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Under contract N0O0014-90-C-2020, SFA provided research support to the Naval Research Laboratory Elec-
tronic Materials Branch by conducting investigations on novel materials. These investigations ranged from
using various techniques to characterize the optical, electronic, and structural properties of thin semiconduc-
tor films, to setting up a micro-Raman and microphotoluminescence laboratory to study microcrystalline
films. The materials studied include heavy metal fluoride glasses, chalcogenide glasses, silicon carbide,
diamond (chemical vapor deposition films, high—pressure, high-temperature synthetic and natural), and
aluminum nitrides. These materials were investigated by such optical techniques as Raman scattering (RS),
photoluminescence (PL), photoluminescence excitation, absorption, reflectivity, electron spin resonance
(ESR), photo—induced ESR, optically detected magnetic response (ODMR), and Hall measurement. SFA
personnel set up a micro-Raman and microphotoluminescence laboratory to study microcrystalline films.

Work on fluoride glasses concentrated on understanding the role of transition metal impurities in determining
the optical and electronic properties of such glasses. One of the problems addressed in fluoride glass fibers
was the absorption loss due to residual impurities. Because conventional techniques limit the impurity
detection levels, PL—combined with ESR and absorption measurements—was used to measure very low
concentrations of transition metal and rare earth impurities in bulk and fibers of fluoride glass. This work
emphasized Nd3+ and Fe?+, the most deleterious impurities for absorption loss in fluorozirconate glass fibers.

In order to make absolute measurements of Nd and Fe concentrations in fluoride glass, SFA used glass
samples doped intentionally with Fe (Fe3* concentration measured by electron paramagnetic resonan. ¢) and
Nd (calibration curve using dope fractioning) as standards. The photoluminescent intensity of the ZrFe
glasses was then compared with the photoluminescent intensity of the standards. These procedures allowed
the measurement of concentrations as low as 0.05 ppb and 0.5 ppb for Nd** and Fe* respectively. These levels
are below concentration levels which produce absorption losses equal to the theoretical intrinisic loss limit at
the 2.5 to 3.5 micron low loss transmission window.

Time-resolved PL studies of Fe*-doped fluorozirconate glasses revealed evidence of the charge-transfer
mechanism in the relaxation processes. Although the Fe** — Fe2+ charge-transfer process is one plausible
possibility, the charge-transfer between iron and other impurities, like oxygen, cannot be ruled out. To verify
this possibility, SFA conducted experiments in samples with different amounts of oxygen.

Preliminary optical studies of fluorozirconate glass fibers under tensile stress have shown that the fibers are
permanently deformed if subjected to tensile stress above 70% of the tensile strength. This result suggests that
further opto-mechanical experiments must be performed to evaluate how the optical properties of the fibers
will be affected by mechanical property variations.

In bulk fluoride glasses, RS was used by SFA to identify crystalline inclusion and phase separation—common
problems in multicomponent glasses. The PL background due to transition metal and rare earth impurities can
be eliminated or reduced by using a convenient exciting light source, since a photoluminescent emission band
has fixed energy shift from any exciting energy. The same approach may be used for fluoride glass fiber
studies. Forward RS, in combination with PL measurements, was used to determine the concentration of rare
earth and transition metals in glass fibers for levels below 1 ppt and 0.01 ppb respectively.

Room-temperature PL measurements conducted on fluorozirconate glasses (bulk and fibers) indicated that
this technique could be conveniently used to identify and measure concentrations of transition metals and rare
carths in these glasses. Room- and low-temperature PL measurements were used by SFA to verify the
participation of impurities in the nucleation of crystallites in ZrF,-based glasses.

Room- and low-temperature electron paramagnetic resonance experiments carried out in ZrF,-based glasses
identified and estimated the concentration of transition metals in unintentionally doped glasses. Electron
paramagnetic resonance studies of intentionally Fe3*-doped glasses prepared in different gas atmospheres
revealed a variation of the Fe** concentration in fluoride glasses. SFA performed PL and electron paramag-
netic resonance experiments to determine the efficiency of the oxidation/reduction process of iron in fluoro-
zirconate glasses.
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A novel micro-PL/RS spectrometer was set up to perform high spatial resolution measurements. This
spectrometer features micron-sized spatial resolution of cryogenic temperatures, and is comprised of an argon
ion laser, an inverse Carl Geiss axiovert microscope (Model 408), and a double spectrometer (Spex Model
1401), fitted with a GaAs photomultiplier and a photon counter. The spatial resolution is about < 1 um. Figure
1 shows the schematic view of the Micro-PL/RS spectrometer. Some accomplishments achieved with this
spectrometer include:
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Investigation of the spatial PL variations for polycrystalline diamond films deposited with an acetylene
torch technique. Variations in the PL spectra were observed which could be qualitatively related to the
variation with substrate temperature and possibly the flame species inhomogeneities.

Micro-Raman scattering to identify microcrystalline inclusions in the ZBLAN/HZBLAN glass system.
The experimental results combined with EDAX data in the same crystallites and Raman scattering spec-
tra of parent polycrystals reported in the literature suggest that the ‘caterpillar’ crystal is NaF - 2ZrF,
BaF;) and the ‘notched rod’ crystal is NaF - (o-HfF4 * ZrF4 - BaFy). SFA also identified a hexagonal mi-
cro-inclusion in a particular fiber core as a LaF; crystal by comparison withmicro-Raman measurements
of aLaFj single crystal. These latter results show that micro-Raman can unambiguously identify micro-
crystalline inclusions if high quality reference crystals are available for spectral comparison.

Cross-sectional microluminescence measurements for 1 2 cm 70 um porous silicon samples showing a
continuous decrease of the photoluminescence band as a function of sample depth. No spectral shift was
observed. For samples annealed at 390°C, in addition to spectral intensity reduction, the same redshift
was observed in all luminescence spectra independent of depth. A study of this luminescence redshift as
a function of annealing temperature revealed a striking similarity to results observed for optical band-
gap shrinking of a-Si:H as a function of hydrogen loss during annealing.

Other important results include:

Homoepitaxial growth of high quality, faceted diamond crystals at rates exceeding 150 microns/hour
was observed on millimeter sized {100} and {110} natural diamond seed crystals, using a laminar, pre-
mixed oxygen-acetylene flame in air. The key element in achieving such high growth rates was a sub-
strate temperature in the 1150-1400°C range. Microscope and naked eye observations revealed the orig-
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Figure 1. Schematic View of the Micro-PL/RS Spectrometer.
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inal cylindrical-shaped seed crystals growing into polyhedral-shaped crystals with identifiable {100}
and {111} faces. Examination under optical and scanning electron microscopes revealed terraces on the
{100} faces. The deposited diamond was clear and exhibited Raman spectra almost identical to that of
natural diamond. Laue X-ray diffraction analyses have confirmed the epitaxial nature of the growth. The
deposition temperatures and growth rates reported were the highest ever observed for the homoepitaxial
synthesis of diamond crystals at low pressures.

High quality polycrystalline diamond were synthesized in a turbulent premixed, oxygen-acetylene
flame, using a commercial brazing torch. The quality of the films was measured by high resolution RS,
scanning and transmission electron microscopy, hemispherical transmittance measurements in the UV,
visible and infrared, and PL spectroscopy. Turbulence was achieved by operating the torch with a suffi-
ciently high Reynolds number. The presence of turbulence was confirmed by observations of changes in
the flame shape, the characteristic sound of the flame, and calculation of the Reynolds number.

Diamond has been grown epitaxially on 1.5 mm diameter, natural diamond seed crystals at temperatures
of 1200-1300°C in a premixed, turbulent oxygen-acetylene flame. During a typical 1 h deposition, a
polyhedral-shaped single crystal was observed to grow on top of a <100> oriented cylindrical seed crys-
tal. The growth surface was composed of both {100} terraces and {100} ridges (See Figure 2), arranged
into well-formed pyramidal shaped structures with very long range order. Raman analyses revealed a
lack of non-diamond carbon and a 1332 cm~! peak which is indistinguishable from natural type I1a dia-
mond. Low-temperature PL measurements indicated a greatly reduced level of localized radiative de-
fects. Laue X-ray diffraction measurements confirmed the epitaxial nature of the deposit, and prelimi-
nary X-ray rocking curve analyses were presented. This was the first report of the high-temperature epi-
taxial growth of diamond in a turbulent flame.

Polycrystalline diamond films were synthesized by using an open atmosphere combustion flame, and
also using a combustion flame in an enclosed chamber. By operating the pre-mixed oxygen-acetylene
torch in a chamber, SFA was able 1o vary the atmosphere around the flame in a controlled manner and
study the effects on the diamond films. Varying the atmosphere around the flame was of interest to con-
trol the incorporation of unwanted gases, and to obtain finer control over the flame properties. SFA re-
ported on the properties of films grown in the open atmosphere and in the chamber with oxygen and ar-
gon.
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Figure 2. High-resolution Raman spectrum of a
homoepltaxial diamond flim grown on a {100} type ila
seed with a turbulent, oxygen-acetylene flame. (——)
the deposited crystal, and (........ ) a natural type Ha
diamond.
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Raman scattering and PL spectroscopies were used to characterize polycrystalline diamond films depos-
ited on molybdenum substrates by laminar and turbulent premixed oxygen-acetylene flames in air. Sam-
ples deposited under laminar flame conditions were characterized by a high degree of incorporation of
nitrogen-vacancy complexes. However, samples deposited with a turbulent flame indicated a significant
decrease in the concentration of these defects and a reduction of the amorphous carbon film component
(see Figures 3 and 4).

The temperature and excitation intensity dependence of PL spectra were studied in thin films of SiC
grown by chemical vapor deposition on Si (100) substrates. The low power PL spectra from all samples
exhibited a DAP PL band which involved a previously undetected deep acceptor whose binding energy
was approximately 470 meV. This deep acceptor was found in every sample studied independent of
growth reactor, suggesting the possibility that this background acceptor is at least partially responsible
for the high compensation observed in Hall effect studies of undoped films of cubic SiC.

Two distinct spectra were reported from an optically detected magnetic resonance study of epitaxial
films of cubic SiC. The first is a Lorentzian, single line with g = 2.0065 £ 0.0015, which is strong in
Al-doped SiC. Thisline is attributed to residual donors. The second spectrum, observed in both Al-doped
and undoped samples, was dominated by a pair of exchange-split lines with g = 2.0024 and a = 0.095
cm™!, Although a definite assignment of this spectrum cannot be made, spectral dependence studies
show it is associated with a defect-related luminescence band in the energy range from 1.6 to 1.9 eV.

Cubic silicon carbide (B-SiC) films have been grown epitaxially on silicon-on-sapphire (SOS) substrates
by CVD. A fresh layer of silicon was first deposited in situ on the SOS substrate at approximately
1050°C. The silicon layer was then carbonized while being heated to 1360°C. The B-SiC layer is grown
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Figure 3. Photoluminescence spectra obtained at 6K from two
CACVD fiims deposited in the Laminar flame regime. The peaks,
“1, 3, and 4" are due to nitrogen-vacancy complexes. The peak “2”
is the first order diamond phonon, and the peak “3” is an unidenti-
fled center. The spectra (a) and (b) have been offset in the vertical
axis.
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Figure 4. Low-temperature photoluminescence spectrum of
a diamond film grown in a turbulent oxygen-acetylene
flame. Note the absence of defect bands associated with
vacancies and nitrogen related complexes.

at 1360°C using silane and propane as sources. B-SiC films also can be grown directly on the SOS sub-
strate without utilizing a fresh silicon layer. Deposition of B-SiC films on silicon-on-insulator (SOI) sub-
strates also was accomplished with slight modification of the growth parameters described above.

The B-SiC films were characterized by IR reflectance spectroscopy, optical microscopy, and electron
microscopy. Typical films are 7 um thick and have a specular surface with some physical features. Elec-
trical transport properties as determined by the Van der Pauw Hall method show the B-SiC films to be
p-type while those grown on SOI were n-type. X-ray rocking curve measurements were obtained to de-
termined the crystalline quality of the films. In addition, preliminary optical characterization of the films
was performed.

Photoluminescence excitation spectroscopy was used to investigate the above gap and extrinsic optical
absorption processes that excite the PL bands characterizing CVD films of cubic SiC grown on Si sub-
strates. In undoped films, the PLE spectra provided a faithful representation of the indirect optical ab-
sorption edge which is consistent with the optical absorption spectrum reported previously for Lely-
grown bulk crystals of cubic SiC. The undoped PLE spectra indicated no evidence of extrinsic (below
gap) optical absorption. The PLE spectra of the N-Al DAP bands which dominated the PL spectra of
Al-doped films of cubic SiC exhibited extrinsic absorption which is attributed to photoneutralization of
compensated shallow donors. The extrinsic PLE spectra of the Al-doped samples contained peaks which
corresponded to the ZPLs of the donor bound exciton PL bands observed in the undoped films, as well as
onsets which could correspond to the thresholds for photoneutralization of the 54 meV N-donor and the
unidentified 15-20 meV donor which are pervasive in CVD cubic SiC.
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MICRO-RAMAN STUDIES OF FLUORIDE GLASS OPTICAL FIBERS

J.A. Freitas, Jr. (b), P.C. Pureza, |.D. Aggarwal and U. Strom (a)

{b) Naval Research Laboratory, Washington, DC 20375-5000, USA
(a) Sachs/Freeman Associates inc., Landover, MD 20785-5396, USA

ABSTRACT

Micro-Raman scattering experiments were carried out in two types of crystalline phases
observed in the ZBLAN/HZBLAN glass system used to make fiber preforms and fibers. Com-
parison of our results with Raman scattering specira of the parent crystals, and with previously
reported Raman, and chemical/structural investigations, suggests that the two types of crystalline
phases are NaF+(a- or B-2ZrF4+BaF)) and NaFe(a- or f-HfF4+ZrF4°BaF)).

INTRODUCTION

Extrinsic scattering centers in ZrF4-based glass optical fibers have been recognized as
one of the major causes of fiber losses that exceed the theoretical minimum loss value by several
orders of magnitude [1]. Microcrystallites are one of these extrinsic centers. They are also one
tqf the internal flaws that contribute significantly to the reduction in the strength of the optical

ibers [2].

In order to understand the nucleation and growth mechanism of crystallites that appear
during the different steps of fiber preparation, various authors {3-5] have used techniques such as
differential thermal analysis (DTA) and/or differential scanning calorimetry (DSC) in combina-
tion with optical microscopy, scanning electron microscopy (SEM), X-ray diffraction, scanning
transmission electron microscopy (STEM), selected area electron diffraction (SAED) and energy
dispersive spectroscopy (EDS). Many different crystallizing phases have been reported in
ZBLAN [3-5] and ZBLAL [3] glasses which have been subjected to different thermal treatments.
The crystallites are made up of fluorozirconate-based crystals with and without Na, La, and Al,
as well as simple fluorides such as LaF3 and AlF3 [5].

Despite the large volume of recent work reporting the investigation and identification of
various crystalline phases present in HMF-based glasses, micro-Raman (MR) spectroscopy has
only recently been used to identify ZrO, crystallites grown on the neck-down region during the
fiber drawing process [6].

In the current paper we report preliminary results of MR investigations of microcrystals

present in the bulk glass system ZBLAN/HZBLAN used to make fiber preforms, as well as in
the fibers. The MR data are qualitatively compared with Raman scattering data of the parent
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280 FREITAS, JR. et al.

crystals to attempt identification of the crystalline composition .

EXPERIMENTAL

The composition of bulk glasses and fibers used in this investigation, as well as their
preparation, are described elsewhere {3,7]. It is important to note that the studied materials have
not been submitted to any kind of heat treatment to induce crystal nucleation and growth. The
selection of the samples was done with a polarizing optical microscope.

The position of the crystallite inside the bulk glass was marked with a diamond scribe.
The glass was then polished until the crystal was only few microns below the glass surface. This
procedure was used to reduce the glass Raman scattering background. One crystal commonly
found in our ZBLAN glasses is shown in Fig. 1. Lu et al [4] have named this a “caterpillar crys-
tal”, and their STEM and EDS experiments suggest that the caterpillar crystals are dominated by
B-ZsF4+BaF and B-2ZrF4+BaF5 phases.

Another example of a crystal observed in our glasses is the "notched rod” present in the
fiber cladding shown in Fig. 2. The fiber was aligned for polishing under the optical microscope
in such a way that the crystal had its wide surface parallel to the polishing plane. The fiber was
polished to bring the crystallite close to a flat surface, in order to reduce the background due to
the scattered laser light and the glass Raman intensity (Fig. 2b). At this point, the voids are no
longer observable in Fig. 2b, as the index matching oil filled the pierced bubbles.

The MR spectrometer used in this investigation comprises an argon ion laser, an
Olympus model BH-2 optical microscope and a Spex Triplemate model 1877A with a 0.6 m tri-
ple spectrometer fitted with an EG&G model 1460 Optical Multichannel Analizer (OMA). The
laser light is focused on the sample by a 10x,20x or 80x objective lens. The 80x objective gives
a laser spot size of 1 pm and a spatial resolution of approximately 1 um. An attenuated laser
spot was used 1o aim the laser beam in selected areas of the crystal. The procedure was observed
using a monitor screen via the vidicon camera or directly through the 10x eye piece. Polarization
dependent measurements were carried out by changing the sample orientation under the micro-
scope objective and by having an analyzer and a polarization scrambler in the spectrometer
entrance slit. The 514.5 nm laser line was usually used and the power at the sample was typical-
ly 4 to 6 mW.

RESULTS and DISCUSSION

The unpolarized micro-Raman spectra of the caterpillar crystal are shown in Fig. 3. The
spectrum 3a was measured with the incoming laser light electrical field (E;) parallel to the length
of the "dark leaf shape” located in the center of the crystal (i.e. E; perpendicular to the crystal
length). The spectrum 3b was acquired with E; perpendicular to the length of the "dark leaf”
(i.e. E; parallel to the crystal length).

Despite the similarity of most features present in spectra 3a and 3b, there are some rela-
tive intensity variations between them. The peaks between 120 and 220 cm™! are stronger in
spectrum 3a than 3b . The feature at 284 cm- 1, which is only a shoulder in spectrum 3a, occurs
as a sharp peak in spectrum 3b with about 1/2 of the intensity of the peak at 255 cm-1. The most
interesting feature in these spectra is the line shape of the dominant high frequency "broad peak”
(symmetric stretching vibration modes, vg) around 600 cm-l. An examination of this band, indi-
cates line structures approximately at 564, 587, 610 and 645 cm"l. The spectra in Fig. 3 are
quite different from the Raman spectra of the crystalline a- and B-BaZrFg reported by
Kawamoto et al [8]. However, they exhibit a very close resemblance to the Raman spectrum of a
polycrystalline barium fluorozirconate sample with composition BaFy/ZrF4 = 33/67 (i.c.

-
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MICRO-RAMAN STUDIES 281

Fig. 1. Optical micrograph of the caterpillar
crystal, found in the ZBLAN bulk glass. The
photograph was taken with a polarizing optical
microscope.

Fig. 2. Optical micrographs of the notched rod
crystal present in the fiber cladding (HZBLAN
glass). The photographs 2a and 2b were taken
with a polarizing optical microscope,before
and after the fiber polishing, respectively.
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282 FREITAS, JR. et al.

Fig. 3. Micro-Raman spectra of the caterpillar
crystal. The spectra 3a and 3b was measured
with E; perpendicular and parallel to the
lenght of the the crystal respectively.
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I T T T T T T
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2ZsF4*BaF or 2ZB) reported by Kawamoto [9]. This suggests that the caterpillar crystal is a
zirconium rich-fluorozirconate crystal phase.

Unfortunately, a more precise crystalline identification will not be possible based on the
information available since we do not know the dominant crystalline phase, orientation of the
polycrystalline barium fluorozirconate, and light polarization used in the Kawamoto investiga-
tion [9]. Besides, our glass (ZBLAN) has Na as a second modifier, thus one can expect the par-
ticipation of this element in the crystalline structure. This may account for the extra features (the
peaks at 255 cm-1 and 480 cm-1, which are not observed in Ref. 9), energy shifts (8], and
lineshape broadening observed in our spectra. We tentatively assign the spectra 3a and 3b as
due to a NaF+(a- or B-2ZrF4+BaF,) crystalline phase. This is based upon the similarity of our
spectra with those in the Ref. 9 and upon the chemical/structural assignment of this type of crys-
tallite made by Lu and Bradley [4]. Parker and co-workers have recently reported the observa-
tion of these crystalline phases in ZBLAN glasses [5].

Fig. 4 shows the unpolarized micro-Raman spectra of the notched rod crystal, observed in
the fiber cladding (HZBLAN glass). The spectra 4a and 4b were obtained with E; parallel and
perpendicular to the crystal length, respectively.

The spectra 4a and 4b are quite similar, except for the sharp peak at 185 cm-1 and the in-
tense peak at 266 cm- . These peaks are clear features in the lower frequency part of the spec-
trum 4a and are not observed in the spectrum 4b, thus indicating a strong orientational depen-
dence not observed in the catcryillar crysial spectra (Fig. 4). Another interesting observation s
that the strong peak at 616 cm®! (v,) is much sharper than the "broad peak"” at about 600 cm-1
observed in the caterpillar crystal (f-‘ng. 4). A high frequency band with broad linewidth (multi-
ple v¢ peaks), as reported by Kawamoto [9}, it is only observed in the zirconium-rich fluorozir-
conate crystalline phase, while high frequency sharp bands (single vy) are always detected in
barium fluorozirconates with molar ratio of one (BaF 4=1), i.c. a- and B-ZsBaFg, as pub-
lished by Kawamoto and Sakaguchi [8]. Therefore, the observation of a sharp band at 616 cm-1
suggests the absence of Zr-rich phase in the notched rod crystal.

v 011

- &



Journal of Non-Crystaliine Solids 140 (1992) 166-171
North-Holland

S —————————————
e ——"

JOURNALCF

NON-CRYSTALLINE SOLIDS

Raman scattering studies of microcrystalline inclusions in fluoride

glasses and fibers

J.A. Freitas Jr. ®, J.S. Sanghera ¢, U. Strom 2, P.C. Pureza ® and 1.D. Aggarwal *

? Naval Research Laboratory, Washington, DC 20375-5000, USA
b Sachs / Freeman Associates, Inc., Landover, MD 20785-5396, USA

€ Geo-Center, Fort Washington, MD 20744, USA

Micro-Raman spectroscopy has been successfully used to identify crystalline inclusions in bulk fluoride glasses and optical
fibers. The crystaliine phases NaF-(2ZrF,-BaF,) and NaF-(HfF,-ZrF,-BaF,) were identified in ZBLAN and HZBLAN

fiber.

1. Introduction

To date, the attenuation of ZrF,-based glass
optical fibers still exceeds the theoretical mini-
mum value by several orders of magnitude [1].
This is primarily due to extrinsic scattering cen-
ters which also contribute significantly to the
reduction in the strength of the optical fibers [2].

Techniques such as differential thermal analy-
sis (DTA) and/or diffzrential scanning calorime-
try (DSC) in combination with optical microscopy
and/or tomography, scanning electron mi-
croscopy (SEM), X-ray diffraction, scanning
transmission electron microscopy (STEM), se-
lected area electron diffraction (SAED) and en-
ergy dispersive analysis of X-rays (EDAX) are
commonly employed to characterize the glasses
and identify micro-inclusions [3-6] which appear
during the different steps of fiber fabrication.
Recently Tick et al. {7} have used a hot stage
optical microscope to study in situ nucleation and
growth of crystallites in fluoride glass melts. Al-
though many sub-micrometer and micrometer-
sized particles and crystallites have been identi-
fied {3-6], many scattering centers still remain
unresolved.

The use of Raman scattering, which is well
established by its simplicity and generality as a
spectroscopic technique, has been sparse. How-

glasses, respectively. Also, LaF; micro-crystallite inclusions were unambiguously identified in the core of a particular optical

ever micro-Raman scattering has been recently
used to systematically identify micro-crystallites
and bubbles in heavy-metal fluoride based bulk
glasses and fibers [8,9].

In the present work, we report micro-Raman
studies of microcrystalline inclusions observed in
the ZBLAN /HZBLAN glass system used to make
preforms and fibers. The Raman spectra of these
inclusions are compared with Raman spectra of
various parént fluoride crystals to identify their
composition and structure. A comparison be-
tween Raman spectroscopy resuilts and conven-
tional SEM/EDAX analyses is presented in an
attempt to obtain details on crystallite composi-
tion.

2. Experimental

The composition of the bulk glasses and fibers
studied in the present work, as well as their
preparation, are described in refs. [3] and [10).
One of the glasses was prepared with commer-
cially available materials, without further purifi-
cation procedure, and heat treated to induce
crystallization. The crystallites were selected with
a polarized optical microscope.

Although micro-Raman experiments can be
performed in the sample without any special
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preparation, the spectra quality can be improved
considerably if on< reduces the glass Raman scat-
tering background. This can be achieved by re-
ducing the thickness of the glass layer above the
crystallite to be studied. In case of inclusions in
the bulk glasses, the position of the crystallite was
marked with a diamond scribe, and the glass was
ground untii the crystal was only a few microme-
ters below the glass surface. If the micro-crystal’
was present inside the fiber, the fiber was aligned
under the microscope, keeping thc -rystallite
largest later ! face parallel to the poli g plane.

We hav. used two micro-Raman spectrome-
ters in this investigatiorr The first one comprises
an argon ion laser, an Olympus model BH-2
optical microscope and a Spex triplemate model
1877A with a 0.6 m triple spectrometer fitted
with a EG&G model 1460 optical multichannel
analyzer (OMA). In this case, a laser spot size of
1 pm and a spatial resolution of approximately
1 pm was achieved. The second micro-Raman
spectrometer was constituted of an argon ion
laser, a Zeiss Axiovert model 405 M inverted
optical microscope, and a Spex 0.85 m scanning
double spec: meter model 1404 fitted with a
GaAs phott :iplier and a photon counter. For
this system, i.:c laser spot size was < 3 pm. The
first system has the advantage of fast data acqui-
sition, but lacks scanning capability and has a
limited spectral resolution. The second spectrom-
eter is characterized by its high resolution and
scanning capability, which allows one to perform

photolumin . s<cence experiments. However, the
scanning feature slows down the data acquisition
i-me significantly. In both systems, an attenuated
liser spot was used to aim the laser beam in
sclected areas of the crystals. The procedure was
observed using a monitor screen via the vidicon
camera or directly through the eye piece. The
partially polarized measurements were carried out
by changing the sample orientation under the
microscope objective and by having an analyzer
and polarization scrambler in the spectrometer
entrance slit. Polarization {ependent spectral
variations were used to ic tify different crys-
talline phases. The 514.5 nn: iaser line was usu-
ally used and the power at the sample was typi-
cally 4 to 8 mW. The Raman spectra of the
micro-crystallites always showed the background
Raman spectra due to the glass. This background
was corrected by subtracting a normalized Ra-
man spectrum from a nearby region without any
crystallites. The normalization factor was such
that the glass peak intensity at 580 cm™' was
minimized.

The EDAX spectra of the glasses and crystals
were performed at MacCrone Associates, Inc.
Typically, the crystals were isolated using an opti-
cal microscope and subsequently extracted from
th. -lass by grinding the glass away. Sections 1-2
wn: hick were mounted on Cu grids and then
placed in the STF*"!. The samples were irradi-
ated by high enery. clectrons and the X-ray en-
ergy emitted was analyzed. The X-ray energy is

R
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Fig. 1. EDAX spectrum of the ‘caterpillar’ micro-crystal.
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“caterpillar” crystal
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Fig. 2. Micro-Raman spectra of the ‘caterpillar’ crystallite.
The spectra (a) and (b) were measured with the incoming
laser polarization. e,. paralle] and perpendicular to the crystal
length, 1, respectively.

characteristic of a given element. The sensitivity
is approximately 0.5 wt%.
3. Results

Figure 1 shows the EDAX spectrum of the

‘caterpillar’ crystal described in ref. [8). Note, the
presence of Zr. Ba and traces of Na in the

spectrum of the crystal. The unlabeled peak is
due to the copper grid. Therefore EDAX sug-
gests that the crystal is made up of the following
fluorides: Na, Zr, Ba. However, the actual crystal-
lographic phase cannot be determined using this
technique.

The micro-Raman spectra of the ‘caterpillar’
crystal is shown in fig. 2. The spectra (a) and (b)
were measured with the incoming laser polariza-
tion perpendicular and parallel to the crystal
length, respectively. The peaks observed between
120 and 220 cm ! are stronger in spectra (a) than
(b). The peak at 284 cm ™!, which is only a shoul-
der in spectrum (a), is observed in spectrum (b)
with about 1 of the 255 cm™' peak intensity.
Although the peaks around 400 cm ™! are present
in both spectra, they are about twice as intense in
spectrum (a). The dominant feature in both spec-
tra is the stretching vibration modes around 600
cm~'. A close look of this band suggested struc-
tures around 564, 587, 610 and 645 cm ™',

Figure 3 shows the EDAX spectrum of the
‘notched rod’ crystal described in ref. (8], ob-
served in the fiber cladding (HZBLAN glass). We
observe the presence of Hf, Zr, Ba, and Na from
the EDAX spectrum of the crystal. Hence. we
conclude that the crystal must contain the follow-
ing fluorides: Hf, Zr, Ba, Na. Again, the actual
crystalline phase cannot be determined solely
from EDAX spectra.
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Fig. 3. EDAX spectrum of the "notched rod” micro-crysial.
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“notched rod™ crystal
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Fig. 4. Micro-Raman spectra of the ‘notched rod’ crystallite.
The spectra (a) and (b) were obtained with the incoming laser
polarization, e;, parallel and perpendicular to the crystal
length, /, respectively.

The micro-Raman spectra of the ‘notched rod’
micro-crystal is represented in fig. 4. The spectra
(a) and (b) were obtained with the incoming laser
polarization parallel and perpendicular to the
crystal length, respectively. Except for the small
peak at 185 cm™' and the intense peak at 266
cm ™!, the spectra (a) and (b) are quite similar.

Glasses made with unpurified starting materi-
als show a higher degree of nucleation. Submit-
ting these glasses to heat treatment allows crystal-
lites to grown as large as 400 wm. Micro-Raman
measurements performed on those crystallites
under conditions described previously, show simi-
lar spectra to those represented in fig. 2. These
suggest that the 2ZrF, - BaF, is the preferential
crystallizing phase. Figure 5 shows the micro-Ra-
man spectrum measured with the laser incident
on the square cross-section of a micro-crystal in
these glasses. Note the similarity of the Raman
peak posttions and lineshapes with the spectra in
fig. 2. The difference in relative intensities is
associated with the crystallite orientation in rela-
tion to the incoming laser beam polarization.

Figure 6 shows the micro-Raman measure-
ments of (a) a hexagonal shaped micro-crystal
inclusion in a fiber core and (b) a commercial

210

T T T N — T

Raman Intensity (arb. units)

200 300 400 500 600 700
Raman Shift (cm-1)

Fig. 5. Micro-Raman spectrum of a particular crystallite in the
heat treated glass. The laser beam was incident on the square
cross-section of the micro-crystal.

LaF; micro-crystal, respectively. The micro-crystal
inclusion Raman spectrum was measured with
the laser spot incident on the hexagonal crystal
face. The micro-crystal LaF; Raman measure-
ment was performed for different crystal orienta-
tions with respect to the incoming polarization
laser beam. The excellent agreement between
spectra (a) and (b) erase any doubt about the
identification of the fiber micro-inclusion to be a
LaF, crystal. This result shows that identification
of any crystallite by Raman scattering will be

(a)

Raman Intensity (arb. units)

100 200 300 400 500 600
Raman Shift (cm')
Fig. 6. Micro-Raman spectra of (a) a hexagonal shape micro-
crystal in the fiber core and (b) a commercial LaF, crystal.
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extremely precise if one has good quality refer-
ence crystals.

4. Discussion

The data shown in figs. 1-4 allow a tentative
identification of the two distinctly shaped struc-
tural defects. The ‘caterpillar’ spectra shown in
fig. 2 are dominated by the stretching vibration
modes near 600 cm~' and four sets of peaks in
the range from 120 to 500 cm™!. These spectra
are different from spectra reported in the litera-
ture for a- and B-BaZrF [11]. However, these
spectra show many similarities to the spectrum of
a polycrystalline barium fluorozirconate sample
with composition BaF, /ZrF, = 33 /67 reported by
Kawamoto [12]. This observation suggests that
the caterpillar crystal is possibly the zirconium
rich-fluorozirconate crystal phase 2ZrF,- BaF,
(2ZB). Since this crystallite was observed in the
glass which has Na(ZBLAN) as a second modi-
fier, in addition to Ba. one can expect the partici-
pation of this element in the crystalline structure.
This may account for the extra features (the
peaks at 255 and 480 cm™!), energy shifts and
lineshape broadening observed in our spectra in
comparison with reported data {11,12). Note that
this observation 1s in agreement with our EDAX
measurements (fig. 1). which detect the presence
of Na in this crystallite. A more precise crys-
talline structure and composition identification is
not possible based on the limited information
available, since we do not know the dominant
crystallographic phase, orientation and light po-
larization in Kawamoto's work {11,12]. )

The micro-Raman spectrum of the ‘notched’
crystal is shown in fig. 4. In this micro-crystal the
stretching vibration mode is observed at 616 cm ™',
The linewidth of the 616 cm ™! band it is much
smaller than the linewidth of the 600 cm~' band
observed in the ‘caterpillar crystal’ (fig. 2). Broad
high frequency bands. as discussed previously, are
associated with the Zr-rich phase {12}, while sharp
high frequency bands are in general observed in
barium fluorozirconates with molar ratio close to
one (BaF,/ZrF,=1), i.e., a- and B-ZrBaF,, as
reported in ref. (11]. Therefore, one can assume

that the ‘notched rod’ crystal it is not associated
with the Zr-rich phase (2ZB). Micro-Raman mea-
surements carried out on commercially available
polycrystalline HfF, and ZrF, show relative shifts
of some vibrational bands towards lower fre-
quency Raman shift. This behavior can be easily
understood if we take into consideration the iso-
morphism between HfF, and ZrF, [13] and the
large difference in mass. For crystallites grown in
the HZBLAN glass host, one can expect that the
Zr atoms may be partially replaced by the heavier
Hf atoms, resulting in shifts of vibrational bands
toward lower Raman shifts. This may explain the
significant lack of intensity observed in the spec-
tra (a) and (b) in the spectral range between 350
and 600 cm™! in comparison with reported a-
and B-ZrBaF, spectra {11]. The higher peak posi-
tion observed in our measurements for the
stretching mode may be also associated with the
incorporation of Hf, which is expected to increase
the degree of bridging of the [Hf-Zr]F, complex
and/or change in nature of the complex {14].
Again, we point out that Na is a second modifier
in our glass system, therefore peak positions and
lineshape variations may be expected in compari-
son with non-Na-containing systems. Based on
our EDAX results and the similarity of the mi-
cro-Raman spectra with the Raman spectrum re-
ported by Kawamoto et al. [11), we suggest that
the ‘notched rod™ crystal is the o-HfF, - ZrF,-
BaF, phase.

