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I. Introduction

Heteroepitaxy is the growth of a crystal (or a film) on a foreign crystalline substrate that
determines its orientation. Such oriented growth requires that lattice planes in both materials
have similar structure. In general, an epitaxial relationship is probable whenever the orien-
tation of the substrate and overgrowth produces an interface with a highly coincident atomic
structure having low interfacial energy relative to a random arrangement.

During the past decade, non-equilibrium techniques have been developed for the growth
of epitaxial semiconductors, superconductors, insulators and metals which have led to new
classes of artificially-structured materials. In many cases, the films were deposited on
substrates having a different chemistry from that of the film and heteroepitaxy was achieved.
Moreover, layered structures with a periodicity of a few atomic layers have also been
produced by the sequential heteroepitaxial deposition of a film of one type on another.
Metastable structures can be generated which possess important properties not present in
equilibrium systems. A consideration of the materials under consideration for next generation
electronic and optoelectronic devices, e.g., the III-V nitrides show that only a few of them
can currently be grown in bulk, single crystal form having a cross-sectional area of >3cm2.
Thus, other commercially available substrates must be used. This introduces a new set of
challenges for the successful growth of device-quality films which are not present in
homoepitaxial growth and which must be surmounted if these materials are to be utilized in
device structures.

In addition to providing structures which do not exist in nature, applications of advanced
heteroepitaxial techniques permit the growth of extremely high-quality heterostructures
involving semiconductors, metals and insulators. These heterostructures offer the opportunity
to study relationships between the atomic structure and the electrical properties of both the
film itself and the interface between the two dissimilar materials. They also allow the study
of epitaxial growth between materials exhibiting very different types of bonding (ionic,
covalent, or metallic).

While the potential of heteroepitaxial deposition has been demonstrated, significant
advances in theoretical understanding, experimental growth and control of this growth, and
characterization are required to exploit the capabilities of this process route. It is particularly
important to understand and control the principal processes which control heteroepitaxy at
the atomic level. It is this type of research, as well as the chemistry of dry etching via laser
and plasma processing, which forms the basis of the research in this grant.

The materials of concern in this grant are classified as wide bandgap semiconductors and
include diamond, the III-V nitrides, SiC, GaP and AIP. The extremes in electronic and
thermal properties of diamond and SiC allow the types and numbers of current and
conceivable applications of these materials to be substantial. However, a principal driving




force for the interest in the III-V nitrides and GaP and AIP is their potential for solid-state
optoelectronic devices for light emission and detection from the visible through the far
ultraviolet range of the spectrum.

The principal objectives of this research program are the determination of (1) the
fundamental physical and chemical processes ongoing at the substrate surface and
substrate/film interface during the heteroepitaxial deposition of both monocrystalline films of
the materials noted above as well as metal contacts on these materials, (2) the mode of
nucleation and growth of the materials noted in (1) on selected substrates and on each other
in the fabrication of multilayer heterostructures, (3) the resulting properties of the individual
films and the layered structures and the effect of interfacial defects on these properties, (4)
the development and use of theoretical concepts relevant to the research in objectives (1-3) to
assist in the fabrication of improved films and structures and (5) the determination of process
chemistry which leads to the laser-assisted and plasma etching of these wide bandgap
compound semiconductors.

This is the second bi-annual report since the initiation of the project. The following
sections introduce each topic, detail the experimental approaches, report the latest results and
provide a discussion and conclusion for each subject. Each major section is self-contained
with its own figures, tables and references.




I1. Theoretical Studies of Wide Bandgap Materials

Study of Hydrogenated Diamond Surface Structures and Electron Affinity

A. Introduction
Diamond surfaces have received considerable attention in the last decade due to advances

in thin film growth by chemical vapor deposition methods and the potential device
applications [1]. Our recent research is concentrated on the structures and the properties of
hydrogenated diamond surfaces.

B. Computational Methodolgy and Discussion of Results

Structure and Energetics of Hydrogenated Diamond Surfaces (100), (110), (111). We
have studied the surfaces C(111):H, C(110):H, C(100)(1x1):2H, and C(100)(2x1):H using
the LDA-pseudopotential method. These surfaces were modeled by slabs separated by a few
angstroms of vacuum in the supercell scheme. Ground state geometry was obtained by using
the steepest descents or fast-relaxationion method.

The calculations for the C(111):H and C(110):H surfaces were done using eight- and
six-layer carbon slabs respectively and a 26 Rydberg plane-wave cutoff. Since all of the
surface dangling bonds are saturated, no strong reconstruction results on these surfaces, see
Figs. 1 and 2.

The (100) surface is a CVD epitaxial growth surface [3]. According to experimental
results, a 1x1 LEED pattern appears when C(100) surface is heated from 500 to 700 K and at
temperatures above 1300 K, a 2x1 LEED pattern is observed. It is believed that a 2x1
reconstructed monohydride or bare surface is responsible the 2x1 LEED pattern. While no
consensus has been reached on the observed 1x1 LEED pattern, the surface has been

Figure 1. (110) hydrogenated diamond surface.
3




Figure 2. (111) hydrogenated diamond surface.

suggested as a dihydride (Fig. 3) or a disordered phase consists of patches of (2n+1)x1
structures [5, 6]. Previous theoretical studies on these surfaces have used empirical or
semiemperical methods [7] and disagreement still exists. The purpose of our ab intio
calculations is to resolve these issues.

The monohydride surface was modeled by a six-layer slab with the same surface on both
sides, see Fig. 3. We started by minimizing the total energy from a surface geometry where
the dimer length is equal to the typical C=C double bond (1.38 A) length and C-H (1.09A)
bond and angles (54.74° from surface normal) were set equal to that of CH4. The relaxed
surface is a 2x1 reconstructed one. The C-H bond tilted only 20° from surface normal due to
the repulsion between H atoms on the neighboring dimers. This surface is very stable with a
large energy bandgap in the electronic structure. No surface states were found inside the
bandgap. This is consistent with other theoretical results [6, 7].

Figure 3. Monohydride (100) surface.




The calculations for the dihydride surface were done using slabs of both six layers and ten
layers thick with about 10A of vacuum spacing. The results of both calculations are
qualitatively the same. Strong steric repulsion exists between the hydrogen atoms. The angle
between the two C-H bonds of a surface C atom is 89°, in contrast to the starting ideal
tetrahedral angle (109.47°). Nevertheless the surface does relax to a minimum energy
structure (Fig. 4) in both the six and ten layer calculations. The stability of such a surface is
now being studied by using simulated annealing, an important feature of the Car-Parrinello
quantum molecular dynamics method.

Figure 4. Dihydride (100) surface.

Surface Electronic States and Electron Affinity. Electron states at the surface often play
important roles in the determining the properties of a material. Certain diamond surfaces
(hydrogenated (111) for example) may exhibit negative electron affinities, so that electrons at
the conduction band edge can be emitted into vacuum. This effect could potentially make
diamond useful in applications such as cold cathode emitters and detectors.

Information about electronic states are directly available from our ab intio calculations.
Figures 5 and 6 show the analysis of wavefunctions for the hydrogenated (111) surface. The
electron state corresponds to the bulk valence band maximum Ey is determined by its
wavefunction being mainly inside the slab. A surface state could be identified if the
wavefunction is concentrated on the surface region, see Fig. 6. For C(111):H we find that the
highest occupied state is still the valence band top Ev, in other words there is no occupied
surface state inside the bandgap. The C-H bonding surface state was found some 0.8 eV
below Ey, which is consistent with the experimental results [8]. Similar results have been
obtained for the (100) monohydride surface. For the dihydride surface, detailed electronic
structure analysis is still underway.
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Electron affinity is the distance from the conduction band minimum to the vacuum level.
In order to determine the position of the vacuum level relative to the electron states of the
system, we plot the plane-averaged, self-consistent potential versus the distance normal to the
surfaces, see Fig. 7. Note that in pseudopotential calculations, the zero point of the energy
eigenvalues is usually arbitrary. As one can see from Fig. 7, the effective potential has
flattened out in the vacuum region, indicating that we have enough vacuum spacing between
the slabs in the calculation. Since the LDA only gives good information about the occupied
states, such as Ey to the vacuum level (3.91 eV), we have used the experimental value of

5.47eV for the bandgap. The conduction band is 1.56eV above the vacuum level for the
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C(111):H surface, giving a negative electron affinity. A similar analysis shows the
C(100)(2x1):H also has a negative electron affinity of -0.62eV. This agrees well with the

photoemission studies on these surfaces by van der Weide and Nemanich [9].

Figure 7.

0.5 T Y T T A L T T L A T T T T — — )
S T U A ]
m -
S —3
£ 0-r T
= ]
© : i
= 1 . .l -
g -0.5 -+ : Electron affinity: T
° ' : -1.56 eV -
o 1
2 a4 1
I3 ] : i
= 1 i<€— (111) surface ]
w _1 .s 1 TU S R ) J S N B | | S | | S T TR VO 8 i 1 B

surface.

C. References

WRNRN AW -

New Diamond Science and Technology
R. Car and M. Parrinello, Phys. Rev. Lett. 55, 2471 (1985).

T. Tsuno, T. Imai, et al, Japanese Journal of Applied Physics 30(5), May, 1991.

A.V.Hamza, G. D. Kubiak, and R. H Stulen, Surf. Sci. 237, 35 (1990).
C. Cheng, and J. G. Yates, Phys. Rev. B 43, 4041 (1991).

Sang Yang, privite communications.

S. P. Mehandru and A. B. Anderson, Surface Sci. 248, 369 (1991).

J. van der Weide and R. J. Nemanich, private communications.

J. van der Weide and R. J. Nemanich, to appear in Appl. Phys. Lett.

Plot of the plane-averaged potential of the (111) hydrogenated diamond




Defects in GaN

A. Introduction and Computational Methodology

In our study of defects in GaN, we focus our attention on two defects. The first one is the
substitutional C. The importance of this impurity stems from the fact that carbon atoms are
always incorporated in nitrides during the process of growth because of the growth technique.
Our results show that the formation energies are about 3 eV, i.e. relatively small for both the
substitution on the cation and on the anion site. Therefore, the C impurity may be the
amphoteric, i.e., the dopant site may depend on the conditions of growth. In consequence, the
C atom belonging to Group IV of the Periodic Table may act as a donor in the Ga site, or as
an acceptor on the N site. We also note the possibility of the self-compensation. The second
defect studied was the N vacancy. According to the current viewpoint, this defect determines
the predominant n-type character observed in most of the GaN samples. (Note that the p-type
GaN has been obtained only very recently.)

In our calculations we address two questions relevant for the experiment, namely the
formation energies of point defects and their electronic structure. The calculations provide the
defect formation energies obtained as a function of the Fermi level position, i.e., as a function
of type of dopants (donors or acceptors) and of their concentration. Similarly to surface
problems, the computations were performed using the quantum molecular dynamics. We also
use the large unit cell method. In this approach, the impurities are repeated periodically in the
host crystal, and the considered unit cells contain 72 atoms. The energy cutoff for the plane
wave basis is 30 Ry.

The first stage of calculations consisted in finding the equilibrium lattice parameters for
the hexagonal GaN crystal. The obtained lattice constant is smaller than the experimental one
by about 2%. The internal distortion (i.e., the relative shift of cation and anion sublattices
driven by the hexagonal symmetry of the crystal) is about 1 per cent, in agreement with
experiment. The optical bandgap is 2.5 eV, which is smaller than the experimental value by
about 1 eV. These are typical errors associated with the usage of the local density
approximation. The wave functions of electrons and holes are displayed in Figs. 1a and 2a,
respectively. Both wave functions are built up mainly from the anion orbitals, which is a
feature characteristic for ionic compounds.

B. Substitutional C

Electronic Structure of Substitutional C. Cg, is a shallow donor, with the energy level
located at about 0.2 eV below the bottom of the conduction band. The shallow character of
this state is confirmed by the spatial extension of its wave function, see Fig. 1b. Further
analysis reveals that the substitutional Cg, also introduces a second impurity-related state,
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Figure 1.

namely a resonant state degenerate with the conduction band continuum. The energy of the
resonance is 0.9 eV relative to the bottom of the conduction band, and its wave function
shown in Fig. 1c. The fairly localized character of this state, clearly visible in Fig. lc, is
quantitatively confirmed by the Mulliken-type projection of the wave function onto atomic
orbitals. From our analysis it follows that the contribution of C orbitals to the resonant state is
4 times larger than that for the shallow state.

CN introduces a shallow acceptor level at about 0.2 eV above the valence band top. As in
the case of Cg,, the shallow character of this state follows not only from the energy value,
but also from the delocalized character of its wave function, which is shown in Fig. 2b.

Finally, we observe that both C:Ga and C:N, the energies of impurity levels are predicted
with a relatively poor accuracy, which is of the order of the binding energy itself. This is due
to the fact that the wave functions of shallow states are smeared out over the whole unit cell,
and thus the impurity-impurity interaction is relatively large. We estimate the corresponding
error to be of the order of 0.5 eV. However, we stress that the shallow character of these
states is a feature that will persist in more accurate calculations.
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Figure 2.

Formation Energies of Substitutional C—Neutral Impurities. The formation energy of a
substitutional C impurity in the neutral charge state is given by

EOform = E[GaN:Cx] ~ E[GaN] + u(X) - u(C), ¢y

where E is the total energy, U is the chemical potential, and X=Ga or N. Chemical potentials
depend on the source of atoms involved in the process and, therefore, on the actual
experimental situation. We have assumed that the chemical potentials are those of solid C and
Ga, and of the N2 molecule, and used the experimental values of the cohesive energies. The
corresponding values are EQform(CGa)=4.1 eV, and E0gorm(CN)=2.2 ¢ V.

Formation Energies of Substitutional C—Charged Impurities. Formation energy of
charged states depends linearly on the position of the Fermi level g,

Eform = EOform—le] AN, )

where EOomm, is given by Eq. 1 assuming the Fermi level at the valence band top, and AN is
the change of the number of electrons occupying the impurity states. In our case of shallow
donor and acceptor states, the dependence of Eform On the Fermi level is particularly simple,
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since we may neglect the electron-electron interaction energy to a very good approximation,

and obtain
Eform = E%form - (Hei-Eimp) AN, (3)

where Eimp is the energy of the impurity level. Equation 3 implies in particular that Eform of
the positively charged donor Cg, in p-type samples is reduced approximately by the value of
the bandgap, i.e., from 4.1 eV to about 0.5 eV (assuming the experimental value of the
bandgap). The same effect occurs for the negatively charged Cn acceptor in n-type samples,
reducing the formation energy from 2.2 eV to-1.2 eV.

We observe that the calculated formation energies for both substitutional sites are
relatively small. Therefore, the incorporation of C during growth is very likely. In fact, one
may expect that C will be incorporated on both sites during a given growth process, which
would result in a self-compensation.

Formation Energies of Substitutional C—Effects of Atomic Relaxation. In the calculations
all atoms around the impurity were allowed to relax. The inclusion of this effect is important
for obtaining correct results, especially for Cga. In this case, the atomic relaxation lowers the
energy by as much as 1.63 eV, due to a large difference of atomic radii between C and Ga
atoms. The relaxation preserves the hexagonal symmetry of the surrounding (“breathing”
mode), and consists in the reduction of C-N bond lengths by about 17%. The relaxation-
induced energy shifts of impurity state is about 0.8 eV. In the case of Cp, the relaxation
energy is 0.12 eV, and the corresponding energy shift of impurity states is 0.1 eV.

C. The Nitrogen Vacancy

Electronic Structure. N-vacancy is a shallow donor, the single occupied donor level is
located at 0.35 eV above the nominal position of the bottom of the conduction band. As we
have already indicated, our method predicts the positions of extended states rather poorly, the
estimated error being 0.5 eV. The shallow character of this state is again confirmed by both
the direct inspection of the wave function, presented in Fig. 3a, and by the Mulliken-type
analysis. From Fig. 3a it follows that this state is built up predominantly from s orbitals of N
distant neighbors, and is very similar to the bottom of the conduction band in pure GaN
displayed in Fig. 1a. The position of the vacancy is denoted by the diamond. One may notice
the lack of the corresponding s(N) orbital. Further, the contribution of dangling bonds of the
first shell of Ga atoms around the vacancy is negligible. In fact, the dangling bonds of the
first neighbors of vacancy form a triplet situated at about 0.7 ¢V above the bottom of the
conduction band. This triplet is split into singlet and doublet by the hexagonal crystal field,
the splitting energy being 0.42 eV. The wave function of the singlet is shown in Fig. 3b. This
state is dominated by the contribution due to the dangling bond of the lower Ga atom of the

11




first shell, and it contains also the p-like orbitals of N atoms from the second shell. The
obtained energy level scheme of VN agrees qualitatively with previous model calculations

(1].

Figure 3.

Formation energies. The calculated formation energy for VN is 5.8 eV for the neutral
vacancy. This value is relatively high, and reduces to 2.3 eV in p-type samples according to
Eq. 3. The energy of the atomic relaxation around the vacancy is 0.4 eV. In the equilibrium
configuration the first shell of Ga is moved outwards the vacancy. However, the displacement
of one Ga (the lower Ga in Fig. 3) is 0.2 A, and that of the remaining three Ga (one of which
is displayed in Fig. 3, the two others are out of plane) is 0.063 A. This large non-equivalence
corresponds well with the large hexagonal split of the vacancy-induced triplet, which was
discussed above.

D. Reference

1. D. W. Jenkins and J. D. Dow, Phys. Rev. B 39, 3317 (1989).
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1I1. Infrared Investigations of Diamond Thin Films

A. Introduction
Infrared (IR) spectroscopy is a useful way to probe the bonding structure of diamond thin

films. The positions of the various absorption features in the spectrum indicate the type of
bond (C-H, Si-C, Si-H, etc.) and the amplitudes of the absorptions are a rough measure of the
quantity of bonds. In addition, one can interpret the interference fringes found in IR reflection
and transmission spectra to determine the thickness of the film.

This report contains preliminary IR measurements of diamond films using two different
measurement techniques: attenuated total reflectance (ATR) and specular reflectance at an
angle of 30°. ATR spectroscopy should be the more sensitive of the two techniques but is
slightly more complicated and yields no information on film thickness. The specular reflec-
tance complements the ATR measurements because quantitative analysis of the spectrum is
possible to determine the optical constants and thickness of the film.

B. Experimental Procedure

Sample Preparation. Most of the work discussed below involves two samples of oriented
diamond deposited on silicon using biased enhanced nucleation [1, 2]. The deposition process
involves heating Si(100) wafer in microwave plasma of 2% CHy4 in H, to 720 °C and at
15 Torr. The substrate is then biased negative for 45-75 minutes before depositing diamond
under standard growth conditions of 1% CHy in Hj, 15 Torr, substrate temperature = 720 °C,
microwave power = 900 W, and 30 minutes. Under these deposition conditions, diamond
films grow at a rate of about 0.1 pm/hr. We have made preliminary measurements on two
samples: 1) Sample SW8]1 is biased at —225 volts for 74 minutes before diamond growth and
2) Sample SW80 is biased at —260 volts for 47 minutes before growth.

A third diamond sample is a randomly-oriented film on silicon grown by combustion
chemical vapor deposition (CVD). The flame deposition system consists of an atmospheric
torch burning CoH, with O in a stainless steel chamber. To prevent any secondary air from
the atmosphere entering the flame, the chamber is backfilled with Ar prior to deposition.
Sample #930426A is grown on scratched Si(100) using a two-step process [3-6]. The first
step is a pretreatment in a fuel-rich flame of R = Op/C3H, = 0.89 for 5 minutes at a
temperature of < 550 °C; the substrate is located approximately 20 mm from the inner cone.
Following the pretreatment, we deposit for 15 minutes at a substrate temperature of
750-800 °C, distance of 1-2 mm, and R = 0.95. Optical microscopy of the film shows a
well-faceted, densely nucleated film. No other analysis has been completed at this time.

In addition to the above samples, we have also made IR measurements on a bare silicon
wafer. The silicon is single crystal with only a single side polished. The IR transmittance
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through the wafer is zero, so reflectance measurements correspond to a single-surface
reflectance not a double-surface reflectance.

Infrared Apparatus and Analvsis Techniques. The infrared spectrometer for these
measurements is a Fourier transform infrared (FTIR) instrument made by Analect (Model
FX6260). The FX6260 scans the region between 4398-500 cm-1 (2.27-20 um) at roughly
4 cm! resolution (the resolution varies slightly across the spectrum).

Two kinds of IR measurements have been made: specular reflectance and attenuated total
reflectance (ATR). We use a 30° specular reflectance accessory from Pike Technologies for
measurements of diamond on dielectrics like silicon. Since we use a mask on the sample
surface to restrict the beam size, we must calculate the true sample reflectance (pg) from the

apparent reflectance using the equation

R Rpmask

_Ps _
= T—Rmask (M

Pmirror

where Pnirror = true reflectance of the reference mirror (~ 1), Ry = measured single beam
reflectance of a sample divided by the measured single beam reflectance of the reference
mirror, and R, = reflectance of the mask alone (referenced to the mirror).

The ATR measurements use total internal reflection to probe the surface of a sample
pressed onto a high index of refraction material [7]. As long as the sample has an index less
than the internal reflection element, the internally reflected light has an evanescent wave
which extends into the sample about 1 wavelength. If the sample is absorbing at some
wavelengths, the evanescent wave will be attenuated at those wavelengths, and a spectrum
results. We use Ge as the internal reflection element because its refractive index is large
enough (n = 4) that the evanescent wave will probe both silicon (n = 3.4) as well as diamond
(n = 2.41). The crystal is a 60° parallelogram with the dimensions 25 mm long x 10 wide x
3 mm high. This geometry results in roughly 4-5 reflections total on both sides of Ge crystal.
In the measurements discussed below, we press a sample onto only one side of the Ge crystal,
so only two internal reflections probe the sample. The ATR spectra are referenced to the
spectrum of the bare Ge crystal. The ATR spectra do not extend below 600 cm-! because the
Ge crystal absorbs too strongly below 600 cm-1.

