattice and thermal match, AiN-SiC
heterostructures are feasible for electronic and optoelectronic devices in the blue and infrared
region. Monocrystalline AIN layers have been formed by CVD on SiC substrates [25] and SiC
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layers have been formed on AIN substrates formed by AIN sputtering on single crystal W [26].
In addition, theory on electronic structure and bonding at SiC/AIN interfaces [24] exists and
critical layer thicknesses for misfit dislocation formation have been calculated for cubic
AIN/SiC [27]. Note that AIN (at least in the wurtzite structure) is a direct-gap material and SiC
is an indirect gap material. Superlattices of these materials would have a different band
structure than either constituent element. The Brillouin zone of a superlattice in the direction
normal to the interfaces is reduced in size. This reduction in zone size relative to bulk
semiconductors causes the superlattice bands to be "folded into" this new, smaller zone. This
folding can cause certain superlattice states to occur at different points in k space than the
corresponding bulk material states [28]. This can lead to direct transitions between materials
which in the bulk form have indirect transitions. This has been demonstrated in the case of
GaAs( 4P(.6/GaP and GaAs( 2P(.8/GaP superlattices, where both constituents are indirect in
the bulk form [29]. Whether this is possible in the case of AIN/SiC is unknown, but very
intriguing. It may be possible to obtain direct transitions throughout nearly the entire bandgap
range with use of superlattices of AIN and SiC. Use of solid solutions in superlattices
introduces additional degrees of freedom. For example, the bandgap can be varied
independently of the lattice constant with proper choice of layer thickness and composition if
superlattices of solid solutions of AIN and SiC were formed.

Due to the potential applications of solid solutions and superlattice structures of these two
materials, an MBE/ALE system was commissioned, designed, and constructed for growth of
the individual compounds of SiC and AIN, as well as solid solutions and heterostructures of
these two materials. Dithisimal studies concerned with the kinetics and mechanisms of mass
transport of Si, C, Al and N at the SiC/AIN interface are also being conducted in tandem with
the deposition investigations.

A very important additional goal of this research is to understand what controls the contact
electrical characteristics of specific metals to n-type 6H-SiC and to use this information to form
good ohmic and Schottky contacts. A list of five metals to be studied, which consists of Ti, Pt,
Hf, Co, and Sr, was created at the beginning of this research project. The selection process
began by taking the simplest case, an ideal contact which behaves according to Schottky-Mott
theory. This theory proposes that when an intimate metal-semiconductor contact is made the
Fermi levels align, creating an energy barrier equal to the difference between the workfunction
of the metal and the electron affinity of the semiconductor. It is the height of this barrier which
determines how the contact will behave; for ohmic contacts it is desirable to have either no
barrier or a negative barrier to electron flow, while for a good Schottky contact a large barrier is
desired.

Although metals were chosen optimistically, i.e. on the basis that they will form ideal
contacts, some evidence exists that the contact properties will be more complicated. J. Pelletier
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et al. [30] have reported Fermi level pinning in 6H-SiC due to intrinsic surface states,
suggesting little dependence of barrier height on the workfunction of the metal. In addition,
L. J. Brillson [31, 32] predicts the pinning rate to be higher for more covalently bonded
materials. Other complications may arise if the surface is not chemically pristine. A major part
of this project will be devoted to determining whether the contacts behave at all ideally, and if
not, whether the Fermi level is pinned by intrinsic or extrinsic effects.

Along with examining the barriers of the pure metal contacts, the chemistry upon annealing
will be studied and correlated with the resulting electrical behavior. The electrical behavior will
be quantified both macroscopically in terms of current-voltage characteristics and
microscopically in terms of barrier height. Identification of the phases formed will present the
opportunity to attribute the electrical characteristics to the new phase in contact with silicon
carbide.

Within this reporting period, 3C-SiC and AIN thin films were grown on single crystal
wafers of 6H-SiC cut 3°-4° off (0001) towards [1120]. The crystalline quality of these films as
determined using reflection high-energy electron diffraction (RHEED). Surface morphology
was examined using scanning electron microscopy (SEM). Defects and interfaces were
characterized using high-resolution transmission electron microscopy (HRTEM). From this
analysis, reasons are discussed for the formation of 3C-SiC despite the presence of large
numbers of surface steps on off-axis substrates. Research concerned with the growth of
(AIN)x(SiC);.x solid solutions and AIN/SiC heterostructures has also been conducted as well
as chemical interdiffusion between these phases. Lastly, the results of the investigations
concerned with the use of Ti, Pt and Hf metals as rectifying contacts on n-type 6H-SiC are
described. Several techniques have been and are being implemented to measure barrier heights.
Electrical measurements will be presented, along with some observed trends. The experimental
procedures, results, discussion of these results, conclusions and plans for future efforts for
each of the topics noted above are presented in the following sections. Each of these sections is
self-contained with its own figures, tables and references.
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ABSTRACT
Single-crystal epitaxial films of cubic B(3C)-SiC(111) have been deposited on hexagonal

a(6H)-SiC(0001) substrates oriented 3-4° towards [1120] at 1050-1250°C via gas-source
molecular beam epitaxy using disilane (Si2Hg) and ethylene (C2Hg). High resolution
transmission electron microscopy revealed that the nucleation and growth of the B(3C)-SiC
regions occurred primarily on terraces between closely spaced steps because of reduced rates of
surface migration at the low growth temperatures. Double positioning boundaries were
observed at the intersections of these regions.
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Polytypes are special one-dimensional polymorphs which differ only in the stacking
sequence along the closest-packed direction. Silicon carbide occurs in one cubic (zincblende)
polytype referred to as 3C- or B-SiC, where the 3 refers to the number of planes in the periodic
sequence. The hexagonal (wurtzite) polytype also exists in this material. Both polytypes occur
in more complex, intermixed forms yielding a wider range of ordered, larger period, hexagonal
or rhombohedral structures of which 6H is the most common. All of these noncubic polytypes
are known collectively as a-SiC.

The growth of 3C- and 6H-SiC thin films has been achieved primarily via chemical vapor
deposition (CVD) (see Ref. #1 for a review of this research). Monocrystalline Si(100) wafers
have been the principal substrate of choice for the deposition of 3C. It is now a common first
step to transform the surface region of these wafers to B-SiC by reaction with a C-containing
gas to reduce the effects of the large mismatches in lattice parameters (=20%) and coefficients
of thermal expansion (=10%). The epitaxial growth of SiC films on a(6H)-SiC(0001)
substrates via CVD has been reported for three decades!. Single phase B-SiC films result2.3
when the [0001] direction of the 6H wafer is oriented off-axis <1°. The primary defects in
these films are double positioning boundaries (DPB)?4. The use of vicinal 6H-SiC(0001)
substrates cut 3-4° towards [1120] have resulted in high-quality monocrystalline 6H-SiC layers
with low defect densities>-, including the absence of DPBs.

Solid- and gas-source (GS) molecular beam epitaxy (MBE) techniques have also been
employed for deposition of SiC films7.8. Kaneda et al.” used on-axis a(6H)-SiC{0001}
substrates and electron-beam evaporated Si and C sources. Epitaxial 3C-SiC(111) films were
obtained at particular Si-to-C flux ratios in the temperature range of 1150-1400°C, as
determined by reflection high-energy electron diffraction (RHEED). No information was given
by these authors regarding either the microstructure or the type of defects present in these
films. By contrast, Yoshinobu et al.3 employed the periodic introduction of SioHg and CoH» to
achieve 3C-SiC growth on vicinal 6H-SiC(0001) and 6H-SiC(0114" substrates at 850-1160°C.
Films grown on vicinal 6H-SiC (0001) contained DPBs while those grown on 6H-SiC (0113)
were free of these defect.. Smooth films were obtained at the lowest growth rates used in the
study (< 0.01 um/hr).

In the present research, the 3C-SiC films were grown via GSMBE between 1050 and
1250°C on a(6H)-SiC(0001) wafers oriented 3-4° off [0001] towards [1120] and produced by
Cree Research, Inc.using a seeded Lely sublimation method. The MBE growth system has
been described previously?. Each wafer was sequentially cleaned prior to growth using a 10%
HF etch at room temperature for 5 min, rinsed in DI water for 2 min and heated in the MBE
chamber for 5 min at the growth temperature to achieve the desorption and decomposition of
any remaining hydrocarbon species and native oxide, respectively. The source gases of SioHg




and C2Hy were used to deposit the SiC. The base and operating pressures were 102 torr and
3x10-3-3x10-6 torr, respectively.

The surface morphology was determined using field-emission scanning electron
microscopy (SEM) at an operating voltage of 2.0 kV. Reflection high-energy electron
diffraction (RHEED) at 10 kV and high-resolution transmission electron microscopy (HRTEM)
were used for structure and microstructure analyses. Samples were prepared for HRTEM using
standard techniques!0. An Akashi EM 002B high-resolution transmission electron microscope
was used at 200 kV for the HRTEM analysis.
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Figure 1. Schematic of molecular beam epitaxy system.