5. Summary

We have used micro-Raman scattering to iden-
tify microcrystalline inclusions in the ZBLAN/
HZBLAN glass system. Our experimental results
combined with EDAX data in the same crystal-
lites and Raman scattering spectra of parent
polycrystals reported in the literature suggest that
the ‘caterpillar’ crystal is NaF - (2ZrF, - BaF.) and
the ‘notched rod’ crystal is NaF - (a-HfF, - ZrF, -
BaF,). We have also identified a hexagonal mi-
cro-inclusion in a particular fiber core as a LaF,
crystal by comparison with micro-Raman mea-
surements of a LaF, single crystal. These latter
results show that micro-Raman can unambigu-
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ously identify microcrystalline inclusions if high
quality reference crystals are available for spec-
tral comparison.
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ABSTRACT

Photoluminescence excitation (PLE) spectroscopy has been applied to the characterization of optical
absorption processes in thin film samples of cubic (3C-) SiC grown by chemical vapor deposition
(CVD) on Si substrates. Low temperature (6K) PLE spectra have been obtained using a double
ting monochromator and a xenon lamp as a tunable source of excitation. For undoped, n-type
Ims of cubic SiC, plots of the integrated PL intensity, in the range 2.4-1.5 eV, as a function of the
wavelength of the exciting light are in excellent agreement with optical absorption spectra reported
for bulk 3C-SiC. The observed shape of the absorption edge is characteristic of phonon assisted
indirect transitions, and spectral features attributable to LA and TA phonons are discernible. No
below-gap extrinsic absorption features are observed in the PLE spectra of the undoped films. These
results demonstrate the use of the PLE technique for bandedge absorption measuremeats in thin
semiconductor films for which transmission measurements may not be practical. The intense N-Al
donor-acceptor pair (DAP) PL bands (2.2-1.5 eV) observed in Al-doped films provide much
improved signal-to-noise ratios for the PLE spectra in these samples compared to those obtained in
the undoped films. In addition 1o the characteristic above-gap indirect absorption edge spectrum, the
PLE spectra for the Al-doped samples exhibit below-gap, extrinsic absorption features at photon
energies corresponding 1o the nitrogen bound exciton peaks observed in the PL spectra. The
extrinsic absorption process which contributes to the excitation of the N-Al DAP PL is appareatly a
photoneutralization of the compensated (positively charged) nitrogen donors.

1. Introduction

The successful epitaxial growth (1-4] of thin films of cubic SiC by chemical vapor deposition (CVD)
on Si substrates has revived interest in this promising wide band-gap semiconductor.
Photoluminescence (PL) spectroscopy has played an important role in the characterization [$-10] of
both undoped and aluminum-doped thin film samples of CVD cubic SiC. The low temperature PL
spectra of most films exhibit a rich variety of characteristic spectral features. However, only a few
of these PL bands have been associated with identified impurities or with acceptors and donors of
known binding energy. Specific observations include PL spectra attributable to excitons bound 10 54
meV neutral nitrogen donors (S-9,11], free-to-bound PL transitions involving aluminum acceptors
(8, 12-14), nitrogen-aluminum donor-acceptor pair recombination (N-Al DAP bands) (8,12-15) and
a deep DAP band which reveals an unideatified 470 meV acceptor (10].

Photoluminescence excitation (PLE) spectroscopy provides valuable information conceming the
optical absorption processes which lead to the excitation of recombination radiation. In PLE
spectroscopy the intensity of a selected PL band is recorded as a function of the wavelength of the
exciting light. Under some conditions the PLE spectrum constitutes an accurate representation of the
absorption spectrum of the sample. (This is an important consideration when analyzing thin film
samples for which absorption measurements by conventional optical transmission techniques are
problematic.) However, the PLE spectrum incorporates an additional degree of specificity in that it
provides a measure of the effectiveness of various absorption processes in the excitation of a
particular PL band. This is particularly useful when extrinsic (below band gap) absorption processes
excite the PL.

Both of these characteristics of PLE spectroscopy are pertinent to the investigation of CVD films of

cubic SiC reported here. The PLE spectra obtained from undo'ped n-type samples provide the first
detailed representation of the indirect optical absorption edge of thin film CVD SiC, which is found
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10 be in excellent agreement with the optical absorption spectra reported for bulk (Lely-grown) cubic
SiC. In the case of Al-doped films, the PLE spectra exhibit extrinsic absorption features which are
attributed to the photoneutralization of compensated donors.

2. Experimental Y
The thin film samples of cubic SiC, which were obtained from the Naval Rescarch Laboratory,
North Carolina State University, and the NASA Lewis Research Center, were all grown by CVD
techniques [1,2,4] on Si substrates. Both undoped n-type and Al-doped fiims have been swudied. In
all cases the films were removed from their substrates to relieve the strain which results from the
~20% lattice mismatch between the SiC films and the Si substrates.

The PL and PLE spectra described here were obtained with the samples contained in a liquid helium
cryostat which provided temperatures ranging from 2 o 300 K. Spectra were acquired in CW mode
with excitation provided by an argon (476.5 nm) or krypton (476.2 nm) ion laser or light (460 nm)
from a 150W xenon lamp dispersed through a double gn::\dg monochromator. The excited
luminescence was analyzed by a grating monochromator and detected by a GaAs photomultiplier
tube (PMT) which is sensitive to wavelengths shorter than about 900 nm.  Appropriate glass filiers
were used to exclude exciting light from the analyzing monochromator.

The xenon lamp-double grating monochromator combination provided exciting light with wavelength
tunable from about 400 to 1000 nm. For the PLE experiments, the luminescence excited by this
sysiem was focused onto the entrance slit of a 0.75 m focal length, single grating monochromator.
PLE spectra were obtained with the detection monochromator serving as a band pass filter tuned to a
panticular PL waveleagth, or with a mirror mr!acing the grating in the monochromator so that the
integrated PL intensity was recorded. In the latter case, the wavelength limits of the detected PL
band were determined by a longpass optical filter placed at the entrance slit and by the long
wavelength limit of the GaAs PMT response (~900 nm). The PLE spectra were corrected for the
wavelength dependence of the exciting light inteasity. )

The intensity of the exciting light for the PLE spectra was about 100 uW/cm? at the peak of the
spectral output for the lamp-monochromator system. PL spectra obtained under these excitation
conditions first revealed the importance of recording PL spectra over a broad range excitation
intensities. For example, nearly all PL. spectra reponied in the literature [5-10, 16) for n-type CVD
cubic SiC are excited by relatively high power light (>1 W/cm2). They are dominated by the
nitrogen bound exciton (NBE) spectrum (especially the phonon replicas) with its relatively short
donor bound exciton radiative life time. In addition to the NBE spectrum, other charactenstic
features of these high power PL spectra include the 1.972 eV zero phonon line (ZPL) an ! phonon
replicas of the D1 defect band (which has been stdied in detail in ion implanted Lely crystals {17]
aad CVD films {7,8) of cubic SiC), and a broad underlying PL band peaking near 1.8 eV. In
contrast, the low power PL spectrum for such undoped samples, excited by light from the lamp and
double monochromator system, exhibit only a weak vestige of the NBE spectrum. These spectra are
dominated instead by a distant DAP band with peak at about 1.91 ¢V, the so-called G-band
{9,10,18) which is attributed [10] to the pairing of the 54 meV nitrogen donors with an unidentified
470 meV acceptor.

Similarly, the two PL spectra shown in Fig.1 contrast the high- and low-power excitation conditions
for an A)-doped sample of cubic SiC. The high power spectrum exhibits sharp line spectra at high
energies due to close pair recombination. The low power spectrum is dominated by the long life time
distant pair band peaking at about 2.12 eV. Note that the close pair are not observed at low
power and that the phonon replicas below the distant pair band exhibit sh spectral details. Itis
important to remember that the PLE spectra presented here are obtained conditions which
roduce the low power PL spectra of Fig.1. That is, they are dominated by deep PL bands with
ong lifetime recomnbination processes.
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3. Results and Discussion

Figure 2 shows the 2.35 - 2.50 eV PLE spectrum from an undoped, n-type film of CVD cubic SiC,
obtained at SK under the integrated PL intensity conditions described above. The line shape or
intensity distribution of this PLE spectrum exhibits a detailed similarity to the optical absorption

trum reported by Choyke et al. [11] for bulk, Lely-grown cubic SiC. Note that PL intensity has
been plotted on a square root scale in order to illustrate the indirect character of the absorption ¢dge.
Choyke et al. described the shape of the edge as characteristic of indirect transitions in which
excitons are created. The onsets of optical absorption transitions assisted by the emission of TA,
LA, TO, and LO phonons are indicated in Fig. 2. The phonon energies have been determined from
the NBE PL spectra {11]. It follows that the exciton energy gap, Egx = 2.390 eV, is derived by
subtracting the TA phonon encrgy from the observed onset of absorption.

The fact that the PLE spectrum scales closely with the absorption spectrum of Choyke at al. from the
band edge up to energies in excess of 2.5 eV, indicates that the PLE spectrum provides a remarkably
faithful representation of the interband optical absorption. Although the previously reported
absorption measurements were performed on crystals with a light path of approximately 2 mm,
Choyke et al. [11] noted that ecven larger crystals would be preferred for more accurate
measurements. Thus the sensitivity of the PLE technique is apparent when one considers the fact
that the light path for the thin film SiC samples is only about 10-15 um. -
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Fig. 3. Photoluminescence excitation spectra for an Al-doped (continuous line) and an undoped

(dotied line) CVD 3C-SiC film. The square root of the integrated photoluminescence intensity (in the

spectral range 1.4 - 2.3 eV) is plotted as a function of the photon energy of the exciting light. The

undoped spectrum has been normalized to the Al-doped spectrum for the best spectral coincidence

:'et:/ecl) 2.45 and 2.50 ¢V. The insert shows the extrinsic portion of the Al-doped PLE specrum at
igh gain. .

In Fig. 3 the PLE spectrum obtained from an Al-doped sample of cubic SiC is compared to that of
the undoped sample presented in Fig. 2. The much greater integrated intensity of the N-Al DAP PL
bands and phonon replicas in the Al-doped sample is apparent in the greater signal to noise ratio of
its PLE spectrum relative to that of the undoped sample. Furthermore, the PLE spectrum of the Al-
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Fig. 1. Low temperature (6K) photoluminescence spectra from an Al-doped SiC film: (a) high
power spectrum excited by an argon ion laser (1W/cm2, 476.5 nm); X20 spectrum shows close
donor-acceptor pair spectra; (b) low power spectrum excited by xenon lamp and 0.22 m

monochromaior (0. ImW/ecm?2, 460 nm).
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Fig. 2. Photoluminescence excitation spectrum
for an un-doped CVD 3C-SiC film deposited
with C/Si source gas ration of 2.4. The square
root of the integrated photoluminescence
intensity (in the spectral range 1.4 - 2.3 eV) is
plotted as a function of the photon energy of
the exciting light. The exciton energy gap,
EGx. and the emitted phonon energies are
indicated in the figure.
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doped sample exhibits extrinsic absorption features in the spectral range extending from the onset of
interband absorption at about 2.436 ¢V down to about 2.349 eV,

The extrinsic portion of the Al-doped PLE spectrum is presented at higher gain and resolution, and
on an expanded scale in the inset to Fig. 3. It is characterized by an onset at about 2.349 eV,
although this is difficult w determine exactly, peaks at 2.367 and 2.377 eV, a dip or trough with
minimum at about 2.385 ¢V, and a shoulder which rises to higher energy until it intersects the,,
steeply rising interband PLE at about 2.436 V.

There are two primary factors which enter into the interpretation of these extrinsic features in the PLE
spectrum. First, they are observed only in relatively heavily Al-doped films, and second, the onset,
peaks, and shoulder all occur in a spectral range which corresponds to the binding energies and PL
bands associated with the known donors in cubic SiC. The first factor indicates that the absorption
processes which give rise to these extrinsic PLE features require the presence of large concentrations
of compensated (charged) donors. Undoped films are invariably n-type; they exhibit the NBE PL
spectra which reveal the i;‘>ln-,set'«:e of the 54 meV donor identificd as nitrogen [8,11,13,14,19), and
temperature dependent Hall effect measurements which are interpreted in terms of & highly
compensated 15-20 meV donor{13,20-23). In heavily Al-doped samples these donors are
compensated and extrinsic optical absorption transitions can photoneutralize the charged donors.
The elecuons on the resulting neutral donors can then undergo DAP radiative recombination with the
holes on the necutral Al acceptors. Although no oElical (PL) signature of the shallow (15-20 meV)
donor has been identified to date, the N-Al DAP PL spectrum is well documented (8,13,14].

In considering the second factor, the most obvious correlation is between the 2.377 and 2.367 eV
PLE peaks and the energies of the ZPL of the NBE bands and the low energy shoulder on the NBE
band (believed to be a deeper donor bound exciton {5.8]), respectively, of the near-band edge PL
spectum observed in undoped n-type films [5-9]. Note that these energies are characteristic of the
NBE PL spectra in the strained CVD films grown on Si (and subsequendy removed from their
substrates) which are slightly red-shifted (~1 meV) relative to the NBE spectra reponted for bulk Lely
crystals of cubic SiC. The obvious suggestion is that this portion of the extrinsic PLE involves the
excitation of the nitrogen and unidentified deeper donor bound excitons. Far more speculative is the
possible correlation between the approximate 2.349 eV low energy onset of the extrinsic PLE
spectrum and the energy 2.349 meV = Egap- 54 meV (the nitrogen donor binding encrgy), where the
low temperature band gap of cubic SiC 1s taken to be 2.403 eV. This correlation suggests the
hypothesis that 2.349 ¢V is the onset of extrinsic absorption ransitions which photoneutralize the 54
meV nitrogen donors. However, the onset, whose position is highly uncertain, could also be
explained as a low energy tail on the apparent donor bound exciton absorption band.

Even more interesting and speculative is the possiblility that the absorption shoulder above the 2.385
¢V trough might be associated with photoneutralization of compensated 15-20 meV donors. (The
tough is positioned about 18 meV below the band gap.) If this hypothesis were correct, it would
represent the first optical manifestation of the 15-20 meV shallow donor which appears to dominate
the electrical properties of undoped CVD films of cubic SiC. However, it must be emphasized
strongly that this is simply a conjecture and there are equally plausible aliemative interpretations of
this absorption shouilder.

4., Summary

Photoluminescence excitation spectroscopy has been used to investigate the above gap and extrinsic
optical absorption processes which excite the PL bands that characierize CVD films of cubic S$iC
grown on Si substrates. In undoped films the PLE spectra provide a faithful representation of the
indirect optical absorption edge which is consistent with the optical absorption spectrum reported
previously for Lely-grown bulk erystals of cubic SiC. The undoped PLE spectra show no evidence
of extrinsic (below gap) optical absorption. The PLE spectra of the N-Al DAP bands which
dominate the PL spectra of Al-doped films of cubic SiC exhibit extrinsic absorption which is
attributed 10 photoneutralization of compensated shallow donors. The extrinsic PLE spectra of the
Al-doped samples contain peaks which correspond to the ZPLs of the donor bound exciton PL bands
observed in the undoped films, as well as onsets which, it is speculated, could correspond 10 the
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thresholds for photoneutralization of the 54 meV N donor and the unidentified 15-20 meV donor
which are pervasive in CVD cubic SiC.
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Abstract

Cubic silicon carbide (8-SiC) films have been grown epitaxially on silicon-or: - :nphire (SOS) substrates
by chemical vapor deposition. A fresh layer of silicon is first deposited in si.. n the SOS substrate at
approximately 1050 °C. The silicon layer is then carbonized while being heated to 1360 °C. The 8-SiC
layer is grown at 1360 °C using silane and propane as sources. §-SiC films can also be grown directly on
the SOS substrate without utilizing a fresh silicon layer. Deposition of 8-SiC films on silicon-on-insula-
tor {SOI) substrates has also been accomplished with slight modification of the growth parameters
described above.

The B-SiC films have been characterized by IR reflectance spectroscopy. optical microscopy and
electron microscopy. Tvpical films are 7 um thick and have a specular surface with some physical
features. Electrical transpont properties as determined by the Van der Pauw Hall method show the 8-
SiC films to be p-type while those grown on SOI were n-type. X-ray rocking curve measurements were
obtained to det>rmine the crv<talline quality of the films. In addition, preliminary optical characteriza-

tion of the films has been per-  med.

1. Introduction

Advances in B-SiC device technology have
been hampered by the limited quality of material
available. Defect densities in B-SiC grown on
Si(100) arc high and carrier concentrations and
Hall mobilities are typically much poorer than the
theoretical limits. These problems are likely asso-
¢:ated with the 20% lattice mismatch between sili-
con and B-:C and an 8% difference in
coefficients of thermal expansion. Furthermore,
silicon substrates are not ideally suited for high
temperature device applications and the repro-
ducible growth of p-type B-SiC on silicon has
been a persistent problem. The quality of 8-SiC
films has been improved by grc wih on substrates
whose lattice parameters and coefficients of ther-
mal expansion are more closely matchedtoth ¢
of B-SiC, such as a-SiC (1, 2} and TiC [3]. Unfor-
tunately, the price, availability and quality of
these substrates have limited their routine use.
Silicon-on- .apphire (SOS) substrates provide an
attractive alternative since they are readily avail-
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able, low cost, able to withstand high tempera-
tures and have been shown to be effective
substrates for the heteroepitaxial growth of GaAs
on silicon [4). Perhaps more importantly, sapphire
substrates have been shown to autodope the sili-
con epilayer with aluminum (5], a feature which
could be exploited for the preparation of p-type
B-SiC layers. In 1969, Khan {6] reported the
“chemical conversion™ of Si(100) on sapphire, at
low pressure, to a B-SiC film. The films were
characterized only by their electron diffraction
pattern and little experimental detail was pre-
sented. We have succeeded in preparing the first
example of epitaxial 8-SiC grown on SOS sub-
strates by chemical vapor deposition (CVD) {7).
In addition, we have begun investigations into the
epitaxial growth of 8-SiC on silicon-on-insulator
(SOI) substrates by CVD.

2. Expcrimental details
A horizontal reactor with computer control of

switching, flow and temperature was used to

© Elsevier Sequoia/Printed in The Netherlands
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produce B-SiC films on SOS and SOI substrates.
Reactant gases were high purity propane (1% by
volume in hydrogen) and silane (1% by volume in
hydrogen). Purified hydrogen was used as the
carrier gas. SOS substrates were produced in
house by molecular beam epitaxy (MBE; 3 in
diameter wafer with silicon thickness of 0.6 um
on 0.43 mm of Al.O,) or obtained from Union
Carbide (4 in diameter wafers with silicon thick-
ness of 0.3,0.550r 1 umon 0.55 mm of Al.O»).
The wafers were cut into pieces of approximate
dimensions 12x15 mm® Substrates were
degreased in organic solvents, etched by the RCA
method [8] and then immediately transferred to
the graphite susceptor in the horizontal reactor.
The system was evacuated to 2 mTorr, backfilled
and continuously flushed with high purity hydro-
gen. Under a 3.5 standard | min~"' (slpm) flow of
hydrogen the substrate was heated from ambient
to 1150 °C and held at this temperature for 5-10
min to remove any oxide coating. The tempera-
ture was then lowered to about 1050°C and a
fresh layer of silicon (0.7 #m) was deposited on

Fig. 1. (a) Optical and |b) scanning electron micrographs
of 8-SiC films grown on SOS

the substrate using a silane flow of 100 standard
cm® min~! (sccm). After the growth of the fresh
silicon layer the substrate was cooled to near
room temperature and held there for 1 min. A
buffer layer was grown by heating the substrate
from near room temperature to 1360 °C under a
constant flow of 100 sccm of propane and 1 slpm
of hydrogen. It is essential to begin carbonization
at Jow temperature. Non-specular films were
obtained if carbonization was initiated at
1050 °C. This observation suggests a low temper-
ature conversion of the silicon surface. After 1
min at 1360 °C the propane flow was diverted 1o
vent and the system purged with hydrogen for 1
min at a flow of 1.5 sipm. The epilayer was grown
for 2 h in the temperature range 1340-1370°C
using a C:Si ratio of 2.5. Alternatively, 8-SiC was
grown directly on SOS without first depositing a
fresh silicon layer. The growth parameters were
similar to those described above, =xcept the
growth of a silicon epilayer at 1050 “C was elimi-
nated.

SOl substrates were prepared in house and
consisted of 3 um of silicon on the surface and 1 um
of SiO, on a silicon substrate 0.55 mm thick.
Substrate preparation and the growth profile are
similar to those described above for 8-SiC on
SOS. No fresh layer of silicon was deposited.

3. Results and discussion

The B-SiC films prepared on SOS substrates
both with and without the in sin silicon epilayer
were specular with many physical features. Typi-
cally, the films have a translucent amber appear-
ance in the center area of the substrate. Along the
edges of the film an opaque gray area approxi-
mately 1 mm wide was observed. The Nomarsky
optical micrograph of the B8-SiC layer (Fig. 1(a))
depicts the overall surface morphology. Individ-
ual surface features were observed using a
Cambridge scanning electron microscope. The
photomicrograph in Fig. 1{b) reveals a textured
surface along with columnar growth features and
pits. Typically. the morphology of the B-SiC
grown on SOS is poorer (many more growth
features such as pits and columns) than that
observed for 8-SiC on silicon. The morphology
of B-SiC grown on SOI was much better (few
columns and pits) than that of B8-SiC grown on
SOS and was comparable to that observed for
B-SiC films grown on silicon.

The most remarkable feature of B-SiC films
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grown on SOS is their p-type nature. Grown lay-
ers were charactenized by Hall measurements
using the Van der Pauw technique. Samples 3 mm
square were sawn with a diamond saw from the
as-grown layers. Corner contacts of 700 A of
nickel deposited by thermal evaporation became
ohmic after heat treatment at 1000 °C for 20 s, in
an atmosphere of forming gas, using rapid ther-
mal annealing. All measured samples were p-type
with Hall mobilities and net hole concentrations
(N,— N,) ranging from 7.9 to 51.7 cm? V-1 !
and 1.4x10% 10 5.6x10'" cm™? respectively.
Under identical growth conditions and using the
same susceptor, 8-SiC films grown at this labora-
tory on Si(100) are always n type with mobilities
of 160-230 cm® V-! s~! and net electron con-
centrations (N, —~ N,) in the low 10'” cm ™3 region.
Autodoping of silicon with aluminum by sapphire
is well documented {5} and is increased with
higher growth temperatures {9]. Therefore at the
high temperatures required for 8-SiC growth it is
likely that the SOS substrate is autodoping the
B-SiC films with aluminum. This is also supported
by the observation of donor-acceptor recombina-
tion pairs (DAPs) in the photoluminescence (PL)
spectra of unintentionally doped B-SiC films
grown on SOI using the same susceptor as that
used for growth of B-SiC on SOS substrates.
These same films have been shown to be n-type
but highly compensated, again suggesting the
presence of an acceptor. However, the possibility
of doping due to defects cannot yet be fully ruled
out.

The B-SiC grown on SOS appears to be highly
stressed. In several instances the 8-SiC films have
been observed to shatter off the SOS substrate
upon cooling to room temperature. In other
instances the B-SiC films have shattered off SOS
substrates when being cut for transport
measurements. The scanning electron micro-
graph in Fig. 2 shows that the 8-SiC film is
cleanly removed from the SOS substrate and also
shows a lifting of the remaining B-SiC from the
substrate. Experiments to quantify the stress in
these films are currently under way along with
investigations into methods of reducing the stress,
e.g. annealing. X-ray rocking curve (XRC)
measurements were made on £-SiC films grown
on silicon, SOS and SOI substrates to help quan-
titate the B-SiC film quality. The B-SiC films
grown on silicon and SOI exhibited the narrowest
XRC halfwidths of 690-770 s. The XRC half-
widths of 8-SiC films grown on SOS were much
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Fig. 2. Scanning electron micrograph of B-SiC and SOS
surface after film has shattered off the substrate.

wider, ranging from 945 to 1620 s, with a typical
value of approximately 1010 s. Neither the thick-
ness of the sandwiched silicon layer nor the in
situ deposition of a fresh silicon layer appears to
significantly affect the XRC halfwidth.
Preliminary optical characterization of 8-SiC
on SOS and SOI substrates has also been accom-
plished. Micro-Raman spectroscopy has been
performed to determine the film quality and the
nature of the columnar growth features observed
on the B-SiC surface. The micro-Raman spectra
(Fig. 3) of B-SiC on SOS substrates exhibit the
typical longitudinal optic (LO) and transverse
optic (TO) phonon lines [10]. In Fig. 3 (a) for the
B-SiC surface on SOS (inset is B8-SiC on silicon),
the TO phonon line is significantly lower in
intensity than the LO phonon line. In addition. a
weak feature is observed between 940 and 950
cm™'. In the Raman spectrum of a columnar
growth feature (Fig. 3(b)) the TO phonon line
intensity is greatly enhanced relative to the LO
line and the weak feature at 940-950 ¢cm ™! is not
observed. No a-SiC phases were observed to be
present in these samples. The increased intensity
of the TO phonon line relative to the LO
phonon line observed in the spectrum of the
columnar growth features is the result of reduced
stress [10] in the growth columns and/or a differ-
ent onentation of the crystallites. However, the
disappearance of the weak feature observed
between 940 and 950 cm ™' in the spectrum of
the growth column suggests that increased TO
phonon line intensity is a result of lower stress in
the crystallite, since these weak features are only
observed in spectra of films adhered to substrates
and not in those of free-standing films [11]. Thus
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the formation of these columnar features may
provide a mechanism to relieve the stress in the
B-SiC on SOS. The position of the TO and LO
phonon lines is significantly different in B-SiC
films grown on SOS vs. silicon. High resolution
Raman spectroscopy must be performed to
determine the contribution of siress and sample
heating to the position of the TO and LO phonon
lines. Photoluminescence experiments have been
initiated on B-SiC grown on SOI and SOS sub-
strates. Although the 8-SiC film on SOl is n-type,
a DAP band associated with nitrogen donors and
aluminum acceptors [12] is observed in the PL
spectra. The p-type dopant is possibly the result
of aluminum contamination of the susceptor from
previous growth using SOS substrates. Identifica-
tion of the DAPs in B-SiC on SOS substrates is
currently being pursued.
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ABSTRACT

The temperature and excitation intensity dependence of photoluminescence (PL) spectra
have been studied in thin films of SiC grown by chemical vapor deposition on Si (100)
substrates. The low power PL spectra from all samples exhibited a donor-acceptor pair PL
band which involves a previously undetecied deep acceptor whose binding energy is
approximately 470 meV. This deep accepior is found in every sample studied independent of
growth reactor, suggesting the possibility that this background acceptor is at least partially
responsible for the high compensation observed in Hall effect studies of undoped films of cubic
SC.

INTROOUCTION

Recently, we reported [1] evidence for the existence of a previously undetected deep
acceptor (binding energy 470 meV) in thin films of cubic SiC grown by chemical vapor
deposition (CVD) on Si substrales. An investigation [1-2] of the dependence of the
photoluminescence spectira on excitation power and lemperature revealed a deep donor-acceptor
paic (DAP) band at about 1.91 eV which involves the recombination of electrons trapped at
relatively shallow donors (probably 54 meV nitrogen donors) with the unidentified deep
acceptor. This deep DAP PL band was observed in a variety of SiC films grown in several
different reactors, and its pervasive character suggests the possibility that the associated deep
acceplor is at least partially responsile for the high compensation observed [3-7] in undoped
films of cubic SiC. In this paper we examine in detail the evidence for the DAP interpretation of
this deep PL band, and some of the implications of the highty localized character of such a deep
acceptor.

RESULTS AND DISCUSSION

Figure 1 compares low temperature PL spectra obtained at high and low excitation
intensity from an undoped n-type film of cubic SiC grown at the Naval Research Laboratory.
(The CVD growth [8, 9] and PL techniques {10] have been described in detail elsewhere). The
high power spectrum, which was excited by 4762 nm light from a krypton ion iaser at a power
density of 2 Wicm?2, is dominated by a shamp five-line spectrum between 223 and 2.39 eV
which is attributed to the recombination of excitons bound to neutral nitrogen donors {11, 12]
(the nitrogen bound exciton or NBE spectrum). This spectrum also exhibits two other
characteristic but unidentified PL bands, the so-cafled W-bands [13] at 2.15 eV, and the D1
defect band [10, 14, 15] with zero phonon line (ZPL) at 1.972 eV. [n the low power PL
spectrum, exciled from the same sample at a power density of 0.02 w/cm?, the NBE spectrum
is much weaker and the W and D1 bands are barely observable. The spectrum is dominated by
the so-calied G-band [1, 13] with ZPL at about 1.91 eV, and its apparent phonon replicas,
labelled G1 and G2. These PL bands (G, G1, G2, and W) are present in the PL spectra of CVD SiC
films reported by several different workers (2, 10, 13, 15, 16]. However, Choyke and co-
workers assigned the alphabetical labels in ref. [13] in which they studied the dependence of
these bands upon film thickness and excitation wavelength (penetration depth).

We now consider the evidence for the DAP interpretation of the G-band. The fact that the
G-band dominates the low power PL spectra of every undoped SiC film we have studied, while
the NBE, W, and DI bands are either greatly diminished or unobservable, suggests that the G-
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band has a long radistive iifetime relative 10 those of the NBE, W, and D1 bands, and its
intensity therefore saturaies at high excitation intensity [, 2. Such a long PL lifelime is
characlerisiic of radiative recombination at an extended defect such as 8 dONOr-acCepior peir
[17]. We have found (in agreement with Choyke et al. [13). tha! the spectral position of the G-
bend varies by several meV from sample 10 sampie. This is consistent with the behavior of a
distant DAP PL band. The peak position of & distant DAP bend is delermined by the average
interimpurity (DAP) separation, which can be expecied 1o change from sample 10 sample il the
concentrations of participating donors and acceplors vary sighificantly [17). in addition, the
G-band spectrum of the low power spectrum in Fig. 1 is resolved into two distinct features
which we have identified {1] as a free-to-bound (FB) transition gt 1.932 ¢V and a distant pair
band about 20 meV lower in energy. The most obvious and important implication of these
ideniifications is that there exists in these SiC fims a deep defect (acceptor) leve! whose
approximately 470 meV binding energy is given by the diflerence between the 2,403 eV low
tempersture band gap of cubic SiC and the 1.932 eV FB transition energy.

The FB and distant pair band identifications are based primarily on the temperature and
power dependences of these spectral features (1]. Figure 2(a) shows the variations in the F8
and DAP spectra over a tivee order of maghitude change i excitation intensity, and Fig. 3 shows
the dependence of their peak positions over more than four orders of magnitude of change in
exciting laser power. The lower energy feature (1.91 - 1.92 eV) identified as the DAP peak
shifts 10 higher energy and broadens significantly with increasing excitation intensity as
expecied for a distant DAP band (17]. This shift arises because the more distant pairs, which
Qive rise 1o the lower energy portion of the DAP band, have longer ifetimes and their emission
is saturated at high power. Correspondingly, the higher energy side of the DAP band, which
comprises transitions from closer pairs with shorter radiative kifetimes, is accentuated with
increasing excitation intensity. On the other hand, the position and line width of the FB teature
of the G-band spectrum (1.932 eV) are relatively insensitive 1o variations in the intensity of
the exciting ight. The FB band does broaden and shi skghtly 10 higher energy 2s a consequence
of opticalty induced carrier heating al the very highest excitation powers [18).

The tempeniure dependence of the low power G-band PL fealures is shown in Fig. 2b. As
the temperature is increased from 6 10 100 K, the intensity of the 1.932 eV FB band increases
at the expenss ol the distant DAP band at 1.912 eV. This behavior closely parallels the decrease
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Fig. 2. Variations in the free-10-bound and donor-geceplor pair G-bend PL spectrs over g thiee
order of magnitude change in excitation intensity at a temperature of 6K are shown in 2(a). The
temperature depsndence of the low power G-band PL features is shown in 2(b) in the
temperature range 8 1o 100K,

in the intensity of the N-Al distant DAP PL band and the commensurate increase In the Al
acceplor FB band in this emperature range, which has been reported previously [19] for Al
doped fiims of cubic SiIC. in the case of the N-Al DAP system, the observed behavior &
attributable 10 the thermal ionization of the 54 meV N donors. The paratiel behavior of the G-
band DAP and FB bands in approximately the same temperature range suggests that an impurity
of comparable depth (thermal ionization energy) is involved in the G-band DAP recombination
process. The most likely candidate is the pervasive 54 meV N donor. This leads 10 the
conciusion that the 470 meV deep defect is an accepior, an interpretation which is consistent
with the tact that the known acceptor impurities in SiC (Al, B) are observed 1 be much deeper
than the donors [19-21}.

