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I Under contract N00014-90-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 Nd• and Fe2 +, 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 (Fe3y concentration measured by electron paramagnetic resonan, e) 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.

rime-resolved PL studies of Fe3+-doped fluorozirconate glasses revealed evidence of the charge-transfer
mechanism in the relaxation processes. Although the Fe3+ -- Fe2+ charge-transfer process is one plausible
possibility, the charge-transfer between iron and other impurities, like oxygen, cannot be ruled out. To verify3 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 I 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
earths 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 ZrF4-based glasses.

Room- and low-temperature electron paramagnetic resonance experiments carried out in ZrF4-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 Fes* 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 5 I im. Figure
I shows the schematic view of the Micro-PL/RS spectrometer. Some accomplishments achieved with this
spectrometer include:

(1) 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.

(2) 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 (2ZrF4 •

BaF2) and the 'notched rod' crystal is NaF. (cx-HfF 4 • ZrF4 BaF4). SFA also identified a hexagonal mi-
cro-inclusion in a particular fiber core as a LaF 3 crystal by comparison with micro-Raman measurements
of a LaF3 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.

(3) Cross-sectional microluminescence measurements for 1 Q cm 70 gxm 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 3900C, in addition to spectral intensity reduction, the same redsh;.ft
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 1150-14000C range. Microscope and naked eye observations revealed the orig-
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I inal cylindrical-shaped seed crystals growing into polyhedral-shaped crystals with identifiable (100)
and ( I I 1 faces. Examination under optical and scanning electron microscopes revealed terraces on the
1100) 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 I 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 I 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- 1 peak which is indistinguishable from natural type Ila 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 to 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-

i gon.

16 TurbulentFlame- 5145nm

Diamond Ila ....... 4OWicm 2

SRoom Temperature" B12 andpass -0.2 cm"

0

,,

oc 4

01
1310 1320 1330 1340 1350 1360

Raman Shitl (cm-1)

Figure 2. High-resolution Raman spectrum of a
homoepltaxial diamond film grown on a {100} type lia

seed with a turbulent, oxygen-acetylene flame. (---)
the deposited crystal, and ( ........ ) a natural type HIa
diamond.

I
| 003



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. This line 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- 1. 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 (P3-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 0C. The silicon layer was then carbonized while being heated to 1360 0C. The P3-SiC layer is grown

I ! !~ I I
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Figure 3. Photolumlnescence spectra obtained at 6K from two
CACVD films deposited In the Laminar flame regime. The peaks,
"1, 3, and 4" are due to nltrogen-vacancy complexes. The peak "2"
Is the first order diamond phonon, and the peak "3" Is an unidentl-
fled center. The spectra (a) and (b) have been offset in the vertical
axis.
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Figure 4. Low-temperature photoluminesconce 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.

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

The f[-SiC films were characterized by IR reflectance spectroscopy, optical microscopy, and electron
microscopy. Typical films are 7 gm 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 t3-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.

I
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MICRO-RAMAN STUDIES OF FLUORIDE GLASS OPTICAL FIBERS

J.A. Freitas, Jr. (b), P.C. Pureza, I.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 spectra 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 ,-2ZrF4.BaF 2) and NaF-(a- or fý-HfF 4.ZrF4 -BaF 2).

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
of the internal flaws that contribute significantly to the reduction in the strength of the optical
fibers [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 AIF 3 [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 ZrO2 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

008



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 [41 have named this a "caterpillar crys-
tal", and their STEM and EDS experiments suggest that the caterpillar crystals are dominated by
13-ZrF 4 ,BaF 2 and 03-2ZrF 4 .BaF2 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-
pie spectrometer fitted with an EG&G model 1460 Optical Multichannel Analizer (OMA). The
laser light is focused on the sample by a l0x,20x or 80x objective lens. The 80x objective gives
a laser spot size of I gim and a spatial resolution of approximately I pim. An attenuated laser
spot was used to 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 l0x 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 (Ej) parallel to the length
of the "dark leaf shape" located in the center of the crystal (i.e. Ei perpendicular to the crystal
length). The spectrum 3b was acquired with Ei perpendicular to the length of the "dark leaf'
(i.e. Ei parallel to the crystal length).