The films grown in this study were single crystal SiC as determined by HRTEM and/or
RHEED. The surfaces of all films appeared smooth and specular to the naked eye. The surface
morphologies of samples grown at 1250°C using the Si:C flow rate ratio of 1:2 are shown in
Figure 2. The use of a total flow rate of 3.0 sccm resulted in a rough surface containing a high
density of small (0.1-0.2 um) triangular regions of different heights, as shown in Figure 2(a).
Reducing the total flow rate to 1.5 sccm produced a smoother top surface with regions of
uniform height, as shown in Fig. 2(b). Further reduction to 0.30 sccm resulted in a
significantly smoother surface with fewer, smaller regions (Figure 2(c)). The use of 0.06 sccm
did not result in growth, as determined by HRTEM analysis.
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Figure 2. Scanning electron micrograph of the surface of 3C-SiC films grown on 3-4°
off-axis 6H-SiC substrates at 1250°C using (a) 2.0 sccm CaH, and 1.0 sccm
SigHg, (b) 1.0 sccm CyHy and 0.5 sccm SipHg.
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Figure 2(c).
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Figure 3 is a cross-sectional HRTEM micrograph of the SiC film grown at 1250°C using a
total flow rate of 1.5 sccm. The substrate is oriented so that the [1120] direction is
perpendicular to the plane of the image. The lattice images of the film reveal it to be the B(3C)
polytype in the (111) orientation. The micrograph and the corresponding selected-area
diffraction pattern also show the epitaxial relationship between the substrate and the film.
Stacking faults parallel to the interface can also be observed. Plan-view TEM on this sample
(Figure 4) shown that DPBs and stacking faults (denoted SF) are present in this sample. The
same results were obtained at all growth temperatures using the C:Si flow rate ratio of 2:1.

Figure 3. Cross-sectional HRTEM micrograph of 3C-SiC (111) film on vicinal 6H-SiC
(0001) substrate with inset of selected area diffraction pattern ({110] zone axis).
Sample was grown at 1250°C using 1.0 sccm CoHy and 0.5 sccm SipHg.
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Figure 4. Plan-view transmission electron micrograph of 3C-SiC film and 6H-SiC
substrate shown in Figure 3. Both stacking faults (denoted SF) and double
positioning boundaries (denoted DPB) are visible.

The occurrence of 3C-SiC on vicinal a(6H)-SiC substrates is in contrast to the 6H films
obtained by CVD, where step separation clearly defines the stacking sequence of the resulting
films5:6. It was initially believed that a decrease in total flow rate at the same growth
temperature would allow the 6H polytype to form, as the Si and C species would have more
time to reach energetically favorable sites associated with steps. However, the 3C polytype
formed regardless of the total flow rate. Growth at 1200 and 1050°C under similar conditions
also resulted in 3C-SiC.

Films were also grown at 1050°C using the flow rates of 2.0 sccm CoH4 and 0.50 sccm
SioHg. The decrease in temperature and the high flow rate were used to lower the reactivity and
surface mobility and to increase the supply of precursor species, respectively, to enhance the
nucleation density. An SEM micrograph of the surface of this film is shown in Figure 5. The
film appears much smoother than films grown at higher temperature and/or at lower flow rates.
However, individual regions are also observed with diameters of substantially less than 100
nm. The HRTEM microstructure of this film shown in Figure 6 reveals a high density of steps
(denoted by arrows) on the substrate surface and regions of 3C-SiC(111) which are entered on
the terraces between the steps. Each terrace appears to have one individual region. In most
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Figure 5. Scanning electron micrograph of surface of 3C-SiC film grown on vicinal
6H-SiC at 1050°C using 2.0 sccm CoHy and 0.5 sccm SipHg.
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gh-resolution TEM micrograph of 3C-SiC regions and vicinal 6H-SiC (0001)
substrate. Sample was grown at 1050°C using 2.0 sccm CHy and 0.5 sccm
SioHg. Steps on the 6H-SiC substrate surface are denoted by arrows.
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areas, adjacent regions coalesce above the steps. The areas of coalescence were much more
defective than the remainder of the film.

The evidence presented in Figure 6 indicates that within the ranges of conditions employed
in this study, nucleation on vicinal 6H-SiC substrates occurs on terraces between steps
resulting in 3C-SiC(111). In the accepted model, independently proposed by Kong et al.5 and
Kuroda et al.5, the density and orientation of the surface steps determine the resultant SiC
polytype. If few steps are present, as in the case of nominally on-axis SiC, growth conditions
determine the resultant polytype and 3C-SiC is usually formed. If there exists a high density of
[1120] surface steps, then these steps serve as a template for SiC growth and the stacking
sequence of the 6H polytype is preserved. However, in our studies, the kinetics of surface
migration are sufficiently decreased as a result of the reduced substrate temperature that -SiC
nucleates on the terraces rather than at the surface steps.

The surface treatment prior to growth also differed between our MBE and the previous
CVD studies. These differences may have affected the resultant SiC polytype and the density of
defects such as DPBs. Two groups of researchers have observed that variation in surface
treatment prior to growth can reduce or virtually eliminate DPBs formed on the resultant
film11.12_ This difference in surface treatment may also cause the resultant polytype to be 3C
rather than 6H. Studies concerned with this topic are ongoing in the authors’ laboratory.

In summary, monocrystalline films of B(3C)-SiC(111) were grown on 3-4° off-axis
o(6H)-SiC(0001) substrates at 1050-1250°C by GSMBE using CoHy and SioHg at a flow rate
ratio of 2:1. High-resolution TEM showed that nucleation and growth occurred on the terraces
between closely-spaced substrate steps as a result of the reduction in the kinetics of surface
migration of the reactive species relative to that found in CVD processes where a(6H)-SiC is
normally deposited.
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III. Chemical and Electrical Mechanisms in Titanium, Platinum,
and Hafnium Contacts to Alpha(6H) Silicon Carbide

A. Introduction

In metal-semiconductor contacts a critical quantity which describes the relationship
between the two materials is the Schottky barrier height (SBH), ®B. In general it is this
property which best indicates the electrical characteristics of the contact. For an ohmic contact,
in which the current is both linear and symmetric for positive and negative voltages, one would
expect a small or negative SBH. On the other hand, for a good rectifying contact, in which
current flows only under forward bias, one would expect a relatively large SBH.

Because the SBH is such an important parameter in terms of defining the ohmic or
rectifying characteristics of a particular contact, it is very important to understand how it is
determined. In the ideal case the SBH is defined by the Schottky-Mott limit, or (for an n-type
semiconductor) the difference between the metal workfunction and the electron affinity of the
semiconductor. However, there are many factors which can cause non-ideal relationships, and
hence deviations from this rule. J. Pelletier et al. [1] have reported Fermi level pinning in
6H-SiC attributed to intrinsic surface states, suggesting little dependence of barrier height on
the workfunction of the metal. In addition, L.J. Brillson [2,3] predicts the pinning rate to be
higher for more covalently bonded materials.

Alpha (6H)-SiC is a particular polytype of silicon carbide, a wide bandgap semiconductor,
being used in many high-power, -temperature, -frequency, and radiation hard electronic and
opto-electronic devices. The future development of SiC device technology depends on, and
may in fact be limited by, the ability to form good ohmic and Schottky contacts. In this study a
multi-aspect approach is used in order to try to understand what determines the SBH of
metal/6H-SiC contacts. Electrical characteristics of Ti, Pt, and Hf contacts before and after
annealing will be discussed along with some of the interface phase chemistry and structure.

B. Experimental Procedures

Vicinal single crystal, nitrogen-doped, n-type (1016 - 1018 cm-3) substrates of 6H-SiC
(0001) containing 0.5-0.8 um thick, nitrogen-doped (1016 cm-3) homoepitaxial films were
provided by Cree Research, Inc. The Si-terminated (0001) surface, tilted 3°-4° towards [1120]
was used for all depositions and analyses.

For processing Ti contacts substrates were cleaned in sequence using a 10 min. dip in an
cthanol / hydrofluoric acid / water (10:1:1) solution and a thermal desorption in ultra-high
vacuum (UHV) (1 - 5x10-10 Torr). All processing steps were the same for Pt and Hf

contacts, except 10% HF in deionized water was substituted for the wet chemical clean. A
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resistive graphite heater was used to heat the substrates at 700°C for 15 min.

A Riber x-ray photoelectron spectroscopy (XPS) system, consisting of a Mac2 semi-
dispersive electron energy analyzer and accessible by UHV transfer from the heating station
and deposition chamber, was used to monitor surface chemistry and band bending. A Mg
anode was used at 1.2 eV resolution for obtaining valence structure and 0.8 eV resolution for
core level data.