Another measure of the smabler ol the two binding energies participating in the DAP bend
is given by the energy separation of the FB and DAP bands. For pairs at infinite spatial
seperation, the energy difference would be just equal 1o the impurity binding energy. ¢.9., the
54 meV N binding energy for the N-Al DAP system. Qbwiously the actual position of the DAP
peak is determined by the column interaction between the charged impurity final states for the
finite pair separation which corresponds 1o the peak in the disiribution of donor-acceplor pair
separations [17]. The observed energy difference between the N-Al DAP and Al FB bands in Al
doped cubic SiC Is usually [19-20] about 35 meV (it is 8 function of impurity concentration).
Thus the 22 meV separation of the FB and DAP G-bands is consisient with the perticipation of 2
shafiow donor in the G-band DAP recombination (¢.g. the 54 meV N donor). The energy
separation of the FB and distant DAP pesks will be significantly less for N donors coupled 1 the
470 meV deep accepkr than for N donhors coupied 10 the 257 meV Al accepior. This happens
becsuse the more highly localized hole wave function of the deeper scceplor enhances the
contribution of closer pairs 10 the distant paiw band thersby shifting its peak 10 higher snergy
(closer 1o the FB band).
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Fig. 3. The peak positions at 6K of the free-to-bound and donor-accepior pair G-band PL
features as a function of exciting ight intensity.

The very fact that a FB transition can be observed for the G-band at low temperature and
low excitation power is another consequence of the highly locsikzed wave function of a hole
¥apped at a deep (470 meV) scceptor. For exampie, in the case of the N-Al DAP system in SiC.
no FB transition is observed [12] below about 40K. in Al-doped material at kow lempersture
the DAP transitions dominate becauss the greater spatial sxtent of the wave functions of holes
trapped st 257 meV Al acceplors assures sufficient overiap with electrons trapped at neutral
donors. Only at elevated temperatures which produce a significant number of ionized donors and
8 qQuasi-equilibrium populgtion of free electrons in the conduction band does the FB
tecombination process become more favorable. In contrast, the highly locakzed wave functions
of holes trapped at the 470 meV acceptors do not overiap as strongly with the neutral donors at
low temperatures and a significant fraction of the trapped holes can recombine with
photoexcited slectrons in the conduction band.

CONCLUDING REMARKS

The pervasive character of the G-band and the fact that its intensity correlates with
variations in the C/Si source gas ratio employed during growth (1] suggest the possibility that
the deep acceplor is associated with a nonsioichiometric defect rather than a background
impurity. However, the evidence is far from conclusive and the data could also be explained in
terms of 8 background impurity whose incorporation is controlied by film stoichiometry
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PHOTOLUMINESCENCE CHARACTERIZATION OF CUBIC SiC GROWN
BY CHEMICAL VAPOR DEPOSITION ON Si SUBSTRATES

S.G. BISHOP *
Naval Research Laboratory, Washington, DC 20375, USA

and

J.A. FREITAS, Jr.
Sachs-Freeman Associates, Landover, Maryland 20785, USA

Photoluminescence (PL) spectroscopy has proven to be a powerful tool for the detection and identification of impurities and other
defects in semiconductors. Afier a brief description of the phenomenology and experimental techniques, the application of PL to the
characterization of thin films of cubic SiC grown on Si (100) substrates by chemical vapor deposition (CVD) will be discussed.
Specific examples include the detection and/or identification of impurities and defects on the basis of PL spectra attributable to
excitons bound to neutral impurities (nitrogen donor bound excitons), free carriers recombining with carriers bound at impurities
(aluminum free-to-bound transitions), and donor—acceptor pair (DAP) recombination (N-Al DAP bands). The use of time decay
characteristics and excitation power dependence to classify recombination processes on the basis of lifetimes. and the determination
of impurity ionization energies from the temperature quenching of PL bands will be discussed.

1. Introduction

Characterization of semiconductors by PL
spectroscopy involves the measurement and inter-
pretation of the spectral distribution of recombi-
nation radiation emitted by the sample. Electrons
and holes which are optically excited across the
forbidden energy gap usually become localized or
bound at an impurity or defect before recombin-
ing, and the identity of the localized center to
which they are bound can often be determined
from the PL spectrum. Relatively sharp-line,
near-band edge spectra arise from the recombina-
tion of electron-hole pairs which form bound exci-
tons [1) (BE) at impurity sites, or the free-to-bound
(FB) transitions [2] which involve the recombina-
tion of free electrons (holes) with holes (electrons)
bound at neutral acceptors (donors), while lower

* Present address: Center for Compound Semiconductor Mi-
croelectronics and Department of Electrical and Computer

* Engineering, University of Illinois at Urbana-Champaign,
Urbana, Illinois 61801, USA.

energy and much broader PL bands arise from the
recombination of carriers localized at deep traps.
Qualitative information about crystal quality can
be inferred from the efficiency and line widths of
near band edge PL spectra, and impurities can
sometimes be identified on the basis of the bind-
ing energies inferred from the spectral positions
(energies) of BE or FB transitions.

Because PL has proven to be a convenient,
sensitive, non-destructive technique for the char-
acterization of semiconductor materials, it is now
one of the most widely applied spectroscopic tools.
The experimental technique is relatively inexpen-
sive to implement, there are very few constraints
on the materials to which it is applicable (e.g.
carrier type or impurity and defect concentration),
and a broad scope of phenomena such as excita-
tions, defects, and recombination mechanisms can
be investigated. Perhaps most important is the fact
that PL spectroscopy is useful during all phases of
the development of a new materials system or
growth technique. Typically, broad PL spectra
which convey only the most qualitative informa-

0022-0248,/90,/$03.50 © 1990 — Elsevier Science Publishers B.V. (North-Holland)
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tion are obtained from poor quality semiconduc-
tors while sharper spectral features which provide
more specific information will evolve as material
quality improves. This has certainly been true of
the PL characterization of thin film cubic SiC
grown by chemical vapor deposition (CVD) on Si
substrates, which we will briefly review in this

paper.

2. Experimental technique

The PL spectra described here were obtained
with the samples contained in a liquid helium
cryostat which provided temperatures ranging
from 1.5 to 330 K. Most spectra were obtained in
CW mode with excitation provided by either an
argon (476.5 nm) or krypton (476.2 nm) ion laser.
These excitation photon energies are above the 2.4
eV indirect band gap of cubic SiC. Time decay
studies of the PL spectra employed 10 nsec pulses
of 355 nm excitation light which was obtained by
tripling the photon energy of a pulsed 1065 nm
Nd: YAG laser (peak power approximately 4 kW).
For both the CW and pulsed experiments the
excited luminescence was analyzed by a grating
monochromator and detected by a GaAs photo-
multiplier tube (PMT). The GaAs PMT, which is
sensitive to wavelengths shorter than about 900
nm, is operated in a photon counting mode for
most experiments, which facilitates digital data
acquisition and multiscan signal averaging.

The thin film samples of cubic SiC were grown
by CVD techniques [4-7] on Si (100) substrates.
Undoped n-type, al-doped, and a variety of ion-
implanted samples have been studied. In some
cases the films were studied on their Si substrates
and the resulting red-shifted PL spectra (8] were
used to assess the strain resulting from the 20%
lattice mismatch between Si and cubic SiC. How-
ever, in most cases the films were removed from
their substrates to relieve the strain, and some of
the highest quality PL spectra have been obtained
from such films which were subjected to high
temperature annealing [9]. In addition, the effects
of stoichiometry on film quality and defect con-
tent were investigated [10] by growing several SiC

samples with different values of C/Si source gas
ratio.

3. Bound exciton emission

Twenty five years ago, Choyke. Hamilton and
Patrick published a seminal paper [11] on the
optical characterization of cubic SiC grown by the
so-called Lely technique. With optical absorption
spectroscopy they determined the indirect char-
acter of the band gap and obtained a measured
value of 2.39 eV for the exciton band gap. In
addition. they reported a five-line PL spectrum
which included a 2.379 eV zero phonon line (ZPL)
located just 10 meV below the exciton gap. and its
TA. LA, TO, and LO phonon replicas. They at-
tributed these spectral features to the recombina-
tion of excitons bound at neutral nitrogen donors
on carbon sites (N.). Subsequent work demon-
strated that the donors giving rise to this spectrum
are isolated point defects [12] and that the binding
energy of the donor which traps the excitons is
about 54 meV [13].

The far more recent studies of PL in CVD films
of cubic SiC began by reproducing the spectra
which Choyke et al. had obtained in Lely-grown
crystals. Freitas et al. [8) reported the observation
of the five-line nitrogen bound exciton (NBE)
spectrum in as grown n-type {ilms. Initially, these
spectra were badly broadened and red-shifted by
strain, but as the CVD material has improved. so
has the quality of the NBE spectra [9.10.14] ex-
hibited by the SiC films, an example of which is
shown in fig. 1. However, the energy of the NBE
ZPL is still slightly red-shifted (~ 1 meV) relative
to its position in the Lely PL spectra, and the line
widths of the NBE PL spectra in most films are
~2 meV. This is to be compared with exciton
linewidths ~ 0.15 meV for spectra obtained {12]
from Lely crystals. In addition, the intensity of the
ZPL for the NBE spectrum in most CVD SiC
films is much less than that of the phonon replicas
(see fig. 1). These differences in the PL spectra are
apparently caused by internal strain and high con-
centrations of charged centers in the CVD films.
Very recently it has been reported [15] that CVD
films of cubic SiC grown on alpha SiC substrates
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Fig. 1. Low-temperature nitrogen bound exciton photolumines-
cence spectra from three undoped SiC films grown with three
different values of C/Si ratio: (a) 2.4. (b) 1.6, and (c) 1.2.

have exhibited NBE PL spectra whose quality is
very close to Lely spectra in terms of energy
position, spectral width. and ratio of ZPL and
phonon replica intensities. It should be noted that
all of these incremental advances in materal qual-
ity have been detected and documented by PL
Spectroscopy.

The NBE PL spectra from CVD films of cubic
SiC exhibit weak shoulders on the low-energy side
of the ZPL and each of the well resolved phonon
replicas (see fig. 1). Freitas and coworkers [10]
have shown that the relative strengths of the NBE
spectrum and these low-energy shoulders are a
function of the C/Si source gas ratio. They found
that the intensity of the shoulders is greatly en-
hanced for the lower C/Si ratios as shown in fig.
1. suggesting that the recombination centers re-
sponsible for these PL transitions might be attri-
butable directly or indirectly to nonstoichiometric
defects such as antisite defects. Si interstitials or C
vacancies. Okumura et al. [16] have reported a
similar enhancement of these shoulders on the
NBE spectrum by N-doping during the CVD
growth process. and have attributed the shoulders
(rather than the primary five-line spectrum) to the

k.)‘
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recombination of nitrogen bound excitons How-
ever, we have found that Al-doping also enhances
the intensity of the shoulders indicating that some
indirect effect of significant concentrations of any
dopant (such as the creation of attendant defects)
leads to the enhancement.

Temperature dependence of the exciton PL
spectra {10] yielded thermal quenching energies of
11 meV for the NBE spectrum and 17 meV for the
shoulders. indicating that the shoulders originate
from a separate defect and are not, for example.
local phonon replicas of the NBE five-line spec-
trum. In addition, PL decay measurements [12.17]
revealed that all of the PL features in the near-
band edge spectra shown in fig 1 have lifetimes in
the ~ 400 ns range expected for donor bound
excitons (in indirect band gap matenals) whose
lifetimes are limited by Auger recombination
processes. Excitons bound at isoelectronic defects
(e.g. Si on a C site) are expected to have much
longer decay times [18] (~ 10 us). It is therefore
suggested that the most likely interpretation of the
broad shoulders on the NBE PLspectrum is that
they arise from recombination of excitons bound
to donors which have a somewhat larger binding
energy than the 54.5 meV donor (presumably
nitrogen) which gives rise to the NBE spectrum.
The broadened character of the shoulders indi-
cates that they may arise from recombination
centers which occur in very high concentrations or
strained environments in inhomogeneities in the
SiC films [10). Our recent observation [19] of high
contrast inhomogeneities in PL images of SiC
films is consistent wit' this hypothesis.

4. Donor-acceptor pair spectra

In semiconductor materials containing substan-
tial concentrations of both donors and acceptors
the donor-acceptor pair (DAP) recombination
process becomes a dominant contributor to the
observed PL spectrum. In the DAP recombination
mechanism [20,21], electrons bound at neutral
donors recombine radiatively with holes bound at
neutral acceptors. For a DAP with infinite sep-
aration, the energy of the PL transition would be
equal to the band gap energy minus the sum of the
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donor and acceptor binding energies. However,
for finite separations the PL energy is shifted by
interactions between the donor and acceptor, the
most important of which is the Coulomb interac-
tion between the charged (ionized) final states of
the impurities (after recombination). The strength
of the Coulomb interaction, and therefore the PL
photon energy, is a function of the spatial sep-

aration of the DAP. For close pairs an array of ,

discrete sharp line spectra occurs at high energy
which gradually merges into a broad continuum at
lower energy for increasingly larger separations
[20,21].

The DAP spectrum obtained [10,22,23] at 6 K
from an Al-doped CVD film of cubic SiC is
shown in fig. 2. Aluminum doping was accom-
plished by introducing trimethyl aluminum with
the source gases during growth. The sharp-line
spectra between 2.20 and 2.35 eV correspond ex-
actly to the DAP spectra obtained by Choyke and
Patrick [21] in Al-doped Lely-grown crystals of

PL INTENSITY (arb. units)

A L A

24232221201918171615
Energy (eV)

Fig. 2. The CW PL spectra excited by an argon laser (476.5

nm, 1 W/cm®) from an Al-doped SiC film: (a) detail of

sharp-line close pair spectra; (b) full spectrum showing close

pair spectra, distant pair band at 2.12 eV, and its phonon

replicas at lower energy. Spectrum (c) was excited by 0.1

mW /cm? of 460 nm light from a xenon lamp and a double
monochromator.
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Fig. 3. The N-Al distant D-A pair band at 6 K and the Al
free-to-bound (conduction band to acceptor) transition at 120
K.

cubic SiC which they attributed to radiative re-
combination at close N-Al pairs. We apply the
same interpretation to the DAP spectra from our
Al-doped film in which electron paramagnetic res-
onance (EPR) measurements {22,23) under optical
illumination have detected the presence of residual
nitrogen donors. Quantitative analysis of the en-
ergy positions of the sharp line spectra of fig. 2
provides a value of 310 meV for the sum of the
nitrogen donor and aluminum acceptor binding
energies [10,22]. At high temperatures, the nitro-
gen donors are thermally ionized and the DAP
transitions are quenched. Under these conditions
the PL spectrum ([22] is dominated by the Al
free-to-bound (FB) transition shown in fig. 3. i.e.
electrons in the conduction band recombining with
holes bound at neutral Al acceptors. The position
of the Al FB transition and the temperature cor-
rected value of the band gap then yield a value of
257 meV for the Al acceptor binding energy in
CVD cubic SiC, which is in good agreement with
that determined by Zanmarci [24] in Lely crystals.
This value, in conjunction with the analysis of the
close pair spectra, determines the 53 meV nitrogen
donor binding energy [10].

Freitas et al. [10] have provided an independent
measure of the nitrogen donor binding energy by
studying the thermal quenching of one of the
sharp close pair PL bands. Because the nitrogen
donor binding energy is about one fifth that of the
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aluminum acceptor, the holes will remain bound
to the aluminum acceptors over the temperature
range of the donor ionization. and the PL quench-
ing curve is characterized primarily by the donor
binding energy [20]. The value of the donor bind-
ing energy determined from the slope of the ex-
ponential PL quenching curve shown in fig. 4 is 54
meV, which is in excellent agreement with the
values determined from the spectral positions of
the DAP spectra [10.21] and (in Lely material)
from the two-electron satellites of the NBE spec-
trum [13].

Donor-acceptor pair PL spectra have also been
observed [25] in boron-doped Lely crystals. A
similar spectral analysis of the sharp line close
pair spectra in the B-doped material provides val-
ues of 735 and 54 meV for the boron acceptors
and the donors (presumably nitrogen). respec-
tively. Clearly the same donor appears to be in-
volved in the DAP spectra of both the Al-doped
and B-doped SiC. However, the DAP spectra do
differ in one fundamentally important aspect. The
pattern of the close DAP PL lines in B-doped SiC
are type I, meaning that the donors and acceptors
are incorporated on the same sublattice {20]. In
contrast, the DAP spectra in Al-doped SiC are
type 11, meaning that the donors and acceptors are
on different sublattices [20]). The internally con-

sistent interpretation of all these facts places the
N donor in both cases on the C sublattice. the B
on the same (C) sublattice, and the Al on the
opposite (St) sublattice [23]. These assigned sub-
stitutions are also consistent with what would be
expected on the basis of atomic sizes.

In addition to the sharp line close N-Al DAP
spectra discussed above, the PL spectra shown in
fig. 2 exhibit a broad distant N-Al pair band
peaking at about 2.12 eV, its phonon replicas at
lower energy, and a broad underlying band ex-
tending down to about 1.5 eV which might not be
entirely attributable to N-Al pairs. In view of the
fact that the low energy shoulders on the NBE PL
spectrum have been interpreted in terms of a
donor with binding energy larger than the 54 meV
nitrogen donor, Freitas et al. [17] have looked for
corroborating evidence for the existence of this
deeper donor by studying the excitation intensity
dependence and PL decay charactenistics of the
Al-doped films.

Just as the photon energies of the DAP transi-
tions are a function of pair separation. so too are
the radiative lifetimes. This is evident in the three
DAP spectra shown in fig 2 for different excita-
tion intensities [17]. Spectrum c of fig. 2 was
excited at 10™* the power density used for spectra
a and b. In the lower power spectrum (c), the
distant pairs with their longer radiative lifetimes
are accentuated, the sharp line close pair bands
are not observed, and the distant pair band ex-
hibits an expected shift {20] of about 10 meV to
lower energy. In addition. the distant pair band is
somewhat sharper and more intense in compari-
son to its phonon replicas, and the broad phonon
replica band at lower energy exhibits more struc-
ture. However, there is nothing in the low energy
portion of the broad underlying PL spectrum
which can be attributed unambiguously to the
presence of a deeper donor which is coupling to
the Al acceptors.

The results of the pulsed excitation studies [17]
of the DAP PL spectrum are highlighted in fig. 5.
Decay curves for three different DAP PL wave-
lengths are shown. As expected, a range of decav
times is observed because the decay of the close
pair PL (2.213 eV) is more rapid than that of the
more distant pairs whose PL occurs at lower en-
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Fig. 5. The 0 to 10 ms PL decay curves for three different PL
energies in the DAP PL spectrum shown in fig. 2. A range of
decay times is observed because the decay of the close pair PL
(2.213 eV) is more rapid than that of more distant pairs whose
emission occurs at lower energies (2.118 and 1.8000 eV).

ergies (2.118 and 1.800 eV in fig. 5). Decay curves
taken at each photon energy cannot be char-
acterized by a single exponential: they exhibit the
range of decay times which are typical of DAP
recombination radiation. Thus the decay curves
can provide no definitive evidence for the ex-
istence of a second parallel DAP recombination
channel involving a deeper donor, and no evi-
dence for the existence of an underlying PL band
which does not have DAP character.

5. Excitation intensity dependence
5.1. Detection of residual impurities

Surprisingly. Freitas et al. [17] found that pulsed
PL studies of some of the undoped. n-type samples
of CVD cubic SiC in the 1.8-2.2 eV range yielded
PL decay curves which were virtually identical to
those observed in the Al-doped samples. This ob-
servation is easily explained on the basis of the
comparison of CW PL spectra obtained at high
and low excitation intensity in the undoped, n-type
sample shown in fig. 6. The high power spectrum

"tt’é.i\O

of fig. 6 is typical of nearly all PL spectra reported
in the literature [8-10,14,16] for n-type CVD cubic
SiC. It is dominated by the NBE spectrum (espe-
cially the phonon replicas) with its relatively short
donor bound exciton radiative life time. In ad-
dition to the NBE spectrum, other characteristic
features of the high power PL spectrum include
the 1.972 eV ZPL and phonon replicas of the D]
defect band (which has been studied in detail in
ton implanted Lely crystals {26] and CVD films
[8,9] of cubic SiC), and a broad underlving PL
band peaking near 1.8 eV. In contrast. the low
power PL spectrum for this same sample exhibits
only a weak vestige of the NBE spectrum. The PL
spectrum is dominated by a distant DAP band
with peak at about 2.113 eV, and the so-called
G-band [14,17,27] at about 1.91 eV which will be
discussed in the next section.

The most obvious explanation of the 2.113 eV
band is that a very low concentration of residual
Al acceptors in the nominally undoped sample
interacts with the residual 54 meV donors (pre-
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Fig. 6. The CW PL spectra from an undoped. n-tvpe film of
cubic SiC (C/Si ratio = 1.2). The top. high power spectrum was
excited by an argon laser (476.5 nm. 40 W /cm’); the bottom.
low power spectrum was excited by 0.1 mW /cm® of 460 nm
light from a xenon lamp.
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sumably N) to give rise to a distant DAP band.
The low concentration of Al acceptors would dic-
tate a large average pair separation which explains
both the shift to lower energy and the fact that the
band is easily saturated and therefore not ob-
served at high excitation intensities [20]. The ob-
servation of this weak N-Al DAP spectrum in
nominally undoped samples appears to be a
manifestation of the so-called *“memory” of
dopants in CVD growth apparatus. Such weak
DAP bands are observed only in undoped samples
grown in the first few weeks subsequent to the
growth of Al-doped films in the same reactor, in
spite of efforts to clean the apparatus after the
Al-doped growths. The intensity of the back-
ground DAP band diminishes with successive un-
doped growths and eventually disappears entirely.
For present purposes, it is important to point out
that this discussion of the low power PL spectra
illustrates the sensitivity and versatility of the PL
technique for the detection of very low concentra-
tions of residual impurities.

5.2. Detection of a new deep accepto: in epitaxial
cubic SiC

As pointed out in the previous section, the low
power PL spectra of undoped, n-type films of
cubic SiC are characterized by the presence of the
so-called G-band [14,17.27]. This band may be
observed weakly in high power spectra, but the
low power spectra can be dominated by the ~ 1.91
eV ZPL of the G-band and its phonon replicas
labelled G1 and G2, as shown in fig. 7. Very
recently, Freitas and Bishop [27] have reported a
detailed study of the power and temperature de-
pendence of the G-band in several CVD samples
from three different growth laboratories. On the
basis of their experimental results they concluded
that the G-band is a distant DAP band which
involves the interaction of a deep acceptor (bind-
ing energy ~ 470 meV) with a donor or donors
having much smaller binding energies.

In agreement with Choyke et al. [14], they
found that the spectral position of the G-band
varies by several meV from sample to sample as
would be expected for a distant pair band when
the concentrations of the participating donors and
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Fig. 7. Power dependence of PL spectra obtained from CVD
films of cubic SiC. Spectrum (a) was obtained at high excita-
tion power (2 W/cm?) from an undoped n-type film grown at
NRL. Spectrum (b) is from the same sample with low excita-
tion power (0.02 W/cm?); it is strikingly similar to the low
power (0.02 W /cm?) spectrum (c) which was observed in an
undoped n-type film grown at the NASA Lewis Research
Center. The symbols G. G,. G, in spectrum (c) indicate the
positions of the G-band ZPL and phonon replicas, respec-
tively.

acceptors vary significantly from sample to sam-
ple. Furthermore, the low power spectra of some
samples can be resolved into a FB transition at
1.932 eV and a distant pair band about 20 meV to
lower energy. Coincidentally, this FB-distant DAP
separation is certainly consistent with the par-
ticipation of a relatively low binding energy donor
such as the 54 meV nitrogen donor. In addition.
both the power dependence and temperature de-
pendence [27] of the 1.932 eV PL band and the
accompanying band about 20 meV to lower en-
ergy were consistent with their interpretation as
FB and distant DAP bands, respectively.

The ~ 470 meV binding energy of the deep
acceptor which gives rise to the G-band is given
by the difference between the 2.403 eV low tem-
perature band gap of cubic SiC and the 1.932 eV
acceptor FB transition energy. Although the iden-
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tity of this 470 meV acceptor remains uncertain,
the observation of a background acceptor which is
universally present in CVD films of cubic SiC is
consistent with the reported electrical transport
properties of these films. Currently accepted inter-
pretations [22,28-31] of temperature dependent
Hall effect measurements on CVD films of SiC
indicate that the shallow background donors (15-
20 meV binding energy) which appear to control
the transport properties of all undoped. n-type
films are about 95% compensated in all samples
studied. This implies the existence of a substa::tial
concentration of unidentified compensating accep-
tors. The results of Freitas and Bishop [27] appear
to re sent the first detection of a suitably perva-
sive ucep background acceptor which could play
the role of compensating the background donors.

6. Concluding remarks

It is hoped that the results outlined here will
demonstrate the power, sensitivity, and versatility
of PL techniques for *he characterization of semi-
conductor material~ The use of CVD cubic SiC
films as the vehicl demonstrate the application
of the techniques 1.+ emphasized those aspects of
the PL characterization which are appropriate to
the investigation of a relatively immature materi-
als system. However. the reader who is interested
in greater detail or in the application of PL to the
cherecterization of other semiconductor materials
will find ample instruction and guidance in the
generic PL references which we have cited.
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Spectroscopic Studies of Donors in 3C-SiC Films
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The evidence from photoluminescence spectroscopy for the existence of a 54 meV donor in
both undoped n-type and Al-doped cubic SiC is reviewed along with investigations of the
three-line electron paramagnetic resonance spectra which reveal the presence of nitrogen donors
in the same material. The basis for identifying isolated, substirutional nitrogen as the 54 meV
donor in cubic SiC is then discussed.

1. Introduction

The development of chemical vapor deposition techniques [ 1-4] for the growth of thin films of
cubic (3C) SiC has triggered a resurgent interest in the potential application of this
semiconductor in a variety of elecronic and optoelectronic devices. However, realization of
the full device performance potential of CVD cubic SiC will require the identification, control,
and or elimination of the defect levels which dominate the electrical properties of the thin
heteroepitaxial films of this material.

In a previous paper [5]. we reviewed in detail the optical and magnetic resonance
spectroscopy studies of both Lely-grown crystals and CVD films of cubic SiC and their
application to the identification of background donors. In this paper, we focus on
spectroscopic studies of CVD cubic SiC alone and attempt to resolve some of the controversy
surrounding the interpretation of the photoluminescence (PL) [6-12] and electron paramagnetic
resonance (EPR) [13-15] spectra. Of panicular interest is the apparent contradiction between
the 54 meV donor which manifests itself in the PL spectra of both undoped and Al-doped cubic
SiC, and the 15-20 meV donor which is detected in temperature dependent Hall effect
measurements {16-19] on as-grown a-type films of CVD cubic SiC. We relieve some of the
confusion by initially separating the discussion of the determination of donor binding energies
from the issue of donor identification. Afier reviewing the unequivocal optical evidence for the
existence of a 54 meV donor in cubic SiC, and the three-line EPR spectra which reveal the

sence of neutral nitrogen donors in the same material, we outline the basis for identifying
1solated, substitutonal nitrogen as the 54 meV donor.

2. Photoluminescence Spectroscopy of CVD Cubic SiC

2.1 Bound Exciton Spectra

Several workers [6-11] have reporied the observation st liquid helium temfemurc of s
characieristic five-line near-band edge (~2.38 eV) PL sgekcﬁtrum in undoped films of CVD-
grown cubic SiC. Examples of such specera obained by ITAS et al.[8] are shown in Fig.
1. They are basically equivalent to the five-line PL spectra first observed by CHOYKE et al.
[20] in Lely-grown crysuals of cubic SiC. HARTMAN and DEAN [21] studied the Zeeman
(magnetic ficld) and uniaxial stress splitting of this spectrum in Lely crystals and concluded that
the luminescence spectrum is attributable to the recombination of excitons bound to neutral
donors, and that the donors are isolated point defects, not complexes. In 1977, DEAN et al.
(22] studied the two electron satellite transitions associated with the five-line donor-bound
exciton spectrum and inferred a highly accusate value of $3.6 +/-0.5 meV for the donor.
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Fig. 1 The 54 meV donor bound exciton PL spectra measured at SK in two undoped 3C-SiC
films grown with two different values of C/Si source gas ratio: a) 2.4; b) 1.2. The zero
phonon line (ZPL) and phonon replicas (TA, LA, TO, and LO) are indicated in the spectrum b.

As the quality of CVD films of cubic (3C) SiC has improved, the spectral qualizy and
detail of the five-line bound exciton PL spectra obuained from the films has approached that of
the spectra from Lely-grown crystals. Recently, POWELL et al.{11] reported the observation
of low temperature bound exciton PL spectra in CVD films of 3C-SiC grown on 6H-SiC
crystals which exhibited no strain induced red-shifts or spectral broadening relative to
corresponding PL spectra from Lely crystals. The exact equivalence of the five-line bound
exciton PL spectra in CVD films and Lely crysuls of cubic SiC having been established., it
follows that the observation of this characteristic PL spectrum in all of the undoped films which
bave been studied constitutes strong evidence for the pervasive presence of the ~54 meV donor
in these films of cubic SiC.

The bound exciton PL spectra from CVD films of cubic SiC exhibit shoulders on the low-
energy side of each of the five lines including the zero phonon line (ZPL) and the four wetll-
resolved phonon replicas (Fig. 1). FREITAS and coworkers [8] have shown that the strength
of these shoulders is enhanced with decreasing C/Si source gas ratio, suggesting that the
recombination centers responsible for these PL transitions might be associated with
nonstoichiometric defects. On the basis of the spectral position of these shoulders, their
measured thermal quenching energy {8), and lifetime studies [23], it has been suggested
(8,23,24] that the shoulders arise from recombination of excitons bound to donors having a
somewhat larger binding energy than the pervasive .-54 meV donor which gives rise 10 the
principal five line bound exciton spectrum. In contrast, there is no evidence in the near-band
edge PL spectra for the recombination of excitons bound to a shatlower donor.

2.2 Donor-Acceptor Pair Spectra

Evidence for the presence of a 54 meV donor in the CVD fims of cubic SiC has also been
inferred from donor-acceptor pair (DAP) PL spectra observed in Al-doped films. Figure 2
shows DAP PL spectra obtained by FREITAS et aL{8] from films which were heavily doped
with Al by introducing trimethy! aluminum with the source gases during growth. In the DAP
recombination process [25], electrons bound at neutral donors recombine radiatively with holes
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Fig.2 Low temperature PL spectra of an Al-Doped 3C-SiC film: a) low excitation power (~
104 W/cm?) spectrum showing the DAP and associated phonon replicas; b) high excitation
power (1W/cm?2) spectrum with close and distant pair bands; c) detail of sharp-line close pairs
spectrum.

bound at neutral acceptors. The emitted photon energy is a function of the spatial separation of
the donor and acceptor atoms involved in the recombination. The closest pairs give rise to the
discrete, sharp line spectra between 2.38 and 2.2 eV in Fig. 2, while more distant pairs give
rise to the broad peak at about 2.12 eV.

These DAP PL spectra provide two independent measurements of the binding energy of
the donor participating in the recombination process. First, quanttative analysis of the specural
energics of the sharp-line close pair spectra provides a value of 310 meV for the sum of the
aluminum acceptor and unspecified donor binding encrgies. The binding encrgy of the deeper
Al acceptor can be determined from PL spectra obtained at higher temperatures (>120K) for
which all of the shallow donors are ionized and an Al accepior free-to-bound PL transition is
observed [8.24,27], whose energy is approximately equal to the band gap minus the acceptor
binding energy. Having thus measured & 257 meV Al acceptor bindi% cnergy, subtraction
from 310 meV yields & binding of 53 meV. These values of the binding encrgies
determined by AS et al.(8] in Al-doped films of CVD SiC are in exact agreement with
those measured by CHOYKE et al. {26} from DAP spectra in Al-doped Lely-grown crystals of
cubic SiC. In addition, Kuwabara et al. [28) reported DAP PL spectra in cubic
SiC from which they inferred a value of 735 meV for the boron acceptor binding energy and 54
meV for the binding energy of the background donor which paired with the boron acceptors.
Clearly, the same background donor seems 0 be involved in the DAP spectra of both the Al-
doped and B-doped Si(g

A second, independent measure of the donor binding eoergy in Al-doped films of CVD
cubic $iC was obtained by FREITAS et al.[8] who studied the thermal quenching of the sharp
close DAP bands. Because the donor binding energy is about one fifth that of the 257 meV Al
acceptlor, the holes remain bound over the iemperature range of donor jonizatioa (S25K) and
ﬂnﬂ.ﬂuemchingcwve (Arrhenius plot) is characterized primarily bydndmaﬁmm;um
(25). value of the donor binding energy inferred from the slope of the exponential
PL quenching curve was 54 meV [8).
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We conclude this brief review of the PL studies of cubic SiC by emphasizing the
following points: There is conclusive evidence in the PL. spectra for the pervasive existence of
a .54 meV donor in undoped and Al-doped films of cubic SiC films grown by CVD techniques
and in Lely-grown crystals of cubic SiC. The sharp, five-line bound exciton PL spectrum
which appears in all undoped films and crystals of cubic SiC is an unambiguous, unmistakable
signature of this 54 meV donor.

3. Electron Paramagnetic Resonance Spectra

The EPR spectrum exhibited by the unpaired spins of electrons bound to donors can provide an
identification of the donor species through the interaction of the paramagnetic electrons with the
nuclear magnetic moments of the donor atoms. This central hyperfine interaction splits the
EPR spectrum into 2I+1 lines, where [ is the nuclear spin, providing in many cases an
identification of the donor. In a previous paper [5], we have reviewed the published results of
EPR spectroscopy as applied to both Lely crystals and CVD films of cubic SiC. From the
perspective of the present discussion, the most important result of these studies is that a three-
line EPR spectrum has been observed which is attributed 1o the hyperfine interaction of the
paramagnetic electron with the magnetic moment of the 14N nucleus (nuclear spin I = 1). This
three-line EPR spectrum has been established as an unambiguous signature for the presence of
ncutral nitrogen donors and, under the proper experimental conditions, its intensity can provide
a measure of the concentration of neutral nitrogea donors.