Despite the similarity of most features present in spectra 3a and 3b, there am some rela-
tive intensity variations between them. The peaks between 120 and 220 cm-1 are stronger in
spectrum 3a than 3b. The feature at 284 cm- , 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, vs) around 600 cm-1. An examination of this band, indi-
cates line structures approximately at 564, 587, 610 and 645 cm-. The spectra in Fig. 3 are
quite different from the Raman spectra of the crystalline a- and P-BaZrF6 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 BaF2/ZrF4 = 33/67 (i.e.
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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.

50 Pm

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.

50 010
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a)

Fig. 3. Micro-Raman spectra of the caterpillar
crystal. The spectra 3a and 3b was measured
with Ei perpendicular and parallel to the

* b) i lenght of the the crystai,respectively.
b)E

I I i I I I

80 600 400 200
Ranan Shift (cm-I)

2ZrF4 .BaF2 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.(cr- or ft-2ZrF4.BaF2) 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 Ei parallel and
perpendicular to the crystal length, respectively.

The spectra 4a and 4b are quite similar, except for the sharp peak at 185 cm-I and the in-
tense peak at 266 cm-1 . 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 caterpillar crystal spectra (Fig. 4). Another interesting observation is
that the strong peak at 616 cm-I (v ) is much sharper than the "broad peak" at about 600 cm-r
observed in the caterpillar crystal (ig. 4). A high frequency band with broad linewidth (multi-
ple vs peaks), as reported by Kawamoto [91, it is only observed in the zirconium-rich fluorozir-
conate crystalline phase, while high frequency sharp bands (single Vs) are always detected in
barium fluorozirconates with molar ratio of one (BaF2/ZrF4 =l), i.e. cx- and f-ZrBaF6 , as pub-
lished by Kawamoto and Sakaguchi [8]. Therefore, the observation of a sharp band at 616 cm-I
suggests the absence of Zr-rich phase in the notched rod crystal.

,0 011
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Micro-Raman spectroscopy has been successfully used to identify crystalline inclusions in bulk fluoride glasses and optical
fibers. The crystalline phases NaF.(2ZrF4 -BaF 2 ) and NaF.(HfF4 .ZrF4 .BaF2 ) were identified in ZBLAN and HZBLAN
glasses, respectively. Also, LaF 3 micro-crystallite inclusions were unambiguously identified in the core of a particular optical
fiber.

1. Introduction ever micro-Raman scattering has been recently
used to systematically identify micro-crystallites

To date, the attenuation of ZrF4-based glass and bubbles in heavy-metal fluoride based bulk
optical fibers still exceeds the theoretical mini- glasses and fibers [8,9].
mum value by several orders of magnitude [1]. In the present work, we report micro-Raman
This is primarily due to extrinsic scattering cen- studies of microcrystalline inclusions observed in
ters which also contribute significantly to the the ZBLAN/HZBLAN glass system used to make
reduction in the strength of the optical fibers [2]. preforms and fibers. The Raman spectra of these

Techniques such as differential thermal analy- inclusions are compared with Raman spectra of
sis (DTA) and/or differential scanning calorime- various parent fluoride crystals to identify their
try (DSC) in combination with optical microscopy composition and structure. A comparison be-
and/or tomography, scanning electron mi- tween Raman spectroscopy results and conven-
croscopy (SEM), X-ray diffraction, scanning tional SEM/EDAX analyses is presented in an
transmission electron microscopy (STEM), se- attempt to obtain details on crystallite composi-
lected area electron diffraction (SAED) and en- tion.
ergy dispersive analysis of X-rays (EDAX) are
commonly employed to characterize the glasses
and identify micro-inclusions [3-61 which appear 2. Experimental
during the different steps of fiber fabrication.
Recently Tick et al. [7) have used a hot stage The composition of the bulk glasses and fibers
optical microscope to study in situ nucleation and studied in the present work, as well as their
growth of crystallites in fluoride glass melts. Al- preparation, are described in refs. [3] and [10].
though many sub-micrometer and micrometer- One of the glasses was prepared with commer-
sized particles and crystallites have been identi- cially available materials, without further purifi-
fied [3-61, many scattering centers still remain cation procedure, and heat treated to induce
unresolved. crystallization. The crystallites were selected with

The use of Raman scattering, which is well a polarized optical microscope.
established by its simplicity and generality as a Although micro-Raman experiments can be
spectroscopic technique, has been sparse. How- performed in the sample without any special