The metals were deposited onto unheated substrates by electron beam evaporation (base
pressure < 2x10-10 Torr). For films less than or equal to ~10 nm, a deposition rate of ~1
nm/min was used. For thicker films the rate was increased to 2 - 3 nm/min after deposition of
the first 10 nm.

For electrical characterization vertical contact structures consisting of 500 pm and 750 pm
diameter circular contacts of 100 nm thickness were created by depositing the metal through a
Mo mask in contact with the SiC epitaxial layer, leaving a patterned metal film. Conductive
liquid Ag served as the large area back contact. All subsequent annealing was done in UHV.
Current-voltage (I-V) measurements were taken with a Rucker & Kolls Model 260 probe
station in conjunction with an HP 4145A Semiconductor Parameter Analyzer. Capacitance-
voltage (C-V) measurements were taken with a Keithley Model 5956 Package 82 Simultaneous
CV System in conjunction with an HP vector PC-308. The contact structures were the same as
above. Measurements were taken at a frequency of 1 MHz.

All metal/SiC samples were prepared in cross-section for TEM analysis. High resolution
images were obtained with an ISI EM 002B operating at 200 kV. Analytical electron
microscopy was performed with a Philips 400 FEG, installed with Gatan 607 parallel electron
energy loss spectrometer, operated at 100 kV.

C. Results

Ti Contacts. In this section electrical characteristics, particularly the Schottky barrier
height (SBH) measured by I-V, C-V, and XPS techniques, of unannealed and annealed Ti
films deposited on 6H-SiC will be presented along with the identification of phases formed in
the reaction zone. The room temperature deposition of Ti on (0001) SiC resulted in epitaxial
films [4]. Both Ti (a = 2.95 A, ¢ = 4.68 A) and 6H-SiC (a = 3.08 A, ¢ = 15.11 A) have
hexagonal crystal structures, corresponding to a 4% lattice mismatch in the (0001) basal plane.

Current-voltage measurements of as-deposited Ti contacts were found to be rectifying with
low ideality factors and with typical leakage currents of 5 x 10-7 A/cm? at -10 V [4). After
annealing at 700°C for 20 minutes, the leakage increased; however, after further annealing up
to 60 minutes the characteristics in terms of leakage and ideality factors again improved.

The low ideality factors were taken as evidence that thermionic emission theory may be
applied for calculating the SBH [5]). For values of applied voltage greater than 3kT/q, the
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current density can be expressed as
qv )
J=1 =,

where Jo is the extrapolated current at zero voltage, and n is the ideality factor. The SBH can
then be determined from the equation

where A** is the effective Richardson constant. An SBH of 0.85 eV was calculated for
unannealed Ti contacts. This barrier was found to increase to 0.95 eV after annealing at 700°C
for 60 minutes.

Barrier heights were also determined from capacitance-voltage measurements. By plotting
1/C2 vs. V the barrier height can be determined from the equation

O, =V.+V + k—T,
q
where Vij is the voltage intercept ,and Vj, is the difference between the conduction band and the
Fermi level. Figure 1 shows 1/C2 vs. V of an as-deposited Ti/SiC contact biased from O to -
2 V. Extrapolating the linear region gives an intercept of 0.67 V, indicating a SBH of 0.88 V.

Similarly, a SBH of 1.04 V was calculated for annealed contacts.

18x10-3
12x10-3f
& om0}
'Z‘; ex10°4 k
104}
:I" ° 1 1 1 'l ] 1 4 I 'l
0.87 0 -1 -2 -3 -4 -5
v{V)
Figure 1. 1/C2 vs. V of as-deposited Ti/SiC (contact area = 2.0 x 10-3 cm?)
®p =0.88 V.

X-ray photoelectron spectroscopy, typically used for chemical analysis of surfaces, was a third
technique used for calculating the SBH of Ti on SiC. In this technique photoelectrons are
ejected from the near surface (~20 A) region on which Mg Ka (1253.6 ¢V) or Al Ko
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(1486.6 eV) x-rays are focused. The binding energy is determined from the kinetic energy of
the ejected photoelectrons. Prior to depositing any metal atoms the valence levels of the SiC
surface were examined by measuring the high kinetic energy electrons (Fig. 2(a)). The top of
the valence band was estimated by extrapolating the leading edge of the lowest binding energy
peak. With reference to the 3.9 eV Fermi level (determined with a Au standard), the top of the
valence band sits at approximately 1.8 eV. Since the SiC epitaxial layer (bandgap = 2.86 V)
is doped n-type (1016 cm-3), these results indicate that the bands bend upward at the
semiconductor surface (EC-EfF = 1.1 eV).

Core level peaks were also obtained from the SiC surface and the Ti/SiC interface after
depositing Tiin 2 A w0 4 A increments. The Si 2p, C 1s, and Ti 2p3/2 and 2p1,2 doublet peaks
at various stages in the series are shown in Figure 2 (b), (c), and (d), respectively. Subtracting
the 3.9 eV workfunction of the analyzer, the silicon and carbon peaks prior to deposition of Ti
are located at 100.5 and 282.7 eV, respectively, the expected binding energies for Si-to-C
bonding [6]. After depositing approx. 4 A Ti a shoulder on the low binding energy side of the
C peak begins to form and is attributed to TiC bonding [7,8]. The fact that no shifts were
detected in the Si peak or the portion of the C peak due to C-Si bonding indicates that there is
no change in band bending; therefore, the barrier height is estimated to be equal to 1.1 eV.

The Ti/SiC interface was also studied with high resolution transmission electron
microscopy (HRTEM) and is reported in more detail elsewhere [9]. After annealing at 700°C
for 20 minutes, the reaction zone was found to consist of a very thin layer of cubic TiC1-x in
contact with the SiC and a layer of orthorhombic Ti5Si3 with TiCj.x particles at the Ti side of
the interface. After annealing for 60 minutes, the width of the reaction zone did not increase,
but the TiCj.x particles disappeared. The position of layers comprising the interface is SiC /
TiC1-x / Ti5sSi3 / Ti. The lattice parameter of TiC].x varied by approximately 2% along the
SiC interface.
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Figure 2. XPS spectra of (a) valence levels of chemically-cleaned SiC surface and (b) C
Is, (c) Si 2p, and (d) Ti 2p peaks after depositing various thin layers of Ti.

Pt Contacts. Platinum contacts deposited at room temperature formed Schottky contacts to
SiC with low leakage currents and low ideality factors (Fig 3). The leakage at -10 V was
typically 5 x 10-8 A/cm2, and the ideality factors were consistently between 1.02 and 1.06.
Using the procedure outlined above, a barrier height of 1.06 ¢V was calculated from I-V
measurements.

These contacts were annealed from 450°C to 750°C in 100 °C increments for 20 minutes at
each temperature. Figure 4 shows an interesting trend through this annealing series,
throughout which the ideality factors and leakage currents remained low; the SBH increased
with anneal temperature to 1.26 eV. These results are similar to those reported by
Papanicolaou et al. [10] in which the SBH of Pt on B-SiC increased from 0.95 eV for as-
deposited contacts to 1.35 eV after annealing at 800°C.

Initial investigation of the Pt/SiC interface with HRTEM has been performed. The
unannealed films are polycrystalline with a grain size of 10 nm. Observation of the 650°C
annealed interface revealed an increase of the average grain size to 80 nm. After annealing at
750°C, the reaction zone consisted of a 12 nm amorphous region with some crystalline regions
apparently nucleating at ledges in the SiC surface.
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(contact area = 2.0 x 10-3 A/cm?2).

Hf Contacts. Current-voltage measurements of as-deposited and annealed hafnium
contacts also displayed rectifying characteristics and low ideality factors. The as-deposited
contacts produced typical leakage currents of 2.5 x 10-7 A/cm2 at -10 V, while annealing at
700°C for 20 minutes resulted in a reduction of the leakage to 4.0 x 10-8 A/cm2. Upon further
annealing, the leakage currents increased.

Concomitant with the observable variation in the reverse characteristics with annealing
time, the calculated SBH was found to vary. The 0.97 ¢V SBH for the unannealed contacts
increased to 1.01 eV after the 20 min. anneal and then successively decreased to 0.93 eV and
0.86 eV for the 40 min. and 60 min. anneals, respectively. Qualitatively, the leakage current
appears to vary inversely with the height of the barrier, as would be expected.

Initial investigation of these interfaces with HRTEM was performed. Although Hf
@=3.194,c=5.05 A) also has a hexagonal crystal structure with a <4% lattice mismatch
with the (0001) basal plane of SiC, epitaxial growth did not occur. Preliminary investigation
of HI/SiC interfaces after annealing at 700°C has not revealed the formation of any new phases.