C. Results

Measurements using Attenuated Total Reflectance. Thus far, preliminary measurements
with the ATR technique have been inconclusive. Figure 1 shows the ATR spectrum of the
sample pressed onto the Ge crystal compared to the ATR spectrum calculated from two Ge
reference spectra. Both spectra appear as absorbance spectra (-log[sample/reference]). The
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top spectrum shows that small misalignments in placing the Ge crystal produce features that
dominate the spectra. The lower spectrum of the diamond on Si(100) shows the same Ge
features, and there are no obvious carbon, silicon, or SiC features. Subtracting the two spectra
also fails to reveal any features other than the Ge crystal features. Future work will try to

overcome this problem.
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Figure 1. Attenuated total reflectance measurements of the Ge internal reflection crystal

and a diamond film on silicon pressed onto the Ge internal reflection crystal.

Measurements using Specular Reflectance. Preliminary measurements using specular
reflectance have been much more successful. Figure 2 compares the specular reflectance of a
diamond film on Si(100) to the reflectance of a bare silicon wafer; both spectra are corrected
for the mask spectrum using Eq. 1. Each spectrum contains sharp features in the regions
3900-3500 cm~! and 1900-1350 cm~! due to atmospheric water and another set in the region
2400-2300 cm-! due to armospheric CO,. The diamond film spectrum (Figure 2a) is
qualitatively similar to the silicon spectrum (Figure 2b) except for the sloping baseline
between 4000-1000 cm! due to the interference fringe of the film. In this form, these spectra
are not very useful because they still contain features due to the FTIR’s instrument response
function (e.g. the oscillations between 2400 and 1500 cm-1 and the broad feature near
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Figure 2. Mask corrected specular reflectance spectra. (a) Measured reflectance of a
diamond film on Si(100); (b) Measured reflectance of a bare silicon wafer
compared to the predicted reflectance for silicon.

1200 cm-1). Under most circumstances, the process of taking the ratio of the single beam
spectrum of the sample relative to the single beam spectrum of the reference mirror should
have completely removed the instrument response function (IRF) from the reflectance
spectrum. One case in which this process does not work is when the response of the IR
detector (volts per watt of IR) is not the same for the sample spectrum and the reference
spectrum. In the present case, the response of HgCdTe detector is slightly lower at the high
intensity reflected from the reference mirror than the response at the low intensity reflected
from the film or silicon. Consequently, the measured reflectance is slightly too high and some
of the features of the instrument response function still remain in the reflectance spectrum. As
a result, the reflectance of the silicon is higher than expected (pg; = 0.305) and has

unexpected features in it (Figure 2b).
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We can compensate for this difficulty by referencing the film reflectance to the
reflectance of the silicon. Since the film reflectance and the silicon reflectance are similar in
magnitude, the IR intensity striking the detector in each measurement is nearly the same.
Thus the detector response is nearly equivalent in each measurement, and the spurious
features of the IRF are removed. Figure 3 shows the reflectance of the film in Figure 2a
relative to silicon (Figure 2b). Note that the spectrum has the curving baseline due to the
interference fringe of the film thickness and the expected feature near 800 cm-1 due to the
silicon carbide peak. None of the features from the mirror reference appear. The spectrum
also has no features due to the silicon reference since the reflectance of silicon is nearly
constant across the mid IR (see the simulated spectrum in Figure 2b). All the analyses
discussed below will use the silicon “mirror” as the reference.
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Figure 3. Specular reflectance of a diamond film referenced to the reflectance of a bare
silicon wafer.

We have made several measurements of the two diamond films Samples SW81 and
SW80. Figure 4 contains the relative reflectance of the center of Sample SW18 while
Figure 5 shows the relative reflectance of the thicker edge of Sample SW81; Figure 6
displays the relative reflectance of the edge of Sample SW80. We have quantitatively
analyzed these spectra to determine the thickness and optical constants of the films
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Figure 4. Specular reflectance of the center of Sample SW81 referenced to a silicon
wafer. Also shown is a model fit using the thickness shown and the optical
constants appearing in Figure 7.
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Figure §. Specular reflectance of the edge of Sample SW81 referenced to a silicon
wafer. Also shown is a model fit using the thickness shown and the optical
constants appearing in Figure 7.
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Figure 6. Specular reflectance of the edge of Sample SW80 referenced to a silicon
wafer. Also shown is a model fit using the thickness shown and the optical
constants appearing in Figure 7.

employing the following method. First, we assume there is only a single film on the silicon
substrate. Using the optical constants of silicon and assuming the film has the same index of
refraction as diamond (2.41), we simulate the reflectance of a single film on silicon with a
trial value of the film thickness [8]. We then vary the film thickness manually until the
predicted spectrum fits the interference fringe observed between 4000-1500 cm-1. We then
calculate the complex dielectric function of the film for the entire spectrum by modeling the
dielectric function as a sum of harmonic oscillators [9]. Using a set of 67 oscillators 30 cm-!
wide and spaced evenly between 1500 cm~1 and 500 cm1, we use trial values for the
strengths of the oscillators and then sum the oscillators to calculate the complex dielectric
function; this step also uses the assumed index of refraction. From the trial dielectric function
and film thickness, we simulate the reflectance of the film and then compare it to the
measured reflectance. We continue to vary the oscillator strengths until we achieve a good fit
to the reflectance data. The resulting fits appear in Figures 4-6 and their corresponding
optical constants appear in Figure 7.
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Figure 7. Imaginary (absorption) part of the complex dielectric function corresponding
to the diamond films shown in Figures 4-6.

Figure 8 contains the spectrum of the diamond film deposited by a combustion flame.
Please note that this spectrum has not been referenced to a silicon “mirror” so the
interpretation is limited to film thickness only. Because the surface of this film is quite rough,
scattering attenuates the observed fringes at high wavenumbers (Figure 8a). Nonetheless, we
can estimate the film thickness by matching the maxima and minima with a simulated film on
silicon. As shown in Figure 8b, a simulation using a thickness of 2.5 um matches the maxima
and minima below 2000 cm-1.

D. Discussion

This discussion will concentrate exclusively on the interpretation of the spectra of the
oriented diamond films (Figures 4-7). In the case of the two thinnest films (Figure 4 and 6),
the fits to the interference fringe are quite good across the entire region between 4000-
1500 cm~1. For these spectra, the confidence limit on the fitted thicknesses is + 0.001 pum.
The fit for the thicker film in Figure 5 is not as good, however, because scattering at the
higher wavenumbers gives the measured fringe more curvature than expected. Using a
slightly greater thickness than 0.12 um does not compensate for this effect (the simulated
fringe will cross the measured fringe). For this reason, we have chosen the thickness 0.12 um
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Figure 8. Specular reflectance of a diamond film deposited by a combustion flame onto
Si(100). (a) Sample #930426A; (b) Simulated diamond film on silicon with a
thickness of 2.5 um.

because it produces a good fit in the region below 2000 cm~1 where scattering should not be
a factor. The confidence limit in this fit, however, is + 0.01 um. All of these thicknesses are
consistent with the deposition rate of ~ 0.1 pm/hr observed in the microwave CVD system.
The optical constants of the three films show interesting features (Figure 7). This figure
contains only the imaginary part of the dielectric function because it contains all the
absorption information of the film. In all the films, the dominant feature is the peak near
800 cm~! corresponding to the Si-C stretch. This peak is fairly broad which is typical of
amorphous SiC or amorphous hydrogenated silicon carbide (a-Si:C:H) [10). The width of
B-SiC films on silicon typically have widths between 10-30 cm~! [11]. Rubel ez al. [12] note
that for a-Si:C:H films, the SiC stretching mode is close to 730 cm~! for silicon rich films but
shifts to 800 cm~1 as the film becomes carbon rich. Such an observation would explain the
appearance of the feature near 715 cm-! as a silicon rich carbide peak near the substrate and
2]




the 800 cm~! peak as the carbon rich silicon carbide near the film (see Sample SW81(center),
for example). The size of the peak also depends on the deposition conditions and the film
thickness.

The shoulders at 920 and 860 cm-1 could be due to Si-CH, wagging, but the peak
positions are significantly lower than the 1000 cm-1 other researchers have seen [10, 12].
Another possible assignment is the 920 cm~! band is due to SiH, bending and the 860 cm~!
band is due to SiHy bending although this interpretation requires the peaks to be slightly
higher (20-30 cm~1) than reported for amorphous hydrogenated silicon (a-Si:H) films [13].
The bands at 660 cm-! and 610 cm~! are also consistent with SiH, groups wagging. Again
the band positions are slightly higher than observed for a-Si:H [13] but are in the range of
a-Si:C:H [12]. Interestingly, none of the films show any sign of CH, stretches at 2800—
3000 cm-! {10, 12] nor SiH, stretches at 2000-2100 cm~! {10, 12, 13]. All of these peaks are
fairly narrow compared to their amorphous counterparts which would be consistent with a
more ordered or crystalline film structure. More investigations will clarify the IR
assignments.

E. Conclusions

We have performed preliminary infrared measurements of several diamond films using
attenuated total reflectance (ATR) and specular reflectance. To date, the ATR measurements
have been inconclusive because of alignment difficulties, but several routes to improve the
sensitivity of the method have been identified. These options include more careful alignment,
sandwiching the Ge crystal between two samples to minimize the effect of alignment errors,
and using thinner crystals to increase the number of bounces through the sample.

IR specular reflectance of oriented diamond films shows that a silicon carbide layer exists
at the interface of the film and the substrate as expected. In addition, the IR spectra contain
features consistent with the bending and wagging modes of SiH, groups. There is no IR
evidence of CH, in the spectra. Measurements of the thickness of these films and the

combustion CVD films is also possible.

F. Future Work

Future work will focus on improvements to the ATR measurement methods and using the
specular reflectance to study systematically the evolution of the diamond-silicon interface
during biasing. We will also begin preliminary IR measurements of the growth of diamond
on nickel substrates. These measurements will use specular reflectance at an angle of
incidence of 80° to enhance absorptions of the film in the spectrum.
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IV. Characterization of 6H-SiC Surface by RHEED and HRTEM

A. Introduction

In recent years several attempts have been made to understand the structure and
chemistry of SiC surfaces with spectroscopic techniques. Auger electron spectroscopy (AES)
and x-ray and ultraviolet photoemission spectroscopy (XPS and UPS) have been utilized
[1,2] for the determination of surface composition, contamination and chemical bonding. For
structural studies, low energy electron diffraction (LEED) [1,3], medium energy ion scat-
tering (MEIS) [4], and reflection high energy electron diffraction (RHEED) [5] are commonly
used. RHEED is now recognized to be one of the most powerful methods not only for surface
structural studies but for the study of growth mechanisms in many systems using RHEED
oscillation during growth [6-8]. In addition, recent progress in high resolution transmission
electron microscopy (HRTEM) allows the direct observation of surface structures {9].

In this study, RHEED and HRTEM were used to investicate the SiC surface and the
effects of the cleaning procedure and heat treatments on “he surface structure such as step and
terrace features. The future research will be included to establish the growth mechanisms of
SiC polytypes (2H, 3C, 6H, etc.), AIN and AIN-SiC solid solutions through RHEED
oscillation, HRTEM and spectroscopic techniques.

B. Experimental Procedure

The substrates used in this research were vicinal 6H-SiC (0001) oriented 3—4° towards
<1120> (Si face) produced by Cree Research, Inc. As-received SiC substrates typically had
an epitaxial SiC layer which was protected by an oxide layer. The following four samples
were examined to understand the effects of the cleaning procedure and the heat treatments on
the surface structure. Note that both procedures are usually required before growth to remove
the surface oxide and contamination.

i) as-received substrate (with epitaxial and oxide layers on the top)
il) chemically-cleaned substrate, using a 10% HF solution at room temperature for 10 min.
iii) heat-treated substrate (after chemical cleaning) at 1050 °C for 30 min. in the UHV
chamber (Ultra High Vacuum: base pressure 10-10 torr).
iv) heat-treated substrate (after chemical cleaning) at 1200 °C for 30 min. in the UHV
chamber.

RHEED and HRTEM were then used to investigate the surface structures of each
sample. Samples were prepared for cross sectional TEM using standard techniques [10). A
Topcon EM-OO2B high resolution transmission electron microscope are used at 200kV to
analyze the surface structures. The zone axes, <2110> and <1100>, used in the TEM
observation in conjunction with surface geometry of the substrate were schematically
illustrated in Fig. 1.
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Figure 1. SiC surface features.

C. Results

i) As-received substrate (with epitaxial and oxide layers on the top). Figure 2 shows the
cross sectional HRTEM image at the surface. Since the zone axis used here was <1100>,
which was perpendicular to vicinal orientation <1120>, the steps and the terraces of the
surface can be directly observed. It is clearly seen that each step (indicated by arrows)
represents bi-atomic heights and is distributed periodically, on the average every 40A. Figure
3 illustrates the schematic feature of a step.

-e——

Figure 2. HRTEM image of the surface (as received substrate). Z=<1100>




Figure 3. Schematic figure of a step (bi-atomic heights). Z=<1100>

it) Chemically-cleaned substrate, using a 10% HF solution at room temperature for 10
minutes. The effect of the HF dip on the surface structure was investigated using HRTEM.
After cleaning by the HF solution, the sample was examined in a similar manner as described
in the previous paragraph. In Fig. 4, it is clearly seen that each step shows bi-atomic heights
and the distance between the steps (terrace width) is ~40A. This implies that no significant
structural change occurred after the HF dip, compared with the results of {) discussed above.
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Figure 4. HRTEM image of the surface after HF treatment. Z=<1100>.
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iti), iv) Heat-treated substrate (after chemical cleaning) in the UHV chamber. The effect
of heat treatments in the UHV environment on the surface structure was investigated using
RHEED and HRTEM. The samples were heated at 1050°C and 1200°C for 30 min. in the
UHYV chamber after they had been chemically cleaned. During the heat treatment RHEED
analysis was performed to monitor the dynamic structural change of the surface.

At 1050°C, the RHEED npattern taken from Z=<2110> appeared to be unchanged. The
sample was subsequently prepared for HRTEM and the surface structure was observed.
Figure 5 shows a HRTEM image of the surface (Z=<2110>). It might be seen that the step
height and the terrace width varied during the heat treatment as indicated by the arrows and
the numbers which correspond to the number of bi-atomic layers.

Similar results were obtained at 1200°C. Although the RHEED analysis showed no
significant change in the patter, the features of steps and terraces were obviously changed at
this temperature, as seen in Fig. 6, indicating step bunching. Two to four bi-atomic steps
(indicated by arrows) and wider terraces (~60~70A) can be observed. However, it should be
noted that the observing area was rather small. Thus, further investigations by RHEED and
REM (Reflection Electron Microscope) would be desired.

Figure 5. HRTEM image of the surface after heat treatment at 1050°C.
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Figure 6. HRTEM image of the surface after heat treatment at 1200°C.

D. Discussion

Understanding the surface structure and chemistry is of importance not only for the SiC
substrates but subsequent film growth of SiC. Preliminary experiments implied that the
surface structure of substrates may affect crystal structure of films. The different polytypes of
SiC films such as 2H- and 3C-SiC have been obtained under the same growth conditions with
only the heat treatment temperatures before growth differing. It can be inferred that the
surface of the SiC substrate may structurally or chemically change in a certain temperature
range. The results reported reveal this to be possible. Structural transition (step bunching)
seen in the SiC surface which was heat treated at elevated temperatures may have occurred
due to minimization of surface free energy. Thus it should be expected that the growth of
different polytypes of SiC can be controlled by utilizing surface structural transition.

E. Conclusions

The surface structure of 6H-SiC substrates has been studied using RHEED and HRTEM.
The effects on the surface structure due to the two major substrate cleaning procedures were
investigated. The chemical cleaning procedure of 10% HF dipping was found not to
introduce significant change in steps and terraces of the surface. On the other hand, the
HRTEM results from the heat treatment experiments in the UHV environment at 1050°C and
1200°C might indicate some change in the surface structure (step bunching).
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F. Future Research Plans
On the basis of present results, the growth of SiC films will be conducted on different

surface structures. SiC films are expected to grow as different crystallographic structures,
polytypes, because of the difference in surface free energy of the substrate which usually

plays the role of a template of subsequent film.
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V. Integrated Surface Science System for Studies of the ALE of SiC

A. Introduction
In this report period, a concentrated effort has been made at completing assembly and

construction of both an AES/XPS UHV analytical system and an associated ALE growth
system. Much effort has also been spent in integrating these two systems into a much larger
surface science system here at NCSU which has such capabilities as AES, AR-UPS, LEED,
MBE, in-situ Raman, and Hydrogen Plasma Cleaning. Integration of all these separate
systems will allow a very thorough study and characterization of both the initial nucleation of
SiC (i.e. first few reaction cycles) and the overall ALE growth process of SiC.

B. Results

AES/XPS system. Completion of the construction and assembly of the AES/XPS UHV
analytical system has been completed. The UHV system is capable of pressures in the 10-10
torr regime with the aid of both a 220 /s ion pump and a Titanium sublimation pump. The
AES/XPS system is composed of a VG LEG 62 electron gun, a VG XR3E2 x-ray source, and
a VG CLAM-II hemispherical electron energy analyzer. Preliminary testing of the system has
been performed on Au, Cu, and SiC samples with reasonably satisfactory spectrums being
obtained in all cases indicating that the system is in good operational order. In order to
perform both angle resolved AES and XPS, a manipulator with 5 degrees of freedom has
been constructed. Two of the degrees of freedom (i.e. the necessary theta and phi rotations)
were designed to be controlled by stepper motors. Control of these stepper motors has been
achieved through the use of a special card purchased from Keithley-Metrabyte Asyst and has
also been tested.

ALE Growth Studies System. Completion of the growth system for the ALE of SiC has
also just recently been completed. This system is actually a combined growth and analysis
system with capabilities of performing adsorption kinetic studies, temperature programmed
desorption (TPD), sub-monolayer gas dosing, and thick film growth (>20 nm). The growth
studies system contains a Hiden Analytical Quadrapole Mass Spectrometer (HAL 201) and
associated Hiden TPD hardware and software which allows the QMS to be used in remote
operation by a computer for both TPD and gas adsorption studies. The QMS is currently
operational and the integration of the TPD hardware and software with the sample heating
system is currently in the debugging stage. Two gas dosers have also just recently been
installed on this system with each doser being dedicated to a separate gas. The dosers are of
the same design as the molecular beam dosers used by Dr. Yates at the University of
Pittsburgh. [1] After much consideration, the gases which have been selected for use in these
studies are Si2Clg and C2H>. Selection of these gases was based primarily on the excellent
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results of both Dr. Gates (IBM Watson) [2] with regards to SipClg and Dr. Yates (U.
Pittsburgh) [3] with regards to CoHj. The Si2Clg has just recently been purchased and
received from Cambridge Isotopes. The CoH2 will obtained from the purification system
currently in place on the separate SiC ALE reactor here at NCSU. The molecular beam
dosers that are a part of this growth studies system will be used for both sub monolayer
experiments and thick film growth. Sub monolayer exposures will be achieved via these
dosers by restricting gas flow to occur through a laser drilled micron-sized orifice in a blank
VCR gasket as with Dr. Yates’ dosers. In order to achieve thicker film growth within a
reasonable period time, the VCR gaskets with the micron sized orifices will be replaced with
VCR gaskets which have a much larger orifice drilled in them (i.e. 0.1-5 mm). These gaskets
are easily interchanged without having to bring the entire system up to atmospheric pressure
as Nupro valves have been placed on both system side of the gasket and the gas line side of
the gasket. The vacuum in this system should also not be jeopardized due to the resulting
higher gas loads from the larger gaskets as the system has been equipped with a 500 I/s
Varian ion pump, 400 I/s Leybold turbo pump, and a titanium sublimation pump. Currently
this system has reached the high 10~ torr regime with no bake out and is expected that 10-10
torr will be easily reached after bake out.

NCSU Surface Science System. The two previously mentioned UHV systems have been
integrated with one another by connecting them to the larger NCSU Surface Science System.
The NCSU Integrated Surface Science System brings together a variety of independent
surface science systems (with support from both different ONR and other on-going
programs) and is under the direction of Dr. R. J. Nemanich. Previously, the NCSU ISSS
consisted of separate systems with the following capabilities: AR-UPS, AES/LEED, MBE,
in-situ Raman, and Hydrogen Plasma Cleaning. The crux of this system is the long UHV
transfer line (approximately 30 ft.) to which a variety of separate UHV systems are connected
via ports perpendicular to the longitudinal axis of the transfer line (Fig. 1). This setup allows
each UHV system to easily access all the other UHV systems with transfer times normally
less than five minutes. As the pressure in the transfer line is currently nominally in the 10-9
region, this setup allows a variety of different of experiments to be done in-vacuo eliminating
contamination of samples by ambient conditions.

C. Discussion

The aim of the future research will be to utilize the newly completed AES/XPS and ALE
growth systems to study the initial steps of a SiC ALE process (i.e. first few monolayers of
growth). Advantage will also be taken of the analytical and cleaning techniques available as a
result of being a part of the larger NCSU Surface Science System (i.e. UPS, LEED, and
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Figure 1. NCSU integrated surface science system.