0022-3093/92/$05.00 C 1992 - Elsevier Science Publishers B.V. All rights reserved
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preparation, the spectra quality can be improved photolumin. ,cence experiments. However, the
considerably if on- reduces the glass Raman scat- scanning feature slows down the data acquisition
tering background. This can be achieved by re- .,me significantly. In both systems, an attenuated
ducing the thickness of the glass layer above the l.iser spot was used to aim the laser beam in
crystallite to be studied. In case of inclusions in selected areas of the crystals. The procedure was
the bulk glasses, the position of the crystallite was observed using a monitor screen via the vidicon
marked with a diamond scribe, and the glass was camera or directly through the eye piece. The
ground until the crystal was only a few microme- partially polarized measurements were carried out
ters below the glass surface. If the micro-crystal' by changing the sample orientation under the
was present inside the fiber, the fiber was aligned microscope objective and by having an analyzer
under the microscope, keeping the 'rystallite and polarization scrambler in the spectrometer
largest later ' face parallel to the poh :g plane. entrance slit. Polarization lependent spectral

We ha%, used two micro-Raman '-,iectrome- variations were used to ic tify different crys-
ters in this investigatior The first one comprises talline phases. The 514.5 nn. laser line was usu-
an argon ion laser, an Olympus model BH-2 ally used and the power at the sample was typi-
optical microscope and a Spex triplemate model cally 4 to 8 mW. The Raman spectra of the
1877A with a 0.6 m triple spectrometer fitted micro-crystallites always showed the background
with a EG&G model 1460 optical multichannel Raman spectra due to the glass. This background
analyzer (OMA). In this case, a laser spot size of was corrected by subtracting a normalized Ra-
I p.m and a spatial resolution of approximately man spectrum from a nearby region without any
I pa.m was achieved. The second micro-Raman crystallites. The normalization factor was such
spectrometer was constituted of an argon ion that the glass peak intensity at 580 cm-' was
laser, a Zeiss Axiovert model 405 M inverted minimized.
optical microscope, and a Spex 0.85 m scanning The EDAX spectra of the glasses and crystals
double spec: meter model 1404 fitted with a were performed at MacCrone Associates, Inc.
GaAs phott :iplier and a photon counter. For Typically, the crystals were isolated using an opti-
this system, ;.:I laser spot size was < 3 p.m. The cal microscope and subsequently extracted from
first system has the advantage of fast data acqui- th. lass by grinding the glass away. Sections 1-2
sition, but lacks scanning capability and has a jLn Ahick were mounted on Cu grids and then
limited spectral resolution. The second spectrom- placed in the STFII. The samples were irradi-
eter is characterized by its high resolution and ated by high enerE., lectrons and the X-ray en-
scanning capability, which allows one to perform ergy emitted was analyzed. The X-ray energy is

L ... V . 12. 2 ... 0

Fig. I. EDAX spectrum of the 'caterpillar' micro-crystal.
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Caterpillar" crysal spectrum of the crystal. The unlabeled peak is
due to the copper grid. Therefore EDAX sug-

Ca)e 1 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'
•[I 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
E length, respectively. The peaks observed between

S120 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 i of the 255 cm-' peak intensity.
800 66o 40000 200 Although the peaks around 400 cm - are present

Raman Shift (cm-1) in both spectra, they are about twice as intense in
Fig. 2. Micro-Raman spectra of the 'caterpillar' crystallite, spectrum (a). The dominant feature in both spec-
The spectra (a) and (b) were measured with the incoming tra is the stretching vibration modes around 600
laser polarization. e,. parallel and perpendicular to the crystal

length, 1, respectively. cm- 1. A close look of this band suggested struc-
tures around 564, 587, 610 and 645 cm-1.

characteristic of a given element. The sensitivity Figure 3 shows the EDAX spectrum of the
is approximately 0.5 wt%. '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

3. Results the EDAX spectrum of the crystal. Hence. we
conclude that the crystal must contain the follow-

Figure 1 shows the EDAX spectrum of the ing fluorides: Hf, Zr, Ba, Na. Again, the actual
"caterpillar' crystal described in ref. [8]. Note, the crystalline phase cannot be determined solely
presence of Zr. Ba and traces of Na in the from EDAX spectra.