D. Discussion

The measured and predicted SBH's have been compared for the three metals studied here
with n-type SiC (Table 1). The measured values were taken from I-V measurements as
reported above, while the predicted values were calculated from the workfunctions of the
respective metals. Although the theoretical values vary from 0.52 ¢V to 2.27 eV, a 1.75 eV
range, the measured values vary by less than 0.2 eV.
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Table 1. Measured and theoretical Schottky barrier heights for as-deposited Ti, Pt, and
Hf on n-type 6H-SiC.

Metal ogl-V (ev) | opth(ev)
Ti 0.85 0.95
Pt 1.02 2.27
Hf 0.97 0.52

The XPS valence spectrum of the SiC surface (Fig. 2(a)) provides additional insight
regarding energy band relationships. The fact that the bands bend upward at the surface
without a metal overlayer indicates that surface states are present. It is unknown at this time
whether these states are intrinsic or extrinsic (i.c. surface impurities). However, the surface
states appear to affect charge transfer between the metals and SiC, and hence largely control the
SBH.

There are additional changes in the SBH's resulting from annealing the interfaces. These
changes might be expected since the original surface has reacted to form new phases. In the
Ti/SiC system the phase in contact with SiC after annealing at 700°C is titanium carbide. In
fact, Ti-C bonding was detected in the C 1s peak (Fig. 2(b)) after deposition of approximately
4 A of Ti at room temperature.

The formation of TiC]-x and Ti5Si3 in the Ti/SiC system at higher temperatures (1200 -
1500°C) has been reported by others [11-13]. At 700°C the results seem to indicate that the
kinetics of forming TiC are faster than that of forming Ti5Si3, resulting in the TiC phase being
adjacent to the SiC.

Because the TiC phase forms a continuous layer adjacent to the SiC, that phase should
determine the contact characteristics after 700°C annealing. However, the low workfunction
(~2.6 eV [14]) determined experimentally for single crystal TiC would predict ohmic behavior.
The non-ohmic behavior may be due to one or more of the following reasons: (1) unknown
increase in the workfunction with the non-stoichiometry, (2) metal-induced gap states, and (3)
incomplete removal of surface states.

E. Conclusions
A combination of techniques was used to study the electrical, chemical, and/or structural
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properties of Ti, Pt, and Hf contacts to n-type 6H-SiC. All of these contacts were rectifying
with ideality factors less than 1.1. Although the workfunctions would predict a >1.5 eV range
in SBH for the as-deposited contacts, I-V and C-V measurements indicate a <0.2 eV variation
between metals. In addition, an XPS valence spectrum of the SiC surface indicates that the
Fermi level lies approx. 1.8 eV above the top of the valence band, relatively near the middle of
the bandgap. Pinning of the Fermi level in the bandgap would explain the small dependence of
the SBH on metal workfunction.

Although the SBH for Pt contacts was found to increase with annealing temperature, there
was not much change observed in Ti contacts after annealing at 700°C. The reaction zone was
found to consist of Ti5Si3 and a TiC]-x layer adjacent to the SiC. Readers are referred to J. S.

Bow et al. [9] for more discussion on this subject.

F. Future Research Plans/Goals

Efforts will be continued to gain a cohesive understanding of what determines the SBH's
of Ti, Pt, and Hf contacts to 6H-SiC. Because the results of the experiments performed on
these metal/SiC systems imply that the Fermi level is pinned at the SiC surface, comparison to
other cleaning techniques is planned in the immediate future. Similar XPS experiments will be
performed to determine the location of the Fermi level. If the bands at the surface are found to
be flat (i.e. Fermi level is unpinned), SBH's will be remeasured and compared previous
values.

Two other metal contacts, Co and Sr, chosen for this study will also be analyzed in terms
of electrical, chemical, and structural characteristics. Because of its low workfunction, it is
proposed that Sr will form an ohmic contact if the Fermi level is unpinned. In addition, with
comparison to Ni, Co also may form an ohmic contact after high temperature annealing. These
metal / SiC systems will then be compared in terms of their ohmic or rectifying characteristics.
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ABSTRACT

Monocrystalline AIN(0001) films with few defects were deposited on vicinal a(6H)-
SiC(0001) wafers via plasma-assisted gas-source molecular beam epitaxy within the
temperature range of 1050—1200°C. The Al was thermally evaporated from an effusion cell. An
electron cyclotron resonance plasma source was used to produce activated nitrogen species.
Growth on vicinal Si(100) at 900-1050°C resulted in smooth, highly oriented AIN(0001)
films.
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Aluminum nitride possesses a direct bandgap of 6.28 eV at 300 K [1], a melting point in
excess of 2275 K [2] and a thermal conductivity of 3.2 W/cm-K [3]. As such, it is a candidate
material for high-power and high-temperature microelectronic and optoelectronic applications
with the latter employment being particularly important in the ultraviolet region of the spectrum
[1]. This material also has the highest reported surface acoustic wave velocity (Raleigh
VR=6-6.2 km/s, V1_.=11-12 km/s [4]-[6]) for any material and a substantial electromechanical
coupling coefficient (to 1% [7]). These properties strongly indicate that superior surface
acoustic wave devices, operational in aggressive media and under extreme conditions both as
sensors for high temperatures and pressures and as acousto-optic devices can be developed
[8-10]. However, progress regarding these (and other) applications is hampered by the lack of
good single crystal material. The primary objective of the research reported below has been to
address this issue via the fabrication of thin films of this material via molecular beam epitaxy
(MBE) techniques.

In previous studies, mono- and polycrystalline films of AIN have been grown by chemical
vapor deposition (CVD) using NH3 and Al(CH3)3 or AICI3 on a(6H)-SiC [11], sapphire
[1,9,12], and Si [13-15]. Chu et al. [11] obtained smooth monocrystalline AIN layers to a
thickness of 25 pm on a(6H)-SiC{0001} substrates by chemical vapor deposition (CVD) from
1200-1250°C. A high density of defects in these AIN films was revealed by chemical etching.
In general, films grown on sapphire and Si substrates possessed a rougher morphology than
those grown on a(6H)-SiC. This occurred very likely because the difference in lattice param-
eters between AIN and SiC is substantially less than between AIN and sapphire or AIN and Si.

Gas source MBE using electron beam evaporated Al and NH3 [16] or thermally evaporated
Al and plasma-derived activated nitrogen species [17] has also been used for single crystal AIN
growth. Yoshida et al. [16] obtained single crys:al AIN using an Al effusion cell and NH3 at
1000-1200°C on Si(111) and A1203(0001) and (0112) and oviained growth rates of up to
1 um/hr. They contended that their films were much smoother than CVD-grown material and
rivaled bulk single crystal AIN. Sitar et al. [17] used an electron cyclotron resonance (ECR)
plasma for decomposition of N2 and Al and Ga effusion cells for growth of AIN/GaN
superlattices by plasma-assisted, gas source (PAGSMBE) on a(6H)-SiC (0001) and Al1203
(0001) at 600°C. The thickness range of the AIN layers was 0.5-20nm, as determined by
cross-sectional transmission electron microscopy (TEM). However, the properties of the
individual AIN layers were not examined.

The approach taken in the present research has also been to use PAGSMBE to achieve
surface reactions involving only Al and N in order to minimize the potential for unintentional
impurity contamination from the p- and n-type dopants of C and O, respectively. The AIN
1lms were grown on vicinal Si(100) wafers oriented 3.5 + 0.5° towards [011] at 900-1050°C
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and vicinal a(6H)-SiC (0001) oriented 3-4° towards [1120] at 1050-1200°C in a PAGSMBE
system described previously [18]. These temperatures are higher than necessary for the
formation of single crystal AIN. However, they were employed to match the growth
temperatures previously determined to be necessary to achieve single crystal films of SiC on
Si(100) [18-20] and a(6H)-SiC(0001) substrates [21,22].

Silicon(100) substrates were chemically cleaned using the following steps: (1) H2SO4 at
70°C for 5 min, (2) deionized water for 1 min, (3) 1:1 solution (by volume) of NH4OH and
50% H202 at 70°C for 5 min, (4) deionized water for 1 min, (5) dip in 10% HF at room
temperature, and (6) 2 min rinse in deionized water. Silicon carbide substrates were only
subjected to cleaning steps (5) and (6) prior to introduction to the growth system. Thermal
desorption of all substrates was also conducted at the growth temperature for 5 min prior to
deposition to remove any remaining hydrocarbon and/or oxide contamination. An effusion cell
was used for the evaporation of Al (99.999% pure). Reactive nitrogen species were produced
via decomposition of N2 (99.999% pure) in a compact electron cyclotron resonance (ECR)
plasma source (Applied Science and Technology, Inc.). The pressure of the introduced N2 was
1.2-1.5 x 10-4 torr. The microwave power supplied to the ECR was 100 W for all depositions.