Plasma Cleaning). All of these available analytical techniques will be used to study each step
(and fraction of steps) of the ALE of SiC and the information gained from each technique
will be combined with those from others to paint a sort of mosaic picture of the ALE of SiC.
Before any experiments are done which are directly pertinent to the ALE of SiC some
initial experiments will be done to try and find the best ex-situ and in-situ methods of
cleaning Si and SiC which are compatible with our setup. In order to characterize the
cleanliness of the wafer’s surface, both the AES/XPS and AES/LEED systems will be used
and possibly the UPS. These three systems should characterize our cleaning process by
identifying surface contaminants (AES/XPS/UPS), assessing surface order (LEED), and
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determining the chemical nature of the surface carbon (XPS). TPD may also be used to
determine the nature of any adsorbed contaminants as well as to see if the cleaning process
has left a hvdrogen terminated surface or residual hydrogen in the bulk of the crystal. These
studies will be important for two reasons. First, in order to study in detail the underlying
processes of ALE of SiC, one must have a well defined starting point with which one can
consistently return and make reference to. Obviously, a clean Si or Si terminated SiC surface
is the best reference point for these studies. Secondly, the above experiments will serve as a
means of fine-tuning and calibrating the newer analytical techniques (i.e. AES, XPS and
TPD).

Once suitable methods are obtained for cleaning Si and SiC which are reproducible and
well characterized by the available analytical techniques, the focus of the research will
quickly turn toward looking at the adsorption of Si2Clg on both Si and Si terminated SiC
(001). The first experiments performed will be kinetic uptake measurements similar to those
of Yates [3]. Ideally, these experiments would be followed by LEED, AES, XPS, UPS, and
finally TPD. The logistics of the ISSS transfer system may suggest a different sequencing of
these experiments, however, the ultimate combination of all these techniques will provide
such information on:

 The temperature range over which chemically self terminating monolayers of Si2Clg

can be adsorbed to Si and SiC.

* How the Si2Clg adsorbs (i.e. molecularly or dissociatively)

« The sites at which SioClg might adsorb

* The amount of Chlorine that remains on the surface.

In short, these sets of experiments should provide vital information on the first step of an SiC
ALE process where SizClg is the process gas.

On completion of the Si2Clg adsorption studies, more ALE type studies will be performed
in which C2H2 will be brought in to interact with adsorbed monolayers of SioClg. These
studies will be performed in exactly the same fashion as those for SioClg except instead of
starting with a clean Si or Si terminated SiC surface a surface pre-exposed to Si;Clg will be
used.

D. Conclusions

Both and AES/XPS and ALE growth system have been established for the studies of the
ALE of SiC. These two systems have been fully integrated with the NCSU Integrated Surface
Science System allowing for a wide variety of analytical techniques to be employed on a
single problem. This capability will enable a much better picture of the epitaxial growth of
SiC (by ALE, MBE, etc.) to be painted, thus allowing the improvement of SiC epitaxial
processes.
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E. Future Research Plans and Goals
1. Characterize the in-situ and ex-situ cleaning process for SiC wafers.
2. Perform adsorption, TPD, AES-XPS. UPS, and LEED studies on the initial
adsorption of SiaClg on both Si and SiC (001).
3. Study the interaction of CoH> with adsorbed Si2Clg monolayers.
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V1. Determination of the Diffusivity of Si, C, Al and N at the Interface of
the SiC-AIN Diffusion Couple

A. Introduction

Silicon carbide has long been of interest because of its superior structural, thermal and
electrical properties. High temperature and/or erosion- and corrosion-resistant wear parts, as
well as optoelectronic and microelectronic semiconductor devices are representative
applications. Control of the physical and chemical properties of SiC via microstructural
changes achieved by using different processing routes has been extensively studied for many
years. The microstructural variables most frequently changed include the amount and the
morphology of the various polytypes in the processed material, intentionally introduced
second and additional phases and additions of sintering aids which may or may not form a
grain boundary phase. The processing temperature, impurity content, and sintering (or
annealing) atmosphere affect the resultant microstructure. However, the primary material
remains SiC. Another approach to property engineering involves the alloying of SiC with
other ceramic compounds to alter, e. g., the band gap. This approach has also been of interest
for several years.

One compound which has been reportedly alloyed with a(6H)-SiC (ag = 3.08A) is AIN
(ap=3.1 1A) due to the similarities in the atomic and covalent radii and the crystal structures.
Diverse processing routes have been employed to achieve partial or complete solid solutions
from these two compounds including reactive sintering or hot pressing of powder mixtures
and thin film deposition from the vapor phase [2-5,8,16-20,22,23]. There exists, however, a
difference in opinion among investigators regarding the occurrence and the extent of solid
solutions in the SiC-AIN system at temperatures < 2100°C.

Schneider {1] concluded that the formation of (AIN)x(SiC);_x solid solutions of were not
favorable within the temperature range of his study of the AIN-Al4C3-SiC-Si3Ny4 system. He
found two phase mixtures rather than (AIN)x(SiC);—x solid solutions when equal molar ratios
of either SiC and AIN or Si3N4 and Al4C3 were hot pressed at 1760°C-1860°C for 45 and 30
minutes, respectively. Subsequently, Zangvil and Ruh [4] prepared sintered samples of
varying compositions by cold pressing powdered mixtures of SiC and 10-50 wt % AIN and
subsequently hot-pressing them in vacuum. Microstructures of the samples hot-pressed within
the range 1850-1950°C revealed partially sintered AIN grains and B-SiC grains of unusually
large size. Ruh {2,19,26] using dry mixtures of SiC and AIN powders, hot-pressed in vacuum
under the conditions of 35MPa and 1700-2300°C obtained no SiC-AlN solid solution for
temperatures < 2100°C and concentrations of =35 to 100 mol % AIN. In contrast, Rafaniello
[8] reported solid solutions as indicated by X-ray diffraction in samples only hot-pressed at
1950°C-2300°C and 70 MPa for =3 h in Ar. However, he subsequently showed [3] using a
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more careful analysis of his X-ray diffraction data that the broadening of the SiC-AIN peak
was caused by the existence of a two-phase region and not the 2H solid solution previously
reported [8]. The initial confusion was caused by the closeness (=1%) in the lattice parameters
of SiC and AIN. This was supported by optical microscopy of multiphase assemblages in the
sintered samples for temperatures as high as 2300°C. Rafaniello [3] also revealed strong
evidence of a miscibility gap by the precipitation of SiC-rich phase from 75 wt % AIN solid
solution and precipitation of an AIN-rich phase from a 47 wt % AIN alloy, when hot-pressed
samples were annealed at 1700°C for 90h. Modulated structures were found by Kuo [5] for
samples with equimolar compositions below = 1900°C and in samples containing 25 mol %
SiC - 5 mol % AIN annealed at 1700°C for 170 h. Likewise, Chen [22] hot-pressed a mixture
of B-SiC and AIN powders in nitrogen at =2300°C for 20 min to 3.5 h. Samples were then
annealed in nitrogen (1 atm) over a range of temperatures between 1600°C-2000°C for up to
1145 h. Modulated structure development in samples of equimolar composition annealed at
2000°C and below indicated that 2000°C is below the coherent spinodal which would give
further evidence of a miscibility gap as reported by Rafaniello [3], Kuo [5] and Sugahara [6].
Common to all the investigations described above was the use of AIN and $-SiC powders
supplied by Herman Starck and the high concentrations of impurities contained in these
materials. The concentration of oxygen and boron in starting powders [2-5,8,18-20,22,23] is
significant. Xu and Zangvil [18] found small Al203 inclusions embedded in 2H grains of
SiC-AIN samples uniaxially prepressed at room temperature to 35 MPa and subsequently hot-
pressed at 2150°C at a pressure of 40 MPa in a flowing nitrogen atmosphere (1 atm.). The
oxygen needed for the formation of the Al2O3 inclusions was beyond the 2% content reported
in the analysis of the as-received AIN and, therefore, was probably introduced during
processing. This is of considerable importance since Tajima [9] found that in the temperature
range of 1800°C-2000°C the solid solubility of aluminum in SiC may be influenced by
impurities and by the heating atmosphere; since, the defect structure of SiC would be affected
by these factors. He also found conclusive evidence that aluminum atoms substitute for silicon
in SiC. Furthermore, Zangyvil (4] suggested that aluminum and ni‘rogen move as well as silicon
and carbon as diffusion couples to ensure a local charge balance during mass transport. This
process would be strongly impurity dependent and therefore control the solid solution
formation. Oden [20] attempted to deal with the issue of impurities by preparing Al4C3 and SiC
and comparing these with Hermann Starck- SiC and Cerac- AIN. The impurities of the latter
materials were reported, however, those contained in Oden’s materials were not. It was
suggested by Oscroftt [21] that the oxygen content present in both materials was very high.
Furthermore, the highly reducing nature of the graphite hot-pressing die may be the controlling
factor in the oxygen content for both pure and impure materials [21]. Further evidence of the
effects of oxygen was presented in a later study by Kuo [27) who found the existence of an
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extensive, if incomplete, solid solution between AIN and Al2OC at temperatures in excess of
1900°C. Below about 1800°C, the 2H solid solution was unstable and decomposed into two
solid solutions of 2H crystal type as shown by the presence of extremely fine precipitates
developed during cooling. The kinetics of solid solution formation were relatively rapid when
compared with the SiC-AIN system, assuming such solutions actually occur in this latter
system. This is of considerable importance when considering the high oxygen content in
starting AIN materials. It should also be noted that two different phase diagrams have been
presented for the SiC-AIN system Zangvil and Ruh [26] and Patience [30]. The most widely
accepted was proposed by Zangvil and Ruh [26]. It is based on data obtained from numerous
sintering experiments [2-4,8,19].

In contrast to the studies described above are reports of the formation of solid solutions
between SiC and AIN at relatively low processing temperatures (i.e. within the proposed
miscibility gap region). Cutler [7] formed solid solutions between SiC and AIN from 2 mol %
to 100 mol % AIN with a single wurtzite type phase, as determined by X-ray diffraction. This
was accomplished by the carbothermal reduction of fine amorphous silica (‘cabosil’),
precipitated aluminum hydroxide, and a carbon source of starch/sugar in a nitrogen atmosphere
at 1400°C-1600°C. In subsequent work, by Rafaniello [8], intimate mixtures of SiO3, Al;03
and C were reacted at 1650°C for 4 h in flowing Nj. Solid solutions over the entire
composition range were reported.

Processing conditions and impurities were shown to be a factors affecting the solid solution
formation by Czekj [24). He prepared solid solutions of 2H-(AIN)x(SiC)_x from rapid
pyrolysis (“hot drop™) of organometallics at temperatures < 1600°C. In contrast, slow
pyrolysis of mixtures produced compositions rich in 2H-AIN and 3C-SiC at 1600°C which
were later transformed to 2H-(AIN)x(SiC)1x solid solutions after heating to 2000°C. Jenkins,
et al. [16] reported the growth of solid solutions of (AIN)x(SiC);_x by MOCVD over the entire
composition range from 20 % to 90 % AIN in the temperature range of 1200°C-1250°C, as
measured by Auger spectroscopy. Kern [17] reported growth of a high purity (AIN)g 3(SiC)g.7
solid solution at 1050°C by plasma-assisted gas source molecular beam epitaxy.

Theoretical calculations of the immiscibility region in the (AIN)x(SiC);_x system were
conducted by Sukhanek [28] using the dielectric theory of ANB8-N semiconductors. The
theory relates changes in the band structure to the enthalpy of formation in semiconductors. He
concluded that the formation of a continuous series of solid solutions of silicon carbide with
aluminum nitride were possible above 1000°K. This was shown by Shimada [10] who hot
pressed mixtures of SiC, Si3Ng4, AIN and Al3C4 powders at 1300°C-1900°C and 3.0 GPa for
1 h and reported the formation of solid solutions by X-ray diffraction. Tsukuma [11] also
sintered mixtures of Si3N4 and Al4C3 in a gas autoclave at 1800°C and 10 MPa in argon. Solid
solutions rich in AIN were produced. However, solutions in the SiC-rich region could not be
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formed under the same conditions. Zangvil [12] suggested that this phase was a solid solution
of (AIN)x(S1C)1.x based on lattice parameters; however he also noted that he found no solid
solution at 1900°C in vacuum and that Schneider [1] did not form solid solutions at 1860°C. It
is interesting to note the short processing time < 1 h. Tsukuma’s [11] findings are consistent
with the proposed kinetics and reaction path described by Rafaevich [29] and Mitomo [15].
Rafaevich [29] used conditions similar to Zangvil [4] to determine the kinetics of the
reaction between Si3N4 and Al13C4. The purpose of his work was to determine the formation
mechanism of the (AIN)x(SiC);_x solid solutions during sintering. Diffraction patterns after
sintering for 0.5 h at 1950°C in 1 atm of nitrogen indicated that SiC had not completely
formed and that Si3Ng4 was still present. Sintering for 1 h at 1950°C indicated that Si3Ng4 had
completely transformed into SiC; however, solid solutions of SiC-AIN had not completely
formed. Sintering for 1.5 h at 1950°C showed a complete, homogeneous (AIN)x(SiC);-x solid
solution. Reaction paths studied by Mitomo [15] were determined by the formation of a
uniformly dispersed composite powder of -SiC and 2H-AIN using an alkoxide-derived
Si02-Al;03 mixture. The total reaction was carried out at 1500°C and of the form:

28102 +A1H03 +9C +Njy = 28iC + 2AIN + 7CO

The large amounts of carbon (3.7 time the normal amount) were needed to complete the
reaction. Reactions observed at 1500°C were

28107 + ArO3 + 10.5C — 1.5SiC +0.5A14SiC4 +7CO
1.5SiC +0.5A14SiC4 +N2 © 2SiC + 2AIN + 1.5C

Large weight loss after the reaction was attributed to the evaporation of SiO7 as SiO. Mitomo
[15] suggested that SiO7 and Al»03 reacted in sequence with carbon. This is of substantial
use in the evaluation of the reported attempts to form solid solutions which have been
previously published. The indication is that the formation of (AIN)x(SiC);—x solid solutions
using SiO2 and Al203 in a N2 atmosphere is not favorable for short sintering times due to the
complex reaction scheme.

Zangvil [4] has approximated the diffusion coefficients between SiC and AIN to be 10-12
cm?2-s-1. The corresponding activation energy and pre-exponential term were estimated to be
as high as 900 kJ-mol, and 10-8 cm2-s-1, respectively. Three reasons for these values were
sug-gested by Zangvil [4]: (1) SiC penetration among AIN grains in the early stages of
sintering (2) material transport by gaseous species, and (3) lattice diffusion of coupled SiC
«nd AIN pairs.

The purpose of this investigation has been to determine the extent of solid solution
formation within the temperature range of 1700°C-1850°C and to determine the diffusion
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coefficients and the corresponding activation energies for the four elements Si, C, Al and N
within this solution. It is clear that the atomic behavior and the extent of phase formation at
relatively low temperatures for thin film deposition cannot be discerned from the research
conducted previously. Likewise, the diffusivities of these species have not been studied for
epitaxially deposited AIN on single crystal SiC.

B. Experimental Procedures

Sample Preparation. Samples were prepared in a modified Perkin-Elmer 430 molecular
beam epitaxy (MBE) system. Aluminum (99.999%) was evaporated from a standard effusion
cell. Activated nitrogen was achieved using an MBE compatible, electron cyclotron
resonance plasma source. Single crystal AIN with very few planar defects was epitaxially
deposited on vicinal a(6H)-SiC [0001] wafers manufactured by Cree Research, Inc. and cut

off axis 3°—4° toward [1120]. Growth conditions for the films are presented in Table L.

Table I. Growth Conditions for the 2H AIN films on a(6H)-SiC(0001) substrates

Nitrogen pressure 2x10~4 Torr
Nitrogen flow rate 4-5 sccm
ECR microwave power 50w
Substrate temperature 650°C
Growth rate = 0.1um/hr
Total growth time 7-8 hrs.

Transmission electron microscopy (TEM) (Hitachi H-800) photos have been taken of the
2H-AIN (wurtzite) film on the o(6H)-SiC substrate before annealing and show a smooth and
abrupt interface. Several different precautions were taken in order to prevent contamination of
the samples and to minimize the loss of volatile components principally aluminum, and
nitrogen. The samples were placed in a high density pyrolitic graphite crucible shown
schematically in Fig. 1. The inside of the crucible was previously coated with SiC by heating a
mixture of Si and B-SiC inside the holder to 2000°C. The diffusion samples were placed inside
this holder with the a(6H)-SiC(0001) face against the SiC coating. Bulk AIN squares were
then placed on top of the deposited AIN. The holder was then closed using a threaded lid and
loaded into the furnace. The chamber was evacuated (2x10-6 torr) to prevent contamination
during diffusion. N2 gas (99.9995%), purified by a gettering furnace containing heated Cu
chips (Centorr Furnace model 2B-20) was then introduced into the chamber at a rate of

39




AU

(Y

Bulk AIN

4 AIN/ SiC

p o p-siC

Figure 1. Schematic of a high density pyrolitic graphite crucible.

365 sccm. The chamber was brought to atmospheric pressure and a flowing N2 environment
maintained throughout each diffusion anneal. Diffusion temperatures were reached in =20 min
(exact value for 1850° C). The samples were then removed for characterization. The N2 gas,
bulk AIN, and SiC coated crucible are not meant to aid in the diffusion. This was checked by
a SiC-AlN standard which had not been annealed. The AIN as well as the SiC intensity in the
standard were the same as AIN and SiC intensity outside of the diffused region. The samples
were diffused for a temperature range of 1700°C to 1850°C for as wide a range of times as
possible. A complete listing of temperatures and times are given in Table IL

Table II. Annealing conditions used to Gate for the AIN/SiC diffusion couples

Sample # Temperature CC) Time (hrs)
32 1850 25
28 1850 21.5
21 1850 10
26 1800 30
31 1800 25
29 1800 20
27 1750 70
23 1750 50
18 1750 25
33 1700 70
19 1700 30




Characterization-Auger Spectroscopy. Scanning Auger microprobe (SAM) (JEOL
JAMP-30) analysis was used to determine the concentration verses diffusion distance for all
samples in Table II. Samples were tilted at a 60° angle in order to minimize charging effects.
An argon ion sputtering unit attached to the SAM was used to sputter through the samples
while data was being collected. Sputter rates were determined for the Ar ion beam in three
different types of media namely, AIN, SiC and their solid solutions. This was accomplished
by 5, 10 and 15 minute sputter rates on AIN and SiC then extrapolated for longer times in
each medium. The depths were measured using a profilometer. The sputter rates for the solid
solution region were determined by measuring the depth of different samples of different
sputter times where the ion beam had sputtered through the entire diffused region and
subtracting the sputter times for AIN and SiC. This rate was plotted and extrapolated for
longer times. Knowing sputter rates for each material allowed for the conversion of sputter
time to distance. Sputter rate standards also served as standards for the 100% intensity peaks
for Al, N, Si, and C from which relative concentrations were obtained.

Characterization-Transmission Electron Microscopy. The samples was cut into 3 micron
wide and 500 micron thick discs which were mechanically thinned to about 100 microns and
dimpled at the SiC-AlN interface to a final thickness of 20 microns. Further thinning of the
samples with an ion miller achieved an electron transparent area. An acceleration voltage of
6 kV for initial milling was used; it was decreased to 4 kV for the final milling. The milling
angles of 15°, 12°, and 6° were used in sequence during the milling. TEM observations were
subsequently conducted using Akashi EM-002B Ultra-High Resolution TEM at 200 kV. The
TEM was conducted only on the longest runs to demonstrate microstructure.

C. Results

From Auger depth profiles it is apparent that diffusion has occurred and from the
smoothness of the concentration verses distance profiles there is no indication of a two-phase
region for samples annealed between 1700°C-1850°C. This indicates that complete solid
solution formation over the entire composition range has been obtained. Using calculated
sputter rates, values of concentration verses diffusion distance were determined. The
Boltzmann-Matano diffusion equations were used to determine the diffusion coefficients for
each element. It is possible that the o(6H)-SiC is transformed to the 2H-SiC polytype as a
result of its initial contact with the AIN. If this is true, the calculated activation energy should
be reduced by the amount of energy needed to transform the a(6H)-SiC to 2H-SiC. The solid
solution subsequently occurs between the 2H-SiC and 2H-AIN via coupled diffusion in order
to maintain local charge equilibrium. It should be noted that this is not the only means of
forming the 2H solid solution. It is also possible that the diffusion of AIN into SiC causes the
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transformation of SiC to the polytype 2H. In this case the reduction of the activation energy
by the transformation energy may be incorrect.

In order to determine the diffusivities of the four components of the process the
Boltzmann-Matano solution of the diffusivity, D, as a function of concentration, distance, and
time (c, X, t) is being employed. At this writing, the Auger data is being carefully analyzed to
ensure that diffusion has actually occurred between these two materials. The reason for this
uncertainty is derived from the fact that in a parallel investigation of the apparent diffused
region using electron energy loss (EELS) in cross-sectional TEM with a 15A beam, the
presence of Al and N as well as Si and C have not been observed in the SiC layer and the
AIN film, respectively. Bright field TEM of the surface in cross section has revealed a
stepped surface with very high steps. As such, it is important to make absolutely sure that the
Auger electron beam is not detecting components from two different steps and thus giving an
apparent diffusion profile rather than providing data of a real profile from the formation of

solid solutions.