H
F

F ig V3SD 256 f ta
Fig. 3. EDAX spectrum of ihe 'notched rod' micro-crystal.
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"notched rod" crystal

(a e

C C

C(b)eIjlc

E

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

8 60 0cross-section of the micro-crystal.800 60W 400 200

Raman Shift (cm-I)
Fig. 4. Micro-Raman spectra of the 'notched rod' crystallite.
The spectra (a) and (b) were obtained with the incoming laser LaF 3 micro-crystal, respectively. The micro-crystal
polarization, ej, parallel and perpendicular to the crystal inclusion Raman spectrum was measured with

length, I, respectively, the laser spot incident on the hexagonal crystal

face. The micro-crystal LaF 3 Raman measure-

The micro-Raman spectra of the 'notched rod' ment was performed for different crystal orienta-
micro-crystal is represented in fig. 4. The spectra tions with respect to the incoming polarization
(a) and (b) were obtained with the incoming laser laser beam. The excellent agreement between
polarization parallel and perpendicular to the Spectra (a) and (b) erase any doubt about the
crystal length, respectively. Except for the small identification of the fiber micro-inclusion to be a
peak at 185 cm-1 and the intense peak at 266 LaF3 crystal. This result shows that identification
cm-', the spectra (a) and (b) are quite similar. of any crystallite by Ramin scattering will be

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 t~m. 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 2ZrF4 BaF 2 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 positions 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. 100 200 300 400 500 600

Figure 6 shows the micro-Raman measure- Raman Shift (cm')
ments of (a) a hexagonal shaped micro-crystal Fig. 6. Micro-Raman spectra of (a) a hexagonal shape micro-
inclusion in a fiber core and (b) a commercial crystal in the fiber core and (b) a commercial LaFj crystal.
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extremely precise if one has good quality refer- that the 'notched rod' crystal it is not associated
ence crystals. with the Zr-rich phase (2ZB). Micro-Raman mea-

surements carried out on commercially available
polycrystalline HfF4 and ZrF4 show relative shifts

4. Discussion of some vibrational bands towards lower fre-
quency Raman shift. This behavior can be easily

The data shown in figs. 1-4 allow a tentative understood if we take into consideration the iso-
identification of the two distinctly shaped struc- morphism between HfF4 and ZrF4 [13] and the
tural defects. The 'caterpillar' spectra shown in large difference in mass. For crystallites grown in
fig. 2 are dominated by the stretching vibration the HZBLAN glass host, one can expect that the
modes near 600 cm-' and four sets of peaks in Zr atoms may be partially replaced by the hea~ier
the range from 120 to 500 cm-'. These spectra Hf atoms, resulting in shifts of vibrational bands
are different from spectra reported in the litera- toward lower Raman shifts. This may explain the
ture for a- and )9-BaZrF6 [11]. However, these significant lack of intensity observed in the spec-
spectra show many similarities to the spectrum of tra (a) and (b) in the spectral range between 350
a polycrystalline barium fluorozirconate sample and 600 cm' in comparison with reported a-
with composition BaF 2/ZrF 4 = 33/67 reported by and )3-ZrBaF6 spectra (111. The higher peak posi-
Kawamoto [12]. This observation suggests that tion observed in our measurements for the
the caterpillar crystal is possibly the zirconium stretching mode may be also associated with the
rich-fluorozirconate crystal phase 2ZrF4 " BaF 2  incorporation of Hf, which is expected to increase
(2ZB). Since this crystallite was observed in the the degree of bridging of the [Hf-Zr]F, complex
glass which has Na(ZBLAN) as a second modi- and/or change in nature of the complex [14].
fier, in addition to Ba. one can expect the partici- Again, we point out that Na is a second modifier
pation of this element in the crystalline structure. in our glass system, therefore peak positions and
This may account for the extra features (the lineshape variations may be expected in compari-
peaks at 255 and 480 cm-), energy shifts and son with non-Na-containing systems. Based on
lineshape broadening observed in our spectra in our EDAX results and the similarity of the mi-
comparison with reported data '11,12]. Note that cro-Raman spectra with the Raman spectrum re-
this observation is in agreement with our EDAX ported by Kawamoto et al. [11], we suggest that
measurements (fig. 1). which detect the presence the 'notched rod' crystal is the a-HfF4 • ZrF4
of Na in this crystallite. A more precise crys- BaF, phase.
talline structure and composition identification is
not possible based on the limited information
available, since we do not know the dominant 5. Summary
crystallographic phase, orientation and light po-
larization in Kawamoto's work [11,12]. We have used micro-Raman scattering to iden-