The crystallography and surface character on the films were initially studied in situ using
reflection high-energy electron diffraction (RHEED). The microstructure of the final growth
surface was investigated using field-emission scanning electron microscopy (SEM). The
orientation of the films grown on Si was determined via x-ray diffraction. A more in-depth
examination of the crystallinity and the nature and distribution of the line and planar defects in
the films deposited on 6H-SiC was conducted using high-resolution transmission electron
microscopy (HRTEM). The composition of the films, including any significant impurities, was
determined using an Auger electron microprobe.

Figure 1 shows the RHEED patterns ([1120] azimuth) of AIN films grown on the 6H-SiC
(0001) substrates at (a) 1200°C, (b) 1100°C and (c) 1050°C. These patterns indicate that all the
films possess the wurtzite structure and are monocrystalline.

The growth rate versus temperature was essentially constant for a given Al flux.
Conversely, changes in the AIN growth rate corresponded directly to changes in the Al flux. A
constant Al source temperature and, consequently, a constant Al flux were used at the the three
temperatures of growth. An excess of activated nitrogen was present under all conditions. A
constant growth rate of =0.40 nm/min was obtained at these temperatures.

Scanning Auger analysis of these films detected only Al and N except in a 2 nm surface
region where the native oxide (and very likely the hydroxide) had formed during exposure to
air. The stoichiometry of these films was very close to that obtained from analysis of high-
purity, hot-pressed polycrystalline AIN. Figure 2 shows a HRTEM image of a thin AIN layer
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(a)

(b)

Figure 1.

RHEED patterns ([1120] azimuth) of AIN grown on vicinal 6H-SiC(0001) at
(a) 1200°C, (b) 1100°C, and (c) 1050°C.
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(c) 1050°C.
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deposited on the 6H-SiC at 1200°C. The top surface of the AIN is rough. Few defects are
visible away from the interface. At the 2H-AIN/6H-SiC interface, however, strain contrast as
evidenced by distortion in the lattice fringes can be seen (denoted by arrows in Figure 2).

A further reduction in temperature to 1050°C also resulted in the deposition of single crystal
AN films (as indicated in Figure 1(c)) having an abrupt interface with the SiC substrates, but
with a much smoother final surface, as shown in the SEM micrograph of Figure 3. This
essentially featureless microstructure supports the RHEED results. The surface morphology
was difficult to observe at much higher magnifications in the SEM due to the insulating nature
of both AIN and the SiC substrate. Figure 4 shows a HRTEM image of a film grown at 1050°C
capped by a monocrystalline, cubic (zincblende structure) B-SiC(111) film grown in the same
experiment. The smooth AIN surface and the abrupt junction with the B-SiC are apparent.
Dislocations in the AIN films occurred at surface steps in the 6H-SiC substrate and may be
observed in Figure 4 (see arrow). No other defects were observed in this material. The use of
nominally on-axis 6H-SiC substrates with widely spaced steps will be studied in the near
future to reduce the defects present in these films.

Smm

Figure 3. SEM micrograph of the surface morphology of an AIN film grown on vicinal
6H-S5iC(0001) at 1050°C.

Figure 5 shows RHEED patterns of AIN layers deposited at 900 and 1050°C on Si(100)
substrates. These films have the wurtzite structure and are very well-oriented. There is only a
small amount of angular spread in the spots which implies that the films have a small
non-epitaxial component. An X-ray diffraction scan of the film grown at 1050°C is shown in
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Figure 4. HRTEM micrograph of AIN film grown at 1050°C on vicinal 6H-SiC (0001).
Layer above AlN layer is 3C-SiC also grown at 1050°C using gas-source MBE.
Arrow points to dislocation in the AIN film at a step on the 6H-SiC surface.

Figure 6. The single (0002) AIN peak supports the RHEED results regarding orientation. The
AN therefore grows with the closest packed plane parallel to the non-closest packed (100)
plane in the Si substrate. Figure 7 shows a SEM micrograph of the grown surface at 1050°C.
The film is smooth except for occasional small elongated depressions in the surface. The
reason for these features has not been determined; however, they may be due to pitting of the
Si surface before AIN growth. These films were extremely smooth when compared to those
grown by CVD [13-15].
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Figure §.

RHEED patterns ([1120] azimuth) of AIN films grown on vicinal Si(100) at (a)
900°C and (b) 1050°C.
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X-ray diffraction spectrum (CuKa) of AIN film on vicinal Si(100) at 1050°C.
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Scanning electron micrograph of surface morphology of AIN grown on vicinal
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An orientation of AIN such as (1010) is more likely than (0001) on Si(100), based on
crystallographic considerations. The latter orientation of AIN would be expected on Si (111),
as the closest-packed (0001) planes of AIN contain the same general atomic arrangement.
Previous reports of AIN on Si(100) are inconsistent with regard to orientational relationships.
Several researchers have used trimethyaluminum and NH3 in CVD growth on on-axis Si(100)
substrates. Morita et al. [13] deposited single-crystal AIN(0001) on Si(100) at 1260°C. Yu
et al. [14] grew epitaxial AIN(1010) on Si(100) at temperatures as low as 400°C. Roughening
and pitting of the Si surface has been observed at temperatures as low as 800°C [24]. Thus, the
roughness of the Si surface is likely to be more severe at 1260°C than at 400°C due to the
evaporation of the oxide and the greater surface mobility at the higher temperature. This
degradation of the surface may also explain why the films grown as a part of this study were
AIN(0001) rather than AIN(1010).

In summary, monocrystalline AIN films were grown on vicinal a(6H)-SiC(0001) at
1050-1200°C using thermally evaporated Al and ECR plasma decomposition of N2. The
surfaces of the films formed at 1200°C were rough. Films grown at 1050°C were much
smoother and formed an abrupt interface with the substrate. These latter films were of excellent
microstructural quality when compared to those grown by CVD and reported in the literature.
Highly oriented AIN(0001) films with a very smooth surface morphology were also formed on
vicinal Si(100) at 1050°C. This c-axis alignment is believed to be caused by the roughness and
pitting in the Si surface at the elevated growth temperatures. Doping with candidate n- and
p-type impurities and the determination of the resultant properties of the AIN films will be
investigated in the near future.
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ABSTRACT

Pseudomorphic bilayer structures containing B(3C)-SiC and 2H-AIN have been grown on
vicinal ot(6H)-SiC(0001) homoepitaxial layers at 1050°C by plasma-assisted, gas source
molecular beam epitaxy. High energy electron diffraction and cross-sectional high-resolution
transmission electron microscopy showed all layers to be monocrystalline. The AIN layers
were uniform in thickness. Defects in these layers were initiated at steps on the 6H-SiC film.
The 3C-SiC layers contained a high density of stacking faults and microtwins caused primarily
by the interfacial stresses generated by the mismatch in lattice parameters between AIN and
B-SiC coupled with the very low stacking fault energy of SiC. This is the first report of the
deposition of single crystal SiC/AIN/SiC thin film heterostructures on any substrate as well as
the first report of the epitaxial growth of single crystal layers of binary materials with three
different crystal structures.

*Present Address

Naval Research Laboratory, Code 6861
4555 Overlook Av., SW

Washington, DC 20375-5320




Interest in wide bandgap semiconductors for high-temperature and high-power electronic
and short-wavelength optoelectronic applications has increased markedly within the past
several years. Two materials which have generated much interest in this regard are SiC and
AIN. The former occurs in over 250 polytypes which differ only in their stacking sequence
along the closest-packed direction. The most common of these are the cubic 3C and the
hexagonal 6H, where the number refers to the number of Si and C bilayers necessary to
produce a unit cell in the direction of closest packing. The 3C polytype is also referred to as
B-SiC. All other forms are known collectively as a-SiC. The bandgap (3.0 eV for 6H and
2.28 eV for 3C at room temperature) is indirect in all polytypes; thus, they cannot be used
alone for laser applications.

Aluminum nitride has considerable potential for electronic and ultraviolet optoelectronic
applications, particularly in severe environments, due to its large and direct bandgap (6.28 eV
at 300°C), high melting point (in excess of 2000°C), high thermal conductivity (3.2 W/cm-K),
and low dielectric constant (€=9.0). It typically forms in the wurtzite (2H) structure; however,
the cubic, zincblende (3C) phase has recently been produced via molecular beam epitaxy
(MBE) techniques {1, 2]. Additional characteristics of the 2H polytype include a high
resistivity and ease of oxygen incorporation during growth.