D. Future Research

Additional diffusion anneals will be conducted between 1750 and 2000°C using the same
procedure described above. Special care will be used to ensure that a flat AIN surface is
achieved after the diffusion experiments and prior to the Auger Depth profile studies. A
quartz flat coupled with a He lamp will be used to check the flatness of the AIN surface.
Light polishing with diamond paste will be used to produce the flat surface if it is not present
after the diffusion anneals. Additional studies to be conducted in tandem with the diffusion
runs include (1) the fabrication of solid solutions using MBE and the subsequent annealing at
high temperatures to determine if either segregation of the AIN and SiC occurs or if the solid
solution is maintained, thus proving that it is an equilibrium phase and (2) the additional use
of EELS to determine if interdiffusion can be discerned at any temperature.
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VII. Interface Properties of Wide Bandgap Semiconductor Structures

A. Introduction

All of the common polytypes of silicon carbide possess many physical properties that are
very appealing to engineers of electronic devices. This material is well suited to high-power,
-speed and -temperature applications because of its high junction breakdown electric field of
5x106 V/cm [1], high-saturated electron drift velocity of 2x107 cm/s for 6H [2], wide
bandgap of 2.2 eV for 3C [3] and high thermal conductivity of 3.5 w/cm®C [4]. In addition to
electronic applications, SiC enjoys potential in optoelectronics where blue light emitting
devices are possible and have been constructed [5]. These features make SiC an appealing
semiconductor material.

Integration of SiC into existing device manufacturing processes would be greatly
facilitated by the development on a technology with the ability to deposit uniform layers of
SiC on Si substrates. Although chemical vapor deposition, (CVD), has been employed for
depositing SiC on Si substrates, deposition of good quality material involves an initial
carbonization step and high growth temperatures. Both steps would be detrimental to device
properties. Atomic layer epitaxy, (ALE), has been employed to deposit SiC films on Si
without resorting to carbonization steps or extreme growth temperatures. In addition, ALE
suggests the capability of depositing films over non-planar substrates with excellent
uniformity and step coverage. Development of the ALE technique in reference to SiC
deposition may encourage the incorporation of SiC’s superior properties into the existing
Si-based technology.

Determining the uniformity of deposited SiC films and developing reliable means to dope
deposited films are important steps in developing the ALE technique. It is the objective of
this research to determine the uniformity of ALE-deposited SiC films and to produce and
characterize doped SiC films. The following subsections describe the equipment to be used in
the research and plans developed to accomplish the stated objectives.

B. Experimental Procedure

A unique ALE reactor pictured in Fig. 1 will be employed to produce SiC films for
analysis in this work. Within the reactor, substrates are alternately exposed to source gases to
accomplish growth in a layer-by-layer-fashion. Many different source materials are available
for deposition: disilane, ethylene, acetylene (cryogenically purified with the apparatus
pictured in Fig. 2), ammonia and triethylaluminum. Hot tungsten filaments are located in the
ammonia and hydrogen streams for cracking the ammonia or producing atomic hydrogen.
Results of previous work done depositing SiC and GaN with this apparatus are published
elsewhere [6,7].




Figure 1. Atomic layer epitaxy system.

Uniformity of Deposition. The immediate goal of this research will be to deposit SiC
films on trenched Si substrates to assess the uniformity of the deposited film and the
suitability of ALE for producing devices in trenches. The first step in accomplishing this first
task will be production of the trenched substrates. Trenches of various widths will be
produced in Si substrates to give a range of aspect ratios. These substrates will be produced in
the microelectronics fabrication facility at N.C State University in the following manner (see
Fig. 3).

Preparation of Trenched Wafers

Prepare all wafers.
1. RCA clean Si(100) substrates oriented 3° off axis toward <011>.
2. Dry-wet-dry oxidize substrates to form =5000A of SiO3.
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Figure 2. Cryogenic acetylene purifier.

Determine oxide etch rate.

3.

Reactive Jon Etch, (RIE), oxidized Si wafer in SiF4 and O7 atmosphere to determine the
oxide etch rate by measuring oxide thickness with ellipsometer before and after etch.

4. Spin photoresist onto remaining wafers.

Determine Si etch rate.

5.

A N

Using a standard mask and developing procedures, open large holes in photoresist on
test wafer(s).

Use HF to remove exposed oxide.

Remove all remaining photoresist.

RIE test wafer.

Measure etched depth with Alphastep profilometer to get Si etch rate. The Si etch rate
combined with the oxide etch rate will give the etch selectivity.
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RCA clean and oxidize all wafers. RIE test wafer(s) to find oxide etch rate.

Spin photoresist onto all oxidized wafers. Open large holes in photoresist using a standard mask.

Remove exposed oxide and then photoresist. RIE wafer.

. . Pattern remaining wafers with custom mask to make
Remove oxide and measure etch depth for Si etch rate. 5 series of openings. Remove exposed oxide and then
remaining photoresist.

Reoxidize trenched wafers for passivation.

RIE patterned wafers and remove remaining oxide.

Figure 3. Preparation of trenched Si(100) wafers.
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Process remaining wafers.

10. Pattern and develop remaining wafers with custom mask to produce a set of openings
2.5, 5,10, and 20 um wide.

11.  Use HF to remove exposed oxide.

12. Remove all remaining photoresist.

13. RIE wafers taking care to stop before going through all of the oxide.

14. Use HF to remove the remaining oxide.

15. Grow thin oxide (<500A) on trenched wafers for passivation.

Doping Films. Concurrently to determining the deposition uniformity, work will proceed
in developing techniques to dope the ALE films. The p-type dopant employed will be
aluminum from a triethylaluminum bubbler while the n-type dopant will be nitrogen supplied
by ammonia. Characterization will employ the techniques of Hall mobility measurement and
4-point probe sheet resistivity determination in addition to SIMS analysis.

C. Results
Silicon wafers have been collected for producing the trenched substrates. The custom

mask has been designed and ordered. Preliminary work with p-type doping of ALE deposited
SiC films is underway but inconclusive at this point.

D. Future Research Plans and Goals

The immediate plans in this facet of the research initiative on this project are to pursue
the stated goals outlined in this report. Once the trenched wafers are produced, a series of
experiments will be carried out to explore the reaction of the material system to variations in
processing parameters. This series will be aimed at developing run parameters that optimize
film uniformity and deposition rate.

Once the ability to reliably dope films has been developed, diodes will be constructed for
I-V analysis. As we are developing the ability to dope n and p-type, junctions in deposited
films, as well as heterojunctions with n- and p-type Si substrates and n-type a(6H)-SiC
substrates, will be producible. Study and development of p/n junctions formed by ALE will
be an ongoing task of this research.
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VIIL High Resistivity LT GaP and InGaP Films Grown by Gas Source
Molecuiar Beam Epitaxy (GSMBE)

A. Introduction

GaAs buffer layers grown at low temperatures (LT) by molecular beam epitaxy (MBE)
have received a great deal of attention as excellent alternative buffer layers to eliminate
sidegating (or backgating) effects in the GaAs field-effect-transistor-based integrated circuits
[1] and as insulators for high power GaAs MISFETs [2]. These new materials, usually grown
at 200°C, exhibit good crystalline quality and extremely high resistivity, and thus can provide
excellent device isolation. The latter is due to the excess arsenic incorporation (~1 at.%) in
the layers leading to densities as high as 5x1018 cm3 of As-antisite defects [3]. Annealing
these materials or proceeding with the growth at a normal MBE growth temperature (600°C)
causes the excess arsenic to form precipitates as indicated from transmission electron
microscopy (TEM) studies [4].

Since the success of LT GaAs material, investigations have been extended not only to the
LT growth of other As-based III-V compounds such as LT AlGaAs [5] and LT InAlAs [6],
but also to the LT growth of P-based materials such as LT InP [7]. However, little work has
been reported on LT GaP and InGaP films even though these LT films, all having a wide
bandgap, are promising for device applications. In addition, LT InGaP can be extremely
useful for some devices since it can be grown lattice matched to GaAs substrates. An
immediate question raised on these LT films is whether excess phosphorus and phosphorus
precipitates can exist and exhibit the similar properties as their arsenic counterpart. Previous
efforts for LT InP did not yield semi-insulating films [8]. In this paper, we report, for the first
time, on the growth and characterization of LT GaP and InGaP films by GSMBE.

B. Experimental Conditions

All the epilayers presented in this work were grown in a Riber 32RD GSMBE system.
Semi-insulating (SI) GaP and GaAs (100) substrates were used for LT GaP and LT InGaP,
respectively. The substrates were degreased, etched and then mounted on the Mo blocks with
In solder. Elemental Ga and In sources and 100% PH3 thermally cracked at 900-950 °C were
used to grow these films. The growth chamber pressure was maintained in the 10-3 Torr
range using a turbomolecular pump. The growth temperature cannot be accurately
determined in our system and was estimated according to our previous calibrations using the
oxide desorbtion temperature of GaAs (580°C) as a reference. The thermocouple reading is
60-80 °C lower than this reference temperature. Temperatures quoted in this report are the
corrected values rather than the thermocouple readings. The growth rates of all GaP and
InGaP epilayers were 1 and 0.5 pm/h, respectively.
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The GaP and GaAs substrates were all heated at 630°C for ~5-10 min under PHj or
AsHz overpressure for oxide removal before growth of GaP or InGaP films, respectively. In
the case of LT GaP, several approaches were applied to the growth of LT films. When films
were grown for electrical evaluations, the substrate temperature was lowered directly to the
desired low temperature followed by the growth of a GaP layer (~2 pm). For structural
characterization, a GaP buffer layer was grown first at 560°C followed by the LT film. GaP
films were also grown at high temperature (560°C) as a reference for both the electrical and
structural characterizations.

Reflection high energy electron diffraction (RHEED), cross-sectional transmission
electron microscopy (XTEM), and double-crystal x-ray diffraction (DCXRD) were used to
assess the crystal quality of the LT GaP and InGaP films. The in situ RHEED showed a
streaky pattern, indicating crystalline growth of the LT InGaP films. Besides, the ultra-high
resolution scanning transmission electron microscopy (STEM) was used to obtain the
stoichiometry data from LT InGaP samples. All the samples used 1n this report had a mirror-
like morphology. The resistivities of LT GaP films and the GaP substrate were obtained from
the van der Pauw technique while those of LT InGaP films and the GaAs substrate from
temperature-dependent Hall measurements.

C. Results and Discussion

LT GaP. TEM_Analysis, LT GaP films grown at temperatures lower than 160°C were
poly-crystalline as demonstrated by both the RHEED pattern and the TEM diffraction
pattern. Increasing the growth temperature by ~30°C resulted in a streaky RHEED pattern
and single-crystal films, as confirmed by TEM. Figure 1 shows a cross-sectional TEM dark
field micrograph of multilayers of GaP epitaxial films taken under the two beam condition
g=400 (g,-g). This structure has a 0.4 pm GaP buffer layer grown at 560°C, followed by a LT
GaP layer grown at about 210°C (1 um). The growth temperature was then decreased further
by ~20°C without interrupting the growth to grow a second LT layer of the same thickness.
All layers are single crystalline as indicated from the electron diffraction pattern. The LT
films show a contrast from the one grown at high temperature which can be attributed to
excess phosphorus in the lattice resulting from a deviation from stoichiometry [9]. One may
also observe in Fig. 1 the presence of contrast modulations near the interface between the two
LT GaP layers. This can be due to the substrate temperature fluctuations resulting from the
20°C decrease.

Using conventional imaging techniques, TEM studies on annealed samples did not show
any incoherent phosphorus precipitation with defined boundaries. However, high-resolution
TEM on the annealed films revealed the presence of regions having different phase contrast
which suggests coherent precipitation. These coherent precipitates, indicated by the arrow in
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Figure 1. Cross-sectional TEM micrograph of a multilayered structure containing:
(a) GaP buffer layer grown at 560°C (HT), (b) LT GaP film (1 um) grown at
= 210%Cand, {¢j LT GaP layer (1 pim) grown at 150°C. The arrow indicates the
transition region between the two LT GaP films. The contrast between LT
GaP films and HT GaP film might be due to the excess phosphorus in LT

films.

Figure 2(a), may become incoherent and demonstrate a phase boundary after prolonged
annealing. To compare the current observations with LT arsenic-based films, a GaAsP film
was grown at 200°C. The composition of this ternary alloy was determined by DCXRD to
have 20% GaP (after annealing). TEM studies of this annealed LT GaAsP show pronounced
incoherent arsenic precipitates as illustrated in Figure 2(b). The precipitates have been
segregated to the dislocation lines and microtwin boundaries.

X-ray Diffraciion. High-resolution x-ray diffraction results were obtained with a Bede
200 double-crystal diffractometer. Films grown at high temperatures show only one
diffraction peak from (113) reflection planes [Figure 3(a)]. For the LT growth, two (113)
reflections were observed: a substrate reflection and an epilayer reflection with a lower
intensity at a lower Bragg angle, as indicated in Figure 3(b). The angular separation (A9) is
about 220 arc sec. Splittings as low as 40 arc sec were also observed. The splitting can be
attributed to the strain in the epilayer resulting from excess phosphorus, possibly in the
interstitial sites of the GaP crystal lattice, causing lattice dilatation. This splitting (AB) in the’
DCXRD seems to increase with lower growth temperatures. Both the splitting and the change
in the lattice constant in these LT GaP films are not as high as that reported for LT GaAs [10]
films. This can be explained by the relative size of the arsenic and phosphorus atoms located
at interstitial sites. Annealing of these LT GaP samples was carried out in a metalorganic
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Figure 2.

Cross-sectional TEM micrographs of: (a) annealed (at 650°C for 60 min) LT
GaP film grown at 190°C on GaP substraie (the arrow indicates one of the
coherent precipitates appearing as bright dots), (b) LT GaAsP film grown at
200°C on GaAs substrate and annealed at 650°C for 60 min (the arrow
indicates a large arsenic precipitate which is surrounded by small arsenic
precipitates appearing as black dots).
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Figure 3. Double crystal x-ray diffraction from the (113) planes of: (a) GaP film grown
at 560°C on GaP substrate, (b) LT GaP grown at 200°C and unannealed and,
(c) LT GaP grown at 200°C and annealed at 700°C for 60 min.

chemical vapor deposition (MOCVD) reactor with PH3 overpressure at 650 and 700 °C for

30-60 min. Annealing did not result in the complete disappearance of the lattice expansion;
however, a slight reduction in A@ (~30 arc sec) was observed due to the high annealing
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temperature [Figure 3(c)]. We have not yet detected any consistent pattern of the effect of
annealing on the splitting in the DCXRD as related to the growth temperature and the

crystallinity. Further studies are currently underway.

Resistivity Meagsurements. Resistivity measurements were carried out with a high-

impedance van der Pauw apparatus at Wright State University. In-dots alloyed at 300°C were
used as contacts to the epilayers. The as-grown LT GaP (190°C) showed a resistivity of about
108 Q cm. The resistivity of the sample annealed at 700°C for 60 min could not be measured
in darkness, however, with intense light a resistivity of 106 Q cm was obtained. The
resistivity of the SI GaP substrate was also too high to be measured in the dark, but had a
resistivity about 108 Q cm when measured under intense light. Other samples have shown
resistivity in the 106—108 Q cm range depending on the growth temperature. GaP films grown
at high temperature showed low resistivities. Detailed electrical characterization of these LT
GaP films will be reported elsewhere. The high resistivity of LT GaP is probably mainly due
to excess phosphorus related defects.

Device Application. Since it is highly resistive, the strained LT GaP film could be used as
an _excellent passivation layer in GaAs MESFEETs. Then, the-gate-drain breakdown-voltage———
(VD) of the MESFETsS could be improved greatly. This has been confirmed in our lab. The
details will be published elsewhere [15].

LT InGaP

X-ray Diffraction. DCXRD showed that the LT InGaP films had ~47% In. Two LT
structures were grown in this work for structural characterization of LT InGaP films. The first
structure had only a single LT InGaP layer (200°C, 1.5 um) grown on a GaAs buffer layer
(550°C, 80 A). Two Bragg peaks were observed for the DCXRD (400) reflection with the
epilayer peak located at a higher Bragg angle than the substrate peak, as shown in Fig. 4(a).
This indicates that the LT InGaP film is not lattice matched to the GaAs substrate and its In
composition is lower than the InGaP-GaAs lattice-matched composition of ~49%. The
narrow full width at half maximum (FWHM) of the epilayer peak (20 arc sec) indicates the
high quality of the crystalline epilayer. Annealing this sample at 600°C for 1 hr caused the
angular separation between the epilayer and the substrate peaks to increase by 20 arc sec, as
seen in Fig. 4(b). This observation indicates a slight reduction of the lattice parameter of the
epilayer after annealing. As to the lattice relaxation as a result of annealing, this is similar to
the LT GaAs case. It has been reported that annealing LT GaAs at 600°C for ~10 min results
in a complete removal of the lattice mismatch. Annealing LT InGaP at the same temperature
for 1 hr, however, results in only slight relaxation of the expanded lattice. This is manifested
by a small peak shift of the annealed film to a higher Bragg angle. In order to compare the
structural properties of the LT InGaP and the InGaP epilayers grown at higher temperatures

55




GaAs substrute
LT InGaP
=
N
=
3 I
o I
2 |
< i
= u
(a)
2 |
— |
o S — _ BT — —
<
o
>
(b)
UL
-400 -200 0 200 400
ANGLE (arc sec)
Figure 4. DCXRD from (400) reflection planes of the first structure described in the

paper: (a) as-grown and, (b) annealed at 600°C for 1 hr. The LT InGaP peak
was shifted to higher Bragg angle by 20 arc sec after annealing.

(~480°C, hereafter referred to as HT InGaP), a second structure was grown, as shown in
Fig. 5. During the growth of both HT and LT InGaP epilayers, a fixed PH3 flow rate of ~4
sccm was maintained. It should be noted that there was an interruption of the PH3 flow into
the growth chamber after the HT growth was ended and the substrate temperature was
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LT InGaP 2000C 1 um
HT InGaP 480°C 1 um
GaAs buffer 5500C 1 um

SI LEC GaAs (100) substrate

Figure 5. Schematic of the multilayer sample with the LT InGaP film grown on top of
the HT InGaP film.
lowered to ~300°C. The In compositions of the LT and HT InGaP epiiayers were assumed to

be identical by maintaining the same source temperatures during the layers’ growth. DCXRD
analyses from (400) reflection planes were performed on both the as-grown and annealed

samples. For the as-grown samples, three (400) Bragg peaks were observed: the substrate, LT
InGaP and HT InGaP peaks, respectively, as shown in Figure 6(a). Upon annealing at 600°C
for 1 hr the LT peak was found to be the only one shifted, as shown in Fig. 6(b). The
observation that the annealing did not have any effect on the HT peak position was as
expected. The angular separation between the LT and HT InGaP reflections was 70 arc sec
before annealing and 50 arc sec after annealing. Therefore, the angular shift of the LT peak
towards the HT peak after annealing was 20 arc sec, which was in good agreement with that
of the first grown structure previously discussed. This relative shift, corresponding to the
incomplete removal of the lattice-mismatch by 0.01%, might be caused by redistribution of
the excess P atoms in the epilayer lattice due to the annealing. The nature of the redistribution
is not yet known at this time. Considering the HT InGaP as a “substrate,” the LT InGaP/HT
InGaP structure was found to have DCXRD characteristics similar to those of LT GaP/GaP
discussed before. The fact that the LT peak was situated on the left side of the HT peak
confirmed that the LT InGaP had a slightly larger lattice parameter than that of the HT InGaP
(by 0.05% for the as-grown LT epilayer). This lattice expansion can be explained by the
presence of the excess P incorporated into the epilayer due to the nonstoichiometric growth.
TEM Analysis. An XTEM micrograph (Figure 7(a)) from the second structure indicates
the presence of phase separation in LT InGaP epilayers. This is manifested in the form of a
“precipitate-like” microstructure. The precipitate-like phase separation (~800 A in diameter
for the layer grown at ~200°C) appears to decrease in volume as the growth temperature
increases. Annealing, however, seems to have a slight influence on the phase separated
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Figure 6.
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DCXRD from (400) reflection planes of the sample shown in Figure 5: (a) as-
grown, the angular separation between the LT InGaP and the HT InGaP
reflections is 70 arc sec; (b) annealed at 600°C for 1 hr, the angular separation
between the LT InGaP and the HT InGaP reflections is 50 arc sec.
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microstructure. The phase separated areas were crystalline and strained as implied by the
moire fringes shown in Figure 7(b). Analytical STEM analyses performed on the LT InGaP
indicated a slightly higher In composition in the phase separated areas relative to the matrix.
The HT InGaP showed a distinctive feature of slight decomposition. The decomposition in
the HT InGaP, as well as the phase separation in the LT InGaP, might be explained by the
spinodal decomposition usually observed in liquid phase epitaxy (LPE) and MOCVD growth.
Spinodal decomposition causes the appearance of a two-phase microstructure with different
In compositions at the growth temperature.

STEM Analysis. We have investigated the LT InGaP group-V nonstoichiometry by using
the analytical STEM approach. The structure shown in Fig. 5 was chosen to measure the
small changes of P-concentration in the LT InGaP. The HT InGaP epilayer served as a
reference for the LT InGaP epilayer. The analysis was performed in a TOPCON EM-002B
ultra-high resolution analytical electron microscope equipped with an electron probe. The
TEM facility was operated at 200 KV with the probe diameter set at 5.1 nm throughout the
analysis. Several data points were taken by setting the electron probe at different locations
within one layer for the analysis to be statistically accurate. The values of atomic percentage
phosphorus thus obtained were averaged numerically to obtain the final result for the same
epilayer. This method was employed for both HT and LT InGaP epilayers. The analysis on
the sample chosen above determined that the LT InGaP had 0.5 at.% more P atoms than the
HT InGaP. These excess atoms incorporated in the LT InGaP epilayer probably caused the
lattice mismatch compared to the HT InGaP epilayers.