The micro-Raman spectrum of the 'notched' tify microcrystalline inclusions in the ZBLAN/
crystal is shown in fig. 4. In this micro-crystal the HZBLAN glass system. Our experimental results
stretching vibration mode is observed at 616 cm-1. combined with EDAX data in the same crystal-
The linewidth of the 616 cm-1 band it is much lites and Raman scattering spectra of parent
smaller than the linewidth of the 600 cm-' band polycrystals reported in the literature suggest that
observed in the 'caterpillar crystal' (fig. 2). Broad the 'caterpillar' crystal is NaF. (2ZrF, •BaF,) and
high frequency bands. as discussed previously, are the 'notched rod' crystal is NaF . (a-HfF, - ZrF, -
associated with the Zr-rich phase [12], while sharp BaF4 ). We have also identified a hexagonal mi-
high frequency bands are in general observed in cro-inclusion in a particular fiber core as a LaF.,
barium fluorozirconates with molar ratio close to crystal by comparison with micro-Raman mea-
one (BaF 2 /ZrF 4 = 1), i.e., a- and P3-ZrBaF6 , as surements of a LaF3 single crystal. These latter
reported in ref. [111. Therefore, one can assume results show that micro-Raman can unambigu-
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ously identify microcrystalline inclusions if high 16] F. Gan, Q. Chen and R. Lee, Mater. Sci. Forum 32&33
quality reference crystals are available for spec- (1988) 237.

tral comparison. [7] P.A. Tick, K.E. Lu, S. Mitachi. T. Kanamori and S.
Takahashi, these Proceedings, p. 275.

[8] J.A. Freitas Jr., P.C. Pureza, I.D. Aggarwal and U. Strom,
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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
grating monochromator and a xenon lamp as a tunable source of excitation. For undoped., n-type
Rum 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 absorion 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 measurements 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 to 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 to 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 apparetly a
photoneutralization of the compensated (positively charged) nitrogen donors.

1. Introduction

The successful epitaxial growth ( 1-41 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 15-10) 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 to 54
meV neutral nitrogen donors (5-9.11). free-to-bound PL transitions involving aluminum acceptors
18, 12-14), nitrogen-aluminum donor-acceptor pair recombination (N-Al DAP bands) 18,12-151 and
a deep DAP band which reveals an unidentified 470 meV aciceptor [101.

Photoluminescence excitation (PLE) spectroscopy provides valuable information concerning 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 wavelenth of the
exciting light. Under some conditions the PIE 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 ar
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 CYD films of
cubic SiC reported here. The PLE spectra obtained from undoped n-type samples provide the frst
detailed representation of the indirect optical absorption edge of thin film CVD SiC, which is found
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to 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

The thin film samples of cubic SiC, which were obtained from the Naval Research Laboratory,
North Carolina State University, and the NASA Lewis Research Center, were all grown by CVD
techniques [1.2,41 on Si substrates. Both undoped n-type and Al-doped films have been studied. 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 to 300 K. Spectra were acquired in CW mode
with excitation provided by an argon (476.5 rim) or krypton (476.2 nm) ion laser or light (460 nm)
from a 150W xenon lamp dispersed through a double grating monochromator. The excited
luminescence was analyzed by a grating nonochromator and detected by a GaAs photomuldplier
tube (PMT) which is sensitive to wavelengths shorter than about 900 nm. Appropriate glass filters
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
system 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 fdter tuned to a
particular PL wavelength, or with a mirror replacing 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 intensity.

The intensity of the exciting light for the PLE spectra was about 100 piW/cm2 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 reported in the literature [5-10, 16) for n-type CVD
cubic SiC are excited by relatively high power light (>1 W/cm 2). 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 characteristic
features of these high power PL spectra include the 1.972 eV zero phonon line (ZPL) an I phonon
replicas of the DI defect band (which has been studied in detail in ion implanted Lely crystals 117]
a.ad CVD films 17,SJ 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 fight 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 eV. the so-called G-band
19,10.181 which is attributed 1101 to the pairing of the 54 meV nitrogen donors with an unidentified
470 meV acceptor.