Epitaxial wurtzitic AIN has been deposited previously on SiC substrates [3-5]. Chu et al.
[3] obtained monocrystalline AIN layers of up to 25 pm thickness on hexagonal SiC{0001}
substrates by chemical vapor deposition (CVD) from 1200-1250°C. Sitar et al. [4] used an
electron cyclotron resonance (ECR) plasma for decomposition of N2 and Al and Ga effusion
cells for growth of AIN/GaN superlattices by plasma-assisted, gas source MBE on
a(6H)-SiC(0001) and Al203(0001) at 600°C. The thickness range of the AIN layers was
0.5-20nm. However, the properties of the individual AIN layers were not examined. Yoshida
et al. [S] also employed gas—source MBE and the sources of solid Al and NH3 to deposit
single crystal AIN films on Si(111) and AI203(0001) and (0112) at 1000-1200°C. They noted
their films were much smoother than CVD-grown material and rivaled bulk single crystal AIN.
Conversely, Rutz and Cuomo [6] reported the deposition of monocrystalline SiC on a single
crystal AIN film by pyrolysis of a SiC target at 1860°C. The AIN substrate was previously
formed at 1000°C by reactive rf sputtering on a W(111) single crystal. However, thin-film
growth of AIN/SiC/AIN or SiC/AIN/SiC heterostructures has not been reported to date.

Stable pseudomorphic heterostructures of AIN and SiC are feasible because of their
similarity in crystal structure, lattice parameter and thermal expansion behavior. Theory
regarding the electronic structure and bonding at SiC/AIN interfaces has been developed [7].
Critical layer thicknesses prior to misfit dislocation formation at pseudomorphic interfaces of
cubic AIN and cubic SiC have been calculated [8]. Superlattices of these materials would have
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a different band structure than either constituent element because the Brillouin zone is reduced
in size in the direction normal to the interfaces, and certain superlattice states occur at different
points in k space than the corresponding bulk material [9). This may allow the resultant
superlattice to have a direct band transition.

In the present research multiple layers of AIN and SiC were grown using a specially
designed plasma-assisted gas-source molecular beam epitaxy (PAGSMBE) system. A
schematic of this equipment is shown in Figure 1. This system is similar to that described
previously for SiC MBE growth [10]. The precursors used for Si and C were SipHg and CoHyg
(both 99.99% pure), respectively. Solid Al (99.999% pure) was evaporated from a standard
effusion cell. Nitrogen was obtained by electron cyclotron resonance (ECR) plasma decompo-
sition of N2 (99.9995% pure). The system base and working pressures were 10-9 and 3x10-5
torr, respectively. Vicinal 6H-SiC(0001) wafers oriented 3-4° towards [1120] and containing a
thermally oxidized(50nm) 0.8 um epitaxial 6H-SiC layer deposited via CVD were obtained
from Cree Research, Inc. and used as substrates in this research These substrates were
chemically cleaned prior to growth in a 10% HF solution for five min. to remove the oxide,
rinsed in DI H20 for two min, immediately loaded into the growth system and heated for five

min at the growth temperature of 1050°C. Additional growth conditions are listed in Table I.
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Figure 1. Schematic of gas-source molecular beam epitaxy system use to deposit the SiC
and AIN films in this research.

38




Table I. Growth Conditions for the AIN and SiC Layers

AIN
Growth temperature 1050°C
Nitrogen pressure 1.5x104 torr
Nitrogen flow rate 8 sccm
Microwave power 100 W
Growth rate 26 nm/hr
SiC
Growth temperature 1050°C
Disilane flow rate 0.10 sccm
Ethylene flow rate 0.20 sccm
Growth rate 6.2 nm/hr
lm 1] L]
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Figure 2. Auger depth profile of representative SiC/AIN/SiC multilayer heterostructure.

39




Reflection high-energy electron diffraction (RHEED) was used as an indicator of the
quality and crystal structure of the resultant films. Figure 3 shows representative RHEED
patterns for (a) the final growth surfaces of the films of AIN ([1010] azimuth) and (b) SiC
([110] aximuth). These patterns also show that both films were monocrystalline with the AIN
having the 2H structure and the SiC the 3C modification, as indicated by the azimuthal
assignments. The RHEED pattern of the top SiC layer also contains additional spots, as
denoted by arrows in Figure 3(b). This pattern is fully indexed in Figure 4. It is probable that
these extra spots arise from double positioning boundaries (DPBs). These incoherent twin
boundaries occur when 3C-SiC (111) is grown on Si (111) [11] or on-axis 6H-SiC [12]
because two different orientations, rotated 60° from each other, are present which have close-
packed directions aligned in the interface. These different orientations differ in the cubic
stacking sequence, as one orientation has an ...ABCABC... stacking sequence and the other
has an ... ACBACB...stacking sequence. Extra reflections in the [110] RHEED pattern due to
double positioning twins would either coincide with those of the film or be displaced by
1/3[111]. The extra spots present in the figure occur at 1/3 of the distance between adjacent
spots in the [111] and [111] directions.

An equivalent interpretation of the RHEED pattern shown in Figure 3(b) is of two
interpenetrating [110] RHEED patterns with a misorientation of 180°. This misorientation is
caused by reflections from regions with both ...ABCABC... and ...ACBACB... sequences.
The effect of each individual stacking sequence as well as the resultant RHEED pattern due to
contributions of the two equivalent stacking sequences are shown in Figure 5.

Figure 6 shows a representative HRTEM image of the off-axis 6H-SiC (0001) substrate,
the 2H-AIN layer, and the 3C-SiC layer. The interface between the SiC substrate and the AIN
is abrupt with little change in contrast across it. The surface of the AIN film is smooth and
uniform. The 2H-AIN and 6H-SiC films are in the same orientation in all directions, and the
alignment of the atom columns is continuous across the interface. Thus, the AIN film is both
epitaxial and pseudomorphic with respect to the substrate. Strain contrast, as evidenced by
distortion in the lattice fringes, can be seen near steps in the SiC substrate surface, as denoted
by arrows in Figure 6. Dislocations running parallel to the surface which arise from this strain
can also be observed at or near each step.

The interface between the AIN and the top 3C-SiC layer is also abrupt, though some
regions exist for which the transition between AIN and SiC becomes indiscernible. The lattice
structural images show that the SiC layer is indeed cubic as well as epitaxial and
pseudomorphic with the AIN. Several <111> stacking faults can be seen in the cubic SiC layer.

Previous PAGSMBE growth in this research of SiC on similar substrates at 1000-1050°C
also resulted in 3C-SiC(111). This result, combined with those noted above, suggest that the
cubic polytype forms preferentially at these temperatures under the conditions of low growth
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Figure 3.

(a)
(b)

RHEED pattern ([1010] azimuth) of the final surface of a
monocrystalline 2H-AIN layer grown on a(6H)-SiC epitaxial layer.
RHEED pattern ([110] azimuth) of the final surface of a monocrystalline
3C-SiC layer grown on 2H-AIN film. Arrows denote additional spots in
the 3C-SiC layer (see Figures 4 and 5 for indexing).
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Figure 4.
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spots caused by double positioning boundaries.
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Figure 6.
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High-resolution transmission electron micrograph of epitaxial, pseudomorphic
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rate and high supersaturation used in MBE. However, growth of SiC/AIN heterostructures at
higher temperatures may result in hexagonal SiC layers, as atomic mobility on the AIN surface
increases and the steps rather than the terraces become the templates for layer-by-layer growth.
This trend towards the deposition of hexagonal SiC films at higher temperatures has been
reported by several investigators{12-14]. It is also under study in the authors’ laboratory and
will be reported in the near future.

In summary, thin-film heterostructures composed of 3C-SiC, 2H-AIN and 6H-SiC have
been achieved. The 3C-SiC and the AIN layers were grown at 1050°C using PAGSMBE. The
diagnostic tools of RHEED and cross-sectional HRTEM showed both of these layers to exist in
an epitaxial and pseudomorphic relationship with each other and with the 6H-SiC
homoepitaxial layer deposited by CVD. To the authors’ knowledge, this is the first report and
direct observation of a single crystal SiC/AIN/SiC heterostructure on any substrate. It is also
the first known report of the single-crystal growth of layers of binary materials in three
different crystal structures (the 6H-SiC epilayer on the SiC wafer is counted in this case).
These unique structures, composed of direct (AIN) and indirect (SiC) wide bandgap
semiconductor materials undoubtedly possess important electronic, mechanical and thermal
properties which are under investigation by the authors at this time.