Examples of low-temperature EPR spectra obtained by CARLOS and coworkers [13)
from undoped CVD films of cubic SiC are shown in Fig. 3. The small, isotropic hyperfine
interaction which they observed (A = 1.2G) is consistent with expectations for a hydrogenic
donor and is in excellent agreement with that reported by ALTAISKII et al. [29) for Lely
grown cubic SiC and also by other workers [14-15) in CVD films. CARLOS et al. found that
the ability to obtain well-resolved three-line spectra is apparently strongly de;endent upon
donor concentration in undoped films. At higher concentrations (>>10!7 ¢m-3) broadening
due 1o exchange interactions could obscure the relatively small hyperfine splitting [13].
However, studies of films prepared with a variety of growth parameters (e.g. C/Si source gas
ratio) have shown that it is also possibie that the loss of the hyperfine structure in the EPR
spectra of higher concentration samples is caused by the superposition of a structureless
spectrum which arises from a second, distinct neutral donor [15,23,24).

undoped SIiC
5 T=19K
[
2
z
=)
7]
o«
7]
w
3278 3280 3282 3284 3286
Magnetic Field (Gauss)

Fig. 3  EPR spectrum of the undoped 3C-SiC CVD film grown with C/Si source gas ratio of
2.4 (PL spectrum shown in Fig. 1a). The microwave power level was ~ 2 microwatts.
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Fig. 4 Low temperature EPR spectra obtained at 9GHz from the Al-doped film (PL spectrum
shown in Fig. 2) under two different conditions: a) unilluminated (dark); b) illuminated with

457.9 um argon laser line with power density of ~ 104 W/cm2

3278

The photoinduced EPR trum (b) of Fig. 4 indicates that nitrogen donors can also be
observed in Al-doped CVD films (FREITAS AND CARLOS, to be published (30)). In the
dark (unilluminated) EPR spectrum (a) of Fig. 4, no EPR signal is observed in the spectral
range of the donor lines, as might be expected for an Al-doped sample in which most if not all
of the donors are compensated by the Al acceptors. Compensated (charged) donors have no
bound electrons with unpaired spins and are not gnetic centers. However, when an Al-
doped, ‘;o?nnfensued sample is illuminated with above-gap light, a quasi-equilibrium 3
of photoinduced neutral donors is generated and the three-line neutral nitrogen EPR
spectrum appears as shown in the illuminated or photoinduced EPR spectrum of Fig. 4.

4. Discussion

Just as the PL results established the existence of a ﬁfwnsive background donor with & $4 meV
binding energy in CVD films of cubic SiC, the EPR spectra demonstrate that nitrogen is a
pervasive background donor in these SiC films. In what follows we present the evidence and
reasoning which support an association of the ubiquitous $4 meV donor in cubic SiC with
isolated nitrogen donors.

The observation of sharp-line donor bound exciton and sharp close DAP PL spectra
indicates that the donors participating in these radiative recombination are located on
latdice sites of high crystalline quality. Optical (PL) spectra associated with donors which are
located in highly strained material or in proximity with high concentrations of structural defects
would be scverely broadened and perhaps be unobservable. The same can be said for donors
which give rise 10 EPR spectra with well resolved hyperfine splitting, such as the three-line
14N EPR spectrum observed in the CVD films of cubic SiC. In addition, studies of the
magnetic field orientation dependence of both the five-line donor bound exciton PL spectrum
(21) and the three-line 14N EPR spectrum [29) gave no evidence of anisotropy. This means
that both the 54 meV donor giving rise 10 the donor bound exciton PL spectrum and the neutral
14N donor responsible for the three-line EPR spectrum are isolated, point defects.

Measurement of the binding energy of the nitrogen donor which exhibits the three-line
EPR spectrum presents an obvious roeans of resolving dueao:sﬁon orthe.rossiblecumcﬁon
between the 54 meV donor and the nitrogen donor. RLOS et al.[13] attempted w0
accomplish this by measuring the thermal quenching of the 14N EPR spectrum in an undoped

139



n-type film of cubic SiC. However, an exact measure of the thermal quenching (ionization)
encrgy of the neutral nitrogen donors was thwarted in these experiments by broadening of the
three-line EPR specoum and interference of an underlying broad resonance spectrum with
increasing temperature. Recently, Nashiyama and coworkers (31] have successfully completed
such a temperature dependence study in which they observed a close correspondence between
the slope of the thermal quenching curve for the 14N EPR spectrum and that of the close DAP
PL spectrum reported previously by FREITAS et al.[8]. These results {31] indicate that the
neutral nitrogen donors giving rise to the three-line 14N EPR spectrum also have a binding
energy of ~54 meV, and they constitute the most direct evidence yet obtained that the nitrogen
donor detected in EPR spectra of cubic SiC and the pervasive 54 meV donor which
characterizes the optical (PL) spectra are the same donor.

Some valuable insight concerning the probable location of the 54 meV donor and the Al
and B acceptors in the SiC lattice is provided by the DAP PL spectra [§). (We simplify the
discussion by referring to the donor as nitrogen.) The N-Al close DAP spectrum is a type 11
spectrum [25] which means that the participating donors are located on one sublattice and the
Al acceptors on the other sublattice. For example, on the basis of atomic radii, it is suggested
that the nicogen donors substitute for carbon atoms and the aluminum acceptors for silicon
atoms. On the other hand, the N-B DAP close pair spectrum is type | {25], meaning that
donors and acceptors are located on the same sublattice. An intzmally consistent description,
that is, one which is consistent with the requirements of the type 1 and I1 PL spectra and the
sizes of the atoms involved, places both the nitrogen donors and the boron acceptors on the
carbon sites.

Implicit in the above discussion is the fact that spectroscopic techniques such as PL and
EPR automnatically single out the high quality regions of the arystalline sample, and the spectral
widths, lattice site configurations and symmetries, binding energies, etc. inferred from these
spectra are characteristic of these high quality regions only. Conversely, transport
measurements such as the Hall effect perform an average over the entire crystal (film) volume.
The conductivities of high quality and highly defective regions of the sample are measured in
parallel. Obviously, this can lead to some unavoidable ambiguities in any attempt to extract
parameters such as donor binding energies and concentrations, compensation ratios, and
thermally activated carrier concentrations.

We now discuss the possible relationship or contradiction between the 54 meV donor
(apparcatly nitrogen) and the 15-20 meV donors which dominate the electrical properties
[13,16-19] of the n-type CVD films of cubic SiC. It has been observéd [25]) that t‘)ftictl
transitions which depend only upon the ground staie energies can remain sharp and unshifted at
relatively high impurity concentrations for which thermal activation energies or binding
energics for carriers bound to the impurities can be depressed as much as 10-40% because of
apparent overlap in the impurity excited states. In addition, SEGALL et al.(17,18) bave
invoked a concentration dependent reduction in the thermal activation energy 10 explain the
apparent variation in donor binding energies inferred from temperature dependent Hall effect
measurements oo a-type CVD films of cubic SiC. However, thermal quenching studies of
both the DAP PL spectra [8} and the EPR spectra [31) have measured 54 meV binding energies
equivalent to those determined from the optical spectral energies. Furthermore, MOORE (32]
has shown that if the published temperature dependent Hall effect data for CVD SiC films
(from which donor ionization energies ranging from 15-40 meV have been inferred) are
analyzed correctly, one consistently obtains activation ena’gies in the range 15-20 meV, whose
variation is easily accounted for by uncerinties in the fitting or analysis ure. This
means that there is not a continuous range of donor binding energies varying from the $4 meV
measured optically 1o the lowest (~15 meV) value measured by Hall effect. Instead, the optical
measurements detect one donor with a relatively precise value of 53-54 meV for its binding
energy. and the Hall effect measurements yicld a second shallower donor, with considerable
uncertainty in its 15-20 meV binding .

Thus it appears that isolated nitrogen which are located on undistorted lattice sites
and have 8 54 meV binding energy, cannot be responsible for the 15-20 meV donor binding
energy inferred from temperature dependent Hall effect measurements. However, this does not
mean that nitrogen impurities cannot be associated in some other coafiguration with this
shallow donor. For example, the nitrogen iaﬂﬁdu could substitute oa either the carbon
sublattice or the silicon sublattice in SiC, with differeat binding encrgies in the two cases, and
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the 54 meV binding energy can represent only one of these two cases. In addition, nitogen
impurities as well as other electrically active lattice defects could be located or concentrated in
inhomogeneous regions of the crystal. Under these circumstances the nitrogens could occupy
highly distorted lattice sites of interstices, or be complexed with other defects and therefore
have binding encrgies quite different from the 54 meV of the isolated, substitutional nitrogen
donor.
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Optically detected magnetic resonance of cubic SiC grown by chemical vapor
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Two distinct spectra are reported from an optically detected magnetic resonance study of
epitaxial films of cubic SiC. The first is a Lorentzian, single line with g = 2.0065 + 0.0015,
which is strong in Al-doped SiC. This line is attributed to residual donors. The second
spectrum, observed in both Al-doped and undoped samples, is dominated by a pair of
exchange-split lines with g = 2.0024 and g = 0.095 cm ~ ' . Although a definite assignment of
this spectrum cannot be made, spectral dependence studies show it is associated with a defect-
related luminescence band in the energy range from 1.6 to 1.9 eV.

I. INTRODUCTION

Following the original growth of the cubic polytype of
SiC by the Lely method about 20 years ago, thin films of this
structure were grown by chemical vapor deposition on Si
substrates starting around 1983." A variety of methods have
revealed the basic characteristics of these layers.? For exam-
ple, transport measurements show that undoped films are
invariably n type and heavily compensated. There are also
photoluminescence bands present in as-grown SiC/Si sam-
ples or thermally annealed, free-standing SiC layers that are
attributed to defects.’ Since optically detected magnetic res-
onance (ODMR) is a powerful tool for identifying defects
and relating them to their luminescence, we were motivated
to apply ODMR to SiC thin films.

Optically detected magnetic resonance is a combination
of electron paramagnetic resonance (EPR) and photolumi-
nescence (PL). Previous work using each of these tech-
niques has been performed on cubic SiC. Photoluminescence
of undoped layers contains lines attributed to N-bound exci-
tons and two defect bands labeled D, and D,.? Evidence from
the conditions for observing D, and its phonon couplings
suggest that an intrinsic point defect or defect pair is respon-
sible for this band.** A third defect band called G can be
discerned in some samples.® The G band is associated with
dislocations or other extended defects.” In Al-doped sam-
ples, there is a strong band attributed to N-Al donor-accep-
tor pairs.” The electron paramagnetic resonance of undoped
CVD films has a line due to donors.? In samples with a low
concentration of uncompensated donors, a hyperfine struc-
ture is observed which arises from the '* N nucleus and thus
identifies the donors as nitrogen. ODMR of donors has been
reported in thermally quenched crystals of 3C-SiC.°

The ODMR of a wide variety of doped and undoped
CVD layers has been studied and two distinct spectra were
observed. The first is attributed to donor magnetic resonance

'.‘ -! .'l
*' Present address: Center for Compound Semiconducter’ Mic;oélcctronics.
University of Illinois at Urbana-Champaign, Urbana IL 61801.. _, .
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observed on the N-Al donor-acceptor pair (DAP) band.
The second is a more complex spectrum which can be attrib-
uted either to a specific donor-acceptor pair with a fixed
separation or to an exciton. The second spectrum is detected
from 1.6 to 1.9 eV. This range includes both the D, and the G
defect-related photoluminescence bands.

1. BACKGROUND

A wide variety of samples has been studied. All were
grown on (100) Si by a CVD process'® and had thicknesses
from 9 to 15 um. Aluminum doping was obtained by intro-
ducing trimethylaluminum with the source gases. Some of
the undoped samples were part of a study of the effect of
varying the source-gas ratio C/Si.'" All of the undoped sam-
ples were strongly n type and 90% compensated. Most of the
PL and ODMR measurements were done on samples that
were removed from their Si substrates and glued at the
corners onto Si wafer chips for ease of handling. With this
mounting, the strain due to mismatch is eliminated since the
layer is no longer epitaxial to a Si substrate.

Photoluminescence spectra taken at 6 K for the two
samples which gave the best ODMR data are shown in Fig.
1. The Al-doped sample is dominated by the DAP spectrum
of the N-Al pairs with a zero-phonon line (ZPL) for distant
pairs at 2.118 eV. There is some intensity at the positions of
the D, band with ZPL at 1.97 eV and the G band with ZPL at
1.92 eV. The undoped sample has strong emission from N-
bound excitons at 2.28 eV as well as the D, and G bands.
Detailed photoluminescence studies of these bands have
been presented."'

The ODMR spectrometer is centered around an optical
cryostat in a 9-in. electromagnet. The sample temperature is
1.6 K and fields up to 1.1 T are available. 50 mW of micro-
wave power at 24 GHz are switched on and off by a p-i-n
modulator and sent to a TE,,, cavity with optical access.
The luminescence was excited by the 476-nm line of a Kr
laser at power density around 1 W/cm?. The luminescence
was collected, filtered, and detected with a Si photodiode. A

© 1990 American Institute of Physics 6170
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FIG. 1. Photoluminescence spectra at 6 .” for an undoped sample and an
Al-doped sample. The spectral range is the same for the D, and G bands and
the excitonic ODMR which was observed in both samples. The donor-ac-
ceptor pair band for the Al-doped sample has the same range as the donor
ODMR.

lock-in amplifier produces the ODMR signal which is the
change in photoluminescent intensity which is coherent with
the microwave switching. Signal averaging was used to en-
hance the signal-to-noise ratio.

Optically detected magnetic resonance arises from the
spin dependence of the donor-acceptor pair recombination
process. Detailed theoretical descriptions of ODMR have
been presented.'>'* A simplified version adequate to the SiC
results is presented here.

A donor-acceptor pair with a fixed separation under-
goes recombination from the excited state with an electron
on the donor and a hole on the acceptor to a ground state
with the donor and acceptor unoccupied. If the donor and
acceptor can be described using the hydrogenic, effective-
mass theory, the magnetic properties of the initial state can
be described by the following Hamiltonian:

H = HP 4+ + aS), (1)

where #°° is the Zeeman interaction of the S = 1/2 donor,
" is the Zeeman interaction of the J = 3/2 acceptor, and
the third term describes a weak exchange coupling between
the donor and acceptor. The weak exchange interaction sig-
nifies that the pair chosen has a large donor-acceptor separa-
tion. Since most of the results obtained :n this work concern
the donors. the J = 3/2 acceptor is simplified to an effective
spin-1/2 acceptor, such as might be found for a deep accep-
tor. With this assumption, the ¢: -rgy levels in a magnetic
field B are

EM. M)
=E(+1/2,+1/2) = +8,8B/2 +8,BB/3 + a/4,
S 13 SREe)
6171 J. App!l. Phys., Vol. 68, No. 12, 15 December 1990

where g, is the splitting factor for the donor and g, is the
factor for the acceptor. Magnetic resonance for the donor
occurs at two transition energies

hv=_gpBB + a/2. (3

These states and microwave transitions are shown in Fig. 2.
Selection rules for radiative recombination favor the
(—=1/2,+1/2) and (4 1/2,— 1/2) states since the
ground state has § = 0. Thus magnetic resonance can alter
the spin-state populations and affect the radiative recombi-
nation, producing ODMR.

Two distinct cases can be distinguished based on the rate
of spin relaxation compared to the rate of recombination. If
the recombination rate is faster, the two radiative states will
empty. Magnetic resonance will cause a net transfer from the
slowly recombining states to the faster states and an increase
in photoluminescence. This is called the nonthermalized
case. If the spin-lattice relaxation is faster, the spin levels will
acquire a thermal distribution—the lowest state is most pop-
ulated and the highest state is least populated. Spin reso-
nance of the lower states will cause a net transfer to a more
radiative state and thus an increase in photoluminescence.
However, spin resonance of the upper states will cause a net
transfer out of the radiative state and thus a decrease in pho-
toluminescence. This is termed the thermalized case.

This theory describes the ODMR of a single pair. The
most important modification for some of the SiC results con-
cerns the changes when there is a distribution of pairs with
different donor-acceptor separations. This will be discussed
with the results.

T T T T ¥ T T 1 T T T
+1/2,+1/2
1 - -
e
L +1/2,-1/2
5 0 i
v -1/2,41/2
Z
w
RS
-1/2,-112
- non-thermalized I l h
thermalized I
I | ]
holes electrons
—r A 1 ) 1 A 1 A d 1 1 1
00 02 04 06 08 1.0

MAGNETIC FIELD (T)

FIG. 2. Zeeman energy levels and ODMR intensity changes for a weakly
exchange-coupled electron and hole. The electron is taken to be at a neutral
donor and the hole at a neutral acceptor which is a fixed distance from the
donor. The arrows denote microwave transitions and the thick hines reso-
nant changes in photoluminescence intensity.
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11l. DONOR RESONANCE IN AI-DOPED SiC

All Al-doped samples exhibit a strong, positive ODMR
signal near the free-electron g value. See Fig. 3. For these
data, the luminescence was excited by the 476-nm line from a
Kr* laser at a power density of about 1 W/cm?. The g value
is 2.0065 + 0.0015.

The shape and width of this ODMR are influenced by
the conditions of the experiment. In Fig. 3, the exciting pow-
er density is fixed but the microwave chopping rate is varied.
The changes in shape denote the existence of a distribution of
donor-acceptor pair separations. Closer pairs have both a
faster recombination rate and a stronger exchange splitting,
as given by Eq. (3). In the present case, the spectra of partic-
ular pairs are not resolved. However, the higher modulation
frequency data is dominated by closer pairs, while the slow-
frequency data includes the distant pairs with very small
exchange splittings. Hence, the slow data appears sharp and
has greater amplitude than the fast data.

For even the distant pairs, the linewidth is about 1 mT.
This is much larger than the 0.12-mT hyperfine splitting
observed for N donors using EPR.%'* Thus the hyperfine
splitting cannot be detected in this sample because of the
exchange broadening of the distant pairs. This condition de-
pends on the concentration of donors and the concentration
of acceptors in the sample—it is possible that the hyperfine
could be observed in a sample with a very low donor concen-
tration. Recall that most of the CVD-grown films have a
high donor concentration and high compensation.

The spectral dependence of this ODMR line has been
studied by placing different long-pass filters in front of the
detector and measuring the strength of the ODMR. The
strength is defined as the ODMR signal amplitude divided

(arb units)
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FIG. 3. ODMR of the Al-doped sample for three microwave modulation

frequencies. The changing line shape indicates a dlslribu.ﬁ?(’-anp;nbina.
tion times and. hence. donor-acceptor separations. R R
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by the photoluminescence intensity. The single line is ob-
served in the energy range from 1.9 to 2.2 eV, which corre-
sponds to the range of the N-Al DAP luminescence (see Fig.
1).

Comparison on the g value of 2.0065 + 0.0015 with
published results confirms the assignment of this line to do-
nors. Previous EPR studies have found 2.0068 + 0.005
(Ref. 14) and 2.0055 (Ref. 8) for donors in cubic SiC. Ac-
ceptors are not generally observed in cubic materials because
the splitting of the degenerate valence band by random
strains broadens the acceptor resonance beyond detection.
Acceptor ODMR has been observed in (hexagonal) 6H-SiC
where the crystal field removes the degeneracy of the valence
Band.'s'"’

Can the chemical identify of the donor be deduced from
the donor g value? No references were found for the magnet-
ic resonance of donors other than N in any polytype of SiC.
In Si, different shallow donors exhibit g values which vary by
1 X 10~*."" Therefore, it seems unlikely that the donor can
be assigned to a particular element from its g value.

In summary, this ODMR provides a link between the
strong DAP luminescence in Al-doped samples and a donor
magnetic resonance at 2.0065. The identification of the do-
nor through hyperfine interaction remains an exciting pros-
pect. This could be realized with samples with lower concen-
trations of donors and acceptors or possibly by reducing the
electron concentration of existing samples using electron ir-
radiation.

IV. EXCITONIC RESONANCE

A distinct, new ODMR spectrum has been observed in
an Al-doped sample but also in undoped samples. See Fig. 4.
This spectrum is only observed for very slow microwave
modulation rates and with moderate excitation intensities.

z K 4
‘c
o}
£ \
8 in Phase
g | Quadrature
S
-
z =
w
(O]
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< |
I
(&)
076 080 084 088 092

MAGNETIC FIELD (T)

FIG. 4. ODMR of the undoped sample at a very low modulation frequency
(10 Hz). Since the spectrum is strongly in quadrature at this frequency, the
actual response is below 10 Hz. The negative-positive pair of lines is attrib-
uted to an exchange-spht electron resonance. The lines near 0.780 T have
not been firmly identified.
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At 10 Hz, the spectrum in-phase with the modulation is still
weaker than the spectrum in quadrature. There is a pair of
lines centered near the donor g value with the lower field line
negative and the higher positive for the in-phase spectrum.
From the discussion in Sec. II, this is the signature of an
electron resonance which is exchange-split by a hole at a
particular separation (see Fig. 2). The g value for the pair is
2.0024 and the exchange splitting a is 102 mT. The negative-
positive character indicates that the spin levels are thermal-
ized and hence the spin-lattice relaxation is fast compared to
10 Hz, the microwave modulation frequency, for this defect.

A weaker, broader positive line is observed at 0.781 T.
This line may actually be a slightly split pair of lines and it is
always observed when the exchange-split electron lines are
observed. From the model for an exchange-split electron and
hole, it is natural to assign this line to the upper line of the
exchange-split hole resonances. Wider scans than those of
Fig. 4 do not reveal the line at lower field. Furthermore, the
entire spectrum is isotropic, while hole lines frequently ex-
hibit considerable anisotropy.'*'® Hence, there are a num-
ber of problems in assigning this line.

The spectral dependence of this new ODMR spectrum
was also studied using long-pass filters. The ODMR arises
from luminescence in the range from 1.6 to 1.9 eV, corre-
sponding to the D, band, the G band, and possibly other
emission (see Fig. 1).

The spectrum is not detected for very low excitation
powers. The optimal excitation power density is about 1|
W/cm” with the resonance lines broadening for higher pow-
ers.

The interesting feature of this spectrum is the unique
separation between the electron and hole. It is difficult to
think of how a donor-acceptor pair would occur with only a
single separation and hence we consider excitons. A similar
ODMR has been observed for the *‘type-II" excitons in
AlAs/GaAs superiattices in which the electron ts confined
in the AlAs layer and the hole in the GaAs layer.'® The
electron resonances are exchange-split with a strength which
depends on the width of the layers. In the present case, there
are two possibilities for such structure. First, the excitons
could be associated with dislocations which have a unique
structure separating electron and hole. The G band has been
associated with extended defects or dislocations’ while the
D, luminescence band has been associated with a defect or
defect complex.>'® Second, the epilayers are known to con-
tain antiphase boundaries which might separate the electron
and hole. Additional information or expertment is required
before a definite assignment of this spectrum can be made.

Recently it has proved difficult to detect this spectrum
in samples which previously exhibited strong signals. It is
possible that the defect complexes or antiphase boundaries
be~ome decorated with defects after long period of time and
the ODMR is lost. Alternatively, there may be something
subtle in the ODMR conditions which has not been repro-
duced in the recent attempts. The detection of ODMR from
thermalized spins is only possible over a very narrow ra .ge
of parameters.

$9N
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V. CONCLUSION

ODMR studies of CVD-grown cubic SiC films reveal
two distinct spectra. The first is a sinigle line observed in Al-
doped samples. From its g value, line shape, and spectral
dependence, it can be assigned to neutral donors. It is clearly
associated with a luminescence band attributed to N-Al
pairs. The second spectrum is more complex. It is dominated
by two lines due to electron resonance split by a unique ex-
change interaction. This suggests that the defect responsible
has a specific structure, such as a defect complex or anti-
phase boundary. From the spectral dependence of this line,
the ODMR may arise from the D, or the G luminescence
band.

ACKNOWLEDGMENTS

We thank P. E. R. Nordquist, Jr. and M. L. Gipe of the
Naval Research Laboratory who grew the samples used in
this work. We also acknowledge partial support by the Of-
fice of Naval Research.

'S. Nishino, J. A. Powell, and H. A. Will, Appl. Phys. Lett. 42, 460 (1983).
’S. G. Bishop, J. A. Freitas, Jr., T. A. Kennedy, W_E. Carlos, W.J. Moore,
P. E. R. Nordquist, Jr., and M. L. Gipe, in Amorphous and Crysialline
Silicon Carbide, edited by G. L. Harris and C. Y.-W. Yang (Springer,
Berlin, 1989), p. 90.
‘See, for example, J. A. Freitas, Jr.. S. G. Bishop. A. Addamiano. P. H.
Klein, H. I. Kim, and R. Davis, in Microscopic Identification of Electronic
Defects in Semiconductors, edited by N. M. Johnson, S. G. Bishop.and G.
D. Watkins (Materials Rescarch Society, Pittsburgh. 1985), p. 581.
*W. ). Chovke and L. Patrici ™ .s. Rev. B4, 1843 (1971).
*W. ). Chovke. in Radiation 's in Semiconductors, 1976, edited by N
B. Urliand J. W._Corbett. In:. . 'hys. Conf. Ser. No. 31 (Institute of Phy«-
ics, London, 1977), p. 58.
). A. Freitas. Jr. and S. G. Bishop. Appl. Phys. Let1. 55.. 2757 (1989)
"W. ). Choyke. Z. C. Feng. and J. A. Powell. J. Appl. Phys. 64. 3163
(1988).
*W. E. Carlos, W.J Moore. P. G. Siebenmann, J. A. Freitas, Jr.. R. Ka-
plan. S. G. Bishop. P. E. R. Nordquist, Jr., M. Kong, and R. F. Davis. in
Novel Refractory Semiconductors, edited by D. Emin, T. L. Aselage. and
C. Wood (Matenals Research Society. Pittsburgh, 1987), p. 253.
“N. G. Romanov, V. A. Vetrov, and P. G. Baranov, Sov. Phys. Semicond
20, 96 (1986).
A Addamiano and P. H. Klein. J. Cryst. Growth 70, 29! (1984)
'J. A. Freitas, Jr..S. G. Bishop. P. E. R. Nordquist, Jr., and M L. Gipe.
Appl. Phys. Lett. 52, 1695 (1988).
'71.J. Davies, ). E. Nicholls, and B. C. Cavenett, Semicond. Insula 4. 101
(1978).

""R. T ConandJ. ) Davies, Phyvs. Rev. B 34, 8591 (1986).

" Yu. M. Altaiskir, 1. M. Zanitsku. V. Ya. Zevin, and A. A Konchits, S
Phys. —Solid State 12, 2453 (1971).

""Le St Dang, K. M. Lee, G. D. Watkins, and W. J. Choyke. Phys. Rev
Let1. 45. 390 (1980).

'*P. G. Baranov. V. A. Vetrov, N. G. Romanov, and V. 1. Sokolov, Sov
Phys —Solid State 27, 2085 (198%5)

""D. K. Wilson and G. Feher. Phys. Rev. 124, 1068 (1961)

“H. W van Kesteran. E C.Cosman, F.J A.M Greidanus. P. Dawson K
J Moore, and C. T. Foxon, Phys. Rev. Lett. 61, 129 (1988).

"J. A. Frentas. Jr..S G. Bishop.J. A. Edmond, J. Ryu. and R. F. Davis, J
Appl. Phys. 61. 2011 (1987).

Kennedy, Freitas, Jr., and Bishop 6173

063



064



723

MICRO-PHOTOLUMINESCENCE STUDIES
OF DIAMOND FILMS
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ABSTRACT

A micro-photolﬁminescence spectrometer has been used to measure the 77K
photoluminescence spectra of combustion deposited diamond films with a spatial
resolution of 3um. The spatial variations in the micro-luminescence spectra have
been correlated qualitatively with the flame chemistry and the substrate temperature.

INTRODUCTION

Photoluminescence (PL) is well established as one of the most powerful spec-
troscopic techniques to characterize defects in semiconductors. The use of PL spec-
troscopy involves the measurement and interpretation of the spectral distribution of
the radiation emitted by the sample during the recombination processes. In a typical
process carriers are photo-excited into the conduction and/ or valence band. These
photo-excited carriers usually become trapped at a defect (impurity or structural
defect) before they recombine, and the nature of the trap center can often be
determined from the PL spectrum. Luminescence may also be observed as a result of
the relaxation of electrons and/or holes which have been promoted from the ground
state to an excited state of a localized center. This process is typically strong phonon
coupled and its associated PL spectra are characterized by a broad vibronic emission
band. Because crystalline quality can be inferred from intensity and line width of
emission bands and impurities can sometimes be identified from the spectral position
(energies), PL has proven to be extremely useful during all phases of the development
of new materials systems or growth techniques [1].

‘We have previously used room and low temperature PL spectroscopy to char-
acterize polycrystalline diamond films prepared by filament assisted and by combus-
tion assisted chemical vapor deposition [2,3]. In those experiments a strong spectral
emission variation was observed when the exciting laser beam was aimed at different
positions on the sample surface. This observation motivated us to set up an experi-
ment which allowed us to carry out low temperature PL. measurements with spatial
resolution consistent with our sample morphology. Details of the micro-
photoluminescence (-PL) system will be presented in the next section.

EXPERIMENTAL

In the present work we are discussing only experiments carried out on
polycrystalline films deposited on Si substrates by combustion assisted chemical
vapor deposition (CACVD). Films deposited by other techniques and on other sub-
strates will be discussed elsewhere.

New Di d Sci and Technology < 1991 MRS Int. Cont. Proc.
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Sample Characteristics

The two diamond films (S#1 and S#2) studied in the present work were
deposited in ambient air using a commercial oxygen-acetylene brazing torch with a
0.89 mm i.d. orifice. Mass flow controllers were used to control the acetylene and
hydrogen total flow rate of 3 slm and to keep constant an oxygen/acetylene mass flow
ratio (R) of ca. 1.02. The flame was directed down onto a '3i substrate placed on a
molybdenum screw in contact with a water cooled copper block. The substrate
temperature was adjusted by varying the thermal contact to the copper block [4].

The substrates for samples S#1 and S#2 are square shaped pieces of n-type Si
(100) wafer approximately 8 mm on a side. Both substrates were intentionally
scratched with 5-6 pum diamond polishing paste followed by ultrasonic cleaning in
acetone and methanol. The deposition time was 4 hours in case of S#1, and 3 hours
25 minutes in case of S#2. The temperatures of the central parts of the substrates
were 850150 °C and 900%50 °C, respectively.

A micrograph of the area between the central part and the boundary of the film
S#1 is shown in Fig. 1. One observes crystallites as large as 150 um as well some
which are only a few microns large. Sample S#2, not shown here, exhibits the same
morphology as S#1, however the crystallites are smaller than in sample S#1. Both
films show an annular pattemn of isolated diamond crystals with low density in the
center (directly under the inner flame cone), increasing to 2 maximum density 2 mm
radially outward, from the center, and decreasing to a low and eventually zero density
at 3 to 4 mm, near the edge of the substrate.

Fig. 1. Micrograph of the film S#1. The scale is 50 um for the small division.
Instrumental

A schematic of the p-PL spectrometer is shown in Fig. 2. We have used the
457.9 nm line of an argon ion laser to excite the PL. The samples were placed on a
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liquid nitrogen cold finger cryostat, modified to have the samples facing down, to al-
low mounting on the microscope stage. The microscope was an inverted Carl Zeiss
Axiovert model 405 with near UV-IR optics and long working distance objectives.
The microscope has been modified to allow simultaneous laser and lamp illumina-
tion, only laser, or only lamp illumination. The laser spot size used in this work was =
3 um (which can be reduced to <1 pum) and the laser power density varied between
350 and 530 W/cm2.

The microscope optics was coupled to a scanning single spectrometer by two
lenses as shown in Fig. 2. A color glass filter was used to reduce the scattered laser
intensity background. A GaAs photomultiplier tube, operated in a photon counting
mode and controlled by a personal computer was used for data acquisition and
manipulation.

M M
Photon y
Computer Counter
Inverted
1 Microscope
Slit}_’\—‘E':'.."_"_":‘_.L':':' =W
. L B T L M
Scanning
Spectrometer
TV
PM Monitor
Filter ~Beam
Argon laser (— —
Expander M

Fig. 2. Schematic view of the micro-photoluminescence spectrometer. M and L stand
for mirror and lens, respectively.

RESULTS AND DISCUSSION

Uniformity is one of the basic requirements for optical-electronic applications
of any semiconductor film. We have chosen PL to characterize our films because this
technique has proven to be a useful non-destructive technique to map spatial variation
of the opto-electronic properties of semiconductor films. In our previous PL experi-
ments [2,3], even by reducing the laser spot size to 30-50 um and using a specially
designed device to move the sample by steps of a few microns under laser illumina-
tion, we were unable to associate the observed spectral change with any specific mor-
phological features of the film. By using the pm-PL spectrometer described in the
previous section this limitation was removed.
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Fig. 3 displays the p-PL spectrum associated with four crystallites in different
parts of the film S#1. All four crystallites represented here show (100) faces because
we want to separate the spatial dependence from a possible crystallographic growth
zone dependence. The spatial position of each crystallite was measured from the film
boundary, as shown in Fig. 3. In the following discussion we will identify each crys-
tallite by its position, from the film edge, as indicated in Fig. 3.

The PL spectra of the crystallite at 250 um is dominated by zero phonon lines
(ZPL) at 1.95 eV and 2.16 eV and their associated phonon replicas, and by a broad
featureless band centered around 2.35 eV. The 1.95 eV and 2.16 eV systems are as-
signed to vacancy-nitrogen (V-N) pairs and to a vacancy-nitrogen complex (V-V-N),
respectively. Details of this assignment are discussed in Ref. [5,6). The crystallite at
500 um shows qualitatively the same spectrum associated with the crystallite at 250
pm, but the 2.16 eV center is the dominant spectral feature. In the spectra associated
with the crystallite at 1050 pm and 1300 um we do not observe any contribution from
the 1.95 eV center, however the 1300 um crystallite spectrum shows a small but
noticeable peak at 1.68 eV. This new feature, although not well identified, seems to
be associated with diffusion of Si atoms in the crystallite, and may be complexed
with either Si, N or the carbon vacancy [7,8].