Calculation of Excess P. For verification of the excess P results, the lattice mismatch as
determined by DCXRD was used to calculate the excess P incorporated in the lattice. In this
approach, the lattice mismatch of the as-grown LT InGaP with respect to the HT InGaP was
used to obtain the increase of the volume of the LT InGaP crystal lattice, AV, assuming the
lattice was uniformly elastically distorted. Although this assumption may not be exact, this
approach can be a good estimate since the two measured lattice parameters, namely, the
perpendicular (a_{) and the parallel (a//) referenced to the (100) plane, were fairly close if not
identical. We also made the assumption that all the excess P atoms were incorporated in the
interstitial positions of the LT InGaP lattice. Since both Ga and In atoms have larger atomic
radii than that of P atom (1.81, 2.0 and 1.23 A, respectively) [11), the excess P atoms can be
neither on Ga nor on In substitutional positions. If that were not the case, then there would be
a lattice contraction instead of the lattice expansion exhibited by the LT InGaP epilayer. The
above assumptions led to a simple model in which an excess P atom acted as a misfitting
particle in a uniform matrix. Let € be the elastic strain of the LT InGaP lattice induced by the
incorporation of the excess P atoms and 8 the conventional lattice mismatch between the HT

60




and LT InGaP lattices. The two parameters € and d are related by the Bullough and Newman

equation [12]:
e=0(1+v)/[3(1-v)].

where v is Poisson’s ratio. Note that v=1/3 for almost all 1I1-V semiconductors. Therefore,
the €-6 relation can be simplified as €=(2/3)8. Let d;qv denote the measured value of the
lattice mismatch by DCXRD, i.e., 8mv=(ap T-agT)/ayT by definition, where ap T and ayr are
the lattice parameters of the as-grown LT InGaP and HT InGaP epilayers, respectively. In
theory, this measured value &ny is composed of the elastic strain € and the conventional
lattice mismatch 8, i.e., 6myv=€+9. Substituting the simplified €-d relation into the above
equation and solving for 8 gives 8=(3/5)3pv. Given a; T=5.64639 A and ay7=5.64345 A as
determined by DCXRD, the equation AV=(a 1)3—(ayT)3 yields a value of 0.28105 (A)3. The
number of the excess P atoms per unit cell, ANp, can be calculated from the equation
ANp=AV/up, where vp is the volume of one P atom. Taking in consideration the elastic strain
value (the 8-8y,y relation), ANp was corrected with the factor of 3/5. The P atom, treated as a
hard sphere, has a volume of Vp=(4/3)nry3, where o, is the radius of the atom. Since normally
there are four P atoms per unit cell, the excess P atoms per unit cell of LT InGaP can finally
be calculated to be ~0.54 at.%. This result is in good agreement with that obtained from the
analytical STEM.

Resistivity Measurements. The resistivity of a LT material serves as a practical monitor
for its device applications. To measure the resistivity of LT InGaP more accurately, a special
sample was designed. A 2-um-thick LT InGaP film was grown at ~200°C on a 500-A-thick
AlAs layer grown at 610°C. The LT InGaP film was removed from the substrate by first
mounting the sample face-down on a glass slide, then lapping and RIE-etching the substrate
off, and finally removing the AlAs layer in HF. Hall effect measurements on the as-grown LT
InGaP film revealed n-type conduction with a resistivity of 9x105 Q cm and mobility of
120 cm?2/V s at 296 K. To determine the activation energy of the domirant donor [13), we
plotted In(n/T3/2) vs. T-1, as shown in Fig. 8. The slope of this plot, + .iich is just <Epgk,
leads to Epg=0.48 eV, within error of what might be expected for the (0/+) transition of the P
antisite in Ing sGag sP. After annealing the LT film at 600°C for 1 hr, the 296-K resistivity
increased to 109 Q cm but a Hall voltage could no longer be found. Nevertheless, a plot of
In(r) vs. T-1, where r is the resistivity, produced an even larger activation energy, 0.8 eV.
Thus, the material is stable against high-conductivity conversion. It is necessary to point out
that the LT InGaP remains semi-insulating before and after annealing.

61




100 — ' . : ,
2 00 | ]
-
E
L
o
?E 10° } ]
107 L [ 1 1 _
22 24 26 28 30 32 34

1000/T (K')
Figure 8. Plot of In(n/T3/2) vs. T-1 for the as-grown LT InGaP film.

D. Conclusions

In conclusion, we have successfully grown GaP and Ing 47Gag 53P at a low temperature of
~200°C for the first time. Both LT GaP and LT InGaP showed a lattice expansion of ~0.05%,
as determined by DCXRD. Unlike LT GaAs, annealing at high temperatures (600-700°C for
30-60 min) did not result in a total relaxation of the lattice strain, but a slight reduction of the
lattice expansion. The lattice expansion can be explained by the incorporation of excess P
atoms of up to 2.2 at.% in the LT GaP epilayer grown at 190°C [15] and ~0.5 at.% in the
LT InGaP epilayer. The slight reduction of the lattice expansion after annealing may be
caused by redistribution of the excess P atoms. XTEM showed no formation of P-precipitates
after annealing, but did show coherent precipitation in annealed LT GaP epilayer and phase
separation in as-grown LT InGaP epilayer. The latter was manifested in the form of a
“precipitate-like” microstructure. This precipitate-like phase separation can be explained by
the tendency of the InGaP alloys to spinodally decompose at similar compositions that are
close to that which lattice matches GaAs. The HT InGaP film indicated the occurrence of
slight spinodal decomposition at the growth temperature. Further structural investigation of
the phase separation is currently underway. LT GaP (as-grown & annealed) is highly resistive
with p up to 108 Q cm. The resistivity range is 108-106 Q cm for LT GaP films grown at
T=190-230 °C range. The temperature-dependent resistivity and Hall measurements were
performed on the LT InGaP film after the substrate was removed. The as-grown LT InGaP
film showed a resistivity of ~106 Q c¢m at room temperature whereas the annealed film at
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600°C for 1 hr exhibited at least three orders of magnitude higher resistivity. Activation
energies of ~0.5 and 0.8 eV were also obtained from the Hall measurements for the as-grown
and annealed LT InGaP films, respectively.

The above preliminary studies show that both LT GaP and LT InGaP films do not exactly
follow the observed trends for LT GaAs films. Annealing the LT GaAs films caused lattice
strain to disappear and arsenic precipitation accompanied by high resistivity films. However,
in LT GaP and LT InGaP, annealing is not necessary to achieve high resistivity. The current
LT GaP and LT InGaP results imply that the high resistivity is not a result of the presence of
precipitates and the accompanying carriers depletion near the metal phosphorus semi-
conductor interfaces as in the case of LT GaAs [14]; but, rather is a result of deep levels
associated with the excess phosphorus present in these LT films. This result, however, is not
consistent with that previously reported on LT InP films, where both phosphorus precipitates
and low resistivity films were observed [8]. Thus, it seems that more work is needed in the
LT growth of phosphorus-based compounds to settle such issues.

E. Future Research Goals

LT GaP. GaP has a wide bandgap of 2.27 eV at room temperature, a high Schottky barner
of 1.3 eV for Au/GaP, and no surface Fermi level pinning. These properties are promising for
device applications. Although the strained LT GaP film used as a passivation layer in GaAs
MESFETs has been known to improve the device greatly with higher breakdown voltage,
more work is required for further characterization of the device application of LT GaP. In
addition, critical layer thickness (CLT) of LT GaP on GaAs, which is of importance for the
device application, needs to be determined.

A variety of Si devices could be made possible if the highly resistive, high quality
crystalline LT GaP can be grown on Si substrate successfully. Therefore, growth of LT GaP
on Si is worth being given great efforts.

LT InGaP. InGaP can be grown lattice-matched to GaAs and has a relatively wide
bandgap (1.92 eV) with ~49% InP composition. Furthermore, InGaP can be selectively
etched to the extent of 100%. Having all these properties, the highly resistive LT InGaP can
have a variety of important device applications with some of the examples given below. It
can be used as a gate insulator in GaAs MISFETs. It can also be used to make a pico-second
photodetector if LT InGaP has very short carrier lifetime. Therefore, further investigation is
necessary for the fabrication and characterization of LT InGaP/GaAs related devices.
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IX. Layer-by-layer Deposition of III-V Nitrides Using an Atomic Layer
Epitaxy Reactor Design

A. Introduction

The potential semiconductor and optoelectronic applications of I1I-V nitrides has prompted
significant research in thin film growth and development. The materials of concern in this
section are GaN, currently, and other III-V nitrides, for upcoming studies. Because GaN in
the wurtzite structure with a bandgap of 3.4 eV [1] forms continuous solid solutions with
both AIN and InN, for example, which have bandgaps of 6.2 eV [2] and 1.9 eV [3],
respectively, engineered bandgap materials could result in optoelectronic devices active from
the visible to deep UV frequencies [4].

Initial attempts at ALE deposition have been suspended in favor of the more realistic
layer-by-layer deposition approach. This decision was supported by metalorganic
decomposition data and by actual experimentations completed thus far. Like ALE, the layer-
by-layer technique deposits one monolayer of material per cycle. However, the growth rate is
highly dependent on the metalorganic (MO) flux and the exposure time under the MO gas.
Thus unlike ALE, the process is not self-terminating after the deposition of one monolayer.

To produce films using the layer-by-layer approach an ALE reactor design has been
implemented. The equipment and experimental procedures used for the process have been
discussed in an earlier report. Therefore, only modifications to the experimental procedure,
new results to date, conclusions and plans for future work will be included here.

B. Experimental Procedure

The ALE reactor design being used utilizes a continuously rotating susceptor arrangement.
Thus as the susceptor rotates, the substrate is alternately exposed to the me MO gas, the Hp
curtain gas and the nitrogen source gas (i.e. ammonia: NH3) in a constant cycle. There are
two growth zones per cycle: one for the column-III species and one for the column-V species.
For layer-by-layer growth, one cycle will result in one monolayer of film growth.

Unlike earlier work in which rotation began from under the Hj inlet line before the MO
inletline, recent experiments have begun with initial exposure to ammonia. Before the substrate
sweeps under the ammonia inlet line, the W-filament used in cracking the ammonia into
elemental hydrogen and nitrogen should be stabilized at the desired “cracking” temperature.
The nitrogen source was chosen as the starting species because it was believed that initial
exposure to the MO precursor was possibly aiding in the faceted growth being observed by
not uniformly covering the substrate surface. It was believed that more uniform coverage
would result from this and instigate the desired uniform growth. This step will be termed
“nitrogenating” the substrate surface. Thus, prior to the exposure to any TEG, the substrate
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was nitrogenated for 5 seconds at the start of the run. Similarly, at the end of the run the
deposited film was nitrogenated for 5 seconds after the flow of TEG had been terminated.

Also in an attempt to reduce the faceted surfaces of the deposited films, the growth
temperature was lowered from 640°C used in earlier runs to 500°C. By reducing the
temperature, the surface mobility is reduced. Hopefully this reduction would result in a more
uniform deposition and less atomic migration to the more preferred nucleation sites resulting
in the undesired faceted growth.

Once rotation and depos’tion begins, several system variables must be monitored. They
include cooling water flow, all gas flow rates, system and MO bubbler pressures, susceptor
and W-filament temperatures, and rotation speed. Under normal operating procedures, these
variables remain nearly constant, but because of their obvious importance, they must be
monitored to maintain deposition uniformity. Table I below lists the system parameters for
various deposition runs.

Table I. Deposition Parameters

System Run #

Variables #10 #13 #14 #15 #16
Substrate Si C* Si C*# Si C** SiC ** SiC **
Initial Press. 1x10-3 torr  1.2x10-3 1.2x10-5 1.2x10-5 1.8x10-5
Run Pressure 3.6-3.8torr  2.8-3.0 29-3.1 29-34 2.8-3.0
Bubbler Temp. 5.0°F 56.3 56.3 56.3 56.3
Bubbler Press. ~ 800 torr ~ 750 ~ 750 ~ 750 ~750
TEG Part. Press. 0.414 torr 296 296 296 296
Hj flow ~325sccm ~ 325 ~ 325 ~ 325 ~ 325
NH; flow 100 sccm 100 100 200 200
Hj carrier gas flow 28 sccm 28 28 28 28
TEG flow rate 0.0145 scem 0.111 0.111 0.111 0.111
W-filament Temp.  1450°C 1450 1450 1450 1450
Susceptor Temp. 500°C 500 500 500 ~640
Rotation Speed 1.6 rpm 3 8.25 8.25 8.25
Sec/zone 13.125 7 2.545 2.545 2.545
Run Time 180 minutes 200 140 140 140

* o(6H)-SiC (0001) on axis
** 1(6H)-SiC (0001) 3° off-axis toward [1120)
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C. Results
Run #10 was the first attempt at the 500°C growth temperature. Scanning Electron

Microscopy (SEM) images revealed a surface which appeared extremely smooth with no
visible facets. However, the growth rate was very slow at this reduced temperature and TEG
flow rate. The film was less than a 1004 thick as evident from Auger Electron Spectroscopy
(AES). Increasing the TEG flow rate from 0.0145 sccm to (.13 sccm in the next run in an
effort to increase the growth rate yielded a polycrystalline film as indicated by visible rings in
the reflected high energy electron diffraction (RHEED) pattern. Slightly decreasing the TEG
flow rate to 0.111 sccm and increasing the rotation speed to 3 rpm (7 sec/zone) for Run #13
yielded better results. The RHEED patterns for this film (Figs. 1 & 2) appear monocrystalline.

{1120} Reflection
Figure 1. RHEED pattern for Run #13 of GaN deposited on o(6H)-SiC at 500°C.

{1010} Reflection
Figure 2. RHEED pattern for Run #13 cf GaN deposited on o(6H)-SiC at 500°C.
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However the diffraction spots are not extremely sharp, a result of the faceted surface. From
measurements taken from SEM images, the facets had an approximate average diameter of
500A. Also, as shown in the graph in Fig. 3 the growth was gr=ater layer-by-layer.
Fortunately, results show that at 500°C and a TEG flow rate of 0.111 sccm film deposition is
constant at approximately 0.5 A/sec. Thus by increasing the rotation speed and hence
reducing exposure time per zone, layer-by-layer growth was achieved in Run #14 and
repeated in Run #15 (Fig. 3). Transmission Electron Microscopy (TEM) on Run #14 revealed
apparent columnar growth. SEM of Run #15 revealed a uniformly deposited film but also a
faceted surface (Fig. 4). The approximate average facet diameter was 400A for both Runs
#14 and #15, slightly less than the facet size of Run #13. Doubling the flow rate of NH3 from
100 scem to 200 sccm from Run #14 to #15 caused no readily apparent improvements in film
quality. Increasing the growth temperature to 640°C for Run #16 with all other parameters
unchanged from Run #15 increased the deposition rate and caused a deviation from layer-by-
layer growth. The average facet size of Run #16 as evident from SEM was 1200A.
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Figure 3. Deposition thickness of GaN per cycle vs. exposure time for Run #'s 13, 14 and
%5. Tht;,l growth temperature was 500°C and at a TEG flow rate of 0.111 sccm
or each run.




Figure 4. SEM micrograph for Run #15. Notice the uniformly faceted surface. Film
thickness is ~3000A and average facet size is ~400A.

D. Discussion

ALE Suspension. In principle, for ALE growth to occur using metalorganic precursors as
the column-IIT source, the MO gas must adsorb to the substrate in a self-terminating mode. For
this reason the decomposition mechanisms of the MO precursors are of obvious importance for
determining the viability of ALE. The following organometallics are used as source gases for
GaN, AIN and InN respectively: triethylgallium (TEG) [Ga(C2Hs)3], triethylaluminum (TEA)
[Al(C2Hs)3] and trimethylindium (TMI) [In(CHz)3].

Various experimental techniques have been used to study the decomposition mechanisms of
these MO gases [5-16], with mass spectrometry and thermal desorption being the most
prevalent. TE(G,A) consist of the metallic species surrounded by three ethyl (CaHs*)
functional groups. Each species adsorbs as a monomer [6]. Via mass spectrometry results for
the decomposition of TEG with Hp as the carrier gas, the decomposition temperature range was
220°-330°C, with ethylene (C2Hy) being produced [7-9]. This indicates that B-elimination is
the dominant decomposition mechanism [5-7,9]. It is also interesting to note that the
decomposition temperature range slightly increases (270°-380°C) when N3 is used as the carrier
gas [7]. (The decrease in the decomposition temperature contributed to the presence of Hp
carrier gas is not fully understood at present.) During B-elimination, one of the hydrogen atoms

breaks its bond with the B-carbon and joins to the remaining Ga species to satisfy the charge
balance. The hydrocarbon functional group re-orients itself becoming ethylene with a total of
four H atoms attached to two double bonded C atoms (Fig. 5).
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Figure 5. Schematic of the TE(G,A) gas phase decomposition showing B-elimination

and the production of ethylene. X represents the column-III species.

Similarly, TEA decomposes by the same PB-elimination process at apparently slightly
lower temperatures [10]. And presumably to achieve, for example ALE of GaN using TEG,
the MO source should only decompose to a diethyl (DEG) or possibly a monoethyl (MEG)
species in order for chemisorption to be self-limiting.

TE(G,A) was chosen over TM(G,A) because of its lower decomposition temperature
range and a lower carbon incorporation in the growing film during surface decomposition
reactions [4]. However, for InN deposition TMI is the organometallic of choice. This results
because the TEI precursor is much less thermally stable than its methyl counterpart and
undergoes appreciable decomposition starting at 40°C [11] as compared to 270-300°C for
TMI [12-15]. However, as expected TMI undergoes a dissimilar decomposition process than
that of the triethyl species. As determined by Jacko and Price, TMI predominantly
decomposes by homolytic fission and at the low pressures and high temperatures used in
many growth techniques methane (CHy) appears to be the principle reaction product [16].

Therefore, due to the relatively low temperatures necessary for the decompositions of TEG,
TEA and TMI, the self-terminating growth mechanism required for ALE deposition appears
improbable at the increased growth temperatures of interest. Film deposition in the temperature
ranges needed for only the partial decomposition of the MO precursors necessary for self-
limiting adsorption have yielded only amorphous and polycrystalline films [4]. Hence, ALE
deposition has been suspended in favor of the more realistic layer-by-layer approach.

Experimentations. From experimentations the growth rate at S00°C and a TEG flow rate
of 0.111 sccm is constant at approximately 0.5 A/sec. Simply by adjusting the susceptor
rotation speed and thus the exposure time layer-by-layer deposition was achieved. A constant
deposition rate has not been evident at 640°C. This phenomenon can be explained as follows
[17]. During the growth period in the TEG zone, TEG molecules adsorb on the surface and
decompose into Ga atoms. Additional TEG molecules attached to the Ga adsorbed surface
may either decompose into more Ga atoms or desorb from the surface before decomposing.
At lower growth temperatures it appears that desorption of the TEG molecules is more
dominant than further TEG decomposition. However, as the growth temperature increases,
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the additional TEG molecules adsorbed onto the surface decompose more easily into Ga
atoms rather than desorb from the surface. This finding is supported by the increased
deposition rate between Run #15 and Run #16, grown at 500°C and 640°C, respectively, with

all other parameters the same.

E. Conclusions

Apparent monocrystalline GaN films have been grown using a layer-by-layer deposition
technique. After studying the different decomposition mechanisms of the various MO
precursors, ALE was suspended in favor of the layer-by-layer approach. Earlier
experimentations support this decision.

At a growth temperature of 500°C and a TEG flow rate of 0.111 sccm the deposition rate
is constant at approximately 0.5A/sec. A constant growth rate does not exist at 640°C. This
phenomenon was explained by the adsorption-decomposition model described above.

F. Future Research Plans and Goals

Deposition of GaN using GaN and AIN buffer layers will be attempted. The use of a
buffer layer may reduce the effects of lattice mismatch between the SiC substrate and the
depositing film and aid in the growth of more desirable, non-faceted films. Additional plots
of thickness per cycle versus exposure time need 10 be established to investigate the layer-by-
layer process at differing temperatures and MO precursor flow rates.

Layer-by-layer growth of AIN and InN is upcoming. Electrical measurements such as
mobilities and carrier concentrations need to be established for the deposited III-V films.
Also, attempts may be made to p-type dope GaN. A grand goal would be layered III-V nitride
films and continuous solid solutions.
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X. Deposition of Aluminum Nitride Films Via Decomposition of
AICI3xNH3 Complex

A. Introduction

Pure aluminum nitride, possesses a high electrical resistivity (>1013 W-cm) and high
thermal conductivity, 2W/cm-K). As such, it is a candidate material for active and passive
components in electronic circuits and for substrates which carry the Si chips containing these
circuits. This material also has the highest reported surface acoustic wave velocity [1] which
makes it viable for many piezoelectric applications. Aluminum nitride is frequently
considered for use for optical devices that can operate throughout the entire visible spectrum
and into the medium ultraviolet wavelengths. The high hardness possessed by this material
(1800 on knoop scale) is an indication of good mechanical strength. Because AIN is non-
toxic, it is a likely candidate to supplant Beryllium Oxide in a variety of applications. Several
of the above mentioned applications are still waiting for good-quality aluminum nitride single
crystals. Some useful properties of AIN are summarized in Table 1. For those interested in
more information on aluminum nitride, many excellent reviews are available [2-5].