The authors express their appreciation to the Office of Naval Research for support of this
research under Grant #N00014-90-J-1427, to Cree Research, Inc. for the vicinal 6H-SiC
wafers and epilayers and to Applied Science and Technology, Inc. for supplying the ECR
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VI. Determination of the Diffusivity of the Si, C, Al, and N at the
Interface of the SiC-AIN Diffusion Couple

A. Introduction

SiC-based materials demonstrate promise as high temperature, optoelectronic, and
acoustoelectronic wide bandgap semiconductors. Several attempts have been made to alloy
SiC with other ceramic compounds in an attempt to engineer the mechanical and physical
properties [1]. There have been numerous attempts to determine the existence of solid
solutions of SiC-AIN. Cutler et al, under nitrogen atmosphere, obtained 2H SiC-AIN solid
solutions from 2 to 100 mol % AIN through the carbothermal reduction at 1600°C of fine silica
and alumina with a carbon source [2]. Jenkins et al. has reported growth of solid solutions
over the entire pseudo binary phase diagram using metalorganic chemical vapor deposition
(MOCVD) [3]. Kern has also reported the growth of solid solutions of (AIN)x(SiC)1-x by
plasma-assisted gas-source molecular beam epitaxy at temperatures of 1050°C [7].

There exists, however, a difference in opinion among investigators about the possibility of
forming solid solutions or new phases in the SiC-AIN system at high temperatures [5].
Rafaniello et al. hot pressed SiC-AIN powder with 0.5 wt % C in alcohol and also obtained 2H
solid solutions through the full range of compositions, but phase separation occurred upon
annealing at 1700°C. This suggested the existence of a miscibility gap in the system in the low
temperature range [8]. The difficulties encountered in the attempts to obtain homogeneous
SiC-AlN solid solutions are known to be related to the low diffusion coefficients of Si and C in
AIN and Al and N in SiC.

The diffusion coefficient of N in SiC has been determined to be 1x10-12cm 251 at 2550°C
[6]. In hot pressed SiC-AIN samples and in SiC-AlN diffusion couples, approximate coupled
diffusion coefficients of SiC and AIN were calculated to be 1x10-12cm2s-1[4]. The
corresponding activation energy was roughly estimated to be as high as 900 kJ -mol, and the
pre-exponential term was 1x10-8 cm2-s-1, an unusually high value. Thus, it was suggested
that lattice diffusion of coupled SiC and AIN pairs was responsible for these high values.

The purpose of this investigation is to determine the diffusion coefficient and the
corresponding activation energy for the diffusion of the four elements Si, C, Al and N in the
interface layer between the single crystal SiC and sintered AIN materials. Although the
diffusion coefficient for N in SiC at high temperatures has been determined previously, never
before have the diffusivities of these species been studied in single crystal SiC. The atomic
behavior and phase formation at relatively low temperatures for thin film deposition have not
been yet clarified. For this experiment, Auger spectroscopy and High Resolution Transmission
Electron Microscopy have been employed to determine the nature and extent of the diffusion




profiles and the existence (or lack there of) of additional phases in the solid solution region and
at the interfaces between the solution and the end-member phases.

B. Experimen-al Procedures

Sample Prenaration. A SiC sample was prepared from a single crystal a-6H SiC [0001]
wafer, cut off axis 3°4° toward the [1120], manufactured by Cree Research, Inc. The SiC
was cut into 4 mm squares with a diamond saw. Due to the extremely smooth surface
provided by the epitaxial growth technique of Cree Research, Inc the SiC material was not
polished. The AIN sample was prepared from sintered bulk material. It was cut into 4 mm
squares, and polished using a L/P machine model 7 by Solid State Measurements, Inc. The
lapping machine allows variable polishing angels. Diamond slurries were used for the
polishing in steps of 30 micron, 6 micron, 1 micron, and 0.1 micron in order to get as close a
match to the SiC face as possible.

Processing. The polished surface of SiC was placed on top of the AIN and loaded in the
furnace prior to diffusion. The chamber is evacuated (2x10-6 torr) to prevent contamination
during diffusion. Nj gas (99.995%) is then introduced into the chamber at a rate of 130 sccm.
The chamber is brought to atmospheric pressure and the N; environment is maintained
throughout the diffusion. The Nj is not meant to aid in the diffusion of N into SiC and does
not to any appreciable amount. The sample was then heated to 1550 °C, a 20 pound normal
load applied, and held for 3 hours. The load was applied to ensure that the SiC-AIN interface
remained in intimate contact during chemical bonding. This coupled with the polishing of the
AIN should eliminate surface impedance of the diffusion process. The load was then reduced
to zero and the sample was taken to the diffusion temperature. The amount of time to take the
sample to diffusion temperature is not entered into the time of diffusionat the longest time was
only 10 minutes. Once the diffusion temperature was obtained it was held with no load for 200
hours. Ramp down to room temperature was done over a 1 1/2 hour time period to allow
relaxation of the lattice and to avoid excess strain due to thermal and lattice mismatch of the
SiC-AlN interface.

Characterization. Auger spectroscopy, The sample was lapped to an angle of 34 minutes
which creates a simulated magnification of approximately 100 times the diffused layer.
Samples were then polished using diamond slurries in steps of 6 micron, 1 micron, and 0.1
micron. Using the SiC wafer and AIN bulk material as standards for intensity ratio of 50 % Si
to 50 % C, and 50 % Al to 50% N a concentration versus. distance profile was established of
the diffused interface. In order to ensure more precise measurement of the diffused layer low
currents were used to reduce the sampling size of the aperture. This coupled with the
magnification of the interface allows for a greater certainty of results.

Transmission Electron Microscopy, The sample was cut into 3 micron wide and 500
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micron thick dices which were mechanically thinned to about 100 micron and dimpled at the
SiC-AlN interface to a final thickness of 20 micron. Further thinning of the samples with an
ion miller achieves a electron transparent area. An acceleration voltage of 6 kV for initial
milling was used and decreased to 4 kV for finish milling. The milling angles of 15°,12°, and 6°
were used during the milling step-wise. TEM observations were then carried out using Akashi
EM-002B Ultra-High Resolution TEM at 200 kV.

C. Results

Figure 1 shows the cross sectional TEM image of SiC-AIN diffused at 1600 °C for
200 hrs. Inserted pictures indicate the selected area diffraction patterns (SAD) taken at several
regions referring to the numbers shown in the image. The following are brief explanation of
each pattern.

1. SiC region, showing 6H(hexagonal)-SiC with [1 120] zone axis.

2. SiC/AlN interface region, showing the mixture of patterns 1 and 3.

3. AIN region, showing different orientations of the grains.

4. SiC/AIN interface region of a different grain in AIN, showing the mixture of
patterns 1 and 5.

5. AIN region, showing a long range ordered polytype.

6. AIN region, showing 2H crystalline structure.

Note the new phase at the interface of the diffused SiC-AIN which has a different crystal
structure. It has a longer range order crystal structure than 6H structure. Chemical analysis
such as EDS and EELS are desired to identify the phase and its composition.

Figure 2 shows the High Resolution TEM (HRTEM) image of the diffusion area. The
image was taken with multi-beam condition and the zone axis was [1120]. To the left between
the a-6H SiC and the 2H-AIN is an example of long range ordering in the diffused region.

Concentration versus distance profiles for 1500°C and 1600°C have been completed.
Figure 3 a-d show line scan profiles for each element at 1500°C for 200 hrs. Notice the sharp
drop off of the intensity. This indicates that there is little or no diffusion. The roughness of the
line scan is due to the low signal to noise ratio and roughness of the surface. Signal to noise
ratio is large to lower the beam spot size. This allows an increase in the accuracy of measuring
the diffused layer. However careful analysis of the data concludes that even with a
magnification of the interface and very small beam size, approximately 1.2 micron, reliable
results are hard to achieve without substantial experimental error. In this case a sampling size
of 1.2 microns and supposed diffusion distance of 2.5 microns. Therefore no conclusion can
be obtained without further analysis. Lower beam currents will reduce the beam sampling size,
however, limiting that is the charging effects of the highly insulating materials.
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Figure 1.

Cross-sectional TEM image of SiC-AIN at 1600°C for 200 hrs. and SAD
patterns in several regions.
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Figure 2. Cross-sectional HRTEM image of interface region of SiC-AIN at 1600°C for
200 hours.

E. Discussion

Further studies of the SiC-AIN diffusion coupled system are necessary for the
determination of the diffusion coefficients with any certainty. Solid solutions at the interface
have been observed and are being quantified. We have determine that at temperatures of less
than 1500°C and for times of 200 hrs that significant diffusion is not observed. This is good
news for the stable growth of solid solutions of SiC-AIN at relatively high temperatures for
such growth process as MBE and MOCVD. There are several limiting factors in the diffusion
of SiC-AIN. Many of which can not be controlled in this experiment. Oxidation of the SiC
and AIN surfaces is one example which hinders the diffusion. Another problem more so than
the oxidation is the roughness of the surface which definitely slows the diffusion mechanism.
One possible approach to the elimination of these errors is to grow AIN on SiC and then study
the diffusion process. Higher temperature diffusions and better accuracy in measurement of
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the diffused region will enable the determination of the diffusion coefficients of the four
species.

F. Future Research Plans/Goals

1. Determination of temperature dependence of any new phase formation near the
interface of the SiC/AIN system. This would be determined by the use of
different times at the same temperature.