Oakes and coworkers [9] reported recently micro-Raman and SEM studies of
CACVD diamond films, where they observed large substrate surface temperature gra-
dients. They concluded that the inhomogeneities detected in their films were caused
principally by flame species inhomogeneities rather than the temperature variation
across the sample.

T Y

7 T T

L] T
V-V(-N?) 77K

2.16 eV

DIAMOND FILM ON S SUBSTRATE

P L INTENSITY (arb. units)

) |

Si{Si,V.N,?)
1.68 ¢V
SO S I W I " 1 1 Substraw Temp. increasing
24 23 22 21 20 19 18 1.7 16 from edge Wward osnier
ENERGY (eV)

Fig. 3. Photoluminescence spectra of four (100) surface crystallites of sample S#1.
Film locations are represented schematically in the right side of the figure.
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The presence of different atomic species in the flame is an important factor in the in-
corporation of defects in the crystallites. This is evident from the intensity reduction
of the 1.95 eV system in the crystallites which grow more toward the center of the
film, where one can expect lower nitrogen content [2,3]. However, it is important to
point out that the increase in substrate temperature toward the center of the film may
be favorable for the incorporation of defects with higher formation and/or annealing
temperature [5], e.g. the 2.16 eV center and the 1.68 eV center (Si diffusion).

We have also probed different crystallographic structures in film S#1 in the
translation range of 30 to 50 um. As an example, small microcrystals ( few microns
or less) grown on top of a large (100) single crystal (50 um or larger) show basically
the same PL spectra, with a small PL intensity reduction probably attributable to scat-
tering. In case of a (100) single crystal grown on top of another (100) single crystal
(both around 50 pm size), we observe very similar PL scattering, and the small PL
variation could be due to crystal misorientation. We emphasize here that large spec-
tral variations are observed in translations of 250 pum or larger distances over which
the gas flame composition and temperature are also expected to vary.

The PL measurements of S#2 were carried out following the same procedure as
in S#1, nevertheless special attention was given to different crystallographic shapes.
Some of the PL spectra from S#2 are presented in Fig. 4. The spectrum (a) is from a
crystallite with a hexagonal shape (with ~50 um diagonal) located at the boundary
where the nucleation starts. This spectrum is dominated by an unidentified strong
broad band centered around 2.35 eV and a strong 1.95 eV system band. Note that not
much intensity is observed at 2.16 ¢V. However, in spectrum (b), associated with a
(100) crystallite located about 350 um toward the center of the film from crystallite
(a), we observe a significant change in the spectral intensity associated with the 2.16
eV center. In this spectrum the 1.95 eV and 2.16 eV centers have equivalent relative

Fig. 4. Photoluminescence spectra
of four crystallites of sample S#2.
The locations of the microcrystals
in the film are described in the
text.
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intensities and these are similar to the intensity distribution observed in the spectrum
identified as 250 um shown in Fig. 3. The intensity variation observed between spec-
trum (a) and (b) in Fig. 4 suggests that the nitrogen atoms in the flame environment
are easily absorbed in crystallites nucleated close to the film boundary {2,3,10]. The
spectrum (c), from the crystallite with a (100) surface, located 200 um from (b)
toward the center of the film, shows a relative increase of the 2.16 eV center in com-
parison with others spectral features. The spectrum (d), obtained from an area
situated at about 700 to 800um from the crystallite (c), contains mostly submicron
and few microns large crystallites. In this spectrum, the 2.16 eV center is the domi-
nant spectral feature. Also observed, like in the last spectrum of Fig. 3, is the small
peak at 1.68 eV associated with the Si diffusion. The overall spectral variations ob-
served in the film S#2 aré very similar to those observed in the film S#1. This estab-
lished that for the quality of films considered here, the defect incorporation in the
diamond microcrystals does not depend significantly on the crystallographic onenta-
tion.

CONCLUSION

A novel micro-PL spectrometer has been described which features micron
sized spatial resolution at cryogenic temperatures. The spectrometer has been applied
to investigate the spatial PL variations for polycrystalline diamond films deposited
with an acetylene torch technique. Variations in the PL spectra were observed which
can be qualitatively related to the variation with substrate temperature and possibly
the flame species inhomogeneities. Future work will establish the relative importance
of these experimental parameters and the effect of varying the substrate type.
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Abstract

Diamond has been grown epitaxially on 1.5 mm diameter, natural diamond seed crystals at temperatures of 1200-1300 °C in a
premixed. turbulent oxyacetylene flame. During a typical | h deposition, a polyhedral-shaped single crystal was observed to grow on
top of a (100) oriented cylindrical seed crystal. The growth surface is composed of both {100} terraces and {110} ridges, arranged
into well-formed pyramidal shaped structures with very long range order. Raman analyses show a lack of non-diamond carbon and
a 1332cm ™! r.ak which is indistinguishable from natural type I1a diamond. Low-temperature photoluminescence measurements
indicate a greatly reduced leve! of localized radiative defects. Laue X-ray diffraction measurements have confirmed the epitaxial
nature of the deposit, and pre..-inary X-ray rocking curve analyses are presented. This is the first report of the high-temperature

epitaxial growth of diamond in a turbuient flame.

1. Introduction

Recently, Janssen er al. {1] reporied that diamond
could be grown epitaxially on {110} natural diamond
seed crystals at temperatures of 900+ 100 °C and growth
rates of 50 um‘h in an atmospheric pressure, oxyacety-
lene flame. In spite of the high growth rates, the deposited
material had good crystalline and optical quality [1, 2].
In related work, we have reported that macroscopic
(~1.7mm x 150 um) facetted diamond crystals can be
grown epitaxially at high temperatures (T>1200 °C) in
an atmospheric pressure, laminar oxyacetylene flame
[3, 4]. The growth rates observed on {100} seeds (150-
200 pym/h) and the maximum deposition temperature
observed on {110} seeds (~1500°C) are some of the
highest ever reported for the epitaxial synthesis of dia-
mond. In collaboration with the University of Minne-
sota, we also investigated whether a high-temperature
epitaxy (HTE) type process is possible with a plasma jet
reactor. The results of these studies indicate that dia-
mond can be grown epitaxially at high temperatures
(1200-1400 “C) and high rates (> 200 um/h) on {100} and
{110} natural diamond seed crystals which are positioned
in the plume of a DC triple plasma torch [5, 6]. In this
paper we present the first evidence for the HTE growth
of single crystal diamond in a turbulent flame. This
study was motivated by the observation that undoped
polycrystalline diamond films grown at low temperatures
(<1000 °C}) in a turbulent flame are clear [7] and exhibit

a reduced level of radiative defects [8, 9]. Recentty, )

" . t
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boron doped single crystal diamond films have also been
grown in a turbulent oxyacetylene flame at high temper-
atures [10].

2. Experimental set-up

The ap;.aratus used in this study is similar to that
described in previous work [3, 8] and is shown in Fig. 1.
High purity oxygen (99.99%) and acetylene (99.6%) were
used as source gases, with the acetylene passed through
an activated charcoal trap to remove residual acetone.
The feed gases were metered to a commercial brazing
torch with a mass flow control system. The oxygen and

MASS FLOW CONTROLLERS

TORCH

TWO-COLOR
PYROMETER

TORCH ——

FLAME
P
\./ MoR0D  _[V1 7 seeD cAvsTAL
BRUSK

Lo :)'— WATER
SEED = - -
COPPER MOUNT
SCREWDRIVER
——

FEATHER

Fig. . Experimental set-up showing brazing torch, substrate mount
assembly, two color pyrometer, and mass flow controllers. The flame
shape and sample position in the flame are shown in the inset.
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acetylene fiow rates were 10.42 slm and 10.08 slm, respec-
tively, and the orifice diameter of the torch was 1.85 mm.
The substrates consisted of 0.25 mm thick, natural type
I1a diamond heat sinks which were laser cut into circular
cross-sections (1.5 mm diameter), polished on the top
{100} face. and bonded to the ends of 1.5 cm long pieces
of threaded molybdenum rod with a gold-tantalum
brazing process. The seed crystal was positioned in the
acetylene feather of a turbulent flame, just beyond the
flame brush, as shown in Fig. I, and the deposition
lasted for 60 min.

The braze matenal insured good thermal contact
between the diamond seed crystals and the molybdenum
rod during depositions. Since the thermal conductivity
of the seed crystals and braze material is relatively high,
the seed crystal is expected to be isothermal with a
temperature equal to or slightly greater than the molyb-
denum rod temperature. The temperature of the seed
crystals was controlied by varying the penetration of the
molybdenum rod into a threaded hole in a water-cooled
copper cylinder. The temperature of the substrates was
measured with a two-color (2.1 and 2.4 um) pyrometer
which was insensitive to the flame emissions.

Fluid flow in a tube is frequently characterized by its
Reynolds number, defined as Re=vdp/p, where v is the
average gas velocity, d is the tube diameter, p is the gas
density, and p is the gas viscosity. Assuming a temper-
ature of 300°K and a 1:1 mixture of oxygen :acetylene,
we estimated [11] that the gas viscosity in the tube
before the flame front was 1.5x10”*g/cms. For the
flow conditions corresponding to the flame used in this
study, we estimate the Reynolds number in the tube
supporting the flame to be >12000. For Reynolds
numbers less than 2300 the flow in 2 tube supporting a
flame is normally laminar and above that value the flow
becomes progressively more turbulent. Reynolds num-
bers over 3200 are generally associated with fully devel-
oped turbulent flow [12, 13]. Premixed turbulent flames
exhibit a rounding and broadening of the primary flame
front, and a characteristic hissing sound [12]. The
reaction zone becomes blurred or “wrinkled” instead of
smooth, so that the reaction occurs over a much larger
effective area which is not necessarily continuous {14].
The broadening occurs when the scale of the turbulence
(i.e. the eddy diameter) is significantly greater than the
flame front thickness (17" The flame used in this study
exhibited a rounded, thick flame front [8] and a loud
hissing sound. '

The laminar and turbulent operational regimes [15]
of a Bunsen burner are shown as a function of the
average gas velocity and the burner diameter in Fig. 2.
We expect that oxyacetylene torches will exhibit similar,
but not identical, characteristics. The laminar and turbu-
lent regimes are separated by a hyperbolic wedge defined
by the Reynolds number values corresponding-to*the

LAMINAR
REGIME

Average Gas Velocity (arbitrary units)

1

L 1
2D, 1.1 15 19

Burner Diameter (mm)

Fig. 2. Operational regimes of premixed. single orifice torches. Note
the flashback limit. the blow-off hmit, and the hyperbolic wedge
separating the laminar and turbulent regimes.

laminar-turbulent transition at the flame front. Note
that both the laminar and turbulent regimes are bounded
from below by the flash-back limit, and from above by
the blow-off limit. These limits correspond to the flame
either propagating back down the burner tube or becom-
ing unstable and detaching from the burner tip, respec-
tively. The blow-off and flash-back limits are defined
semi-empirically in terms of two critical velocity gradi-
ents which are expressed in terms of the quenching
distance, D, (0. mm for a stoichiometric mixture), and
the average gas velocity. Since the velocity profile in the
burner tube changes significantly when the flow changes
from laminar to turbulent, the critical velocity gradients
and slope of the blow-off and flash-back limits shown
in Fig. 2 may also change in passing through the laminar-
to-turbulent transition.

3. Results

Optical and electron micrographs of a cylindrical
{100} seed crystal after 1h growth at 1250°C in a
turbulent flame are shown in Figs 3(a) and 3(b). respec-
tively. The deposited material has an octagonal shape
when viewed from above with the shapes of the side
faces alternating between trapezoids and truncated paral-
lelograms. These are the shapes expected around the
‘waist’ of a cubo-octahedral crystal which is truncated
along a {100) axis perpendicular to the plane of the
waist (the plane of the waist contains four (100> axes).
The trapezoidal and truncated paralielogram shaped
faces would thus correspond to the (111> and ¢100)
crystallographic directions, respectively [4].

The top {100} growth surface of the sample is covered
with multiple pyramidal shaped structures which appear
to be composed of both {100} and {111} surfaces (see
Fig. 3(a)). Note the long range (200-800 um) order of
the growth and the rigid locking of most features to low
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Fig. 3. (a) Optical and (b) electron micrographs of diamond crystal grown on 1.5 mm diameter 100! sced in a turbulent oavacetylene flame at

1250 C for | h.

index crystallographic directions. The optical micro-
graph shown in Fig. 3(a) was taken with a short depth
of field microscope, however both the bases and tops of
the pyramid type structures appear to be in focus.
Considering the size of these pyramids, this suggests that
the slopes of the pyramids’ side faces are too small for
the faces to be of a {111) orientation. Measurements of
the height and lateral extent of one section of a pyramid
side face were performed with an optical microscope
equipped with a micrometer. The slope was less than
0.05, suggesting that these side faces would not have the
proper orientation to be a {111} face. The fine structure
of the pyramidal structures did not show up well in the
scanning electron micrograph of the same (uncoated)
sample, as shown in Fig. 3(b). The pyramids did appear
to have an enhanced secondary electron yield. which
may have been related to charging. Smaller pyramidal
growth structures have been observed in {100} growths
before [16], however, the side faces were incorrectly
identified as {111} faces. Preliminary atomic force micro-
scope (AFM) studies of a sample grown under similar
conditions suggest that the side faces of some pyramids
are composed of very well-ordered !100; terraces and
1110} ridges with a typical height : length ratio of 100 nm:
4 ym. These relative dimensions agree with the micro-
scope slope measurements mentioned earlier. An AFM
micrograph of the tip of a growth pyramid is shown in
Fig. 4.

The thickness of the deposited layer was measured by
examining a side {100! face with an optical microscope
equipped with a micrometer: the growth rate determined
from this measurement was 35 um'h. The distances from
two orthogonal ;100! side faces to their respective oppo-
site 1100! side faces were measured to be 1.552 and
1.561 mm, giving a lateral (100> growth rate of
26-31 um/h. This is slightly lower than the growth rate
calculated from the film thickness. the discrepancy may

Fig. 4. Atomic force micrograph of top of pyramidal structure similar
to that observed on sample shown in Fig. 3a. Note the staircase
structure with ;100; terraces and {110: ridges.

be due to growth non-uniformities, residual braze com-
pound on the seed and/or a smaller seed diameter than
the specified value. Normally, the seed crystal dimensions
are within 1-2um of the dimensions quoted by the
supplier.

Although true {111} faces did not exist on the top
growth surface of the seed. {111 faces did grow out of
the side wall of cylindrical, (100> oriented seeds. The
(111> growth rate was thus determined by examining
the dimensions of one side ;111; face of the crystal
shown in Fig. 3 and calculating the distance between
two parallel planes. one of which was co-planar with
the deposited face. tne other of which contained the top
edge of the seed crystal. A growth rate of 57 um h was
calculated in this way for the (111D direction. The side
{111} faces frequently appeared to have a large misorien-
tation (1-4°) from the expected orientation. but this may
be due to measurement errors associated with poorly
formed faces, and with astipmatic effects in our scanning
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electron microscope. This misorientation did not affect
the growth rate calculation significantly. The ratio of the
growth rates in the (111) to (100) directions is thus in
the range of 1.63-2.19, depending on the value used for
the (100) direction. For a (111)>/(100)> growth rate ratio
of >1.732, a cubic morphology will be the final crystal
shape [17]. The growth rate in the (110) direction is
probably much higher than either the (100> or {111}
directions, since no macroscopic {110} faces appear. Sev-
eral different techniques for estimating the (110> growth
rate all suggest values well over 100 um/h.

The first order Raman spectrum of a single crystal
diamond film grown at T,=1250°C in a premixed,
turbulent oxyacetylene flame is shown in Fig. 5. For
comparison, the first order Raman spectrum of a natural
type 1la diamond sample is also presented in Fig. 5. The
514.5nm argon laser line with a power density of
~40 W cm? was used as the light source, and ali meas-
urements were performed at room temperature. The
scattered light was dispersed by a double spectrometer
with a bandpass of ~0.25cm™}. The films TO/LO
phonen (continuous line) peaks at 1333.20+0.25cm ™!,
while natural diamond’s TO/LO phonon (dotted
spectrum) has its maximum at 1333.50+0.25cm ™', For
line-shape and line-width comparisons, the film’s
spectrum was red shifted (0.25c¢cm™!) and the natural
diamond spectrum was normalized to the film’s phonon
peak intensity. As one can see, there is excellent
agreement between the two spectra, within experimental
error. A low-resolution wide-range spectrum, not pre-
sented here, showed no evidence of amorphous and/or
graphitic components.

The low-temperature (6 K) photoluminescence (PL)
spectrum of the sample analyzed in Fig. 5 is shown in
Fig. 6. The 488.0 nm argon laser line with an intensity
of 20 mW was used as the exciting light source. The PL
spectrum of the seed crystal was not measured before
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Fig. 5. High-resolution Raman spectrum of a homoepitaxial diamond
film grown on a {100 type 1la seed with a turbulent, oxyacetylene
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Fig. 6. Low-temperature photoluminescence spectrum excited with a
488 nm line of a homoepitaxial diamond film grown in a turbulent
flame. The peaks labeled “a™ and “c™ correspond to the zero phonon
line of the H3 defect band and the 2.156 eV defect band. respectively.
The peak “b™ at 2.375 eV is the first-order diamond phonon line.

the deposition. The spectrum is characterized by a broad,
almost featureless, band extending from 2.31 to 1.6eV
and three sharp peaks labeled as “a”, “b”, and “c”. The
gradual decrease in the spectral intensity observed at
the high-energy end of the spectrum is due to Raleigh
scattering of the laser light. The peak “a™ at 2.465eV
has been assigned [18] to the zero phonon line (ZPL)
of the H3 defect band (N-V-N), which is easily identified
by the broader unlabeled phonon replica at 2.421 eV
(43.4 meV from the ZPL). The strong sharp peak “b” at
2.375 eV is the first order TO/LO phonon (1333.2cm ™).
The peak labeled “c” at 2.156 eV is assigned to the ZPL
of the 575 nm system, the structure of which has not yet
been identified (V-?) [18]. The 575 nm system has been
previously observed in polycrystalline [19] and
monocrystalline [4] diamond films deposited in laminar
flames. The 575 nm and 637 nm (1.947 eV; N-V pair)
[19] systems are the dominant defect bands observed in
homoepitaxial films deposited in a laminar oxyacetylene
flame [4]. The absence of the 637 nm center and the
strong reduction of the 575 nm and H3 centers suggest
that nitrogen is significantly excluded and vacancies are
not incorporated as efficiently into films deposited under
turbulent conditions [8]). These Raman scattering and
PL results imply that high-quality diamond films can
be deposited using a turbulent oxyacetylene flame.

The combination of the polyhedral shape of the
deposited crystal shown in Fig. 3 and the quality of the
deposited crystal’s Raman spectrum shown in Fig. §
suggest that the growth is monocrystalline diamond.
Laue X-ray diffraction analysis of the deposited crystal
shown in Fig. 3 has confirmed that it is monocrystalline.
These Laue photographs did, however exhibit a certain
degree of asterism, implying the presence of defects in
the diamond structure. The nature of these defects were
considered by making measurements of X-ray rocking
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curve breadths from the face of the seed diamond
opposite that of the epitaxial deposit. and from the
epitaxial deposit itself.

The crystal was affixed to a glass slide using a small
amount of grease, and this assembly was positioned on
the focusing circle of an X-ray powder diffractometer.
The detector was positioned and fixed at the 20 angle
corresponding to the Cu Ka, reflection from the (400)
plane, approximately 119.45°. Several omega scans were
then performed, rotating the diamond crystallite approx-
imately 10° about its face normal between scans. This
procedure was performed upon the face of the seed
diamond opposite that of the epitaxial deposit to estab-
lish a baseline for the rocking curve measurements to
which the measurements from the epilayer may be
compared. The measurements were then repeated on the
epitaxially grown deposit. The line breadths were charac-
terized by subtracting the background and then evaluat-
ing the integral breadth. Despite the relatively poor
resolution, two points are noted: (i) the integral breadths
are quite variable, even on a single face. This vaniability
seems to be caused by the intrinsic characteristics of the
diamond’s defect structure, and is manifested as muliti-
peaked rocking curves, as shown in Figure 7; (ii) The
average rocking curve breadth for the epitaxial deposit
(0.426 degrees) is nearly twice that of the diamond seed
(0.245 degrees).

The rocking curves presented here are a direct meas-
urement of the angular dispersion of the diamond sub-
grains from which the single crystal diamond lattice is
built. Propagation of lattice defects in the seed appear
to be propagated into the epilayer and this accentuated
as the diamond growth front moves forward in the
turbulent flame. It is also noted that rocking curves
measured from the epilayer side will also contain a
contribution from the substrate and the defected side
{111} faces (see Fig.3). No attempt has been made to
separate these contributions to the intensity. Insufficient
resolution precludes extracting more quantitative infor-
mation concerning the angular dispersion of the sub-
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Fig. 7. X-ray rocking curve spectra obtained with a powder diffracto-
meter for the (400) plane of (----- ) the seed crystal, and (——-) the
deposited epilayer.
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grains. Double crystal diffractometer measurements
would be desirable, and, under favorable conditions,
may yield additional insight into the structure of the
individual grains.

4. Discussion

Diamond grown in a turbulent oxyacetylene flame
exhibits a lower growth rate, a different growth morphol-
ogy and a greatly reduced level of radiative defects, as
compared to diamond grown in a laminar flame. These
features of diamond growth in turbulent flames are
unexpected and surprising. If diamond growth in laminar
flames is transport limited, then the higher effective
diffusion coefficient (the “eddy viscosity™) in turbulent
flow could lead to higher diamond growth rates. The
decrease in growth rates observed (e.g. for (100> direc-
tion at 1250°C, laminar, ~150 um/h; turbulent,
~ 30 um/h) suggests that diamond growth in flames is
not transport limited and/or the flux of growth and
etchant species has been altered drastically in going from
laminar to turbulent conditions (so as to favor increased
etching). Recent studies [20] of the variation of diamond
growth rates with substrate temperature in a filament
assisted chemical vapor deposition environment show
an Arrhenius dependence with an activation energy of
22-24 kcal/mol, suggesting that diamond growth may
be limited by a surface reaction.

Capelli et al. [21] have suggested that spatial varia-
tions in the diamond growth rate observed in an atmo-
spheric pressure, inductively coupled plasma may be due
to atomic hydrogen flux changes which are related to
variations in the boundary layer thickness. Higher
growth rates were observed near regions of thinner
boundary layers. A study of the radial variation of the
Raman spectra of diamond deposited in a laminar flame
using a stagnation flow geometry showed that for smaller
flame front-to-sample distances. the growth rate was
lowest at the stagnation point (where the boundary laver
presumably is the thickest), but the diamond quality was
highest [22]. For the turbulent flame described earlier.
we have observed that the growth rate and diamond
quality are fairly uniform over >1 cm diameter areas.
The boundary layer remains laminar, but its thickness
decreases significantly compared to a fully laminar flow
condition. This decrease in boundary layer thickness is
expected (23], however the decrease in growth rate
suggests that the mechanisms behind the growth of
diamond in turbulent flames may be more than a simple
extension of the laminar flame case.

One factor affecting the flux of species 1o the substrate
is the tendency for turbulent flame fronts to wander
laterally and actually become discontinuous [24]. The
wandering and breaking of the flame front can occur at
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a high frequency (~1 kHz) and could conceivably lead
to alternating periods of growth and etching, by varying
the amount of room air entrained into the flame, and/
or by allowing unburnt pockets of oxygen and acetylene
to leak through the flame front. Since diamond and
graphite burn rapidly [25] at 1250 °C, only short periods
of exposure to oxygen would be required to decrease
the growth rate. Experiments with atmospheric pressure,
turbulent plasma torches [26] have demonstrated that
ambient gases can be entrained into a plasma torch’s
plume with an engulfment process. If this phenomena is
present in a turbulent oxyacetylene flame, then it could
also lead to alternating periods of growth and etching
at the substrate. which could decrease the diamond
growth rate if the ratio of etching 10 growth periods is
sufficiently long.

A decrease in the density of radiative defects has been
observed in depositions performed with a turbulent
flame using both single crystal diamond substrates at
high temperatures (>1250 °C) and metal substrates at
low temperatures (~900 °C) [8, 9]. In both cases, the
substrates were positioned about | mm from the end of
the turbulent flame front’s brush. In the laminar case,
the substrates were not always positioned as close to
the flame front, which might result in an increased
exposure to entrained room air and possible changes in
the species fluxes striking the substrate. Additional
experiments with very lean laminar flames would also
be useful to determine whether a lower growth rate
alone is sufficient to reduce the defect density in the
deposited diamond. The alternating growth and etching
cycles discussed earlier could also be responsible for the
improved diamond quality. Tzeng et al. [27] have
demonstrated that periodic increases in the
oxygen:acetylene flow ratio into the etching regime for
short intervals can improve the Raman spectra of flame
grown diamond. For a given ratio of growth:etching
time, higher frequency oscillations between growth and
etching produced higher quality diamond.

To conclude, it has been demonstrated that single
crystal diamond can br _1own epitaxially at high temper-
atures (>1200 “C) in a turbulent oxygen-acetylene flame
on (100> oriented natural diamond seed crystals. Studies
with {110} oriented diamond substrates will be reported
on in a future publication. Compared to diamond grown
in a laminar flame, the diamond deposited on {100}
seeds in a turbulent flame exhibits a reduced level of
nitrogen and vacancy incorporation. a lower growth
rate, and growth steps which are rigidly locked to low
index crystallographic directions. The (110> oriented
ridges observed are consistent with a (2 x 1) dimer recon-
struction of the {100} face.?®2° Even without a complete
understanding of diamond growth in turbulent flames,
however. the reduced level of radiative defects suggests
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that diamond synthesized in a turbulent flame may be
a good candidate for use in electronic devices.

Acknowledgements

The authors would like to thank Bruce Haggar and
his colleagues at Wyko Corporation for characterizing
several diamond samples with a Wyko MicroProbe 3D
atomic force microscope.

References

| G. Janssen, W. J. P. Van Enckevort. J. J. D. Schamince. W.
Vollenberg. L. J. Giling and M. Seal, J. Crystal Growth. 104 11990
752.

G. Janssen, W. Vollenberg. L. J. Giling, W. J. P. Van Enckevort,

J. J. D. Schaminee, and M. Seal, Surface & Coatings Technology

47 (1991) 113-126.

K. A. Snail and L. M. Hanssen, J. Crysial Growth, 112 (1991} 651.

4 K. A. Snail, J. A. Freitas Jr, C. L. Vold, and L. M. Hanssen, Proc.
2nd Int. Symp. on Diamond Materials. Washington, DC. May. 1991,
Electrochemical Society, Pennington, NJ, 1991, Vol. 91-8. p 81.

5 Z. Lu, K. A. Snail, C. M. Marks, J. Heberlein, and E. Pfender.
Proc. 2nd Int. Symp. on Diamond Materials, Washington. DC. May.
1991, Electrochemical Society, Pennington. NJ. 1991. Vol 91-8,
p. 99.

6 K. A. Snail. C. M. Marks, Z. Lu, J. Heberlein, and E. Pfender.

Materials Letts (in press).

K. A. Snail and C. J. Craigie, Appl. Phys. Leits, 58 (1991} 1877.

K. A. Snail, C. J. Craigie, R. G. Vardiman, C. M. Marks. and J. A.

Freitas Jr, Proc. 2nd Int. Symp. on Diamond Materials. Washington,

DC. May 1991, Electrochemical Society. Pennington. NJ. 1991,

Vol. 91-8, p.91.

9 J. A. Freitas Jr, U. Strom. K. Doverspike, C. M. Marks and K. A.
Snail, Optical evidence of reduction of radiative defects in diamond
films grown by acetylene-oxygen flames. Proc. MRS Symposium
on Wide Band-Gap Semiconductors. Boston. M A, Dec. 199]. Maten-
als Research Society, Pittsburgh. PA. 1991 (in press).

10 J. W. Giesener, J. A. Freitas Jr. A. A. Morrish and K. A. Snail.
Electrical characterization of boron doped single crystal diamond
grown in a flame. Proc. MRS Syvmposium on Wide Band-Gap
Semiconductors, Boston, M A, Dec. 1991, Materials Research Soci-
ety. Pittsburgh, PA. 1991 (in press).

11 R. H. Perry and C. H. Chilton (eds). Chemical Engineer's Handbook.
5th edn, McGraw-Hill, New York. 1973, p. 3-210.

12 A. G. Gaydon and H. G. Wolthard. Flames: Their Siructure.
Radiation and Temperature, Chapman & Hall, London. 1979.p 14

13 J. A Barnard and J. N. Bradley. Flame and Combustion. Chapman
and Hall, New York, 1985, p. 74.

14 A. Thomas, Comb. & Flame, 65 (1986) 291.

15 1. Glassman, Combustion, Academic Press. New York. 1987, p 157,

16 V. A. Laptev, In Y. Tzeng. M. Yoshikawa, M. Murakawa. and A.
Feldman (eds), Applications of Diamond Films and Relaied Maeri-
als, Elsevier, Amsterdam, 1991, p. 9.

17 J.S. Kim, M. H. Kim, S. S. Park and J. Y. Lee. J 4ppl Phys.,
67 (1990) 3354.

18 G. Davies, Rep. Prog. Phys., 44 (1981} 787

19 J. A. Freitas Jr, J. E. Butler, and U. Strom. J. Mater. Res.. £ (1990)
2502.

20 E. Kondoh, T. Ohta, T. Mitomo and K. Ohtsuka. 4pp!. Phys
Letts.. 59 (1991) 488.

N

)

o0 ~J

077



186 K. 4. Snald et ol High-temperature epitavy of diamond

21 MUA Capelh. T. G Owuno and C. H Krueger. J. Mater. Res.. § 26 R. Spores and E. Pfender. Surf. & Coar. Techn . 37 (1989) 251

11990) 2326. 27 Y. Tzeng. R. Phillips. S. Govil and A. Joseph. Prac. 2nd Intl. Symp
22 D. B. Oakes. ). E. Butler. K. A. Snail. W. A, Carnington and L. on Diamond Materwals. Washingron. DC, May 1991 Electrochemical
M. Hanssen. J. 4ppl. Phs.. 69 (1991) 2602. Society. Penningtlon. NJ. 1991, Vol 91-8, p. 49.
23 H. Tennekes and J. L. Lumley. A First Course in Turbulence, MIT 28 W._J. P. van Enckevort. G. Janssen. W. Vollenberg. M. Chermin.
Press, Cambridge. MA. 1989, p. 13-14. L. J. Giling & M. Seal Surface & Coatings Technolagy 47 (1991)
24 M. D Fox and F. J. Weinberg. Proc. Roy. Soc., A 268 (1962) 222. 39-50.
25 C. E. Johnson. W. A. Weimer. D C. Harris, Mat. Res. Bull.. 24 29 K. Okada. S. Komatsu. S Matsumoto and Y. Moriyoshi. Jral.
(1989) 1127 Crystal Growth 108 (1991) 416-420.

078



Muaterials Science and Engineering, B1111992)21-25

Optical studies of donors and acceptors in cubic SiC

J. A. Freitas Jr.

Sachs/Freeman Associates, Inc., Landover, MD 20785 (U.S.A.)

P. B. Klein
Naval Research Laboratory, Washington, DC 20375 (U.5.A.)

S. G. Bishop
University of Hlinois, Urbana, IL 61801 (US.A.)

Abstract

Previous and recent results of continuous wave and pulsed photoluminescence (PL) studies of undoped
and aluminum-doped 3C-SiC deposited on Si(100) substrates are reviewed. In undoped samples the
band edge PL spectra are dominated by sharp lines assigned to excitons bound to neutral nitrogen
donors, while deep PL emissions are associated predominantly with structural defects. In contrast, the
PL spectra of aluminum-doped samples are dominated by recombination involving N-Al donor-
acceptor pairs. The photoluminescence excitation spectra of undoped films are also discussed.

1. Introduction

SiC is well known as a potential material for
the fabrication of devices operating under
extreme conditions. However, difficulties encoun-
tered in the growth of large bulk crystals have
limited its practical application. The recent
success of homo- and heteroepitaxial growth of
SiC films by chemical vapor deposition (CVD)
has renewed interest in this promising wide band
gap semiconductor [1-3].

Despite the fact that the SiC film deposition
and device-processing techniques have improved
in the last few years to the point where device
fabrication [4] is now feasible on a commercial
scale, some basic material properties are still not
well understood. One of the most undesirable
characteristics of films deposited on Si(100)
substrates is the high concentration of misfit
dislocations and stacking faults. One attempt to
solve this problem was by off-axis deposition on
silicon substrates [5. 6]. Although some improve-
ment was observed in film morphology and anti-
phase boundaries, no change was verified in the
density of stacking faults [6]. A different ap-
proach was reported by Kong er al. (3], in which
cubic SiC films were deposited on 6H-SiC(0001)
substrates. These films showed a large decrease
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in the density of line and planar defects, but
unfortunately a high density of double-position-
ing boundaries (DPBs) was observed [7].
Recently, it has been reported that cubic SiC films
deposited on 6H-SiC substrates may show a very
low concentration of DPBs if one uses the
Si(0001) face of Lely 6H-SiC crystals [8].

Although better quality cubic SiC films may be
achieved by deposition of 6H-SiC substrates, the
deposition of films on silicon substrates is still
very attractive because of the low cost of good
quality wafers and the possibility of growing
multiple-layered structures. In the present work
we discuss the properties of donors and acceptors
in undoped and aluminum-doped 3C-SiC de-
posited on silicon substrates as determined by
photoluminescence (PL.) and photoluminescence
excitation (PLE) spectroscopies.