Table L. Some properties of aluminum nitride

Crystal structure Whurtzite

Lattice constant a=3.112 A
c=4982 A

Bandgap energy 6.2 eV (300K)

Thermal expansion coefficient [4] 5.3%x06/K (c)
42x106/K (a)

Thermal conductivity [7] K=2W/cmK

Dielectric constant [4] e=9.0

Electrical resistivity ypically >1013 W-cm

Hardness 1800 (on knoop scale)

Density 3.255 g/em-3

Work function 536¢eV

Due to its high melting point and its instability near the melting temperature, most AIN
single crystal material has been grown from the vapor phase. For the past 20 years, two major
growth techniques have dominated high quality crystal growth—chemical vapor deposition
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(CVD) and molecular beam epitaxy (MBE). Single crystals, 25 mm thick, were grown on
SiC (0001) by Chu ez al. via using AICl3 and NH3 as precursors in the temperature range of
1200-1250 °C. Typical molar ratios of AICl3/NH3 that they used were in the range of 5x10-4
to 5x10-3. Cox et al. [47] were able to obtain single crystals of AIN on C-plane of sapphire
by using AICl3 and NH3 at 1780 °C. Being the most common sources, AlCl3 and NH3 were
used by Norieka and Ing [28] to grow AIN on Si substrates between 900 and 1300 °C. An
orientation relationship of (0001)AIN/ (111)si was observed. It was reported that the growth
rate decreased from 12 um/hr at 1000°C to 4 pm/hr at 1200°C. In 1981 Morita et al. [17]
grew epitaxial AIN films on Si (100), Si (110) and Si (111). They have employed TMA and
NH3 as sources. The films were grown at 1260°C and had rough surfaces.

As mentioned, the majority of previous research in this field was conducted using
chemical vapor transport systems. The choice of precursors falls into one of two categories.
The first and most widely used includes metalorganic compounds as the aluminum source
(e.g. trimethylaluminum) and ammonia as the nitrogen source [11-26). The second category
uses metal halides e.g., AICl3 or AlBrj3 as the aluminum source and, again, ammonia as the
nitrogen source [27-47].

If tricholoroaluminum and ammonia are chosen as starting materials, there are two ways
to approach the growth of crystals. One is to introduce the two gases separately into the
system and let them react at the substrate. The second route is to combine ammonia and the
tricholroaluminum before they reach the substrate. In the latter route, the two compounds will
form an intermediate complex (adduct) represented by the following formula; AlCl3-xNH3,
where x is between 1 and 6 {31,35,39].

B. Experimental Procedure

As stated in the previous section, the chosen way to deposit aluminum nitride in the
present studies involves the formation of a complex compound (i.e., adduct) and the
decomposition of this adduct at a higher temperature. This complex was formed by mixing
AlCl3 and NHj at about 400 °C. This approach can be summarized best by the following
chemical reactions.

AICI3 (g) + NH3 (g) <==> AlCl3-xNHj3 (g) ¢))
AICl3-xNH3 (g) <==> AIN (g) + 3HCI (g) ()
Nitrogen gas was passed over the heated AlCl3 powder to carry it into the growth system.

In the AICI3-NH3-N3 system the only gaseous species that were of concern were, AlCl3,
A17Clg, Ha, N> and NH3. Al,Clg is the primary gaseous species over AICl3 when it is
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sublimed. AlxClg transforms to AICI3 at temperatures above 600 °C. The presence of the
dimer form does not effect the formation of the adduct because Al2Clg is also capable of
combining with NH3 to form the complex that is of interest {39]. From K. Nickel’s work [39]
it can be seen that in the range of the temperature and composition that of our interest, it is
not possible to nitridize AICl3 with N2. In other words, Equation 3 has a very high positive
AG value for all temperatures of our concern.

2 AICI3 (g) + N2 (g) <==> 2 AIN(s) + 3Cl(g) 3)

Perhaps the following two reactions need also be considered for system of our purposes.
AICI3 (g) + NH3 (g) <==> AIN (s) + 3HCl(g) 4
2NHj3 (g) <==> N3z + 3H2 S)

Although reaction (4) has a strongly negative free energy value at the temperatures where
AIN is the only condensed phase, NH3 is not stable. If NH3 decomposes according to
Equation (5) then no yield can be expected from Equation (4). However the decomposition of
ammonia will never take place to the full extent. The approximated yield of reaction (4) is
about 20 % [39]. Although introducing NH3 and AICIl3 separately into the reaction chamber
has been one of most popular inethods, from the above discussion it does not appear to be the
most efficient way of depositing AIN. Especially for bulk material growth, a method with a
higher efficiency would be more useful.

Thus, in order to obtain high deposition yields for AIN, decomposition of ammonia must
be suppressed. This can be achieved in two ways. One is the choice of reactor material. It is
known that metals (like Fe or Cu) favor decomposition of ammonia while the ceramic
materials hinder it. The second and the more reliable way of preventing the decomposition of
ammonia is to form an adduct by combining it with AICl3 prior to deposition. This is actually
one of the more important points that was considered when the present system was designed.
The adduct has a wide range of temperature stability. The minimum temperature needed to
form the adduct is 340 °C and it is stable up to 700 °C. Above this temperature, the adduct
will decompose according to Equation (2). Using this method, we need only concern
ourselves with the decomposition of the adduct at the right temperature to ensure the
formation of aluminum nitride. Temperatures higher than this yielded in homogeneous
nucleation (i.e., gas phase nucleation) of AIN, which is of no use for our purposes.
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Table II. Typical growth parameters

Substrate temperature 900-1100 °C

Adduct formation temperature 380400 °C
AICI3 temperature 70-90 °C
Carrier gas ( nitrogen) flow rate 350 sccm
Ammonia flow rate 350 sccm

C. Results And Discussion

Polycrystalline AIN films were grown on Si(100), Si(111) and SiC(0001) substrates. Lack
of control over the flow dynamics in the system has, to date, prevented the achievement of
film uniformity. Both vertical and horizontal substrate holders were used. The better films
were grown using the vertical substrate holder where the substrate was parallel to the gas
flow. Scanning electron micrographs of the microstructures of the films grown on Si and SiC
substrates are shown in Figs. 1 and 2.

Figure 1. Polycrystalline AIN film grown on Si.
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Figure 2. AIN on SiC substrate.

D. Conclusions

Results obtained from the experiments conducted to date indicate that deposition of single
crystal AIN films have a high feasibility with an improved reactor design. It has been proven
that the idea of preserving the 1:1 ratio of Al to N via forming an intermediate compound can
be achieved. Thus, the decomposition of ammoia can be suppressed which is the major factor
that redeuces the yield of the process.

E. Future Research Plans

One of the major problems that was faced came from the design of the heater. Since the
heater surrounds the entire reaction chamber and the aim was to heat the substrate only, the
gas inside the chamber was also heated. This resulted in homogeneous nucleation of AIN.
This effect was reduced by changing the substrate holder and letting the adduct flow over the
substrate allowing less time for it to decompose in the gas phase and stick to the substrate.
One other difficulty arises from the flow pattern of the gases in the system. More uniform
coverage of the substrate must be achieved. Solving these two technical problems is the key
step limiting further progress in obtaining single crystal aluminum nitride with this system,
see Figs. 3 and 4.
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XI. Development of Photo- and Cathodoluminescence System for
Characterization of Wide Bandgap Semiconductor Thin Films

A. Introduction

Luminescence is the emission of photons due to excited electrons in the conduction band
decaying to their original energy levels in the valance band. The waveicngth of the emitted
light is directly related to the energy of the transition, by E=hv. Thus, the energy levels of a
semiconductor, including radiative transitions between the conduction band, valance band,
and exciton, donor, and acceptor levels, can be measured [1,2].

In luminescence spectroscopy various methods exist to excite the electrons, including
photoluminescence (photon excitation), and cathodoluminescence (electron-beam excitation).
In each technique signal intensity is measured at specific wavelength intervals using a
monochrometer and a detector. The intensity versus wavelength (or energy) plot can then be
used to identify the characteristic energy bandgap and exciton levels (intrinsic luminescence)
of the semiconductor, and the defect energy levels (extrinsic luminescence) within the gap
[1].

Both photo- and cathodoluminescence analysis has been performed on AIN, GaN, and
Aleél_xN semiconductors [3-8). Much of the work has been in measuring the low
temperature GaN luminescence peaks. Work on AIN has been limited by the energy gap of
6.2 eV, which corresponds to a wavelength (200 nm) that is lower than most of the optical
light sources. An excimer laser using the ArF line (193 nm) can be used, but caution must be
taken when operating at these wavelengths.

Few time-resolved luminescence measurements have been performed on AIN and GaN.
In a time-resolved measurement, a pulsed source is used to excite the sample and the
luminescence is measured at short sampling intervals after the pulse. The result is an intensity
vs. time plot. Time resolved spectroscopy is useful for separating the emission bands of the
investigated samples with different decay times. It is often used to measure donor-acceptor
recombination rates and minority carrier lifetimes [1].

Depth-resolved information can be obtained using cathodoluminescence, since generation
depth varies with beam voltage. This technique is particularly useful for studying ion
implanted semiconductors and layered structures [1].

B. Future Research Plans and Goals
A combined photo- and cathodoluminescence system has been assembled and will be
used to perform luminescence measurements on AIN, GaN, and AlyGaj; 4N semiconductors.
A schematic view is shown in Fig. 1, and a block diagram is shown in Fig. 2. The sample is
in a UHV chamber, and the monochrometer and collection optics are in a vacuum
environment. Each sample is attached to a cryostat from APD cryogenics, which allows for
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luminescence measurements at temperatures as low as 4.2 K. The monochrometer is a
McPherson model 219 vacuum monochrometer. Its focal length is .5 m, with a wavelength
resolution of .02 nm at 313.1 nm. This high resolution will allow for the identification of
exciton and defect energy levels. A photon counter from Stanford Research (SR-400) with a
Hamamatsu Photomultiplier tube is used to acquire the data, and a software package from
Galactic Industries (Spectra-Calc) is used to analyze the results.

Sample Chamber
Optical Ports
Focusing
Mirror

| Chamber
1

I Photomultiplier

tube
Monochrometer
Figure. 1. Schematic of the combined photo- and cathodoluminescence system.

Two opiical sources and a beam blanking electron gun are the excitation sources. One
optical source is a He-Cd laser with a powder of 15 mW. It is a continuous wavelength laser
that operates at a wavelength of 325 nm, making it practical for testing the luminescence of
GaN. A pulsed excimer laser is the other optical source; it operates at wavelengths of 193 nm
(6.4 eV), 248 nm (5.0 eV), and 308 nm (4.0 ¢V); and so it can be used to measure the
luminescence of both AIN and GaN.

The beam blanking capability of the electron gun will allow for time-resolved
luminescence measurements of the semiconductors. The SR-400 will be used for data
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Figure 2. Block diagram of the combined photo- and cathodoluminescence system.

collection, although a boxcar integrator may also be used. The electron gun has a maximum
beam voltage of 10 keV, which allows for depth-resolved spectroscopy to be performed.

Cathodoluminescence in the TEM will also be performed on the nitride films through

a collaboration with Dr. Roger Graham at Arizona State University. In the TEM environment
the luminescence from individual defects can be examined, and hence the source of extrinsic

luminescence peaks can be identified.
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XII. The Influence of Interfacial Hydrogen and Oxygen on the Schottky
Barrier of Nickel on (111) and (100) Diamond Surfaces
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Abstract

The Schottky barrier of thin (<5A) nickel films on natural type IIb (p-type
semiconducting) diamond (111) and (100) surfaces were determined with ultraviolet
photoemission spectroscopy. Prior to nickel deposition the diamond (111) surfaces were
exposed to an argon plasma while heated to 350°C. This resulted in a change from a negative
electron affinity surface to a positive electron affinity surface. This effect is used as an
indication that a hydrogen free surface had been obtained. Deposition of a monolayer of
nickel on this hydrogen free diamond (111) resulted in a Schottky barrier height of 0.5 eV. In
addition, it was found that the deposition of nickel led to a negative electron affinity surface.
Upon further deposition of nickel the Schottky barrier height increased by ~0.2 eV, and the
negative electron affinity effect was reduced. When hydrogen was present on the (111)
surface, an increased Schottky barrier height of ~1.0 eV was observed. Diamond (100)
surfaces were prepared by a vacuum anneal to temperatures ranging from 500°C to 1070°C.
Oxygen was present on the surface after loading, but was reduced after a 900°C, and could
not be observed after a 1000°C anneal. A lowering of the electron affinity on the diamond
(100) surface by ~1 eV, was observed as the annealing temperature was increased. This led to
a negative electron affinity after the surface had been annealed to temperatures above
~1000°C. After annealing, a 2x1 surface reconstruction was observed. Nickel was deposited
after the various anneals, and Schottky barrier heights were found which ranged from 1.5 eV
for the 545°C annealed surface, to 0.7 eV for the 1070°C annealed, reconstructed surface.
The general trend for both the (100) and (111) surface is that the presence of chemisorbed
species, such as hydrogen and oxygen, resulted in a increase in Schottky barrier height.
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A. Introduction

Diamond exhibits unique electronic properties, such as a wide band gap (5.47 eV), high
carrier mobilities (p = 2200 cm2/V-s, pp = 1600 cm?/V-s) and a high breakdown field
(107 V/cm), which combine to make diamond an excellent semiconductor material to be used
for high speed, high temperature or high power transistors. With the development of
chemical vapor deposition growth of diamond, diamond has the possibility to become an
economically viable electronic material. In order to make use of these diamond for device
technology, both ohmic and rectifying contacts to diamond will be needed. At present only p-
type diamond can be reliably manufactured, and Schottky barriers may play an important
role, as an alternative for the p-n junction. Various field effect transistors (FET) [1-5] and
bipolar junction transistors [6, 7] based on diamond, have been reported.

In this paper we report Schottky barrier height measurements of nickel thin films,
deposited on natural diamond (100) and (111) surfaces. The diamond (111) surfaces were
exposed to an argon plasma prior to nickel deposition, while the diamond (100) surfaces were
annealed to temperatures ranging from 500°C to 1070°C. The Schottky barrier heights were
determined from photoemission measurements. The diamond surfaces were characterized
using- photoemission and Auger electron spectroscopy. The effects of surface structure and
surface preparation on the Schottky barrier height of nickel thin films deposited on natural
diamond (111) and (100) surfaces, is discussed and related to theoretical studies.

Because of the rapid developments in the field of diamond growth in recent years, the
metal-diamond interface has been studied more intensely. A number of reports have
described metal contacts on diamond [8-29]. The general trend that emerges is that the as-
deposited metal contact exhibits rectifying behavior. In order to make ohmic contacts,
however, the diamond surface has to be modified [15, 26, 30], or heavily doped [9, 24]
before the metal is deposited. Or alternatively, if a carbide forming metal is used, a metal
carbide can be formed by annealing the contact [27, 31]. After the annealing these contacts
are often found to be ohmic [12, 20, 21, 27, 32]. With a few exceptions, however, these
studies are limited to current-voltage measurements. The current-voltage measurements on
rectifying contacts that have been analyzed indicate large ideality factors for the metal-
diamond interfaces [10, 16, 18, 28, 33], which makes an accurate determination of the
Schottky barrier from current-voltage measurements difficult. Actual Schottky barrier
measurements have been performed with a variety of methods and have mainly focused on
gold or aluminum on diamond. Using current-voltage, capacitance-voltage and
photoresponse methods, Mead and McGill have found Schottky barrier heights ranging from
1.7 eV to 2.0 eV for gold on chemically cleaned surfaces, and 1.9 eV t0 2.2 eV for aluminum
contacts [34]. Himpsel er al. report Schottky barrier heights of 1.3 eV for gold and 1.5 eV for
aluminum, on unreconstructed diamond (111), determined with photoemission spectroscopy
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measurements |35, 36]. For gold and aluminum on chemical vapor deposited diamond films a
Schottky barrier height of 1.13 eV was found by Hicks et al, using internal photoemission
[16]. Gold and aluminum have differing work functions (5.1 eV and 4.3 eV respectively) and
differing electron negativities (2.4 and 1.5 respectively). These comparative studies therefore
indicate that the Schottky barrier height of metals on diamond is only weakly dependent on
the properties of the metal. Other reports concerning gold contacts include capacitance-
voltage measurements by Glover who reports a value of 1.7 eV for gold on synthetic
diamond (100) [14)], and internal photoemission measurements indicating a Schottky barrier
of 1.15 eV for gold on chemical vapor deposited diamond film by Grot et al. [29].

In addition to reports of these non-carbide forming metals, there have been reports of
Schottky barrier height measurements of carbide forming materials. Using UV-
photoemission spectroscopy van der Weide er al. reported a Schottky barrier height of 1.0 eV
for titanium on diamond thin films, and on an argon plasma cleaned diamond (111) surface
[31, 37]. Tachibana et al. report a value of 1.3 eV for titanium on diamond films, obtained
from X-ray photoemission measurements. They also found that the Schottky barrier was
reduced to 0.8 eV after annealing the contact to 430°C for 30 minutes [27]. Geis er al. report
rectifying behavior for tungsten contacts on diamond (100) for temperatures up to 700°C.
From the current-voltage measurements a barrier height of 1.3 eV was found [10]. Also using
current-voltage measurements, a similar value of 1.2 eV was found by Shiomi ez al. for
tungsten on diamond films, grown epitaxially on diamond (100) and (110) surfaces. X-ray
photoemission studies of gold, aluminum and titanium on reconstructed and unreconstructed
diamond (100) and (111) surfaces, were performed by Tachibana et al. [38). They report an
increase in the downward band bending, by as much as 1 eV, as a function of metal
thickness, deposited on the unreconstructed surfaces. The absolute values for the Schottky
barrier heights were not obtained, but the downward band bending indicates an increase in
the Schottky barrier height. Similar studies, performed on the reconstructed (111) and (100)
surfaces did not show any significant change in the band bending. The difference between the
reconstructed, and unreconstructed surfaces is attributed to Fermi level pinning at the surface
by the surface states associated with the reconstruction. The various Schottky barrier heights
mentioned above, are summarized in Figure 1.

Nickel and copper have an FCC crystal structure, with lattice constants that closely match
the lattice constant of diamond (a(dia)=3.567A, a(Ni)=3.523A, a(Cu)=3.615A). There have
been attempts to use this close lattice match to obtain heteroepitaxial growth of diamond on
these metals [39-44). Although it is possible to grow nickel epitaxially on diamond (111) and
(100) surfaces [18, 45, 46], heteroepitaxy of diamond grown on nickel has not been reported
to date. There have been, however, reports of oriented growth on nickel substrates seeded
with diamond particles, which are oriented with respect to the nickel surface [47, 48].
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Figure 1. Summary of Schottky barrier heights reported in the literature, and listed in
the text. The triangles represent data obtained from (111) surface, the squares
represent data from (100) surfaces, and the circles are Schottky barrier heights
on diamond film.

Theoretical investigations of the diamond-nickel interface have been performed by Erwin
and Picket [49-53]. Their calculations are focused on two different structures for nickel on
both the (111) and the (100) surfaces. These structures are shown in Figure 2. For both the
(111) and the (100) surface a Schottky barrier of less than 0.1 eV is found, for the most stable
configurations. It should be noted, however, that these calculations are focused on nickel
deposited on idealized diamond surfaces, and the presence of chemisorbed species is not
taken into account. Calculations on the effects of hydrogen on the Schottky barrier height
have been performed by Lambrecht on the copper-diamond (111) interface [54). For copper
on the hydrogen free diamond surface Lambrecht reports a Schottky barrier height of less
then 0.1 eV, which is similar to the results found by Erwin and Pickett for nickel on the
diamond (111) surface. Lambrecht found, however, that the presence of interfacial hydrogen
resulted in an increased Schottky barrier height of 21.0eV.

After ex situ preparations of the surfaces, the diamond (111) surface is typically found to
be terminated by hydrogen [55-58] with one hydrogen atom bonded to each surface carbon
atom. The presence of this hydrogen is found to lower the work function of the surface,
which causes the diamond (111) surface to exhibit a negative electron affinity [56, 58]. This
means that electrons that are at the conduction band minimum have sufficient energy to
overcome the work function. The presence of a negative electron affinity can be detected
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Schottky barrier: 1.0 eV Schottky barrier: <0.1eV

Figure 2. Ball-and-stick models of the various configuration of nickel on diamond (111)
and (100)as studies by Erwin and Pickett [49-51, 53].

with photoemission spectroscopy, since secondary electrons that are thermalized to the
conduction band minimum appear as a sharp peak in the spectra [35, 36, 56-62]. The
hydrogen can be removed from the diamond (111) surface, by annealing the surface to
>950°C. This annealing process typically leads to a 2x1/2x2 reconstructed surface, which
exhibits a positive electron affinity.

Electron stimulated desorption time-of-flight measurements, reported by Hamza er al.
[63] suggest that the unreconstructed diamond (100) surface is terminated by a dihydride, as
illustrated in Figure 3(a). Hydrogen and oxygen desorption and adsorption studies performed
by Thomas et al. suggest, however, that a partial oxygen termination may be also occur [64].
Two possible structures were proposed for an oxygen terminated surface, as shown in Figure
3(b) and (c). Both Hamza er al. and Thomas et al. report that the unreconstructed surface is
observed to reconstruct after the surface has been annealed to ~1000°C. Electron stimulated
desorption time-of-flight measurements, performed by Hamza ez al., indicate that there is still




hydrogen present at the reconstructed surface [63]. It is therefore suggested that the 2x1

reconstructed surface is terminated by a monohydride.