Similarly, the two P. spectra shown in Fig.1 contrast the high- and low-power excitation conditions
for an Al-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 pealdng at about 2.12 eV. Note that the close pairyspecramar not observed at low
power and that the phonon replicas below the distant pair band exhibit sharper spectral details. It is
important to remember that the PLE spectra presented hem are obtained under conditions which
produce the low power PL spectra of Fig. 1. That is. they are dominated by deep PL bands with
ong lifetime mrcombination 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 5K 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
spectrum reported by Choyke et al. MIl 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 9dge.
Choyke et a. 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 111). It follows that the exciton energy gap, EGx = 2.390 eV, is derived by
subtracting the TA phonon energy 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. IIII noted that even 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 pnm.

I I I I

4 .3C-SiC (NRL)

6 K

"-3

Z - 2.34 238ý 23 2140 2V2 2.44

W EXC(TN PHOTON4 ENEGC (.v)

_ Al doped

1 undoped

I I I I

2.25 2.30 2.35 2.40 2.45 2.50
EXCITING PHOTON ENERGY (eV)

Fig. 3. Photoluminescence excitation spectra for an Al-doped (continuous line) and an undoped
(dotted 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
between 2.45 and 2.50 eV. The insert shows the extrinsic portion of the Al-doped PLE specrum at
high 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-AI 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-

A...,,.. . " 0"91



Materials Science Forum vols. 83-87 1197

I II I I I I I I I

3C-SiC AI-doped"• N 8 L T=6K
S~DAP

(U2(a) x 20 (ZPL) ~T (aa) ,~

zw
z(b

(I I I I I I I I I I1

2.4 2.2 2.0 1.8 1.6
ENERGY (eV)

Fig. I. Low temperature (6K) photoluminescence spectra from an Al-doped SiC film: (a) high
power spectrum excited by an argon ion laser (lW/cm2, 476.5 nm); X20 spectrum shows close
donor-acceptor pair spectra; (b) low power spectrum excited by xenon lamp and 0.22 m
monochromator (0. 1 mW/cm 2, 460 nm).
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a Fig. 2. Photoluminescence excitation spectrum

for an un-doped CVD 3C-SiC film deposited
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intensity (in the spectral range 1.4 - 2.3 eV) is

EZ TA plotted as a function of the photon energy of
_,Ithe exciting light. The exciton energy gap,

L IEGX. 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 eV 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 to determine exactly, peaks at 2.367 and 2.377 eV, a dip or trough with
minimum at about 2.385 eV, and a shoulder which rises to higher energy until it intersects the.
steeply rising interband PLE at about 2.436 eV.

There art 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 furst 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 presence of the 54 mcV donor identified as nitrogen [8,11,13,14,19], and
temperature dependent Hall effect measurements which are interpreted in terms of a 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 electrons on the resulting neutral donors can then undergoiDAP radiative recombinanon with the
holes on the neutral Al acceptors. Although no optical (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 15,81), respectively, of the near-band edge PL
spectrum observed in undoped n-type films (5-91. Note that these energies are characteristic of the
NBE PL spectra in the strained CVD films grown on Si (and subsequently removed from their
substrates) which are slightly red-shifted (-I meV) relative to the NBE spectra reported 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 = Eoa- 54 meV (the nitrogen donor binding energy), where the
low temperature band gap of cubic SiC is taken to be 2.403 eV. This correlation suggests the
hypothesis that 2.349 eV is the onset of extrinsic absorption transitions 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
eV trough might be associated with photoneutralization of compensated 15-20 meV donors. (Tbe
trough is positioned about IS 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 alternative 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 characterize CVD films of cubic SiC
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 crystals 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 to 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 to the
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thresholds for photoneutraliz&tion of the 54 meV N donor and the unidentified 15-20 meV donor
which arm pervasive in CVD cubic SiC.
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Chemical vapor deposition of /3-SiC on silicon-on-sapphire and
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Abstract

Cubic silicon carbide (//-SiC) films have been grown epitaxially on silicon-or t• iphire (SOS) substrates
by chemical vapor deposition. A fresh layer of silicon is first deposited in sai. ,on the SOS substrate at
approximately 1050 *C. The silicon layer is then carbonized while being heated to 1360"C. The f-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 f-SiC films on silicon-on-insula-
tor (SO!) substrates has also been accomplished with slight modification of the growth parameters
described above.