2. Experimental details

Undoped 3C-SiC films were grown epitaxially
on Si(100) substrates by CVD [1, 2]. These films
are invariably n type. The dominant residual
donor as determined by transport measurements
has a binding energy in the range 15-20 meV, but
the layers are highly compensated (approximately

© Elsevier Sequoia/Printed in The Netherlands
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95%) by background acceptors (9-12]. The
incorporation of defects was investigated by
growing several samples with different values of
C:Si source gas ratio. Aluminum doping was
achieved by introducing trimethylaluminum with
the source gases [2]. The film thickness varies
from 9 to 15 um and each film was removed from
its substrate to reduce the strain due to lattice
mismatch.

The PL spectra described here were obtained
with the samples contained in a Janis Super-
varitemp cryostat, which allowed temperature
variation from 1.5 to 330 K. Most spectra were
obtained in continuous wave (CW) mode with
excitation provided by either an argon ion laser
(476.5 nm) or light from a xenon lamp and a
double monochromator. Time decay studies of
the PL spectra employed 10 ns pulses of 355 nm
excitation light from a tripled Nd-YAG laser
with peak power approximately 4 kW. The
excited luminescence in all experiments was
analyzed by a grating spectrometer and detected
by a GaAs photomultiplier operated in a photon-
counting mode.
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Fig. 1. PL spectra from two undoped cubic SiC CVD films
grown with two different values of C:Si gas source ratio: (a:
2.4. (b). (c} 1.2. Spectra (a) and (b) were acquired with the
samples at S K and spectrum (¢ with the sample at 15 K. The
weak shoulder in spectrum (h) has become dominant in
spectrum i\,
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3. Results and discussion

Low temperature (6 K or less), near-band-edge
{(about 2.38 eV) PL spectra of undoped CVD-
grown cubic SiC films are characterized by five
lines [13-17], which are basically equivalent to
the five-line PL spectrum first observed by
Choyke er al. in Lely-grown (bulk) crystals of
cubic SiC [18]. This luminescence spectrum,
shown as spectrum (a) in Fig. 1, is attributable to
the recombination of excitons bound to isolated
neutral nitrogen donors. Despite the similarity in
the spectra of CVD films and Lely crystals, we
observe that the spectral features are always red
shifted and broadened in the CVD films. These
differences in the PL spectra may be associated
with internal strain and high concentrations of
charged centers in CVD SiC layers. Recently it
has been reported (8] that cubic CVD films de-
posited on hexagonal Lely-grown substrates
exhibit a PL spectrum whose quality is very close
to that of cubic Lely crystals.

In Fig. 1, spectrum (a) is obtained from a film
deposited with a C:Si gas source ratio of 2.4. The
zero-phonon line (ZPL) and each of the phonon
replicas of the nitrogen bound exciton (NBE)
exhibit a weak shoulder on the low energy side. It
is found that the intensity of these shoulders is
greatly enhanced for lower C:Si ratios as shown
in spectrum (b) of Fig. 1. which corresponds to a
C:Si ratio of 1.2 |15]. This observation suggests
that the recombination centers responsible for
these processes might be associated directly or
indirectly with non-stoichiometric  defects.
Indeed, thermal quenching studies of the exciton
PL spectra [15] yielded activation energies of
11 meV for the NBE and 17 meV for the
shoulders, indicating that the shoulders originate
from a different defect. This is shown in spectrum
(c) of Fig. 1, which is the NBE spectrum of the
sample (b) measured at 15 K instead of 5 K as in
(a)and (b). The weaker shoulders of the S K spec-
trum (b) have now become dominant. Assuming
that this emission line is due to an exciton bound
to another donor, and that Haynes' rule [19] can
be applied, one can estimate 90-120 meV for its
binding energy. This energy value is much larger
than the 15-20 meV donor observed by Hall
measurements, which suggests that they are
different donors.

In Fig. 2 we show the strong dependence of the
PL spectrum (using the sample with a C:Si ratio
of 1.2) upon excitation intensity. The spectra (a)
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Fig. 2. Low temperature PL spectra obtained at (a) 2 W
cm™? and (b) 0.02 W c¢m~? from film with C:Si ratio of 1.2.
The inset shows varniations in the FB and DAP G band PL
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intensity.
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and (b) were obtained at high (2 W cm~2) and low
(0.02 W cm™2) power respectively. Spectrum (a)
is typical of a high power PL spectra reported for
undoped n-type 3C-SiC CVD films. The band
edge PL spectrum is dominated by NBE lines,
but other features associated with structural
defects are also observed at lower energy; the
bands W (2.15eV) D1 (ZPL at 1.972 eV)and G
(ZPL at about 1.91 eV)[13, 14, 16, 17, 20] are
indicated in the figure. We are particularly inter-
ested in the G band because it is the dominant
feature of the low power PL spectra from all the
undoped films that we have studied. This suggests
that the G band has a long radiative lifetime com-
pared with the NBE, W and D1 bands, which is
characteristic of radiative recombination at an
extended defect such as a donor-acceptor pair
(DAP). The inset in Fig. 2 shows the G band as a
function of incident laser power. The red shift of
the G band peak position at lower powers and its
association with a power-independent band at
slightly higher energy are typical of DAP and
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Fig. 3. Square root of integrated PL intensity as a function of
photon energy for CVD cubic SiC film with C:Si gas source
ratio of 1.2. The emitted phonons, measured from the PL
spectra, are indicated in the spectrum.

free-to-bound (FB) emission at an acceptor site.
Recently, Freitas and Bishop reported a thorough
study of the G band and its phonon replicas as a
function of excitation intensity and sample tem-
perature [17, 21], which yielded an acceptor
binding energy of 470 meV. On the basis of the
observation of the G band in samples from differ-
ent laboratories, they suggested the possibility
that the G band may be at least partially respon-
sible for the high compensation level observed by
Hall effect measurements in undoped cubic SiC
[9-12]. Despite the association of the G band
with a deep acceptor level and its possible corre-
lation with extended structural defects [16], the
complete identification of the G band remains to
be determined.

In Fig. 3 we show the PLE spectrum of the
undoped film discussed in Fig. 2. These data
were acquired with the sample at 6 K using a 0.22
mm double spectrometer and a xenon lamp. as
light source. The exciting light was excluded with
appropriate color gas filters and the integrated PL
intensity was plotted as a function of the double-
spectrometer wavelength. The square root of the
integrated PL intensity is plotted against the
exciting photon erergy (Fig. 3) in analogy with
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Fig. 4. CW PL spectra from aluminum-doped 3C-SiC film:
(a) magnified sharp line, close pair spectra; (b) full spectrum
showing close pair spectra, distant pair band at 2.12 eV and
its phonon replicas at lower energy. Spectrum {c) was excited
by 0.1 mW cm™° of 460 nm light from a xenon lamp and a
double monochromator. Spectrum (d). acquired with the
sample at 120 K, shows the aluminum FB transition.

optical absorption measurements. The exciton
energy gap (E,) was obtained from ref. 18, but
the positions of the phonon replicas were
measured from the NBE PL spectrum of the
sample. The observed shape is characteristic of
phonon-assisted indirect transition [22]. Our
result is in good agreement with absorption
measurements reported by Choyke et al. in bulk
3C-SiC [18]. The “lack of sharpness” around the
transverse acoustic {TA) phonon may be associ-
ated with the high background carrier concentra-
tion observed in these films. We have also carried
out PLE experiments in aluminum-doped films,
but these results will be discussed elsewhere.

A typical DAP spectrum observed in alumi-
num-doped 3C-SiC CVD film at 6 K [12, 15, 23]
is shown in Fig. 4. The sharp line spectrum seen
between 2.20 and 2.35 eV shown in curve (b) and
magnified in curve (a) is similar to the DAP
spectra reported by Choyke and Patrick [24] in
aluminum-doped Lely-grown crystals and is
attributed to radiative recombination at close
nitrogen donor-aluminum acceptor pairs. At
lower excitation intensity the distant pairs are

Vit

preferentially observed because of their longer
radiative lifetime. As a result, the close DAP lines
are not observed and the distamt DAP band
exhibits an expected narrowing and shift to lower
energy [25] as shown in spectrum (c). At higher
temperature, above 60 K (dependent on doping
level and laser excitation power), the nitrogen
donors are thermally ionized and the recombina-
tion process is dominated by transitions involving
an electron in the conduction band and a hole
bound to the neutral acceptor, or FB transitions.
This behavior is presented in spectrum (d). A
detailed study of the temperature dependence of
DAP bands in cubic SiC films was reported by
Freitas er al. in ref. 15, where the nitrogen donor
and aluminum acceptor binding energies were
determined to be 54 and 257 meV respectively.

Pulsed PL experiments in aluminum-doped
samples show decay curves which cannot be
assigned to a center with a unique relaxation time.
Decay curves obtained in the spectral range asso-
ciated with close pairs show shorter decay times
than those measured from the distant pair band
{26]. These observations are all consistent with
the CW PL data.

4. Conclusions

On the basis of the above discussion it is
evident that PL spectra of undoped cubic SiC
films deposited on silicon substrates are charac-
terized by nitrogen donors and a deep acceptor
with binding energies of about 54 and 470 meV
respectively. The deep acceptor, which seems to
be associated with extended defects, may be
partially responsible for the observed high com-
pensation level in these films. The PLE spectrum
shows the characteristic shape of indirect gap
materials. The successful use of PLE suggests that
this technique can be conveniently applied to
study thin semiconductor films.

Acknowledgments

We would like to thank P. E. R. Nordquist Jr.
and M. L. Gipe of the Naval Research Labora-
tory for providing the samples used in this experi-
ment. This work was partially supported by the
Office of Naval Research.

References

1 S. Nishino. J. A. Powell and H. A. Will, Appl. Phys. Lert.,
42(1983) 460.

082

T N .l ..



.

10

11

12

13

A. Addamiano and P. H. Klein, J. Cryst. Growth, 70
(1984)291.

H. S. Kong, J. T. Glass and R. F. Davis. Appl. Phys. Le.,
49(1986) 1074,

R. F. Davis, G. Kelner, M. Shur, J. W. Palmour and J. A,
Edmond. submitted for publication.

K. Shibahara. T. Saito, S. Nishino and H. Matsunami,
Proc. [8th Int. Conf. on Solid State Devices and Materials,
Tokvo, 1986, pp. 717-718.

J. A. Powell, L. G. Matus, M. A. Kuczmaerski, C. M.
Chorey, T. T. Cheng and P. Pirouz, Appl. Phys. Leu., 51
{1987)823.

H. S. Kong, B. L. Jiang, J. T. Glass, G. A. Rozgonyi and
K. L. More, J. Appl. Phys., 63(1988) 2645.

J. A_Powell, D. ). Larkin. L. G. Matus, W.J. Choyke, J. L.
Bradshaw. L. Henderson, M. Yoganathan. J. Yang and
P. Pirouz, Appl. Phys. Lett., 56(1990) 1353.

A. Suzuki, A. Uemoto, M. Shigeta, K. Furukawa and
S. Nakajima. Appl. Phys. Lett., 49(1986)450.

B. Segall, S. A. Alterovitz, E. J. Haugland and L. G.
Matus. Appl. Phys. Lett., 49{1986) 584.

B. Segall, S. A. Alterovitz, E. J. Haugland and L. C.
Matus, Appl. Phys. Letr., 50(1987)1533.

W. E. Carlos, W. J. Moore, P. G. Siebennmann, J. A.
Freitas Jr.,, R. Kaplan, S. G. Bishop, P. E. R. Nordquist Jr.,
M. Kong and R. F. Davis, MKS Symp. Proc., 97 (1987)
253.

J. A. Freitas Jr.. S. G. Bishop, A. Adamiano, P. H. Klein,
H. J. Kim and R. F. Davies. MRS Symp. Proc., 46 (1985)
S81.

14

15

16

17

24
25

26

25

J. A. Freitas Jr., S. G. Bishop, J. A. Edmond, J. Ryu and
R.F.Davis, J. Appl. Phys., 61 (1987)2011.

J. A. Freitas Jr., S. G. Bishop, P. E. R. Nordquist Jr. and
M. L. Gipe, Appl. Phys. Lett., 52 (1988) 1696.

W. J. Choyke, Z. C. Feng and J. A. Powell, J. Appl. Phys.,
64(1988)3163.

J. A_ Freitas Jr. and S. G. Bishop, Appl. Phys. Leu., 55
(1989)2757.

W. J. Choyke. D. R. Hamilton and L. Patrick, Phys.
Rev., 133(1964) A1163.

J. R. Haynes, Phys. Rev. Lett., 4(1960) 361.

W.J. Choyke and L. Patnick, Phys. Rev. B, 2(1971)6.

J. A. Freitas Jr. and S. G. Bishop, MRS Symp. Proc., 162
(1990) 495.

T. P. McLean, Progress in Semiconductors, Vol. §.
Heywood, London, 1960, p. 55.

S. G. Bishop, J. A, Freitas Jr., T. A. Kennedy, W. E.
Carlos, W. J. Moore, P. E. R. Nordquist Jr. and M. L.
Gipe, in G. L. Harris and C. Y.-W. Yang (eds.). Springer
Proceedings in Physics, Vol. 34, Amorphous and Crystal-
line SiC, Springer, Berlin, 1989, p. 90.

W.J. Choyke and L. Patrick, Phys. Rev. B, 2(1970)4959.
P. J. Dean, in J. O. McCaldin and Y. G. Somarjai (eds.).
Progress in Solid State Chemistry, Vol. 8, Pergamon,
Oxford, 1973, p. ).

J. A. Freitas Jr, S. G. Bishop, P. B. Klein, P. E. R. Nord-
quist Jr. and M. L. Gipe. in M. M. Rahman, C. Y.-W. Yang
and G. L. Harris (eds.). Springer Proceedings in Physics.
Vol. 43, Amorphous and Crysialline SiC, Springer, Berlin.
1989, p. 106.

.’..3".).0'83,

.: '.J ‘\? '




Je

_
tot,

X
284084




%
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ABSTRACT

Raman scattering and photoluminescence spectroscopies have been used to characterize
polycrystalline diamond films deposited on molybdenum substrates by laminar and turbulent
premixed oxygen-acetylene flames in air. Samples deposited under laminar flame conditions
are characterized by a high degree of incorporation of nitrogen-vacancy complexes. However,
samples deposited with a turbulent flame show a significant decrease in the concentration of
these defects and a reduction of the amorphous carbon film component.

INTRODUCTION

One of the most challenging problems in diamond film research has been the growth of
high quality, monocrystalline films on a heterogencous substrate. Solution of the problem re-
Quires an improved understanding of the nucleation and growth mechanism, which in tum may
depend on the details of the deposition technique.

Combustion assisted chemical vapor deposition (CACVD) in open atmosphere has at-
tracted the atiention of many rescarch groups because the instrumental simplicity and high
growth rate (1.2). One of the basic problems with this technique, other than the polycrystal-
linity of the films, is the undesirable incorporation of nitrogen impurities during the film
deposition (3,4). Recently, Snail et al. (5) have reporied the synthetization of polycrystalline
films in a wrbulent flame with very low levels of incorporation of nitrogen impurities. These
results are very ir:portant since they allow the possibdility of the study of in situ doping.

In this work we report s companative study of polycrystalline films deposited in molyb-
denum substrates using laminar and rurbulent premixed oxygen-acetylene flames in air. Low
and high resolution room emperature Raman scatiering (RS) experiments were used to
evaluaic the film quality. Low temperature photoluminescence (PL) experiments were per-
fonned to monitor the incorporation of nitrogen and nitrogen-vacancy complexes.

EXPERIMENTAL TECHNIQUE

We have examined free-standing films deposited on molybdenum substrates by
CACVD, in the laminar and wrbulent flame regimes. The film deposition was performed in
ambient air using a commercial oxygen-acetylene brazing torch ith 1.17 mm and 1.85 mm
diameter orifice tips for laminar (1) and turbulent (S) flame conditions, respectively. High
purity oxygen (99.99%) and acetylene (99.6%) were used as source gases, with the acetylene
passing through an activated charcoal trap to remove residual acetone (6). For the samples ex-
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amined in this work the rado (Ry) of the oxygen-acetylene flow varied from 1.017 10 1.080.
The substrates were positioned in the feather about 1-2 mm from the primary flame front, and
adjusted so as to maintain a surface iemperature ~ 900°C. The substrate temperature was ad-
justed by varying the fraction of the length by which a 3/8" threaded molybdenum rod was in-
serted into a threaded hole in the water cooled copper substrate mount (2). The substrate
temperature, during the growth, was monitored with a two-color infrared pyrometer. The films
deposited under laminar flame conditions are nearly transparent in the center, degrading 10 2
gray-brown color at the edges, with crystallite size varying from sub-micron o a few microns.
Similar morphology was observed in films deposited with flames in the turbulent regime, ex-
cept for the absence of the colored rings. An observed decrease of the film growth nate under
turbulent conditions by 3 factor of two or three, may be associated with simultancous eiching
(3).

The RS measurements were carried out at room temperature. The 514.5 nm and 488.0
nm argon ion laser lines provided berween 10 and 100 mW of laser power with the laser spot
size of approximately 150-200 um. The scatiered light was dispersed by a scanning double
grating spectrometer with 85 cmn focal length and a built in spatial filter to increase the straight
light rejection. The analyzed scatiered light was detected by a8 GaAs photomultiplier tube, op-
crated in a photon counting mode.

The PL measurements were performed with the sample at 5-6 K, by means of » liquid
and/or continuous gas flow He cryostat. The sample temperature was monitored by a solid
state sensor focated in the copper sample holder, and its iemperature was stabilized by a
temperature congoller with sensitivity of $0.1 K. We have used the UV and blue (351.1 am,
457.9 nm, 476.5 nm and 488.0 nm) argon ion laser lines 10 excite the defects in our sample,
however we will present only results with the 488.0 nm (2.54 ¢ V) laser line. The light emitied
by the samples was dispersed and analyzed by the same expesimental set-up as was used for the
RS experiment.

RESULTS AND DISCUSSION

The low temperature PL spectra of two films deposited in the laminar flame regime are
presented in Fig. 1. The spectrum (a) is from a sample grown with Ry = 1.017 and substrate
temperature (T,) varying between 885 and 915°C. The spectrum (b) was obuain from a sample
grown with R¢ = 1.031 and Ty = 890°C. Both spectra are similar in regard 10 the overal! shape
of PL spectrum and the number of observed defect PL bands. Differences in the spectns in-
clude the reduction of the zero phonon line (ZPL) linewidth (reduced by 4 10 5 times), in spec-
trum (b), and the relative intensity between the Raman peaks associsted with the diamond and
the amorphous carboa (a-C) conient. The gradual increase in the spectral inteasity observed on
the high energy side of both spectra are due 10 laser Raleigh scatiering. The peak *1° at 2.46S
eV is the ZPL of the H3 center, which may be associated with a single vacancy (V) complexing
with a nitrogen (N) cluster (N-V-N7) (7). The peak “2" 21 2.375 eV is the first order TO/LO
phonon, and the first broad shoulder on its low encrgy side is the phonon associated with the a-
C film content. Two other features, clearly observed in spectrum (b), are the small peaks at
2282eV ("3")and 2.156 eV ("4"). The first feature has not been comelsted with any defect
previously observed in natural diamond, and the second feature is the $75 nm center which has
been tentatively assigned 10 3 nitrogen-vacancy complex (V-N-V7?) (7). The most imense peak
(*57) in the spectra is the ZPL at 1.946 ¢V (637 nm center) which has been assigned 10 a single
nizrogen-vacancy pair (N-V) (7.8).

Fig. 2 shows the first order low resolution Raman spectra of the same samples analyzed
on Fig. 1. High resolution measurements (bandpass ~ £0.25 cm*1), carried out on these
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Fig. 1. Photoluminescence spectra obtained at 6K from two CACVD films deposited in the
taminar flame regime. The peaks "1,3, and 4" are due 10 nirogen-vacancy complexes. The
peak “2” is the first order diamond phonon, and the peak "3" is an unidentified center. The
spectra (a) and (b) have been offset in the vertical axis.
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Fig. 2. Low resolution toom emperature (RT) Raman specoa of the two films shown in Fig. 1.
The phonons are represented as peak “2" in Fig. 1. The spectra (a) and (b) have been offset in

the vertical axis.
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samples, yield a phonon peak position at 1333.60 cm-! and full width ar half maximum
(FWHM) of 4.53 con™! in spectrum (a), and 1333.30 cm | and FWHM « 294 cm*! for the
phonon in spectrum (b), In Fig. 2, uking the phonon intensity as reference, we observe a rela-
tive reduction of the PL background and the s-C component in this films.

lated with the decrease of the s-C component in the films. This observation is consistent with
an increase in the average crystllite size (9) which yields higher quality diamond as well as
reduced gniin boundary regions, which are the likely location of the s.C deposits(10).

1333.50 cm™! and FWHM of 2.40 cm®). The agreement (within experimental error) of the
phonon peak position for films grown in the laminar and turbulent flame regimes with the type
l1a diamond suggests that the films are rather strzin free (10). The 25% phonon line broaden-
ing observed in the FWHM of our films in comparison with the type fTa diamond seems 10 be
issociated with the polycrystalline chasacter of the films, in which grain sizes vary from the
submicron level to & few microns. It needs (o be emphasized that many crysullites and inter-
grain regions are probed with the relatively large laser $pot size used in the present cxperiment,
T T 1 T T T T

2} Turbulent Flame 514.5 nm
RT ~ 40 W/cm?

Bandpass ~ 2.73 cm™!

Intensity (10*Counts/sec)
1

B

z I o | 1 b A i

0
600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm-1)

spectn (Fig. 1. and Fig. 4.)

The low emperature PL spectrum of the film analyzed in Fig. 3is presented in Fyg. 4.
This spectrum is quit different from those shown in Fig. 1, since the dominant fearure is the
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strong first order phonon peak at 2.375 eV. The defect ZPLs and side band phonons are ex-
tremely weak, and can be observed only with a high gain scale. The continuov . decrease in PL
intensity from the begin of the specorum to 2.48 eV is due w0 the laser Raleigh scattering. The
broad feature between 2.1 and 2.0 ¢V is probably due 10 the spectrometer response. The domi-
nant emission of the 637 nm center (N-V) as observed in Fig. 1, has been reduced 1o & weak
band from 1.9510 1.70 eV, in Fig 4. The regularly spaced small peaks from 1.75 10 1.4 eV are
due to interference effects in the film. It is emphasized that the strong PL background domi-
nated by intense side band phonons gencrally observed in laminar flame deposited samples, has
been replaced by a weaker, almost featureless background in the sample deposited under tur-
bulent flame conditions. The weakness of the a-C component observed in the low energy side
of the phonon in Fig. 4 is also noted.

— — T T Y T T
g 3F —b Turbulent Flame
Y 6K
g 488.0 nm
3 20 mW
O
o 2t -
e
=
wn
Z 1t 4
w
-
Z
-
o O \-)l A ] 1 —Jd
2.4 2.2 2.0 1.8 1.6 1.4
ENERGY (eV)

Fig. 4. Low temperature (6 K) photoluminescence spectrum of the CACVD film analyzed in
Fig. 3. The peak “2", the first order diamond phonon, is the singly dominant feature observed.

CONCLUDING REMARKS

Low and high resolution RS expeniments were successfully carried out on polycrystal-
line films deposited on molybdenum substrates by CACVD 10 evaluate the material quality.
Although good quality films can be deposited with laminar flames, films deposited in the tur-
bulent flame regime show very low amorphous carbon content and very small PL background.
Low temperature PL. measurements of films deposited under laminar flame conditions exhibit
the presence of strong Juminescence bands associated with nitrogen-vacancy complexes proba-
bly incorporated during the film deposition (3). PL experiments performed in samples
deposited under turbulent flame conditions reveal an extremely low level of nirogen-vacancy
complexcs. This result is extremely imporuant because low level of intrinsic impurities and
defects are basic requirements 10 achieve controlled doping.
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ABSTRACT

High quality polycrystalline diamond films bhave been
synthesized in a turbulent premixed, oxygen-acetylene flame,
using a commercial brazing torch. The quality of the films
was measured by high resolution Raman spectroscopy,
scanning and transmission electron microscopy,
hemispherical transmittance measurements in the UV, visible
and infrared, and photoluminescence spectroscopy.
Turbulence was achieved by operating the torch with a
sufficiently high Reynolds number. The presence of
turbulence was confirmed by observations of changes in the
flame shape, the characteristic sound of the flame, and
calculation of the Reynolds number.

Most combustlion processes either involve or are dependent on
turbulence. While several groups have investigated diamond growth in
faminar flames (1,2), none have examined the turbulent case. One of the
outstanding features of turbulent flames is that the rates of transfer and
mixing can be several orders of magnitude higher than in laminar flames
(3). This is due 1o the presence of eddies, which can have an effective
diffusion coeflicient which Is larger than the molecular diffusion
coefficient by one 10 two orders of magnitude, depending on the Reynoids
number (4). Consequently, the transport of molecules, heat and momentum
can be greatly enhanced in turbulent, as compared 1o laminar flow. If the
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diamond growth rate in laminar premixed flames is transport limited, then
that rate could be significanily increased by the introduction of turbulence.
Recently we have reported on the growth of high quality diamond fiims in a
turbulent, premixed, oxygen-acetylene flame (5). In this paper we provide
more details about the growth conditions and additional analyses of the
quality of the deposited diamond films.

The apparatus used in this study consisted of a commercial oxygen-
acetylene brazing torch, a gas mass flow control system, a water cooled
copper (Cu) substrate mount, and a two-color infrared (IR) pyrometer that
was used to monitor the subsirate temperature during growth (see Figure
1). The substrates consisted of ~1.5 ¢m long sections of 3/8°-16
molybdenum (Mo) threaded rod, siotted on one end and polished with silicon
carbide and diamond grit on the other. The temperature of the Mo
substrates was controlied by adjusting the penetration of the substrates
into a threaded hole in the water cooled Cu substrate mount. A more
delailed description of this experimental setup can be found elsewhere (6).
High purity oxygen (99.99%) and acetylene (99.6%) were used as source
gases, with the acetylene passed through an aclivated charcoal trap to
remove residual acetone (7). For this study the ratio (R¢) of the flow rate
of oxygen to acetylene was chosen so that a small excess acetylene feather
existed just beyond the primary flame front. The substrates were
positioned in the feather about 1-2 mm from the primary flame front (see
Fig. 1), and adjusted so as to maintain a surface temperature of ~900°C for
one hour. Photographs of flame shapes were performed with a Bausch and
Lomb StereoZoom?7 microscope and a standard polaroid attachment.

Figures 2a and 2b show photographs of premixed oxygen-acetylene
flames generated with 0.89 mm and 1.85 mm diameter orifice tips,
respectively. The oxygen/ acetylene flow ratio and the average gas
velocity at the orifice are the same for both flames. Turbulent flow can
cause a rounding and broadening of the primary flame front, as shown in
Figure 1b, and introduce a characteristic hissing sound (8). The rounding
of the flame front may be due to the rounding of the velocity profile
observed when the flow in a tube changes from laminar to turbulent. The
broadening occurs when the scale of the turbulence (i.e. the eddy diameter)
Is significantly greater than the flame front thickness (9). ([nstantaneous
micro-Schlieren photographs have revealed that the thickened flame front
seen by the eye is really the time averaged envelope of a fluctualing,
corrugated flame front (10). The Reynolds number (Re = vdp/u) of the
flow in the tube supporting the flames shown in Fig. 2a and 2b was
calculated to be 5,900, and 12,200 respectively, assuming a temperature
of 300°K and a 1:1 mixture of oxygen: acetylene. Higher gas temperatures
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could lower these Re values (due to the viscosity’s VT dependence), but the
temperature rise of the gases in the burner lip was estimated to be
negligible. The high Reynolds numbers quoted here for flow in the tube
supporting a laminar flame may be related to the observation (11) that
Bunsen burner flames can appear laminar when the gas flow in the burner
tube is turbulent.

The laminar and turbulent operational regimes (12) of a Bunsen burner
are shown as a function of the average gas velocity and the burner
diameter in Figure 3. We expect that oxygen-acetylene torches will
exhibit similar, but not identical, characteristics. Note that both the
laminar and turbulent regimes are bounded from below by the flashback
limit, and from above by the blow-off limit. These limits correspond 1o
the flame either propagating back down the burner tube or becoming
unstable and detaching from the burner tip, respectively. The blow-off
and flash back limits are defined semi-empirically in terms of two
critical velocity gradients which are expressed in terms of the quenching
distance and the average gas velocity. The quenching distance corresponds
to the tube diameter below which a flame cannot propagate, due t0 heat
losses to the walls; this sets a lower limit on the burner diameter. For
stoichiometric mixtures of oxygen and acetylens, the quenching distance
is about 0.1 mm. The laminar and turbulent regimes are separated by a
hyperbolic wedge defined by the Reynolds number values corresponding to
the 1aminar-turbulent transition at the flame front. Since these Reynolds
numbers are not defined at the flame front, the values may be higher than
the normal 2,300-3,200 values that are quoted for turbulent flow in tubes.
The velocity profile in the burner tube changes significantly when the
flow changes from laminar to turbulent, and hence the critical velocity
gradients and slope of the the blow-off and flash-back limits shown in
Fig. 3 may also change in passing through the laminar-1o0-turbulent
transition.

The first order Raman spectrum of a polycrystalline diamond film
grown at Tg = 900 °C in a premixed (Ry = 1.08), turbulent oxygen-acetylene
flame was measured at low power with a bandpass of 2.7 cm'! and is
shown in Figure 4. Note the absence of any signilicant graphite or a-C
components in the spectrum and the small luminescence background
increases with larger shifts from the excitation wavelength. A
measurement of the high resolution Raman spectrum of the same sample
was also performed. The film's diamond peak position is located at
1333.3 £ 0.2 cm-! and it's linewidth (FWHM) is 3.0 cm-!. For comparison, a
natural type IIA diamond sample was aliso analyzed; the peak position and
FWHM were found to be 1333.5 cm'! and 2.4 cm!, respectively.
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The low temperature photolumingscence spectra of the polycrystalline
sample analyzed in Figure 4 is shown in Figure 5. We have used a 488 nm
laser ling and a power of 20 mW for this measurement. Note that the
spectra exhibils no detectable vacancy and/or nitrogen refated complexes
that have been observed (12) in diamond grown in laminar oxygen-
acetylene flames. The regularly spaced small peaks from 1.4-1.7 eV are
due to Interference effects in the film. Note that the spectrum is
dominated by a strong first order Raman peak at 2.375 eV, and a broad
almost featureless luminescence band. The broad band may be due 10 the
recombination ol extended defects, as observed in natural diamond. The
features at 1.8-1.9 eV and 2.0-2.1 gV are probably due to the spectral
response of the spectrometer. A transmission electron micrograph of a
film grown under similar conditlions is shown in Figure 6a. The grain size
is 1-2 um. Twinning, although frequent, Is not as heavy as in FACVD films
which were grown and analyzed at NRL. Stacking fauits may also be
observed, as shown in Fig. 6b.

Diamond crystals grown on Si coated Mo substrates under the proper
conditions (i. e. substrate temperature, flow ratio, position in flame) in a
turbulent oxy-acetylene flame are transparent enough 1o allow one to
image the substrate through individual crystals with an optical
microscope; thin films (~10-30 um thick) grown on Mo substrates are
white and sufficiently transparent to read newsprint through. We have
been able to grow well facetted crystals at substrate temperatures of
500-1200°C, depositions outside of this range have not been ‘attempted.
The UV, visible and NIR nemispherical transmittance of 10 um thick
diamond films synthesized in a turbulent flame is high throughout the UV,
visible and NIR (5)- A sharp absorption edge Is observed at ~222nm,
indicating the absence of the defect center associated with substitutional
nitrogen (13). A slightly higher transmittance Is observed when the rough
side of the film is oriented towards the spectrophotometer's beam. This
is due to total internal reflection at the rough surface of the film (14).

The diamond growth rates observed under the conditions reported in
this paper are lower than those observed with a laminar oxygen-acetylene
flame (2.6j. In a turbulent flame, the flux of active species 1o the
growing diamond surface is expected to Increase significantly compared
to a laminar flame. Recently we have determined that the boundary layer
next to a subslrate positioned in a flame similar to that shown in Figure
2b Is laminar. Hence, the increased species flux associated with turbulent
flow may not be fully realized. The increase in quality and lower growth
rates for diamond synthesized in a turbulent flame suggests that the flux
of growth to etchant species (15) at the substrate surface has shifted in
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the direction of etching. If the entrainment of room air increases with
flow rate and/or turbulence, then additional etchant species, e.9. OH, may
be transported 1o the, substrate. A thinner boundary layer may also change
the ratio of growth to etchant species at the substrate if the lifetimes of
critical species are close the the transport time across the boundary
fayer. Finally, if the level of turbulence is sufficiently high, the flame
front can be discontinuous, leading to buming in isolated pockets and
further changes in the growth chemistry. Previous reports ol high quality
diamond growth in flames (16,17,18) did not indicate that turbulent
flames were employed, and flame shape drawings and/or experimental
parameters from these papers suggest that the flames were laminar.

-
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MASS FLOW CONTROLLERS

e e

ACTIVATED
CHy —C3 CHARCOAL TRAP L \4

Figure 1. Experimental setup showing mass flow controllers, two color
pyrometer, brazing torch and substrate mount assembly. The flame shape
and sample position are indicated in the inset.

Figure 2. Photographs of premixed oxygen-acetylens flames which are
(a) laminar and (b) turbulent. Note the rounding and broadening of the
flame front in the turbulent case, compared to the thinner conical flame
front in the laminar case.
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Figure 3. Operational regimes of premixed, single orifice torches. Note
the flashback limit, the blow-off limit, and the hyperbolic wedge
separaling the laminar and turbulent regimes.
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Figure 4. Raman spectrum of a polycrystalline diamond film grown in a
furbulent, premixed oxygen-acetylens flame at Ts = 900°C.
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Figure 5. Low temperature photoluminescence spectrum of a diamond
film grown in a turbulent oxygen-acetylene flame. Note the absence of
defect bands associated with vacancies and nitrogen related complexes.
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Figure 6. TEMSs of a diamond film grown in a turbulent flame: (a) bright
field, showing twins (b) dark field, showing stacking faults.