(a) Diamond (100) 1x1:2H Dihydride structure

(b) Diamond (100) 1x1:0 Bridging structure

(c) Diamond (100) 1x1:0 Double-bonded structure

and-stick models of dihydride (a) [63] and oxygen (b and c) [64]

terminated diamond (100) surfaces, resulting in an 1x1 surface structure.

Ball-

Figure 3.




B. Experimental

The experiments described here, were performed in the vacuum system depicted in
Figure 4. The system consists of four chambers, connected by a vacuum transfer system. This
system allows the use of a variety of analysis techniques and sample preparation techniques
without exposing the samples to air. The four chambers include a plasma chamber, a
LEED/AES chamber, an angle resolved ultraviolet photoemission spectroscopy (ARUPS)
chamber, and a molecular beam epitaxy (MBE) chamber. A load lock allows the introduction
of samples, without corrupting the vacuum.

Figure 4. Schematic of the vacuum equipment used in the experiments.

A central feature of the transfer system is a glider, which can hold up to three sample
holders. The glider is mounted on four Teflon™ bearings and moves on two rails. It can be
pulled back and forth by a stainless steel wire. Sample holders are loaded on the glider or
introduced into the chambers, by magnetic push rods. Transfers between the various
chambers can be typically performed in less than 5 minutes. The base pressure of the transfer
system is 2x10-? Torr.

The plasma chamber is used to generate both hydrogen and argon plasmas. These gasses
are introduced into the plasma chamber through a 25 mm diameter quartz tube. A 12 turn coil
around the tube is used to couple RF power inductively into the plasma. The gas pressure in
the chamber is regulated by a turbo pump backed throttle valve. Samples face the plasma
region, and are located at ~40 cm from the end of the quartz tube. Samples are heated by a




tungsten filament in close proximity to the back of the sample while they are exposed to the
plasma.

Photoemission spectroscopy is performed in the ARUPS chamber. Photoemitted
electrons are excited by ultraviolet radiation, generated in a differentially pumped noble gas
discharge lamp. In this study the lamp is operated with helium gas, and the discharge is
optimized for Hel radiation which has an energy of 21.21 eV. The photoemitted electrons are
analyzed with a 50 mm hemispherical electron analyzer, with an angular resolution of 2°.
The analyzer is mounted on a double goniometer, and can be tilted with respect to the surface
of the sample in any direction. For the experiments described here the analyzer is positioned
normal to the surface, and is operated with an energy resolution of 0.15 eV. The sample is
mounted on a heating stage, with a tungsten filament in close proximity to the back of the
sample. In the experiments the diamond substrate was mounted on a molybdenum disk. The
temperature of the heater is measured at the back of the molybdenum disk with a tungsten-
rhenium thermocouple. This temperature measurement is used during experiments to regulate
the temperature of the heater. Due to the thermal resistance of the molybdenum disk the
actual temperature of the diamond sample is less than the temperature determined with the
thermocouple. The thermocouple temperatures were therefore converted to the actual
temperatures, as determined by an optical pyrometer. The sample stage is electrically isolated
from the rest of the chamber, and can be biased. Bias voltages of up to 1 V were applied in
order to allow low energy electrons to overcome the work function of the analyzer. The base
pressure in the ARUPS chamber is 5x10-19 Torr, which rises to 5x10-% Torr when the
discharge lamp is operated.

The MBE chamber contains two electron beam evaporation sources that can be used to
evaporate a variety of materials. Each source is equipped with a crystal rate monitor which is
used to monitor evaporation rates and film thicknesses. The base pressure of this chamber is
1x10-10 Torr which rises to ~1x10-8 Torr during evaporation.

The diamond substrates used in this study were commercially supplied natural diamond,
obtained from Dubbeldee Harris. It was found necessary to use the p-type semiconducting
variety of diamond (type IIb), since non-conducting diamond samples (type IIa) did not yield
a signal. This is attributed to charging. The diamond substrates measured 3x3x0.5 mm? or
4x4x0.5mm3, with typical resistivities on the order of 10? Q-cm. The surfaces of two of these
substrates were oriented to within 4° of the (111) planes, while the other two surfaces were
(100) oriented to within 2°. The wafers were polished with 0.1 um diamond grit and
chemically cleaned before every experiment. The chemical clean consisted of a 10 minute
etch in boiling sulfuric acid to remove wax and residues from the polishing. This was
followed by 30 minutes in boiling chromic acid to remove graphitic carbon from the surface.
The clean was concluded with a de-ionized water rinse, a 10 minute etch in boiling aqua
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regia to remove metallic traces, and a final de-ionized water rinse. Just before the wafers
were loaded into the vacuum they were given a final hand polish with dry lens paper. The
diamonds were fastened to a 1.6 mm thick, 25.4 mm diameter molybdenum disk with
tantalum wire.

Once in vacuumr the diamond (111) wafers were annealed to temperatures up to 850°C
for 10 min. in order to desorb contaminants. After the anneals the wafers were exposed to an
argon plasma in the plasma chamber to remove hydrogen bonded to the surface [65] and to
obtain a clean surface. The gas flow was kept at 9 sccm while the pressure was held at 14
mTorr. The plasma was excited with 20 W of RF power. The samples were exposed for a
duration of 10 minutes at a time. During each exposure the sample was kept at a temperature
of ~350°C. After each plasma exposure the sample was transferred into the ARUPS chamber.
The absence of a peak, associated with a negative electron affinity surface was used to
determine whether the plasma had removed the hydrogen from the surface. The diamond
(100) surfaces, which do not show a negative electron affinity after chemical cleaning, were
annealed to temperatures ranging from 500°C to 1070°C, before nickel was deposited.

Nickel was deposited in the MBE chamber. Typical evaporation rates were ~10 A/min.
After each deposition the samples were transferred to the ARUPS chamber. The nickel films
were deposited at room temperature, and epitaxial growth is not expected to occur, based on
growth studies of nickel on diamond (111) and (100) surfaces [46). In one experiment,
however, the film deposited on a (100) surface was annealed to ~370°C for 30 minutes after
deposition, which did result in epitaxial growth. Both SEM and STM measurements were
attempted on the completed films, to determine whether growth had occurred uniformly.
These measurements did not yield significant results, however, apparently due to the fact that
the substrates were too resistive for these measurements.

Photoemission spectroscopy is commonly used to measure Schottky barrier heights by
determining the relative positions of the valence band edge and the Fermi level of the metal.
For the diamond (111) surface the valence band edge can be determined by linear
extrapolation of the onset of emission to zero, as depicted in Figure 5. In addition to a clear
onset of emission, the diamond (111) surface has been shown to exhibit a negative electron
affinity when the surface is hydrogen terminated [56, 58]. The work function of the surface is
therefore such, that the energy position of the conduction band edge lies above the energy
position of the vacuum. This allows electrons, thermalized at the conduction band minimum
to escape from the surface. These electrons appear as a sharp peak, labeled ‘E.’ in Figure 5,
at the low energy end of the spectrum. Instead of being determined by the work function, the
low energy cut off of the spectrum is now determined by the conduction band edge. The
energy position of the valence band edge, labeled ‘E,’ in Figure 5, can be determined from
the position of the peak labeled ‘E.’. The onset of emission occurs at Ey + hw, where hw is
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Figure 5. Determination of the valence band edge position (Ey + hw) in a diamond (111)
spectrum by linear extrapolation of the onset of emission (a) and based on the
emission from the conduction band edge (b). Emission from the conduction
band edge is possible since the surface has a negative electron affinity which
puts the vacuum level below the conduction band edge. The emission appears
as a sharp peak at the low energy end of the spectrum.

the energy of the light. The conduction band minimum E_ is also related to the valence band
edge since E; = E, + Eg, where Ej, is the energy gap in the diamond. The onset of emission
should therefore occur at hw - Eg above the peak ‘E¢’ in the spectrum. The onset of emission,
and the peak at ‘E.’ due to the negative electron affinity are therefore two independent means
of determining the position of the valence band edge.

The Schottky barrier height can be determined from photoemission spectra, by locating
the valence band edge of the semiconductor, and the Fermi level of the metal in the spectra.
The determination of the Schottky barrier height from UV photoemission measursments,
relies on the fact that features of both the metal and the underlying semiconductor are visible
in one spectrum, as shown in Figure 6. Experiments are therefore limited to thin metal films
with a thickness on the order of the mean free path of the electrons (~5A). Even at metal
coverages less than the mean free path, it is not always possible to determine the position of
the valence band edge accurately from the spectra, since emission from the metal Fermi level
obscures the relatively weak semiconductor valence band emission. In our experiments the
valence band edge was determined from the spectrum of the diamond (111) surface before
metal deposition and related to a stronger emission feature at 8.2 ¢V below the valence band
edge, labeled ‘A’ in Figure 6. The spectra of the diamond (100) surfaces do not exhibit a
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Figure 6. Diagram illustrating how the Schottky barrier height is determined from the
photoemission spectra by determining the relative position of the Fermi level
of the metal, and the valence band edge of the semiconductor. If the valence
band edge can not be resolved directly, it is determined indirectly from the
position of stronger features, such as ‘A’.

clear onset of emission corresponding to the valence band edge. The spectra do, however,
exhibit the feature at 8.2 eV below the valence band edge which is also present in the spectra
of the (111) surfaces. The position of this feature on the (100) surface, relative to the valence
band edge, was confirmed from spectra of the 2x1 reconstructed diamond (100) surface,
which exhibited a negative electron affinity, as discussed below. For both the (111) and the
(100) surface this peak remained clearly visible for metal thicknesses on the order of 5 A. For
each spectrum, the position of this peak was found by fitting a Gaussian curve to a selected
range of data points. The position of the valence band was then determined from the position
of this peak.

In order to measure the Schottky barrier height, the position of the Fermi level of the
metal overlayer has to be determined as well. At low coverages the onset of emission is not
abrupt as for complete metal films. The Fermi level is therefore determined by linear
extrapolation of the onset of the emission intensity to zero.
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C. Results
Nickel on diamond (111). A photoemission spectrum, obtained from an argon plasma

cleaned diamond (111) surface, is shown in Figure 7. The low energy cut off of the spectrum
is positioned ~0.3 eV above the position of the conduction band minimum. The surface
exhibits, therefore, a 0.3 eV positive electron affinity. In contrast, a spectrum, obtained from
a surface which exhibited a negative electron affinity, as evidenced by a sharp peak at low
electron energies, is also shown in Figure 7. The presence of the negative electron affinity
effect is attributed to hydrogen chemisorbed onto the surface.

2
.g g
g s
- & .
€Es Monohydride
z, = terminated
B ',:, diamond (111)
m A
Argon plasma
cleaned
diamond (111)

Ll L ‘ v L v L ' T L v L l LJ L} 14 Ls ‘l
-15 -10 -5 0

Energy below the Fermi level (eV)

Figure 7. Photoemission spectra of a hydrogen free diamond (111) surface with a
positive electron affinity (bottom curve) and hydrogen terminated surface with
a negative electron affinity (top curve) resulting in a sharp peak due to
emission from the conduction band edge.

Nickel was deposited while the samples were at room temperature. Figure 8 shows
typical spectra of the argon plasma cleaned diamond (111) surface, before and after nickel
deposition. The spectra obtained after nickel deposition show the emerging Fermi edge of the
nickel as the thickness of the of the nickel film increases. In addition, a peak at the low
energy end of the spectrum appears, which is an indication that the surface has a negative
electron affinity. The peak reaches a maximum for a film thickness of 1 A. At that thickness
a clear onset of emission due to the Fermi edge of the nickel film can be discerned. Upon
nickel deposition a shift of ~0.4 eV towards lower energies is observed in the spectrum of the
underlying diamond. In contrast, nickel deposited on the surface that exhibited a negative
electron affinity prior to deposition, resulted in a reduction of the negative electron affinity
peak, as can be seen in Figure 9.
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Figure 8. Photoemission spectra of nickel on a hydrogen free diamond (111) surface. A
clear Fermi level can be discerned after 1A of nickei. The diamond surface is
exhibits a negative electron affinity after deposition of the first 0.5A Nickel,
as evidenced by a sharp peak at the low energy end of the spectrum.
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Figure 9. Photoemission spectra of nickel deposited on a hydrogen terminated diamond
(111) surfree. The negative electron affinity of the original surface is reduced
upon nickel deposition.
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Schottky barrier heights were determined from the photoemission spectra, and plotted as
a function of film thickness in Figure 10. This Figure shows two distinctly different results.
The upper data set was obtained from the surface that exhibited a negative electron affinity
prior to nickel deposition, and a ~1.0 eV Schottky barrier height is found for nickel on this
surface. Nickel deposited on the argon plasma cleaned surface, however, resulted in a ~0.5
eV Schottky barrier height for the first monolayer of nickel. This Schottky barrier height was
seen to increase to ~0.7 eV upon further nickel deposition.

1.5

Deposition on NEA surface

Schottky barrier height (eV)

Deposition on
- hydrogen free surflace
0.5
y
0 L] ' L I ¥ ' ¥ ]*
] 1 2 3 4

Thickness of nickel film (A)

Figure 10.  Schottky barrier height of nickel on the diamond (111) surface, as a function
of metal thickness. The data in the upper curve was obtained from a hydrogen
exposed surface, while the data in the lower curve is associated with a
hydrogen free surface. )

Nickel on diamond (100). Diamond (100) surfaces were polished and etched, and
annealed to temperatures ranging from 500°C to 1070°C. As is shown in Figure 11, auger
spectra obtained from the as-loaded surface exhibit a feature indicative of oxygen, which
remains present after a 500°C anneal. After a 900°C anneal a reduction in the oxygen feature
can be observed, however, in agreement with desorption studies performed by Thomas [64].
After the 900°C anneal the onset of a 2x1 reconstruction is observed, as determined by
LEED. Further annealing to 1050°C resulted in a reduction of the amount of oxygen on the
surface to below the detection limit of the Auger system, while the LEED pattern of the 2x1
reconstruction is observed to sharpen. It should be mentioned, that Auger spectroscopy
measurements are not sensitive to hydrogen, and the presence of hydrogen on the surface is
anticipated.
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Figure 11.  Auger spectra, obtained from the diamond (100) surface, as a function of
annealing temperature. The oxygen is observe to evolve at ~900°C.

Photoemission spectroscopy spectra of the diamond (100) surface were obtained from a
separate sample, and are shown in Figure 12. The spectra shown in the figure exhibited small,
but inconsistent shifts in energy on the order of 0.2 ¢V, and are therefore aligned with respect
to the feature at ~9 eV below the Fermi level. As can be seen in the figure the back edge of
the spectra shifts ~1 eV towards lower energies as the diamond (100) is annealed to higher
temperatures. This signifies a lowering of the work function, and consequently a lowering of
the electron affinity. After a 1035°C anneal a peak appears in the spectra at low electron
energies, indicative of a negative electron affinity surface. The peak increased in height upon
further annealing to 1070°C.

Nickel was deposited on surfaces that had been annealed to temperatures ranging from
545°C to 860°C, and photoemission spectra were obtained after cach deposition. A typical
series of spectra is shown in Figure 13. Although the back edge of the spectra is observed to
shift towards lower energies, the negative electron affinity effect was not observed to appear
upon Nickel deposition. In addition, nickel was deposited on a 2x1 reconstructed surface,
obtained by annealing the surface to 1070°C. After each deposition of nickel on this surface,
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Figure 12.

Figure 13.
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Photoemission spectra showing the effects of annealing on the diamond (100)
surface. The shift in the back edge is indicative of a lowering of electron
affinity, and is associated with a change of the surface from a dihydride to a
monohydride terminated surface. A faint 2x1 reconstruction was observed
after the 1000°C anneal, which became sharper after the 1070°C anneal. The
spectra have been lined up according to peak at ~9 eV below the Fermi level.
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Photoemission spectra of nickel deposited on diamond (100) after the surface
had been annealed to 545°C. Upon nickel deposition the work function of the
surface is reduced, resulting in a shift of the low energy cut-off of the

spectrum.
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the film was annealed to ~370°C. As is displayed in Figure 14, the negative electron affinity
peak was slightly reduced, but remained visible after 2 A of nickel had been deposited. After
further nickel deposition the peak disappears. After ~35 A of nickel had been deposited, the
sample exhibited a (100) 1x1 LEED pattern, indicating that the film was grown epitaxially.
Schottky barrier heights of the nickel-diamond (100) interface were determined from the
photoemission spectra, and are plotted as a function of film thickness, in Figure 15. As can be
seen, the Schottky barrier height is reduced from ~1.5 eV for nickel on the 545°C annealed
surface, to ~0.7 eV for nickel on the 1070°C annealed surface. It is of interest to note that the
change in Schottky barrier height corresponds to a change in the electron affinity of the
surface prior to the nickel deposition.

intensity (arbitrary units)
&H
>.
Z

2ANi
=
=
&
E
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Energy below the Fermi level (eV)

Figure 14. Ptg)&;)emission spectra of nickel deposited on 2x1 reconstructed diamond
(100).
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Figure 15.  Schottky barrier height of nickel on diamond (100) as a function of metal
thickness. The different data sets were obtained after the substrates had been
annealed to the temperatures indicated in the figure.

D. Discussion

Nickel on diamond (111). From the results presented here, the Schottky barrier height for
nickel on the hydrogen-free diamond (111) surface was found to be ~0.5 eV. Theoretical
calculation performed by Erwin and Pickett indicate, however, that the interface structure
with the lowest formation energy, nickel in the ‘tetrahedral’ position, results in a Schottky
barrier height of <0.1 eV. It should be noted, however, that the formation energy of the
‘tetrahedral’ structure (0.97 eV/atom) is almost identical to the formation energy of the ‘in-
hollow’ structure (1.06 eV/atom). There is, however, a significant difference between the
calculated Schottky barrier heights for nickel in these two structures. For the ‘tetrahedral’
position, which is energetically the most favorable, a Schottky barrier height of <0.1 eV is
found, while the ‘in-hollow’ position leads to a predicted Schottky barrier height of 0.8 eV.
Since nickel does not grow epitaxially at room temperature on the (111) surface [46], and in
light of the fact that the two proposed formations are so close in formation energy, we
suggest the possibility that both formations could occur at the interface. That would result in
an effective Schottky barrier height between <0.1 eV and 0.8 eV, which is in general
agreement with our experimental value of 0.5 eV.
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The influence of interfacial hydrogen on the Schottky barrier has been studied by
Lambrecht [54], who performed calculations on the copper-diamond (111) interface. Copper,
like nickel has an FCC lattice, that closely matches the lattice of diamond, and the two
elements are expected to behave in a very similar fashion. This is borne out by the fact that
the calculations of Lambrecht for copper on diamond (111) lead to very similar results as the
ones done on nickel by Erwin and Pickett. Lambrecht finds a nearly zero Schottky barrier
height for copper in the ‘tetrahedral’ position, while a Schottky barrier height of ~0.5 eV is
found for the ‘in hollow’ position. His calculations of copper on hydrogen terminated (111)
diamond, however, result in a theoretical Schottky barrier of more than 1 eV. This agrees
with our results, which suggest that the presence of hydrogen at the surface leads to a higher
Schottky barrier.

The possibility was considered that the negative electron affinity observed after the nickel
deposition was the result of a lowering of the work function of the surface due to the nickel.
A similar effect has been reported for titanium on the diamond (111) surface [37]. In order
for this to occur the sum of the Schottky barrier height and the work function has to be less
than the bandgap of the semiconductor, as illustrated in Figure 16. With a Schottky barrier
height of 0.5 eV and a bandgap of 5.47 eV that would mean that the nickel work function
would have to be less than 5.0 eV. The reported value for the nickel work function of
crystalline films is 5.15% 0.1 eV [66]. It is of interest to note, however, that the presence of
carbon contamination tends to lower the work function of the nickel [67]. This suggests the

Evac T \ Ec Evac f ~———— Ec

dN dni
FAN | Al .
1 N - Ev Y Ev
7, 4
Do Diamond (111) Dy Dlnr{ond (11
Vacuum % Vacuum %
(Nicke| (Nicke|
(a) (b)

Figure 16. Band diagrams of the nickel-diamond interface. In (a) the sum of the Schottky
barrier height and work function for nickel on diamond are less than the band
gap of diamond, resulting in a negative electron affinity, while in (b) the sum
is larger than the band gap, resulting in a positive electron affinity.
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possibility that the carbon from the diamond substrate affects the work function of the first
layer of nickel. For the nickel deposited on the hydrogen terminated (111) surface, a Schottky
barrier height of ~1.0 eV was found, which, according to our model, would result in a 0.5 eV
positive electron affinity. This is in agreement with the observed disappearance of the
negative electron affinity feature upon nickel deposition, as can be seen in Figure 9.