2. Determination of time dependence of diffusion coefficient for the four elements
moving as individual diffusion elements or moving as couples.

3. Determination of concentration versus distance profiles using EDS.

4. Use MBE grown AlN on SiC to eliminate contamination of the interface, and to

obtain a epitaxially smooth surfaces which also eliminated the limiting of surface
roughness on the diffusion process.
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VII. Solid Solutions of AIN and SiC Grown by Plasma-Assisted,
Gas-Source Molecular Beam Epitaxy
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o
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Department of Materials Science and Engineering
Box 7907
Raleigh, NC 27695-7907

November 1992

ABSTRACT

Solid solutions of aluminum nitride (AIN) and silicon carbide (SiC), the only intermediate
phases in their respective binary systems, have been grown at 1050°C on a(6H)-SiC (0001)
substrates cut 3-4° off-axis toward [1120] using plasma-assisted, gas-source molecular beam
cpit.axy. A film having the approximate composition of (AIN)Q,3(SiC)(.7, as determined by
Auger spectrometry, was selected for additional study and is the focus of this note. High
resolution transmission electron microscopy (HRTEM) revealed that the film was
monocrystalline with the wurtzite (2H) crystal structure.

* Present address: Naval Research Laboratory, Code 6861, 4555 Overlook Ave. SW,
Washington, D. C. 20375-5000.
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Silicon carbide is a wide bandgap material that exhibits polytypism, a one-dimensional
polymorphism arising from the various possible stacking sequences of, e. g., the silicon and
carbon layers along the directions of closest packing. The single cubic polytype, B-SiC,
crystallizes in the zincblende structure, has a room temperature bandgap of 2.3 eV, and is
commonly referred to as 3C-SiC. The three (3) refers to the number of Si and C bilayers
necessary to produce a unit cell and the C indicates its cubic symmetry. There are
approximately 250 other rhombohedral and hexagonal polytypes1 that are classed under the
heading of a-SiC. The most common of these latter polytypes is 6H-SiC with a room
temperature bandgap of = 3.0 eV.

Aluminum nitride normally occurs in the wurtzite (2H) structure; however, the cubic,
zincblende phase has been produced2’3. The 2H polytype possesses a direct bandgap4 and a
thermal conductivity> of 6.28 eV and 3.2 W/cm°K, respectively. As such, this material is of
particular interest for high power and optoelectronic devices, the latter of which would emit and
absorb ultraviolet radiation.

Solid solutions of AIN and SiC have been achieved by two primary routes: reactive
sintering of mixtures of powders of a variety of sources and thin film deposition from the
vapor phase. Matignon® first reported the synthesis of a (AIN)x(SiC)].x material in 1924
formed by heating Al203, SiO2, and coke in the presence of flowing N2 at an unspecified
temperature. Related hot pressing and annealing research coupled with X-ray diffraction and
optical and electron microscopy by Rafaniello et al.7»8 reportedly resulted in single phase, 2H
material at all compositions hot pressed at 2300°C but only within the ranges of 0-15 and
75-100 wt% AIN for samples prepared at 2100°C and below. This latter result indicated a
miscibility gap, the existence of which was subsequently confirmed by Zangvil and Ruh9-12,
Kuo and Virkarl3, and Czeka et al.14 using a variety of heat treatment schedules. The
tentative phase diagram proposed by Zangvil and Ruhl! shows a flat miscibilty gap at 1900°C
between = 8 and 95 wt% AIN. Above this temperature a 2H solid solution was reported from
= 20-100 wt% AIN. From 0-20 wt% AIN, solutions and two phase mixtures of 6H, 4H, and
2H were observed.

Thin film solid solutions have been produced in the Soviet Unionl3 via sublimation of a
sintered SiC/AIN compact at 2 2100°C and in the United States16 using low pressure (10-76
Torr) metalorganic chemical vapor deposition (MOCVD) and the sources of SiH4, C3Hg,
NH3, and AI(CH3)3 carried in H2. The former research also showed that at T 2 2100°C,
solid solutions having the 2H structure could be produced at compositions of AIN 2 20 wt%.
By contrast, Jenkins et al.16, have reported the MOCVD growth of solid solutions over the
entire pseudobinary phase diagram. The composition of these films, grown from
1200-1250*C, was strongly dependent on the system pressure, which varied from 10-76 Torr.
Electron channeling patterns on selected films indicated that the films were monocrystalline.
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Films having cubic symmetry were obtained on Si (100) substrates; hexagonal films were
deposited on a(6H)-SiC (0001) wafers.

In the present research, a specially designed and previously described17 plasma-assisted,
gas source molecular beam epitaxy system was employed to deposit (AIN)x(SiC)1-x thin film
solid solutions on a(6H)-SiC (0001) substrates obtained from Cree Research, Inc. and
oriented 3.5 + 0.5° off (0001) toward [1120]. The substrates were chemically cleaned before
growth in a 10% HF solution for 5 minutes, followed by a DI water rinse for 2 minutes, and
loaded immediately into the growth chamber. Sources of Si and C were disilane, Si2Hg, and
ethylene, CoHg, respectively. Aluminum (99.999% purity) was evaporated from a standard
MBE effusion cell. A compact electron cyclotron resonance (ECR) plasma source supplied by
ASTeX, Inc., was used to decompose N2 (99.9995% purity) diluted with ultra-high purity Ar
to obtain sufficient electron-atom collisions to sustain a plasma. The growth conditions for the
composition chosen for additional study are listed in Table I.

Table I. Growth Conditions for (AIN)(.3(SiC)(.7 Thin Films

Chamber Base Pressure 10-9 Torr.
Deposition Pressure 104 Torr.
Deposition Temperature 1050°C
Flow Rate (Si2Hg) 0.75 sccm
Flow Rate (C2Hy) 3.75 sccm
Ar:N2 Ratio 20:1

ECR Power 100 W
Aluminum Cell Temperature 1260°C
Deposition Time 2 hours

Reflection high-energy electron diffraction (RHEED) was used to determine the crystalline
quality of the surface of the resulting films. The chemical composition as a function of film
thickness was determined using a scanning Auger microprobe with Zalar rotation capabilityls.
High-resolution transmission electron microscopy (HRTEM) was employed to observe the
microstructure of the film as well as the film/substrate interfacial region.

Figure 1 shows an Auger depth profile of a selected solid solution film. Use of pure AIN
and SiC standards and appropriate Auger sensitivity factors for each element showed the
composition to be approximately (AIN)Q,3(SiC)(.7.
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Figure 1. Auger depth profile of a (AIN)x(SiC)1-x thin film (x = 0.3) showing relative
atomic concentration versus sputtering time for each of the components.

The RHEED pattern indicated that the film was monocrystalline. This was confirmed using
HRTEM. An image of the film and substrate used to obtain the Auger profiles is shown in
Figure 2. The ...ABABAB... stacking sequence in the solid solution region shows that it
possesses the wurtzite (2H) crystal structure. The fast Fourier transform pattern shown in the
inset is that of the [1 150] azimuth for this structure. The random distribution of contrast is due
to the elastic strain and slight buckling in the film. No second phase was observed within the
film.

The resulting (AIN)x(SiC)].x thin films are, to the authors' knowledge, the first MBE
grown alloys containing these components. The temperature of growth is also the lowest
reported for these materials. This method of bandgap engineering is particularly interesting
from the standpoint of the materials involved. AIN is a direct transition material, while SiC is
an indirect one. Solid solutions of the wurtzite crystal structure (2H) should have Eg from
3.33 eV 10 6.28 ¢V. Experimental optical characterization by Nurmagomedov et al.14 has
indicated that the bandgap is direct from 70-100 wt% AIN. The bandgap of cubic AIN has
been theoretically estimated to be = 5.11 ¢V at absolute zero and is believed to be indirect1.
Therefore, cubic solid solutions should have Eg from 2.28 eV to roughly 5.11 eV and would

probably be indirect at all compositions.
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Epitaxial (AIN)x(SiC)i.x alloys have been grown on a(6H)-SiC (0001) substrates by
plasma-assisted gas-source molecular beam epitaxy at 1050°C. The (AIN)Q.3(SiC)0.7
composition was selected for additional study. Analyses by RHEED and HRTEM showed this
film to be monocrystalline and to exhibit the wurtzite (2H) crystal structure. This is the first
known report of a single crystal (AIN)y(SiC)1-x alloy grown by MBE.
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Materials Sciences, United States Department of Energy, under contract DE-AC05-840R21400
with Martin Marietta Energy Systems, Inc., and through the SHaRE Program under contract
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Figure 2. High-resolution transmission electron micrograph of the 2H (AIN)x(SiC)1-x thin
film grown on an oi(6H)-SiC (0001) substrate and used to obtain the Auger depth
profile in Figure 1.
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