98

111



112



Proc. or Tie 228 Tan. SYMP. ¢

Ditmony MNamniacs

Pw e /"L q'-s
P ClhctRoem. Soe.,

(1991
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Abstract

Homosepitaxial growth of high quality, facetted
diamond crystals at rates exceeding 150 microns/hour has
been observed on millimeter sized {100} and {110} natural
diamond seed crystals, using a laminar, premixed oxygen-
acetylene flame in air. The key element in achieving such
high growth rates has been a substrate temperature in the
1150-1500°C range. Microscope and naked eye observations
show the original cylindrical shaped seed crystals growing
into polyhedral shaped crystals with identifiable {100} and
{111} faces. Examination under oplical and scanning electron
microscopes reveals terraces on the {100} faces. The
deposited diamond is clear and exhibits Raman spectra
almost identical to that of natural diamond. Laue Xray
diffraction analyses have confirmed the epitaxial nature of
the growth. The deposition temperatures and growth rates
reported are the highest ever observed for the homoepitaxial
synthesis of diamond crystals at low pressures.

Introduction
In the fall of 1988 we observed an unusual phenomena during multi-
hour diamond depositions with an oxygen-acetylane flame. Frequently,
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large (~100-350 microns) single crystals of diamond would begin to grow
on Si substrates after about 1-3 hours [1, 2]. These large crystals
typically had smooth, oriénted {100} faces, and electron channeling
measurements [3] indicated that the crystals were monocrystalline and
that the strain in the crystal lattice was indistinguishable from natural
diamond. The Raman spectra of a typical crystal exhibited a sharp 1332
cm-1 peak, no evidence of a-C or graphite, and & very low fluorescence
background. The crystals ofiten were found on pedestals which thermally
isolated them from the substrate. Capelli [4] has used an energy balance
argument to show that diamond crystals in an oxygen-acetylene flame
would equilibrate above 1200°C if thermally isolated from their .
substrate. Unreported in the- presentation of previous studies [1, 2, 3)
was the observation that during long multi-hour depositions a two color
pyrometer always registered temperatures >1250°C (the limit of the
instrument) whenever large (>100 um) single crystals appeared on the
substrate, and that the crystals themselves had a visible brightness that
was considerably brighter than the 900-1000°C substrate.

Based on these observations, we performed a series of homoepitaxial
growths in a laminar, premixed oxygen-acetylene flame at substrate
temperatures of 1150-1500°C. The results of these depositions are
described In the following sections and in an upcoming publication {S)].

Experimental Setup

The apparatus used in this study is similar to that described in
previous work [6,7). Oxygen and acetylene were metered to a commercial
brazing torch with a mass flow control system. The temperature of the
substrates was measured with a two-color pyrometer which was
insensitive to the flame's emission. The substrates consisted of 0.5 mm
thick, natural type | and type lla diamond heat sinks with circular or
square cross sections, polished on the top {100} or {110} taces, and
brazed to the ends of 1.5 cm long pieces of threaded molybdenum rod with
a Au-Ta compound. Although the braze material melted during the high
temperature depositions, no degradation in thermal contact between the
seed crystals and the Mo rod was observed during depositions up to
1500°C. Since the thermal conductivity of the seed crystals and braze
material is relatively high, the seed crystal is expected to be isothermal
and its temperature equal to or slightly greater than the Mo rod
temperature. The temperature of the seed crystals was controlled by
adjusting the penetration of the Mo rod into a water cooled Cu cylinder. A
more delailed description of these procedures can be found elsewhere [5].
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Besults

A series of growths on three <100> and one <110> oriented diamond
crystal substrales were performed at substrate temperatures of 1150,
1250, 1360, and 1500°C (+30°C), respectively. Depositions at
temperatures below 1000°C consisted of small, rectangular shaped,
oriented single crystal domains on {100} seed crystals, and rough surface
morphologies on {110} seed crystals which were similar to the results
reported by Janssen et al. [8). Growths below 1000°C on both {100} and
{110} seed crystals exhibited oriented polycrystalline growth around the
perimeter tha seed crystals (see Figure 1). A substrate temperature of at
lgast 1150-1200°C appeared necessary 10 grow a macroscopic facetted
crystal which covered the entire top surface of the seed crystal. These
results are strongly dependent on the position of the seed crystal in the
flame. Growth of macroscopic (6.g. 1.7 mm x 150 um) polyhedral
crystals from 1.5 mm diameter cylindrical seed crystals was observed in
~20-30 minutes at 1250°C on a <100> oriented crystal, and in ~10-15
minutes at 1500°C on a <110> oriented crystal. Large (~100 microns)
randomly oriented diamond crystals were also observed to grow at each
temperature on the Au-Ta braze covering the top surface of the Mo rod.

Electron micrographs of & cylindrica) (100} seed crystal before and
alter a one hour growth at 1250°C are shown in Figures 2a and 2b.
respectively. The thickness of the deposited layer was estimated with an
optical microscope equipped with a micrometer; it varied from 100-165
microns depending on position on the {100} face. The deposited material
has an octagonal shape when viewed from above (Fig 2b), with the shapes
of the side faces alternating between trapezoidal and truncated
parallelograms. These are the shapes expected around the ‘waist' of a
cubo-octahedral crystal which is truncated along & <100> axis which is
perpendicular to the plane of the waist (the plane of the waist contains
four <100> axes). The trapezoidal and truncated paraflelogram shaped
faces would thus correspond to the <111> and <100> crystallographic
directions, respectively, as shown in Figure 3.

The first order Raman spectrum of the deposited crystal side of the
1250°C sample (see Fig. 2) was measured with a low laser power (40
Wicm2), a 514.5 nm laser line, and a bandpass comparable 1o the phonon
peak's line width, and is shown in Figure 4. Note the absence of graphite
and a-C components in the spectra and the low luminescencs background.
High resolution Raman spectra were also acquired from this crystal. The
deposited crystal's diamond peak position was located at 1333.1 £ 0.2
cm-1) and it's linewidth (FWHM) was 2.6 cm*1. For comparison, we also
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measured a natural type IIA diamond; the values obtained were 1333.5
cm-1 and 2.4 cm™1, respectively.

The increase in the luminascence background observed in the Raman
spectrum at higher frequency shifts is due to a defect band which has a
zero phonon line (ZPL) at 2.155 eV, as shown in Fig. 5. The low
temperature (6K) photoluminescence spectra shown in Figure 5 was
excited with a 488 nm laser line and with a power of ~5mW. The two
strongest bands (d,e) are located at 2.155 eV and 1.946 eV, these have
been assigned (9) fo a nitrogen vacancy complex and a nitrogen-vacancy
(N-V) pair, respectively. Two weaker bands (a,f) at 2.464 eV and 1.682
eV correspond to the H3 center and a possible Si-related delect (9). A
weak band (c) that has not been assigned to any previously observed
defect was seen at 2.282 eV. The peak (b) at 2.375 eV is the 1st order

Raman peak.

The observation of the polyhedral shape of the deposited crystal
shown in Figure 2b and the quality of the deposited crystal's Raman
spectra shown in Figure 4 suggested that the growth is monocrystalline.
Laue Xray diffraction patterns of both the seed crystal and deposited
crystal sides of the 1250°C sample are shown in Figures 6a and 6b,
respectively. Analysis of these patterns confirmed that the deposited
diamond is monocrystalline with a <100> orientation which is epitaxially
oriented with respect to the {100} seed crystal. The optical transparency
of the depesited crystal is excellent (S).

At high substrate temperatures in a laminar flame, growith on the
{100} surface proceeds mainly via steps which can be many hundreds of
microns long. The period of the steps increased with the deposition
temperature [5), and ranged from 1-2 microns at 1150°C to 40-60
microns at 1360°C. The seed crystals subjected to higher deposition
temperatures had larger misorientations, which would tend to produce a
smaller initial step peridd. This suggests that the step period does
increase rapidly with temperature. Under certain conditions, continuous
growth across the top surface of the seed crystal s lost, but local well
formed domains of epitaxial growth which are 100's of microns on a side
are observed to grow at rates exceeding 200 umMr in the <100> direction.

A deposition on a cylindrical {110} seed crystal was performed at a
temperature of 1500°C. After only 15-20 minutes at this temperature,
crystal faces corresponding to the {111}, {110} and {100} directions
appeared around the perimeter of the top {110} face of the seed crystal,
givinn an octagonal shape when viewed from above [5). A very low growth
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rate in the center of the seed crystal's {110} tace was observed; the
Raman spectra of this area of the face exhibited a strong graphitic
character. The Raman spectra of the epitaxially grown faces exhibit a
diamond peak height to fluorescence background ratio of >35:1. Poorly
formed cubo-octahedral crystals were also observed 1o grow on the Au-
Ta braze material [S). This is the highest temperature ever reported for
both epitaxial and non-epitaxial diamond growth at low pressures.

Di .

in 1976 Chauhan et al. [10] reported on a study of carbon deposition
on 0-1 micron diamond powders which used methane-hydrogen gas
mixtures without activation of the gas phase. Their results showed
diamond growth at temperatures of 1140-1475°C (determined from
density measurements), and a maximum initial diamond growth rate of
<0.02 microns/hour which exponentially decayed with time. The
exponential decay of the initial rate was explained by the covering of the
diamond surface by graphitic carbon. In 1981 Spitsyn et al. reported {11)
on homoepitaxial growth studies in a controlied transport reaction (CTR)
environment. They stated, “high perfection single crystalline [diamond]
layers were obtained on the {110} face of natural diamond at 750°C... As
the temperature is increased further, the growth rate of [the)
homoepitaxial film increases ... and reaches a maximum at ~1000°C.
Further increase in temperature results in a reduction of the growth rate
and in deterioration of the structure of the diamond layers, so that HEED
analysis reveals graphite inclusions.” As far as we know, no refereed
publications reported on the homepitaxial growth of diamond above
1200°C between 1976 and 1990.

Several authors [12,13) have argued that the chemisorption states of
hydrogen on diamond surfaces [14], with their desorption peaks at
approximately 900 and 1050°C, will prevent a growing diamond surface
from maintaining its sp3 hybridization at higher temperatures. The upper
temperature limit for CVD diamond growth would then be due to the
desorption of atomic hydrogen and the subsequent reconstruction and
graphitization of the growing diamond surface. The actual hydrogen
coverage of a diamond surface in a CVD environment will depend on a
dynamic balance of the flux of hydrogen and other species from the gas
phase, as well as the abstraction and desorption kinetics on the surface.
Estima:'s of the hydrogen disassociation fraction in atmospheric
pressure oxygen-acetylene flames suggest that the hydrogen flux in a
fiame environment could be as much as an order of magnitude higher than
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in CVD reactors [S5]. Thus, the high atomic hydrogen flux in an
atmospheric pressure oxygen-acetylene flame could permit a growing
diamond surface to remain hydrogen terminated well above the hydrogen
desorption temperatures determined under UHV conditions.

A recent U.S. patent application [15] and two publications {16, 17}
reported diamond growth at temperatures above 1400°C. Scanning
electron micrographs in both publications show a columar type
morphology with square, <100> oriented diamond crystals situated on top
of the columns. The columns act to thermally isolate the large diamond
crystals from the substrate, thus generating the very high crystal
temperatures that we first observed in 1988 [1, 2, 3, 5).

The existence of a new high temperature, high rate growth regime for
the homoepitaxial synthesis of macroscopic, high quality diamond
crystals has been demonstrated by this work. Knowing that DC and RF
plasma jets can also induce a high disassociation fraction of hydrogen,
wo recently initiated a collaboration with the High Temperature
Laboratory at the University of Minnesota. The results of this work
Indicate that monocrystalline diamond can also be grown with a high
temperature epitaxy (HTE) type process in a DC triple torch reactor [18,
19). The work reported in these papers may eventually enable the growth
of relatively inexpensive, large (1-10 ci.) single crystals and boules of
diamond. Such diamond is not readily available from natural or synthetic
sources and is needed to develop diamond-on-diamond electronic devices,
heat sinks and bulk optical components.
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(a) — 3um (®) p—————q 36pum
Figure 1. Scanning electron micrographs of a) top surface of {110} type
A seed crystal after 1 hr deposition at 950°C showing rough growth

surface similar to that observed by other groups, and b) edge of same seed
after deposition showing oriented polycrystalline growth on side of seed.

@  b———o 70pm () ————i 750pm

Figure 2. Scanning electron micrographs of circular <100> oriented seed
crystal grown at 1250+30°C in a oxy-acetylene flame: a) before deposition,
and b) after deposition showing faceted growth with octagonal shape.



<111>

<100>

<110>

Figure 3. Cubo-octahedral crystal showing growth sectors observed
(gray) in deposit on {100} seed crystal shown in Fig. 2b.
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Figure 4. Raman spectrum of the diamond crystal shown in Fig. 2b. The
diamond peak position and its FWHM are 1333.1 cm*! and 2.6 cm-1.
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Figure 5. Low temperature photoluminescence spectrum of diamond
crystal shown in Fig. 2b. Note the peaks at 2.464 (a), 2.282 (c), 2.155 (d),
1.946 (e) and 1.682 (f) eV. The first order Raman peak (b) is at 2.375 eV.

(b)

Figure 6. Laue Xray diffraction pattern of a) seed crystal side of 1250°C
sample after growth, and b) deposited crystal side of same sample. Note
that the deposited layer is monocrystaliine, of <100> orientation, and
epitaxially oriented with respect to the seed crystal.
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DEPOSITION OF FLAME GROWN DIAMOND FILMS IN A
CONTROLLED ATMOSPHERE
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ABSTRACT

Polycrysialline diamond films werc syathesized both by wsing an open
aumosphere combustion flame, and glso using a combustion flame in an enclosed
chamber. By operating the pre-mixed oxy-acetylene torch in 8 chamber, we were
able to vary the stmosphere around the flame in » controlled manner and study the
effects on the diamond films. Varying the atmosphere around the flame is of
interest 10 control the incorporation of unwanted gases, such as room air, and to
oblaia finer control over the flame propentics. We repont on the propenies of films
grown in the open atmosphere and in the chamber with oxygen and argon.

Introduction

The combustion flame technique bhas been demonsirated at several laborstories
10 be a viable technique 10 obtain high quality diamond films with & high growth
rate (>100um/mr)(1-10}. 1o this paper, we repont on the growth of free standing
polycrystalline diamond films grown by the combustion process using an oxy-
scetylene torch in the open aimosphere, and in an enclosed chamber where the
environment can be controlled. Diamond growth using an oxy-acetylenc torch
occurs in the fuel rich acetylene feather just outside the primary flame front. The
torch is a premized design, where oxygen and acetylene are combined in the
mixing chamber and then burn near the prnmary flame front (inmer cone) where
temperatures can reach up 10 about 3300K([1l]. The overall combusiion reaction at

the inner cone is (12]):

CyHy +0; —~200 + M3 1)
with many reaclive intermediates (eg. H, OH, Ci.and C3H) involved in the overall
reaction. If the torch is run io & fuel rich mode., the unbumt hydrocarbons,
reactive intermedistes, CO, and H) form s region (fcather) bounded by another
flame froat caused by oxygea diffusion from the surrounding asimosphere.
Although the oxygen and acelylene gases are premixed in the torch, the outer
regions of the feather can be described as a1 diffusion flame because of the oxygen
diffusion from the atmosphere. When (he torch is operaied in the open
atmosphere, there is an ample supply of room air available for diffusion into the
flame fuily oxidizing the combustion products 10 COz snd H20 in the outer region.
Fourier 1transform infrared spectroscopy bas shown that the feather region
contains 8 large concentration of CO and the outer pan of the feather and the outer
region of the flame contsin an appreciable amoust of OH, H,0 and CO,[13). Laser-
induced fMuorescence and mass spectrometry bave shown the festher region also
contains sn appreciable amount of sitrogenfi2). This indicates that the
simospheric sir aot oaly oxidizes the combusiion products in the outer region, but
does indeed diffuse into the feather region.

Since environmental gases around the flame diffuse lato the arca of the flame
where diamond growth occurs, these chvironmenisl gases are an  important
varisble that warrants further attention.  Varying the atmosphere around the
flame is also & method of cootrolling the incorporation of unwanted dopants, such
as oitrogen, and of obiaining » finer cootrol over the flame properties. Is the
present paper, we will discuss films that were made (A) in the open stmosphere, (B)
in the enclosed chamber using srgoo as the auxilisry gas, and (C) in the enclosed
chamber using oxygen as the suxilisry gas.

Mst. Res. $oc. Symp. Proc. Vol. 242. € 1992 Materials Resssrch Society
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Experimental

All of the diamond films were synthesized using & premixed oxy-scetylene
welding torch with a mozzle diameter of 1.17 mm. The flow raes of the oxygen and
scetylene(99.6%) were controlled by mass flow coantrollers with the total flow rate
being beld constant at 7 SLM. The films were grows on molybdcaum screws that
were placed in 8 threaded hole in a water-cooled copper block. The temperature of
the screw was controlied by the depth of penctration into the copper block and was
monitored by uwsing 8 two-color pyrometer. The tempersture of the films that will
be discussed was 900°C (£20°). ln order 10 enhance the nuclestion, the surface of
the molybdenum screw was polished with 600 mesh silicon carbide followed by 1
um diamoad paste, and then ultrasonically cleaned in acetone and methanol.
Because of the large differeace in the thermal expansion of diamond and
molybdeoum, the film delaminates as the substrate cools. Al the samples discussed
in this paper were thus free sianding diamond films.

A similar apparstus to that described above was placed in an enclosed chamber
in order to control the atmosphere around the flame. Prior 10 lighting the torch,
the cbamber was evacuated 10 approximately 1 1orr and thea backfilled with the
auxiliary gas, cither argon or oxygen. An exhaust valve was opened during the
growth process. so the experiments were done st slightly above ammospheric
pressure.

Micro-Raman analysis was performed using the 514.5 am line of an argon ion
laser and a spatial resolution of less than | pm({l4]. The Raman line widith
measurcements were performed in the phololuminescence apparatus using s 488.0
am line with a3 laser spot size of about 100 um{iS]. The pbotoluminescence
experiments were carried out at 6K ia 8 Janis supervaritemp cryostat.  Scanmning
cleciron microscopy (SEM) was performed on these samples wsing a Cambridge $200
instrumeant.

RE3SULTS

Resul's are reporied on three types of samples grows im (A) the open
atmosphere, (B) the enclosed chamber using argon as the auxiliary gas, and (C) the
enclosed chamber using oxygen as the auxilisry gas. Sample A was grown wusing an
oxy-acetylene torch opersiing is the open aimosphere with an O3/CaH 3 raio of
1.04. Samplc B was grown using an oxy-scetylene torch opersting is an esclosed
chamber with an 02/C32H; natio of 1.10 and an argoe flow of 5 SLM. Sample C was
grown with an 03/C2H3 ratio of 1.03 and an oxygen flow of 7 SLM. Jus prior to
ending the growth of sample C, the auxiliary flow was changed to argon while the
sample cooled dowa to room tempersture. A founh sample was grows usiog the
same sample conditions as sample C, but whea this experiment was terminated, the
suxiliary oxygen continued to flow. Therefore, the subsiraie cooled from 900°C to
room (cmpersture (adout 2 minutcs) ia am amospbere containing 8 large
concentration of oxygen. The total flow ratc through tbe torch for all of these
samples was beld constant at 7 SLM. The growth time for cach of the samples was 6C
misutes, while the temperature of the substrate, messured with s two-colos
pyrometer, was approximately 900°C(£20°),

The crysullite morphology of tbe films can be scen in the SEM micrographs of
Figure lad. Micro-Ramaa spectrs of samples A, B, and C arc shows is Figure 2a-c.
while Figure 3a.b sbow the photoluminescence specirs of sample A and sample C.

The shape of the feather im an argon cavironmenl was very long and slender
drastically different from the rounded appesrance ia the open atmosphere. For ¢
given position in the flame, the temperature of the subsirate also appears 1o be
affected by the cavironments! gases. We have also observed that »o waler vapo
condenscs in the chamder in a0 argos atmospbere, but in aa oxyges almosphere
water is scca condensing on the walls of the chamber.
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Figure 1. Morphology of films grows in various stmospheres (a.upper left)
opco aimosphere, (b.Jower left) argon atmosphere, (c.upper right)
oxygen stmosphere (cooled in argon), and (d.lower right) oxygen
atmosphere (cooled in oxygen).

DISCUSSION

The temperature in various pans of the acetylene festher has beea shown 10 be
between 2200 and 3000K with a substrate in placef{13]. We have found thst the
temperature of the substrate in the feather is lower in an argon atmosphere, snd
can casily be varied over a 100K range by changing the enviroumental gases.
without varying the depth of peacirstion of the substrate imto the water-cooled
copper block. The lower tempersiure in an argon stmosphere is Bot unexpected,
since there is no additional oxygem 10 promote the further combustion of 1he
unburnt fuel, and thus, less heat is provided by the flame. In an argon atmosphere
where the only sovrce of oxygem is through the torch, & slightly bhigher
oxygen/scetylenc ratio was used 10 aisin similar growith as compared to an oxygen
simosphere.  The feather (s essentially starved of oxygen in an argon atmosphere
that would normaily diffuse nto the Name and burn with the excess fuel creating o
sccondary flame front.  Therefore, the feather is mot bound by this sccondary
flame front in an argon simosphere and only & small increase in the acetylene flow
rate is seeded to exiend the sleader feather severs! inches. In the opeo
simosphiere, amal! incresses in the acetylene increased the length of the feather
very gradually. Since diamond growth occurs ia this feather region, the
compusitica of the eavimnmental gases is important.

Assumiog complete elflicicat combusion, from the equation
CiH2 + 5207 200; + HO (2)
and an O3/CaH3 ratio of approximately 1, then the fNlow rate of additional oxygen in
the chambdes thoald B2 shout 32 the flow rate of CaHjy through the torch in order to
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obtsin the fully oxidized combustion products. We see cvideace of this visually, by
water condeasing on the walls of the chamber when sufficient oxygea is present.

The well crystallized [faces, typical of growih im the open atmosphere, is
shown in Figure 1a. Aa interesting festure of the film grown in argos is the
smooth (100) faces shown io Figure 1b. This is mot unexpected, since growtd caa
occur oo the (100) face one atom st a time resulting in 8 smootb face, whereas
growth oa faces such as the (111) face oftea proceeds by a step mechanism([16).
Although the smooth (100) faces is oot surprising in genmeral, it is interesting that
this is 3o clearly seen in the flame grown polycrysialline samples when there is a
decreased oxygea conteat in the environmeat.

The morphology of the sample grown in 100% oxygen and cooled primarily in
argon is shown in Figure lc. The grains are much smaller (! pm) ip the outside
region and show s micro-Raman spectra similar to 2¢. This may be related o an
increased conceontration of atomic O and OH expected in the outer region of the
flame. OH, and 10 3 lesser extent stomic O have been thought 10 be very effective
etchants of various forms of carbon[17). This is is contrast t0 the outer edge in the
atmospheric grown films where the quality of the diamond is lower possibly due to
the increased incorporation of nitrogen{14]). Ia the past, this has been attributed w
a high entrainment of room air (mostly aitrogen) in the outer part of the (lame
causing the decrcased quality of diamond in the outer region of the film([18).

Figure 1d shows the morphology of a film grown in 100% oxygen and allowed w0
cool in am oxygen ecaviconmeal., Many pits are cvideat on the graing, and we
belicve they are most likely a resutt of etching by oxygen species afier tbe flame
was cxtinguished. This indicstes that not oaly is graphitc and amorphous carboe
being ciched, but the diamond faces show signs of considerable eiching. It is
interestiag that some grains indicate preferential etching with fewer pits being
seen o the (100) face which is known to be the slowest eiched face in both mawrnd
and synthetic diamond[19).

As can be scen in the micro-Raman spectrs in Figure 22 the films grown in the
open atmosphere show 8o signs of graphilic or amorpbous carbon. The films
grown in the chamber with 100% oxygen (Figure 2¢) also indicaic bigh quality
diamond. although there may be a small amouat of amorphous carbon present in
these films. Although we have bees successful in growing diamond in an argos
atmosphere. the quality of the diamond film decreases (Figure 2b). The brosd band
cenicred around 1500cm"! is indicative of amorphous carbon, and the bsckground
Nuoresceace is also much larger, which indicates a larger aumber of defects in the
sample. It appears that the oxygen cotrainment into the feather region plays aa
important role in suppressing the formatios of amorphous carbon in the films.
The Raman line width was measured with a laser spot size of 100 um in ordesr to get
an indication of the ovenll quality of the film including intergranular regious.
The Raman full width balf maximum (FWHM), a measure of the crysialline quality,
was found t0 be 4.7 cm'! for the film grows in oxygen and slightly wider. 70 cam!,
for the film grown in argoe.

Photoluminescence specroscopy can also be used w monitor the quality of the
film by eczamining the diamond 18! order phonom line shape, snd the zero phonoa
lioe and phoooa replicas of defect bands{1S). Shows in Figure 3a.b sre the
photoluminescence specira of a film grown in the open atmospbere and with 100%
oxyges in the chambder. In Figure 3a the line &t 2.16 ¢V (d) is believed 10 be due 10 &
doudle vacancy-nitrogen complex{20]), wbile the line at 1.95 eV (e) is from @
vacancy-gitrogen pairf2]] and the line labeled(s) is a .vitrogea compies dand(20).
The band labeled b is the diamond 1! order phonon line, while b° is indicative of a
small amount of graphite present in this sample. The brosd band labeled f is due w0
the spectrometer response when this sample was measured. For the film growa ia
the cbamber (Figuredd) we sce no evideoce of the pitrogea defect bands, which
indicates that we bhave reduced the defects associated with wilroges when we
operate io the enclosed chamber and coatrol the eavironmental gases. There was
some evidence of aitroges defect bands (although still smaller in invensity thas
the open stmosphere films) in other samples that were growa in the chambder, sad
may be related to impurities in the gases used (oxygen, acetylene or argon).
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CONCLUSION

Ia this paper, we bhave demonstraied the growth of polycrystalline free standing
diamond films using a pre-mized oxy-scetyleac torch in an coclosed chamber. We
have demonstrated some of the effects that the stmosphere has not omly on the
flame, but also on the quality and the morphology of the diamood films. When the
torch is the only source of oxygen, the films show ap increased amount of
amorphous carbos prescat. When the aimospherc is primarily oxyges. the quality
of the film is much betier even to the outer edge of the film. We have also shown
the drastic cichiog, effect that is obscrved when the films are allowed to cool 10
room temperature 'in an oxygenated aumosphere.  The phololummcscence results
also indicate that there may also be s reduction ia the incorporation of nitrogen in
tbe films by controlling the atmosphere sround the flame.
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Cross-sectional microluminescence measurements for 1 2 cm 70 pm porous silicon samples
show a continuous decrease of the photoluminescence band as a function of sample depth. No
spectral shift is observed. For samples annealed at 390 °C, in addition to spectral intensity
reduction, we observe the same redshift in all luminescence spectra independent of depth. A
study of this luminescence redshift as a function of annealing temperature reveals a striking
similarity to results observed for optical band gap shrinking of a-Si:H as a function of hydrogen

loss during annealing.

Visible luminescence in silicon was first reported by
anham,! and subsequently other confirmations of this
henomenon have been published.? It has been suggested'
1at as the porosity is increased, the silicon structures de-
rease to nanometer scale dimensions, leading to a quan-
im size effect in the silicon band structure.

However, previous results have shown* that low tem-
erature heat treatments of porous 0.1 £ cm silicon (of
)% porosity) performed in an ultrahigh vacuum environ-
ient resulted in a significant hydride desorption correlated
ith redshifting of the photoluminescent (PL) peak and
gnificant decrease of the PL intensity. The mechanism
iggested to explain these results was attributed to lumi-
sscence from SiH, and polysilane chains.

In this letter, we have examined the luminescence
PL) properties of porous Si in cross section using micro
L and we have examined the redshift of the PL as a
inction of annealing. Results show no apparent shifting of
ie PL energy with depth, but significant redshifting has
ien monitored as a function of annealing, suggesting a
rdride-related luminescence process may be active in po-
s silicon.

The substrates were boron-doped 1 1 cm p-type silicon
|00) wafers. Porous 70-um-thick silicon layers (40% po-
sity) were formed by etching in 25% HF at a current
nsity of 10 mA/cm’. In the annealing experiments, the
mples were loaded into a tube furnace and annealed un-
r an argon ambient. The temperature was monitored
ing a type K thermocouple positioned next to the sam-
e. The samples were also annealed in vacuum as de-
ribed previously.* In the conventional luminescence ex-
riment, the 488 nm line of the Ar* laser and a cooled
rmanium detector were used. The spot size was roughly
0 um at a power of 250 mW, and all the PL data were
rmalized to the detector/spectrometer response by using
ungsten lamp. The overall structure of the porous silicon
fore and after these anneals was examined using scan-
ag electron microscopy (SEM), and no slgmﬁcantit Cy
ral changes were observed in these temperature- rang

The micro PL setup consisted of an Ar* laser, an

¥ Appl. Phys. Lett. 80 (26), 29 June 1892
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inverted Carl Zeiss Axiovert microscope (model 408), and
a double spectrometer {SPEX model 1404), fitted with a
GaAs photomultiplier and a photon counter system.® The
laser spot size used in this experiment was about 1.5 um,
and spectra were obtained for laser powers between 0.2 and
2.1 mW using the 488 and the 514.5 nm lines. The micro
PL spectra have also been corrected for a tungsten lamp.

Five spectra obtained as a function of sample depth
using a = 1.5 um spot size at roughly 12 um intervals are
shown in Fig. 1. Note that the PL peak energies are the
same as a function of depth into the sample, and only the
intensity of the PL decreases with increasing distance from
the top surface. This result differs from the results of Tis-
chler et al.,® who report blueshifted PL close to the sample
surface in p~ samples. However, they examined the PL as
a function of depth by etching back the porous silicon,
which may have contributed to the reported shifting. In
addition, it has been shown’ that for highly porous silicon
in the range of 1-10 Q1 cm, a blueshift close to the sample
surface occurs and is caused by significant strains in the
highly porous samples, exhibited by a curved cell structure
on the surface.

Figure 2 represents micro PL results for the same sam-
ple which was annealed at 390 °C in an argon ambient for
1 min. The PL spectra show the same behavior as the
unannealed sample (constant peak energy with depth), but
each spectrum has redshifted (to 1.67 ¢V) and the inten-
sity has decreased by a factor of 2 for ail depths. These
measurements were performed using both the 488 and the
514 nm line of the Ar laser and no differences were ob-
served in the PL spectra.

The redshifting of the PL as a function of heating un-
der an argon ambient and under vacuum was examined in
the same samples using a conventional luminescence setup,
shown in Fig. 3. At room temperature, a strong lumines-
cence is seen roughly at 1.72 eV. As the annealing temper-
ature increases, the PL redshifts significantly, by as much
as 0;32 eV at 690 *°C, at which point it almost disappears.
The results for anneals in an argon ambient and in an
ultrahi éh vacuum (10~'° Torr) were quite similar.

© 1992 American Institute of Physics 3285
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FIG. 1. Micro PL spectra taken in cross section for 1 f1 cm 70-um-thick
porous silicon sample with peak positions at 1.72 ¢V. The PL peak mea-
sured closest to the Si interface refers to material roughly 60 um from the
surface.

Figure 4 is a plot of the redshift in PL energy of the
porous silicon sample versus the annealing temperature
and the optical gap shrinking of 4-Si:H as a functlon of
annealing temperature measured by Yamasaki et al.® It is
quite apparent that for annealing in the range of 200-
690 °C, the optical band gap shrinking of the a-Si:H due to
loss of hydrogen® and our PL, peak redshifting in the same
temperature range show identical behavior.

From the above results, several points should be noted.
First, it is clear that no PL shifting occurred as a function
of depth in these samples. The redshift observed upon a
heat treatment to 390°C is the same in all the spectra
obtained as a function of depth. If vertical structural in-
homogeneities are present in these samples, resulting in
smaller particle sizes in the top layers as discussed by Tis-
chler et al.,® then one would expect a blueshifted lumines-
cence in the top regions if the sole luminescence mecha-
nism was that of quantum confinement. However, this is
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F1G. 3. PL peak as a function of 1 min anneals at various temperatures.
The sample is the same as in Fig. 1.

not the case in these samples, even after annealing. This
appears inconsistent with the quantum confinement lumi-
nescence mechanism, but it can be easily explained in
terms of a hydride/polysilane type mechanism.*

Wolford et al® reported room temperature PL from
hydrogenated amorphous silicon (a-Si:H). Their results
indicate a 5 K luminescence in the range of 1.3-2.08 eV,
blueshifting with increasing hydrogen content. The sam-
ples with the highest H content (PL at 1.7-2.0 ¢V) exhib-
ited room temperature luminescence. The presence of hy-
drogen complexes [SiH, SiH,, SiH; or (SiH;),] was
suggested to explain this luminescence. Furthermore,
tight-binding models'® show that the presence of monohy-
drides leads to new bonding states which are formed deep
within the silicon valence bands. With higher H content,
such as SiH,, even deeper states occur, expanding the gap
even more. These calculations'® have shown that a large
gap increase occurs as a function of increasing hydrogen
content, and for 30% hydrogen, the band gap increases to
1.8 eV. Thus, in the hydride model, the peak energy of the
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FIG. 2. Micro PL data in cross section after | min anneal at 390 °C of 14 7 Shift in the PL energy of the sample in Fig. 1 as a function of

sample in Fig. 1, showing a redshift of al) peaks to 1.67 eV and a drop in
overall intensity.

annealing temperature (squares) and shrinking of the optical gap of a-
Si:H as a function of heating due to hydrogen loss (iriangle); see Ref. 8.
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luminescence in porous silicon can be related to the type of
hydride present, and the intensity is a function of surface
area (number of hydrides).