Nickel on diamond (100). As discussed in the introduction, the unreconstructed diamond
(100) surface can be obtained by terminating the surface with either a dihydride or with an
oxide. Oxygen is observed on the (100) surface and is stable for annealing temperatures of at
least 500°C. It is, therefore, unlikely that the oxygen is adsorbed on the surface in the form of
a molecule, such as O3 or H2O. When oxygen is desorbed after a 900°C anneal, the surface is
observed to reconstruct. We, therefore, suggest that this oxygen is chemically bonded to the
surface, in one of the two structures proposed by Thomas et al. (see Figure 3(b) and (c)). The
presence of a dihydride phase, illustrated in Figure 3(a) can not be ruled out however, since
Auger is not sensitive for hydrogen, and we suggest that both phases occur at the surface. We
attribute the lowering of the work function of the diamond (100) surface as a function of
annealing temperature, to the desorption of the adsorbed species. The negative electron
affinity, observed on the 2x1 reconstructed surface, is attributed to a monohydride terminated
surface structure, based on the results reported by Hamza er al. [63]. This is supported by
preliminary pseudo-potential calculations, performed by Zhang er al. which indicate that the
2x1 monohydride terminated surface exhibits a 0.62 eV negative electron affinity [68]. We
assign, therefore, a Schottky barrier height of ~1.5 eV to nickel on a hydrogen/oxygen
terminated diamond (100) surface, with the possibility that a dihydride phase is present on
the surface as well. A Schottky barrier height of ~0.7 eV is assigned to the nickel on 2x1
reconstructed, monohydride terminated diamond (100). The Schottky barrier, for both the
nickel on the reconstructed, and the unreconstructed surface, is too large to induce an
negative electron affinity. The measured Schottky barriers, of the nickel-diamond (100)
interface, do not agree with theoretical calculations performed by Erwin and Picket, which
predict a zero Schottky barrier height [49-52]. Their calculations, however, are based on a
ideal hydrogen free diamond (100) surface. To our knowledge there are no theoretical studies
on the effects of hydrogen on the Schottky barrier height of metals on the diamond (100)
suriace.

E. Conclusions

Using photoemission spectroscopy we have investigated the nickel-diamond interface.
An argon plasma was used to obtain a hydrogen free diamond (111) surface, and a Schottky
barrier height of ~ 0.5 eV was found after deposition of a monolayer of nickel. After the
nickel deposition the surface exhibited a negative electron affinity. Further nickel deposition
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resulted in a slight increase in the Schottky barrier height to ~0.7 eV. A model is presented to
account for the observed negative electron affinity effect. When hydrogen was present on the
surface, an increased Schottky barrier height of 1.0 eV was observed. This agrees with
theoretical calculations performed on the copper-diamond (111) interface. Diamond (100)
surfaces were subjected to various anneals, which resulted in a reduction of oxygen and
hydrogen, bonded to the surface, and a lowering of the electron affinity as the annealing
temperature was increased. After the diamond (100) surface had been annealed at
temperatures above 1000°C, the surface was reconstructed and exhibited a negative electron
affinity. Schottky barrier heights for nickel on the diamond (100) surface were observed to
vary from ~1.5 eV for the 545°C annealed unreconstructed surface, to ~0.7 eV for the
1070°C reconstructed surface. These variations were attributed 10 different amounts of
oxygen and hydrogen, bonded at the metal-diamond interface.
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XIII. Ohmic and Schottky Contacts to n-type Alpha (6H) Silicon Carbide

A. Introduction

Metal-semiconductor interfaces are critical components of any electronic device. For
efficient operation of electronic devices, it is necessary to fabricate both rectifying contacts
with low leakage currents and ohmic contacts with low contact resistance. These
characteristics require high and low Schottky barrier heights (SBH), respectively.

Although SiC devices have been used for high-power, -temperature, -speed, -frequency,
radiation hard, and opto-electronic applications for several years, little is known about the
science of controlling metal/SiC contact properties. In this research project several metal/SiC
systems are being studied in terms of interfacial chemistry, structure, and electronics. This
report discusses electrical properties and high resolution transmission electron microscopy
results of four metal contacts before and after annealing.

B. Experimental Procedure

Vicinal single crystal, nitrogen-doped, n-type (~10!8 ¢cm-3) substrates of 6H-SiC
containing 0.5-0.8 pum thick, nitrogen-doped (~1016 cm-3 unless otherwise noted) homo-
epitaxial films were provided by Cree Research, Inc. The Si-terminated (0001) surface, tilted
3°—4° towards [1120] was used for all depositions and analyses.

The substrate surfaces were cleaned in sequence using a 10 min. dip in either 10% HF in
deionized water or a (10:1:1) solution of ethanol / HF / H;O followed by a 15 min. thermal
desorption at 700°C in ultra-high vacuum (UHV). The metals were deposited on chemically
cleaned, 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 nm/min. after deposition of the first 10 nm.

For electrical characterization the metals were deposited through a Mo mask in contact
with the SiC surface, leaving a patterned metal film. Schottky diodes were fabricated using a
mask with 500 pm and 750 pm diameter holes. A large area backside contact served as the
ohmic contact.

For the purpose of measuring the specific contact resistance of ohmic contacts, the metal
was deposited through a different Mo mask. In this case the epitaxial SiC layer had a carrier
concentration of ~1018 cm-3. The design of the mask follows the Transmission Line Model
(TLM) discussed by Berger [1]. The contact resistance is calculated by comparing the total
resistances between contacts of various separations.

Current-voltage (I-V) measurements were taken with a Rucker & Kolls Mode! 260 probe
station in conjunction with an HP 4145A Semiconductor Parameter Analyzer. Capacitance-
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where A" is the effective Richardson constant for the semiconductor; for this parameter, a
value for low-mobility n-GaAs was used (3x104 A/m2K2). For the Pt on n-GaN samples,
ideality factors ranged from n=1.7 to 2.0 and barrier heights from ¢,=1.03 t0 1.09 V.
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Figure 1. Typical (a) current-voltage and (b) log current-voltage measurements of

Pt/n-GaN contacts taken using a small dot-back plane contact combination.
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Platinum contacts deposited on p-type GaN did not exhibit ohmic behavior in the as-
deposited state. Current-voltage measurements taken across pairs of top contacts and through
the back-plane contact revealed less-than-ideal, “leaky’ rectifying behavior. Since an ohmic
I-V relationship did not exist across the contact interface. it was not possible to take contact

resistance measurements using the TLM pattern.

D. Discussion

Platinum contacts deposited on both n-type and p-type GaN were found to be rectifying
in the as-deposited state. The nonideality of the I-V and log I-V relationships indicates that a
variety of current transport mechanisms were at work. The fact that the Pt/p-GaN contact was
rectifying, despite a work function relationship that was favorable to ohmic contact
formation, indicates the presence of a potential barrier at the interface.

Experimentally it has been found that the barrier height for a given metal-semiconductor
interface is not very dependent on the choice of metal. The presence of additional electron states
at the interface can significantly change the junction’s electron energy structure; the origins
of and mechanisms behind these states are not yet completely understood. Over twenty years
ago Kurtin et al. described the correlation between the ionicity of a semiconductor’s atomic
bonding—i.e. the relative difference in electronegativity between the elements in a
compound—and its surface and interface behavior [12). The lattice electronegativity
differences for GaN and AIN are 1.23 and 1.43, respectively, which correspond to bond
ionicities of approximately 32% and 40%. These properties make GaN and AIN significantly
more ionic in nature than the more conventional semiconductors; consequently, it is hoped
that GaN and AIN will be more sensitive to metal work function differences than the more
covalent semiconductors have been.

It has been observed that improving the chemical and morphological abruptness of an
interface and making a close match of thermal and mechanical properties is helpful for
improving the performance of rectifying contacts. By the same token, extending a gradation
of composition and properties at the interface generally improves ohmic contacts. A thin
layer of Ti, capped with a thicker layer of Au and then subsequently annealed, is an ohmic
contact system that has met with success on a variety of n-type semiconductors over the
years, and presents itself as a likely candidate for study. In this study, the next experimental
step is to investigate the effects of annealing treatments on the properties of the contacts, in
addition to depositing different materials and combinations of materials. Depositions of TiN
on both n- and p-type GaN will be conducted shortly.
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E. Conclusions

In the as-deposited state, Pt contacts deposited on n-type and p-type GaN have been
found to be rectifying in both cases. The I-V and log I-V measurements of the contacts
vielded high ideality factor values, indicative of the presence of a variety of current transport
mechanisms, and barrier heights of just over 1 eV. These experiments are the first steps ina
systematic study of ohmic and Schottky contact formation to GaN and AIN, in which a
variety of contact materials will be investigated and a variety of processing and
characterization strategies will be brought to bear.

F. Future Plans and Goals

Annealing treatments will be conducted to study the effects of temperature, diffusion,
and chemical reactions on the contact interfaces. The thermal stability of a contact is an
important characteristic that may place restrictions on device processing parameters and
materials selection; in some cases annealing treatments are required to achieve better device
characteristics, and in other cases heating steps can cause serious degradation of properties.
Electrical characterization of samples by means of I-V and log I-V measurements,
capacitance-voltage (C-V) measurements, and Hall effect measurements will be performed.
Band structures will be studied by means of electrical measurements, luminescence
techniques, and ultraviolet photoelectron spectroscopy (UPS). Structural and chemical
characterization will be accomplished by means of high resolution scanning electron
microscopy (SEM), X-TEM, XPS, and Auger electron spectroscopy (AES).

Aside from further study of the Pt/GaN and TiN/GaN systems, there are a number of
other metalization choices that will be investigated. Titanium-gold and AuGe/Au layered
structures are examples of ohmic contact strategies that have been applied with some success
to GaAs and other compound semiconductors, and will be examined as likely candidates.
Other metals besides Pt, such as Au, Ni, W, Ru, and Re are possible candidates for Schottky
contacts. Khan er al. recently reported the fabrication of a GaN metal semiconductor field
effect transistor (MESFET), using annealed Ti/Au layers as the ohmic source and drain
contacts and Ag for the gate Schottky contact [13]. The development of the III-V nitrides as
semiconductor device materials is a field that is beginning to move rapidly, and the current
literature will be studied closely to keep abreast of any new findings.
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XV. Reactive Ion Etching of GaN and AIN

A. Introduction

Semiconductor devices are the principle components of electronic and telecom-
munications systems [1]. In order to densely pack these microscopic components,
unidirectional, or anisotropic, etching techniques are required to produce a fine network of
lines. Wet etching processes found in many semiconductor manufacturing steps produce a
multi-directional, or isotropically, etched material. This is undesirable for microcircuitry
since the goal is to produce the smallest devices possible. Therefore, plasma-assisted
processes, such as reactive ion etching (RIE), combine the physical characteristics of
sputtering with the chemical activity of reactive species to produce a highly directional
feature. RIE has the added advantage of providing a more uniform etch and a higher degree
of material etch selectivity.

RIE has been employed to etch a wide variety of semiconductor materials including
silicon-based materials [2-11], metals, like aluminum [3, 12-18] and III-V compounds, such
as GaAs and InP [19-21]. However, plasma-assisted etching of newer III-V compounds, such
as GaN and AIN, has been attempted by few investigators [20, 21, 37]. There has been wide
spread interest in using these nitrides for semiconductor device applications requiring visible
light emission, high temperature operation and high electron velocities [20]. Since these
materials possess wide bandgaps and optical emissions spectra in the blue to near ultraviolet
range, they are prime candidates for ultraviolet detection devices.

The objectives of this report are to discuss recent progress made in the field of reactive
ion etching of gallium and aluminum nitride and to describe the reactive ion etching system.
A long term goal is to develop and characterize suitable processes for the anisotropic etching
of these nitrides. In the following sections, a brief review of pertinent literature on plasma-
assisted etching of gallium and aluminum compounds is provided along with a brief
description of the reactive ion etching system.

B. Literature Review

Reactive Ion Etching of GaN. Since GaN is a direct transition material with a bandgap
ranging from 3.4-6.2 eV at room temperature, it is an ideal candidate for the fabrication of
shortwave length light emitters [20, 22]. High quality GaN films have been successfully
grown by MOVPE [22], ECR-MBE [23, 24], MOCVD [25] and a layer-by-layer process [26]
on a number of substrate. In order to fabricate complete device structures, reliable etching
processes need to be developed. Since GaN is nearly inert to most wet etching solutions, with
the exception of highly concentrated hot NaOH and H,SO4 [27], RIE may prove to be an
effective method for the production of fine line patterning in semiconductor materials.
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There have been a few reports of etching GaN by plasma-assisted processes [20, 21, 37].
Foresi [21] investigated fabrication techniques for ohmic contact and schottky barriers on
GaN. One of the highlights of his work was the successful etching of GaN on sapphire
substrate in Freon 12 (CClaF5) and in hydrogen atmospheres operating at about 10 mTorr and
40 and 60 W of RF power. Results from SEM photographs showed that in the CClyF;
plasma, GaN had been completely removed from areas that were not covered by photoresist,
and that the sapphire substrate was nearly unetched. Foresi was able to obtain an etch rate of
approximately 140 A/min in the CCl,F, plasma at 60 W, while the hydrogen plasma
produced insignificant etching results. Etch selectivity between the GaN and photoresist was
found to be 3:1. In another investigation, conducted by Tanaka et al. [20] reactive fast atom
beam etching was employed to etch GaN on sapphire in a Cl; plasma at substrate
temperatures ranging between 80-150°C. Etch rates of 1000-1200 A/min produced relatively
smooth surfaces and a well defined pattern of elongated rectangular bars on the sapphire
substrate. More recently, S. J. Pearton ez al. {37] have produced smooth, anisotropically
etched GaN and AIN in low pressure ECR discharges of BCl3/Ar, CCl,F,/Ar and
CH4/Hj/Ar. The etch rates of these nitrides was highly dependent on the DC bias voltage and
ranges of 25-175 A/min and 0-100 A/min were reported for GaN and AIN, respectively. It is
noted that hydrogen was added to the chlorine plasmas to facilitate removal of hydrogen from
the surfaces of the nitride samples, thus producing smoother features.

Reactive Ion Etching of AIN. Aluminum nitride is a candidate material for optoelectronic
devices because it possesses a high electrical resistivity, high thermal conductivity, low
dielectric constant and has a direct transition bandgap of 6.3 eV [28]. AIN films have been
grown by several techniques including CVD, MBE and ALE, and on a variety of substrate
materials including sapphire, silicon, spinel, silicon carbide and quartz [29]. Etching fine
features in the AIN films is an important step in the fabrication of such devices. Though, only
one report of etching of AlN is available in the open literature at this time [37], much work
has been conducted on ...hing of metallic aluminum thin films [3, 12-18]. As a result,
analogies to well established data for etching of aluminum are made. Although aluminum and
AIN are very different materials, the chemistry and reactions in the plasma may be similar.
So, it is proposed that reactive ion etching may also be an effective means for the application
of fine line patterning of AIN.

A review of the literature shows that there are two primary methods employed for etching
aluminum. Bruce and Malafsky [12] employed a parallel plate configuration (RIE) to
investigate the effects of Cl, on aluminum. They found that two processes are involved,
namely, the removal of the oxide layer and etching the metal below it. For those experiments,
it was hypothesized that BCl; gas was necessary for the removal of the oxide layer because it
was responsible for the initiation of a reduction reaction with the oxide. In the RIE etching
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configuration, aluminum etched with a chlorinated gas is a purely chemical reaction with
little contribution from ion bombardment. This conclusion was made as a result of the
insensitivity of RF power to the etch rate [12]. Therefore, anisotropic etching was thought to
have been the result of a sidewall passivation mechanism whereby a protective layer is
formed on the vertical walls of the trench by reaction of H,O or carbon containing species
with the aluminum. Since ion bombardment is normal to the surface, the walls remained
unetched. This mechanism was produced by the addition of CHCI;3 to the mixture of gases.
Feature widths of 2.25 pm were produced by a gas mixture of Cl,, BCl3, CHCl; and He at
about 1.2 mTorr. Helium gas was added to the mixture to reduce the amount of erosion of the
photoresist.

The combination of an isotropic flux of reactive species with a highly directional beamn of
energetic ions, so called ion beam assisted etching (IBAE), has been employed for the
anisotropic etching of aluminum by many investigators [13-15, 18). For IBAE, the aluminum
oxide layer can be physically removed by sputtering with Ar* or Xe* ions, whereas with RIE
the oxide is removed chemically [13]. However, etching takes place again by chemical
reaction of Cl, with the aluminum as determined by the lack of dependence of the etch rate
on the ion energy and current [14, 15]. From a mechanistic point of view, Cl, adsorbs onto
and diffuses into the aluminum resulting in the formation of aluminum chlorides. Al,Clg is
the dominant etch product at lower temperatures (33°C), while AICl; was observed at higher
temperatures (210°C) [15]. Saturation of the etched surface with chlorine atoms occurs prior
to desorption of AlCl3.

The etch rate is dependent upon several parameters including the presence of residual
gases in the chamber, substrate temperature, Cl, flux, ion beam and the presence of carbon
containing species. Impurity gases in the chamber (i.e. H,O, O,, N,, etc.) can react with the
aluminum films and impede the etching process by leaving a residue on the etched surface.
This reduces the amount of Cl, available for reaction and consequently lowers the etch rate
[13]. The substrate temperature is another parameter that affects the etch rate of aluminum.
Efremow er al. [13] observed a two-fold increase in the etch rate by heating the substrate
from 0° to 100°C. It was hypothesized that the increase in temperature led to a higher
evaporation rate of the product AICl;. In addition, they found that an increase in the Cl, flux
produced a significant amount of undercutting due to the nondirectional flow of the Cl, gas.
A higher degree of anisotropy was achieved by the combination of ion beam and Cl, flux.
Efremow er al. suggested that sidewall passivation (by reaction of H,O with the aluminum)
was partly responsible for the production of the very fine features in their samples.
Submicrostructures of 80 nm wide lines were etched into a 100 nm thick aluminum film with
0.3 mTorr Cl, gas and 0.1 mA, 1 keV Ar* beam. Lastly, Parks ef al. [14] found that
chemisorption of the halocarbon gas molecules, such as CCl4 and CBry4, onto the aluminum
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surface formed halogentated alum-inum species along with an aluminum carbide. Therefore,
a significant reduction in the etch rate was observed due to the difficulty encountered in
removing the carbide from the surface.

C. Proposed Research

Experimental Apparatus. Since the date of the last report [38], the design of the RIE
system has been changed in the interest of constructing a more cost-effective, reliable and
safe system. Since toxic gases, such as BCl3 and Clj, may be used to etch GaN and AIN, the
system is designed for safe shutdown in the event of a power or water failure and/or
inadvertent shutdown of the exhaust systems in the building. The main components of the
system include gas handling/storage, etcher, gas scrubber and mass spectrometer. A
schematic of the RIE system is shown in Fig. 1.

Figure 1. Schematic D iagram of the Reacti ve Ion Etching System
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The gas handling/storage sub-system consists of the gas storage cabinet(s), gas bottles,
bottle regulators and necessary valves and tubing. Dry nitrogen will be used to purge the gas
lines before and after every run to remove moisture and chlorine from the lines, thus reducing
the probability of corrosion of the gas lines. Mass flow controllers will be employed for
accurate control of the process gases. In addition, pneumatic valves will be installed as a
safety precaution. In the event of a power failure, interruption of the water supply or
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shutdown of the exhaust system, the solenoid actuated pneumatic valves will isolate the gas
lines from the etch chamber.

The design of the etcher is based on that of the standard parallel-plate diode configuration
in which the bottom electrode is powered by a RF power supply (see for example Ref. 10).
The etcher, a Technics 85 series RIE, consists of an anodized aluminum chamber with an
anodized aluminum water-cooled, driven lower electrode. A 350 Watt, 13.56 MHz RF
generator with auto impedance matching network produces the power required to maintain a
glow discharge in the chamber. Safety interlocks are supplied by Technics to disable the
power when the system is vented or a panel is removed. The chamber pressure is measured
by a corrosion-resistant capacitance manometer (absolute pressure) which is mounted to the
underside of the chamber. The two channels of process gas (made from stainless steel tubing)
are isolated from the injection manifold by means of air-operated electrically actuated
isolation valves. In addition, an 11 CFM two-stage corrosive-series direct drive rotary vane
pump is supplied with the etcher.

Residual process gases and reaction by-products from the etcher will pass through a wet
scrubber which is equipped with water inlet and water recirculation lines. These lines are
monitored by flow switches, and the exhaust line is monitored by a paddle switch.
Interruption of the water flow or inadequate ventilation will trip the pneumatic valves and
close the gas lines. An anti-siphon valve is incorporated into the design to ensure there is no
backflow of water from the scrubber into the pump exhaust. In addition, the pH level of the
scrubber water will be tested and monitored prior to waste disposal.

Lastly, a mass spectrometer may be employed in the future for the detection and
characterization of chemical species produced by the etching processes. It could also be used
as a kind of end-point detection device. It is further hoped that this analytical instrumentation
could provide necessary information for the determination of the success of the etching
processes and could provide a basis for an understanding of the etching mechanisms.

Choice of Process Gases. There are a number of process gases that can be used to produce
anisotropically etched features. For GaN and AIN, fluorine plasmas are impractical because
involitile fluorides are formed at the surfaces, therefore limiting desorption of reaction
species from the surface [35]). Chlorine plasmas, on the other hand, have been used
extensively for etching these compounds, see Section B above.

In etching GaN, the gases used by Tanaka [20], Foresi [21] and S. J. Pearton ez al.[37]
namely CCl2F2, Cl; and BCl3 will be employed first since those investigators reported
successful results. Experimentation with other combinations of gases is likely in order to
obtain anisotropic features and reasonably high etch rates. As for AIN, chlorine containing
gases with additions of O3, carbon containing gases and or noble gases (i.e. Ar, He, etc.) are
likely candidate gases. Though, somewhat of a trial and error methodology will be followed
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until success is achieved. It is noted that for RIE, sidewall passivation may be an important
mechanism for anisotropic etching of AIN and may produce relatively large features. On the
other hand, ion beam assisted etching, or similar techniques, are likely to produces smaller

features in these nitrides.

D. Future Research
Future plans include installation of the RIE system and development and characterization

of suitable etching processes for aluminum and gallium nitride materials.
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