The redshifting of the PL as a function of heating (and
thus hydrogen desorption) shown in Fig. 4 is continuous
and very closely resembles the shrinking of the optical gap
of a-Si:H as a function of annealing, which relates directly
to a decrease of bonded hydrogen from 28% to 8% in this
temperature range.® The loss of hydrogen in the tempera-
ture range of 200-800 *C for porous silicon has been re-
ported previously.* These results are very indicative of a
hydride-related luminescence process.

We have observed fatiguing of the PL for the 1 Q cm
sample of 90% porosity using the 488 and the 514 nm lines
of the laser, and it is very similar to results obtained in
chalcogenide glasses.!' However, the reverse behavior was
noted in a 1 £ cm sample of 40% porosity (PL peak po-
sition at 710 nm). In this case, continuous laser light ex-
posure leads to a long time (10 min) luminescence inten-
sity increase. This may indicate the presence of metastable
states similar to those seen in the chalcogenide system.'!
These results will be discussed elsewhere.

In conclusion, it has been shown that fora 1  cm 70
pm porous silicon sample, the PL peak energy is constant
as a function of depth. Upon heat treatments to 390 °C, the
whole sample exhibits a PL band redshift and intensity
drop, but the new PL peak position is independent of
depth. If the samples are inhomogeneous as a function of
depth, as has been reported,® then it is very difficult to
explain these results in terms of the quantum confinement

3297 Appi. Phys. Lett, Vol. 80, No. 26, 29 June 1992

model. Furthermore, the redshifts of the PL in porous Si
upon heating are very similar to those observed for optical
band gap shrinking of a-Si:H as a function hydrogen loss
during annealing. These results suggest that a silicon
hydride-type luminescence is active in the porous silicon

structures.
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The photoluminescence spectra of polycrystalline diamond films prepared by filament
assisted chemical vapor deposition are dominated by a defect band with a strong zero
phonon line near 1.68 €V and weak phonon replicas at lower energics. The 1.68 eV line
is blueshifted from the 1.675 eV zero phonon line associated with the neutral vacancy in
bulk diamond. The line shape and position of the 1.68 eV line are shown to depend on
substrate material (Si, Mo, Ni). The 1.68 eV emission for Ni and Mo substrates is
interpreted in terms of the stress shifted and broadened neutral vacancy emission. The
broader 1.68 eV line observed for Si substrates may indicate the additional effects of Si
absorption by the diamond films. Films prepared by an oxygen-acetylene flame
technique exhibit two additional luminescence bands with zero phonon lines at 1.95 and
2.16 eV. These lines have been tentatively assigned to nitrogen-vacancy complexes. The
temperature dependence (6 K-300 K) of the luminescence of a free-standing diamond
film, which had been deposited on a molybdenum substrate, is comparable to similar
observations reported for bulk diamond. We have also observed a strong dependence of
the PL spectra radially across a given combustion film and associated this with details of

the flame chemistry.

I. INTRODUCTION

It has recently been possible to grow relatively
thick, large area polycrystalline diamond films. In or-
der to realize potential opto-electronic applications of
these films it is essential to understand the nature of
the extrinsic and intrinsic defects in such films. One
important aspect of such studies is to relate the defect
structures to the film preparation technique and sub-
strate type. A recent report’ described defect signatures
using cathodoluminescence (CL) measurements on dia-
mond films prepared by hot-filament chemical vapor
deposition (FACVD) onto Si substrates. We report here
preliminary photoluminescence (PL) studies of dia-
mond films prepared by FACVD and an oxygen-
acetylene torch (combustion) process using Ni, Mo, as
well as Si substrates. Whenever possible, the defects in
the films are identified by comparing their Jumines-
cence spectra with well-known defect spectra in natural
diamond >

itl. EXPERIMENTAL DETAILS
A. Fiim deposition techniques

The FACVD deposition of diamond was performed
in a vertical 4.45 cm i.d. fused silica tube. A tungsten
or thenium filament was suspended 5 mm above the
substrate, which was supported on a 2.54 cm o.d.
molybdenum encased heater. The filament temperature
was maintained at 2200 + 50 °C and.the Supstrate at

. .. M . ','

875 °C. The gas flow (ca. 100 sccm of 0.5% methane in
hydrogen) was introduced at the top of the vessel and
the pressure was maintained at 40 Torr during the
course of the deposition. The chamber was pumped by
a two-stage mechanical pump and the base pressure
was 0.03 Torr.

The combustion deposition of diamond® was per-
formed in ambient air using a commercial oxygen-
acetylene brazing torch with a 0.89 mm i.d. orifice. The
gas flow rates were controlled by mass controllers, with
the total flow rate of ca. 3 sim and an oxygen/acetylene
mass flow ratio of ca. 0.95. The flame was directed
down onto a substrate supported on a water cooled cop-
per block. The substrate temperature, 800 + 100 °C,
was adjusted by varying the thermal conductivity to the
copper block.

B. Substrates

FACVD diamond was grown simultaneously on a
polycrystalline Ni disk and a Si wafer [(100), n-type]
substrate. Neither substrate had been intentionally pre-
treated (e.g., the usual diamond scratching). While
isolated crystals of diamond were observed on both sub-
strates, the density was several orders of magnitude
higher on the Ni disk compared with the Si where most
crystals seemed to be associated with unintentional
scratches. X-ray diffraction confirmed the presence of
diamond on both samples. The 1332 cm™ diamond
phonon was observed by Raman scattering on both
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samples, with the Si sample yielding a significantly
broader Raman line width (20 vs 10 cm™).

One combustion deposited sample was grown on a
portion of a Si wafer [(100), n-type] which had been in-
tentionally scratched with 6 um diamond polishing
powder and then cleaned with solvents. The deposition
time was several hours. An annular pattern of isolated
diamond crystals was observed with a low density of
crystals in the center (directly under the inner flame
cone), increasing to a maximum density 3 mm radially
outward from the center, and decreasing to a low and
eventually zero density at 5 to 6 mm from the center.

The other combustion deposited sample was grown
in air for 30 min on the end of a molybdenum screw
which had been polished with 6 um diamond powder
and then cleaned. Upon cooling to room temperature, a
continuous diamond film (ca. 15 um thick and 8 mm
diameter) delaminated from the substrate. This film
was nearly transparent in the center degrading to a
grey-brown color on the edges. The average facet size
observed on the polycrystalline films was roughly 1 um
in dimension.

C. Optical measurement technique

The PL experiments were carried out at tempera-
tures between 6 and 300 K in a Janis supervaritemp
cryostat. The temperature was measured and controlled
by a sensor located in the copper-sample holder. This
system was modified, allowing vertical positioning steps
smaller than 2 um. Most spectra were excited by either
a krypton (476.2 nm-2.6036 eV) or an argon (476.5 nm-
2.6020 eV, 457.9 nm-2.7077 €V) ion laser. The laser spot
size was approximately 50-100 um and the nominal
laser power varied between 10 and 50 mW. The excited
PL was analyzed by a single or double grating mono-
chromator and detected by a GaAs photomultiplier tube,
operated in a photon counting mode. We used colored
glass filters to reduce the laser intensity background in
the PL spectra when using the single spectrometer.

Iil. RESULTS AND DISCUSSION
A. Substrate and deposition dependence

In Fig. 1, PL spectra obtained at 6 K (using a dou-
ble spectrometer) are shown for two FACVD films
deposited on Si (top spectrum) and on Ni (bottom spec-
trum) substrates. The sample and substrate preparation
and characteristics were described in the previous sec-
tion. Both spectra are dominated by a relatively sharp
zero phonon line (ZPL) PL band, at about 1.68 ¢V (P)),
and its weak phonon replicas. The strong, broad lu-
minescence background observed in the top spectrum
has been reported by many research groups and its
origin is not yet well understood. However, its intensity
relative to the Raman peak at about 1332 cm™' de-
creases with increasing film thickness and quality.:_
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FIG. 1. Photoluminescence spectra obtained at 6 K from an
FACVD polycrystalline film deposited on Si (top spectrum) and
polycrystalline Ni (bottom spectrum) substrates. The dominant
feature is the sharp ZPL (P,) at 1.68 eV.

Figure 2 shows PL spectra of two diamond films, de-
posited by the combustion technique (oxygen-acetylene
torch) on Si and molybdenum substrates, top and bot-
tom spectra, respectively. The measurements were car-
ried out at a temperature of 6 K. The luminescence
emitted by the samples was dispersed by a single grat-
ing spectrometer and the exciting laser light was ex-
cluded by an appropriate color glass filter. The Si
substrate film consists of individual crystallites with
size varying from 10 to 200 um, while the molybdenum
substrate film is a free-standing film made up of crystal-
lites with average grain size of a few microns, as de-
scribed previously. As observed in the spectrum of

1 1 1 T L} 1 ] T 1 L
| K P~
2 476 nm
c
pe=1]
g L
8
> (@ )
177)
i 458 nm
'—
£ P,
. |
a |(b) A

i 1 1 A 1 J i | 1 —1

2.4 2.2 2.0 1.8 1.6
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FIG. 2. Photoluminescence spectra (6 K) of diamond films de-
posited by the combustion technique onto Si [spectrum (a)] and
molybdenum [spectrum (b)] substrates, respectively. Both spectra
show the 1.68 eV (P,) and 2.16 eV (P;) defect bands.
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FACVD films (Fig. 1), the 1.68 eV (P,) ZPL band and
phonon replicas are the dominant spectral features in
Fig. 2. The phonon replicas are easier to observe in
Fig. 2 than in Fig. 1 due to the better signal to noise,
resulting from the larger crystallite sizes and film uni-
formity. The new feature observed in Fig. 2 is the PL
band with the ZPL around 2.16 eV (P;) and associated
phonon replicas.

In natural and synthetic diamond the 2.16 €V cen-
ter is induced by irradiation followed by annealing. The
temperature annealing behavior of this system suggests
a divacancy as a possible structure*; however, results of
isotope studies of nitrogen doped synthetic diamond®
may imply the direct or indirect participation of nitro-
gen in this center. The 1.68 €V center, a common fea-
ture observed in PL spectra of CVD diamond films,
has been assigned to the neutral vacancy center (V°,
whose ZPL is at 1.673 €V), and which is induced in all
natural and synthetic diamond by irradiation.

A comparison of the 1.682 eV center with ° shows
that the former is blueshifted by 5 to 8 meV and has a
linewidth 4 to 10 times broader than the latter. These
characteristics may suggest that the 1.68 eV ZPL is as-
sociated with another center such as the defect with the
ZPL at 1.685 observed in homo- and hetero-epitaxial
CVD films intentionally doped with Si,’ or in Si-
implanted and annealed natural diamond.' However, it
is important to note that the 1.68 ¢V system observed
for the undoped diamond films is about 5 meV red-
shifted from the Si-center. In addition, the energy
position and linewidth of the Si-center seems to be in-
dependent of the substrate, deposition technique, or
crystallite grain size, which contrasts the behavior of
the 1.68 €V center. Clearly, careful experiments must
be carried out on well-controlled samples to achieve a
definite identification of the 1.68 eV center.

If one assumes that the 1.68 eV system is the neu-
tral vacancy, the line shift can be explained in terms of
residual stress existent in the individual crystallites,
since stress of 1 to 2 GPa parallel to (100) is enough to
induce a 6 to 7 meV blueshift.’ As a result of this resid-
ual stress (not expected to be uniaxial), the linewidth
will broaden, masking the observation of the ZPL dou-
blet character, and leading to the observed sample de-
pendent peak position.

Recently, Collins and coworke« ~orted CL and
absorption studies of microcrystals . :i polycrystalline
diamond films grown by microwave assisted CVD tech-
nique.”? The defects incorporated during the sample
growth and induced by electron irradiation in their
CVD samples were compared with centers observed in
unirradiated and electron irradiated natural diamond.
In their work they suggested that the assignment of
the 1.68 ¢V band with the neutral vacancy (GR1) is in-
correct because of the large blueshift observed in gc{npa. .
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parison with natural diamond. They also point out that
the GR1 center is completely quenched in electron ir-
radiated natural diamond which has been annealed at
900 °C, which is the substrate temperature of most
CVD techniques.

Using the same approximation described by Collins
and Robertson' in their CL studies of the 2.156 eV cen-
ter in sintered diamond, Robins and coworkers' esti-
mated a residual stress of the order of 3 GPa in their
CVD-grown films. If we assume the same order of
magnitude for the residual stress in our films, then we
can account for the width of the ZPL in our spectra. A
residual stress of about 3 GPa will be enough to cause
the broadening and line shift observed in the V° ZPL
in our films. The smaller line shift (1 or 2 meV) ob-
served in the 2.156 €V center in comparison with the V°
may be understood in terms of the complexity of this
center and its different symmetry (trigonal instead of
tetrahedral). We also would like to point out that the
procedure which creates and quenches the GR1 center
in natural diamond is quite a different process from
that observed in CVD films. In CVD films during the
deposition, impurities and vacancies are mobile and
coexist in a thermal-equilibrium phase which has not
been investigated.

In Fig. 3 we show only the ZPL at 1.68 eV with the
associated phonon replica for the various samples repre-
sented in Figs. 1 and 2. It is apparent from these data
that the ZPL linewidth for films deposited on Si sub-
strates is approximately 2.5 broader than for the films
deposited on Ni or molybdenum substrates. In addition,
the ZPL peak positions are redshifted for the Si sub-
strates. One possible explanation is that the films on Si
are stressed to a greater extent than the films on the
metal substrates. Alternatively, Si atoms can be ab-
sorbed in the diamond film which can lead to a new
defect center with slightly lower ZPL energy.”'°

B. Spatial dependence

To verify the homogeneity of the combustion films
we have carried out PL. measurements in a film de-
posited on a Si substrate with average crystallite size
varying from 50 to 200 um. Attempting to probe indi-
vidual crystallites of the film, which exhibit the typical
annular pattern of isolated diamond, we reduced the
laser spot size to about 30 um. The sample was moved
inside the dewar allowing us to probe crystallites from
the outside part to the central part of the film. Some
results are shown in Fig. 4, where the spectrum (a) was
obtained by aiming the laser beam at a crystal at the
external part of the annular film. This spectrum is
dominated by a broad luminescence band with phonon
replicas and ZPL at 1.95 €V (P;). This system is the
dominant luminescence band observed by annealing
preirradiated diamond which contains isolated substi-
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FIG. 3. Low temperature (6 K) PL spectra of the films presented

in Figs. 1 and 2. The linewidth of the 1.68 ¢V (P,) band is broader
and peak shifted to low energy for films deposited on Si substrates.

—— N

tutional nitrogen impurities. Detailed studies carried
out by Davies and Hamer' strongly suggest that the
1.95 eV system is a nitrogen-vacancy pair (N-V). By
moving the laser spot slightly toward the center of the
film we observe, as shown in spectrum (b), a new lu-
minescence band, the 2.16 eV (P;) system discussed pre-
viously. For a crystal located closer to the center of the
film we observe a sizable reduction of the 1.95 eV cen-
ter PL intensity, so the luminescence spectrum is domi-
nated by the 2.16 €V center, as shown in spectrum (c).
For crystallites at the central part of the film, repre-
sented by the spectrum (d), the luminescence spectrum
is dominated by the 2.16 eV (P,) and 1.68 €V (P,) cen-
ters. Since the combustion film is deposited in an open
atmosphere, one can expect the incorporation of nitro-
gen in this film, as observed in Fig. 4, spectra (a) and
(b), which shows the dominant presence of the 1.95 eV
center associated with the N-V pair. However, for crys-
tallites deposited more toward the center of the annu-
lar film, we observe a sizable reduction of the 1.95 eV
center, spectra (¢) and (d), suggesting that the higher
pressure in the flame at this part of the filny nyay.ex-
clude the nitrogen, reducing its incorporatidp."l’.his

A
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FIG. 4. PL spectra obtained at 6 K from an oxyacetylene film de-
posited on a Si substrate. The curves (a) to (d) were obtained by
focusing the laser into four crystallites positioned from the top
toward the center of the sample, respectively. These spectra show
the 1.68 eV (P)), 1.95 eV (P;), and 2.16 eV (P;) systems.

seems to be a plausible assumption; with a lack of nitro-
gen we can expect that the dominant defects should be
isolated vacancies and vacancy complexes, as observed
in spectra (c) and (d). This observation is in agreement
with CL studies of intentionally nitrogen-doped films
reported by Yokota ef al."

C. Temperature dependence

The temperature dependence of the PL spectra
measured for the polycrystalline, free-standing dia-
mond film, which was deposited on a molybdenum sub-
strate, is shown in Fig. 5. The measuring temperatures
for the three films were 6 K, 100 K, and 300 K for spec-
tra (a), (b), and (c), respectively. It should be noted that
the line shape and PL intensity are not changed signifi-
cantly between 6 K and 100 K. On the other hand, the
spectral features, in particular the associated phonon
replica, are very much reduced for the 300 K measure-
ment. Similar observations were reported' for natural
diamond. An accurate identification of the defect cen-
ter may require a precise determination of the phonon
sidebands. It is therefore essential that PL measure-
ments be carried out at or below 100 K.

IV. CONCLUSION

Photoluminescence measurements carried out for
polycrystalline diamond films have revealed strong
PL emissions near 1.68, 1.95, and 2.16 eV. These de-
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FIG. 5. Temperature dependence of the 1.68 ¢V (P)) and 2.16 ¢V
{P;) bands of a diamond film deposited by the combustion tech-
nique onto a molybdenum substrate. Measurement temperatures:
curves (a) 6 K, (b) 100 K, and (c) 30} K, respectively.

fects have been interpreted in terms of similar defect
lines observed for natural diamond. In particular, the
1.95 eV and 2.16 €V bands are very close to similar PL
emissions of natural diamond which are known to in-
volve nitrogen complexes, although an unambiguous
identification of the natural diamond spectra is yet to
be made. The 1.68 eV PL observed for films deposited
on Ni and Mo was interpreted in terms of a stress
shifted and broadened neutral vacancy emission. This
observation is in accord with the interpretation of the
CL measurements by Robins and coworkers.' The
broader 1.68 eV PL line observed for Si substrates,
independent of diamond film growth technique, may

r

(o]
!

indicate the contribution of the well-known Si defect
emission at 1.685 eV, which is likely induced in our
films deposited on Si due to the interdiffusion of Si into
the diamond lattice during the growth process. The
temperature dependence of the PL intensity experiment
shows a strong quenching and broadening of the ZPL
and associated phonon replicas for temperatures above
100 K, as observed in natural diamond."

ACKNOWLEDGMENTS

We thank W. A. Carrington for supplying the torch
deposited films. Helpful discussions with S.G. Bishop
are gratefully acknowledged. This work was supported
in part by the Office of Naval Research.

REFERENCES

'L.H. Robins, L.P. Cook, E. N. Farabaugh, and A. Feldman,
Phys. Rev. B 39, 13367 (1989).

’G. Davies, Chemistry and Physics of Carbon, edited by P.L.
Walker, Jr. and P. A. Thrower (M. Dekker, New York, 1977),
pp. 1-143.
3C.D. Clark, E.W.J. Mitchell, and B. ). Parsons, The Properties of
Diamond, edited by J. E. Field (Academic Press, New York, 1979),
pp. 23-71.

‘). Walker, Rep. Prog. Phys. 42, 1605 (1979).
3G. Davies, Rep. Prog. Phys. 44, 787 (1981).
°L.M. Hansen, W. A. Carrington, J. E. Butler, and K. A. Snail,
Mater. Lett. 7, 289 (1988).

'J.E. Butler, F.G. Celli, D.B. Oakes, L.M. Hansen, W. A.
Carrington, and K. A. Snail, High Temp. Mater. Chem. (in press).
*G. Davies, J. Phys. C: Solid State 12, 2551 (1979).

*V.S. Vavilov, A. A. Gippius, A. M. Zaitsev, B.V. Deryagin, B.V.
Spitsyn, and A. E. Alesenko, Sov. Phys. Semicond. 14, 1078 (1980).

"A. M. Zaitsev, V.S. Vavilov, and A. A. Gippius, Sov. Phys. Leb.
Inst. 10, 15 (1981).

"A.T. Collins, M. Kamo, and Y. Sato, J. Phys. D: Appl. Phys. 22,
1402 (1989).

2A.T. Collins, M. Kamo, and Y. Sato, in Diamond, Boron Nitride,
Silicon Carbide and Related Wide Bandgap Semiconductors, edited
by J.T. Glass, R. F. Messier, and N. Fujimori (Mater. Res. Soc.
Symp. Proc. 162, Pittsburgh, PA, 1990).

“A.T. Collins and S. H. Robertson, J. Mater. Sci. Lett. 4, 681
(1985).

“G. Davies and M. F. Hamer, Proc. R. Soc. London A 348, 285
(1976).

Y. Yokota, H. Kawarada, and A. Hiraki, in Diamond, Boron Ni-
tride, Silicon Carbide and Related Wide Bandgap Semiconductors,
edited by J.T. Glass, R. F. Messier, and N. Fujimori (Mater. Res.
Soc. Symp. Proc. 162, Pittsburgh, PA, 1990).

'%C. D. Clark and C. A. Norris, J. Phys. C: Solid State Phys. 4, 2223
(1971).

459

2508 J. Mater. Res.. Vol. 5, No."11, Nov 1990




160
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ABSTRACT

Photoluminescence spectroscopy has been used to characterize polycrystalline diamond
films prepared by filament assisted chemical deposition and by combustion (in an oxygen-
acetylene flame) techniques. The luminescence spectra of the chemical vapor deposited films are
dominated by a defect band possibly associated with a neutral vacancy with a strong zero phonon
line at 1.68 eV and weak pbonon replicas at lower energies. The combustion films exhibit two ad-
ditional luminescence bands with zero phonon lines at 1.95 and 2.16 eV. The 1.95 ¢V band has
been tentatively assi to a nitrogen-vacancy pair. We have also observed a strong dependence
of the PL. ially across a given combustion film and associated this with details of the

flame chemistry.

INTRODUCTION

The electronic, optical and mechanical properties of diamond have made this materia
unique for many technological applications. However, cost (of natural and synthetic diamond)
and difficulties in tailoring this crystal to specific applications have limited its utilization.

The recent discovery that diamond films can be deposited on nondiamond substates by &
chemical transport reaction method stimulated an international race to discover new ways of grow-
ing synthetic diamond from gases. Diamond films grown by this process are suitabic for many op-
tical and electronic applications because of the possibility of fabricating large area and

i ity controlled films. However, at the present suage, the film morphology is
ine with crystallite sizes varying from submicron 1o a few hundred microns, depending
upon the growth process, substrate type/preparation and temperature, gas mixture, and
time. Also observed are graphitic/amorphic carbon components which vary with the film prepara-
tion conditions. These film characteristics establish properties quite different from bulk diamond,
and limit the number of immediate applications.

’I:.slriue of the large volume of work recently on polycrystalline diamond films,
on!'z:‘c fraction with the investigation of the formation of intninsic and extrinsic defects
in films {1). Bulk diamond has been the subject of studies for many years, therefore there
are many relevant reviews [2,3,4] of the characterization of diamond by optical absorption,
photoluminescence (PL), photoconductivity and cathodoluminescence (CL). These earlier studies
provide a baseline for the characterization of polycrystalline diamond.

We report here a preliminary PL investigation of radiative defects in talline
diamond films prepared by filament assisted chemical vapor deposition (FA ) and combustion
deposition (oxygen-scetylene torch) processes. Whenever possible, the defects in the films are
mﬂﬁﬁﬂ g their luminescence spectra with well known defect spectra in natural

EXPERIMENTAL TECHNIQUE
We have examined filtns deposited on different substrates by FACVD and combustion
. mFACVdelidonofdiamondwpufamedinnuﬁaNAScde.ﬁmd
silica tube. A tungswen or rhenium filament was suspended § mm above the substrate, which was
supported on a 2.54 cm 0.d. molybdenum encased heawer. The filament temperature was

Mat. Res. Soc. Symp. Proc. Vol. 162, 1990 Matertais Research Society

16!



162



maintained at 2200+50°C and the substrate at 875°C. The gas flow (ca. 100 scem of 0.5%
methane in hydrogen) was introduced at the top of the vessel and the pressure was maintained at
40 torr during the course of the deposition. The chamber was pumped by a two stage mechanical
pump and the base pressure was 0.03 torr.

The combustion deposition of diamond (6] was performed in ambient air using a commer-
cial oxygen-acetylene brazing térch with a 0.89 mm id. orifice. The gas flow rates were control-
led by mass controllers, with the total flow rate of ca. 3 slm and an oxygen/acetylene mass flow
nnoofca.095 The flame was directed down onto a substrate supported on a water cooled cop-
per block. The substrate temperature, 800t100°C, was adjusted by varying the thermal con-
ductivity to the copper block.

FACVD diamond was grown simultaneously oa a polycrystalline Ni disk and a Si wafer
«wo). n-type) substrate. Neither substrate had been intentionally pretreated (e.g. the usual

. While isolated crystals of diamond were oa both substrates, the
&nntywuse a’denofmngmmdehgheronmemdukcomplndmdnhe&whuemon
crystals seemed to be associated with unintentional . X-ray diffraction confinned the

ptesenoeo(‘dumondonbodl les. The 1332 cm dnmondphomnwobmedbykmn
scmen.ngonliod:m qumphywldmglngmﬁcmd broader Raman line width
(20 vs 10 cm°?). AslntplSSOcm band of graphite was also observed on the Ni disk.

ted sample was grown on a portion of a Si wafer ((100), n-type)
whlchhadbeeumuoon‘:rm with 6 um polishing powder and thea cleaned
with solvents. The uoaumemsevualhum An annular pattern of isolated diamond

aymkmobsavedwuhnbwdensuyduymhmthemu(dmalymmeinmﬂm
cone), increasing to a maximum density 3 mm mexdﬁnmlhem.mddeuumgw
llowmdevenmllymdenntnySw6mfmm

The other combustion deposited le was grown in air for 30 mibutes on the end of &
molybdenummwwhxbhndbeenpohﬂmthéumdnmndpowdundtbencw Upon
cooling to room temperature, a continuous diamond film (ca. 15 pm thick and 8 mm dia.)
delaminated from the substrate. This film was nearly mspuemindneenudeyﬁngnap -
brown color on the edges. mawngefmmobsuwdon polycrystlline films .l
Iy 1 pm in dimeasion.

The PL experiments were carried cut at temperature between 6 and 300 K in a Janis super-
varitemp cryostat. The temperature was measured and controtied by a seasor located in the
copper-sample holder. This system was modified allowing vertical steps smaller than
2um. Most were excited by either a krypton (476.2 am - 2. V)aulrgun(ﬂ&s
am - 2.6020 eV, 457.9 nm - 2.7077 ¢V) ion laser. The laser size was
nmmddxemmlhmpowvuwdhemlmo”m The excited PL was
nnpg:mdouble m&mmummwammmm m

RESULTS AND DISCUSSION
In Fig. 1, PL spectra obtained at 6K (using a double spectrometer) are shown for two
FACVDﬁlnudeposmdonSn(wp )mfonNi (bottom spectrum) substrates. The
umpkmm:mpnnn characteristics were described in the previous section. Both
byuelauvely:lmp mm)n.una.mbomsaev and
inmk replicas. The strong broad 1 observed in m:
trum has mwdbymymchmnﬁhmpn notyunllnndumd.

ever, its intensity relative to the Raman peak at about 1332 cm"! decreases with increasing film
thickness and quality (7).

Fig. 2 shows PL spectra of two diamond films, deposited by the combustion
(oxygen-.cuylme torch) on Si and molybdenum substrates, top and botom spectra vely.
The measurements were carried out at a temperature of 6K. The luminesceace emitted by the
samples was dispersed by a single grating spectrometer and the exciting laser light was excluded
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Fig. 1. Photoluminescence spectra obtained at 6K from FACVD polycrystalline film deposited on

Si (1op spectrum) and polycrystalline Ni (bottom spectrum) substrases. The dominant feature is
the sharp ZPL at ahourl,zs eV.
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Fig. 2. Low temperature (6K) photoluminescence spectra of two diamond films deposited by com-
busﬁmmhniqumsnndmolybdenummma.wpuﬁbonommin%ﬁvd. "
citing laser wavelenght is indicated with the spectrum. Both spectra the and associated
phonoa replicas of the 1.68 eV and 2.16 ¢V defect bands. .
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by an appropiated color filier. The Si substrate film consists of individual crystallites with
fze varyin o';fmm!mo jm, while the molybdenum substrate film is a free-standing film
made up of crystallites with avarage grain size of a few microns as described ly Asob-
served In d\especuumofFACVDﬁlm(ﬁ;.l).lhelﬁleVZPLbundwmu
lhedoumun t spectral features in Fig. 2. The replicas are easier 10 observe in ;Zdnn
in Fig. 1 due to the beter signal 10 noisc, resulting from the larger crystallite sizes or film
nmfcnmty Thencwfumobmedmﬁ; 2, is the PL band with the ZPL around 2.16 ¢V and
associated phonon replicas.

In natural and synthetic diamonds the 2.16 ¢V center is induced by irndiation followed by

annealing. The temperature annealing behavior of this sysem a divacancy as a possible
nrncnnm howmmmndwopemdmmm synthetic diamond [8] may imp-
ly the direct or indirect pam?x menmthucenu The 1.68 eV center, a common fea-
ture observed in PL films, has been assigned to the neutral vacancy cea-

ter (V°, mmunlﬂhV).MwhxchumdneedmmmnnﬂMmmencdumondby

A comparison of the 1.68 eV center with V®, shows that the former is blue shi®fted by S to
8 me v and has a linewidth 4 to 10 times broader than the laer. These characteristics may suggest
mwl&eVMuumhdm&mhuddmmuhhhmwuthPLn
l6850bservedmhomo-andhem-emumlCVDﬁlmsmmmllydopedmdnSn[9].ame~
implanted and annealed natural diamond (10}, However, it is important 10 note that the 1.68 eV
muMs?evmmm%us:mu.wumqmdmmmm&h
ter scems to be independent subwm.deposmonechmque crystallite grain
which contrast the behavior of the 1.68 eV center. Clearly care mbeelmedout
mnnmmhdmmmnchnnadeﬁmwmnuﬁumdm 68 eV ceaeer.

Kmmmstle%eVsymmmheneuuﬂvmy the lineshift can be ex-
plained in terms of residual stress existent in the individual tes, since stress of 1 t0 2 GPa
puﬂlelm<1m>um;haomducu6n1mevuue:hm 3). Asuemlwfmmmdulm:s
(not expected 1o be uniaxial), the fine width will broaden, masking the observation of
doublet character, and leading 10 the observed sample dependent peak position.

Using the same aproximation described by Collins nndkoham[ll]mtherd.m
dmllﬁeVmummwmmwm[ ] estimated a residual stress
of the ordet of 3 GPa in their CVD-grown films. If we assume the samc arder of magnitude for
the residual stress in our films thea we can account for the width of the ZPL in our
mwmdm30hﬁnumuwmmwmw in the
V° ZPL in our films. The smaller lineshift (1 or 2 meV) observed in the 2.156 ¢V center in com-
parison with the V® may be understood in terms of the complexity of this center and ity different

(mgomlinsudofnnhednl)

Tovuifymebomgendudhmbumﬁlmuhwanwdmmmu
in a film deposited on a Si substrate with s from 0w 200 um. At-
mngbpmbeindividml ulhmof whnhexhihu typical annular pattern of

isolated diamond, we tg:nmwwaounmnmlem moved inside
thcdemn!lovinp?{obeaymmm the outside part 10 the bottom part of the film. Some
results are shown

In 3, the spectrum &) was obtained by aiming the laser beam st 8 the external
pmonheﬁufnulnﬁlm.m mudm:yluby'hudlmm th phonon
replicas and ZPL at 1.95 eV. mhudommtefealmmhnd observed by
anncaling pte-imdmeddnmnd cootains isolased substitutional ni
Detailed studies carried out by Davies and Hamer [12] surongly suggest that the 1 eVuymmh

8 nitrogen-vacancy pair (N- Bymuhhuwmﬂywbunudumnm
obmve.nshowin b).nnew luminescence band, the 2.16 eV discussed

viously. m‘:MbdnmudhﬂnnMam mon?u
195¢ eanu intensity, wmelmmwmbmbyhelwwmu

shown in spectrum c). For crystallites at the central part of the film, teelunnd zmn
d),thelumnucene:mm mu&?musevmme cenmlmm
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Fig. 3. PL spectra obtained st 6K from an oxyacetylene film deposited oo a Si substrate. The
curves 3) to d) were obtained by focusing the laser into four crystallites positioned from the top
%wudmecemuonhesunple respectively. These spectra show the 1.68¢V, 1.95 eV and 2.16
eV syswems.

combustion film is deposited in an open atmosphere, one can expect the incorporation of nitrogen
inthismm.uobsavedinwl:x‘i.B.Wa)u\db).whichsbommedonﬁmmmmoﬁhe
1.95 eV center associated with the N-V pair. However for crystallites deposited more toward the
center of the annular film, we observe a sizable reduction of the 1.95 eV center, spectrum ¢) and
d).suueuin;Mﬂlehighupmsminnnﬂnmeud\hmmﬁlmmymluam
nitrogen, reducing its incorporation. This secms 10 be a plausible assumption, with a lack of
nitrogen we can expect that the dominant defects should be isolated vacancies and vacancy com-
plexes, as in spectra ¢) and d).

OONCLUDING REMARKS

PL experiments carried out on FACVD and combustion deposited films exhibit the
presence of luminescence bands associated with defects probably originating from mobile vacan-
cies created during the film deposition. In situations where the nitrogen was expected to be pres-
ent we observe the formation of N-V pairs, howeve, the isolated vacancy and vacancy complexes
are the most common centers observed in our films, The lincshape and linewidth observed in the
ZPL of the defect bands suggested a residual stress of 2 to 3 GPa in the individual crysullites, in
aggrement with Robins and coworkers (1]. Our temperature dependence of the PL intensity ex-
periment show a wm&)&mmhing and broadening of the ZPL and associated phonon replicas, for
temperatures above | as observed in natural dismond {13].
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