The f-SiC films have been 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. Electrical transport properties as determined by the Van der Pauw Hall method show the fi-
SiC films to be p-type while those grown on SO were n-type. X-ray rocking curve measurements were
obtained to de,:.rmine the cm'-,alline quality of the films. In addition, preliminary optical characteriza-
tion of the filnm has been per ,ned.

I. Introduction able, low cost, able to withstand high tempera-

Advances in fi-SiC device technology have tures and have been shown to be effective
been hampered by the limited quality of material substrates for the heteroepitaxial growth of GaAs
available. Defect densities in P-SiC grown on on silicon 14]. Perhaps more importantly, sapphire
Si(100) are high and carrier concentrations and substrates have been shown to autodope the sili-
Hall mobilities are typically much poorer than the con epilayer with aluminum 151, a feature which
theoretical limits. These problems are likely asso- could be exploited for the preparation of p-type
cted with the 20% lattice mismatch between sii- fl-SiC layers. In 1969, Khan 161 reported thecon and wi -t C and an 8% difference in 'chemical conversion" of Si(1002\ on sapphire, atcoefficients of thermal expansion. Furthermore, low pressure, to a O-SiC film. The films were
silicon substrates are not ideally suited for high characterized only by their electron diffraction
temperature device applications and the repro- pattern and little experimental detail was pre-
ducible growth of p-type //-SiC on silicon has sented. We have succeeded in preparing the first
been a persistent problem. The quality of//-SIC example of epitafxials-SIC grown on 50S sub-
films has been improved by grc.ih on substrates strates by chemical vapor deposition (CVD) 17).
whose lattice parameters and coefficients of ther- In addition, we have begun investigations into the
mal expansion are more closely matched to th , epitaxial growth of P-SiC on silicon-on-insulator
of P-SiC, such as a -SiC [1, 2] and TiC [3]. Unfor- (SOl) substrates by CVD.
tunately, the price, availability and quality of
these substrates have limited their routine use. 2. Experimental details
Silicon-on-.apphire (SOS) substrates provide an A horizontal reactor with computer control of
attractive alternative since they are readily avail- switching, flow and temperature was used to
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produce f-SiC films on SOS and SO substrates. the substrate using a silane flow of 100 standard
Reactant gases were high purity propane (1% by cm' min - (sccm). After the growth of the fresh
volume in hydrogen) and silane (I% by volume in silicon layer the substrate was cooled to near
hydrogen). Purified hydrogen was used as the room temperature and held there for I min. A
carrier gas. SOS substrates were produced in buffer layer was grown by heating the substrate
house by molecular beam epitaxy (MBE; 3 in from near room temperature to 1360"C under a
diameter wafer with silicon thickness of 0.6 urn constant flow of 100 sccm of propane and I slpm
on 0.43 mm of Al,2O. ) or obtained from Union of hydrogen. It is essential to begin carbonization
Carbide (4 in diameter wafers with silicon thick- at Jow temperature. Non-specular films were
ness of 0.3.0.55 or 1 um on 0.55 mm of AlIO ). obtained if carbonization was initiated at
The wafers were cut into pieces of approximate 1050 *C. This observation suggests a low temper-
dimensions 12 x 15 mmý. Substrates were ature conversion of the silicon surface. After 1
degreased in organic solvents, etched by the RCA min at 1360 "C the propane flow was diverted to
method [8] and then immediately transferred to vent and the system purged with hydrogen for I
the graphite susceptor in the horizontal reactor. min at a flow of 1.5 slpm. The epilayer was grown
The system was evacuated to 2 mTorr. backfilled for 2 h in the temperature range 1340-1370"C
and continuously flushed with high purity hydro- using a C:Si ratio of 2.5. Alternatively, fl-SiC was
gen. Under a 3.5 standard I min- '(slpm) flow of grown directly on SOS without first depositing a
hydrogen the substrate ývas heated from ambient fresh silicon layer. The growth parameters were
to 1150'C and held at this temperature for 5-10 similar to those described above, except the
min to remove any oxide coating. The tempera- growth of a silicon epilayer at 1050'C was elimi-
ture was then lowered to about 1050 "C and a nated.
fresh layer of silicon (0.7 pm) was deposited on SOI substrates were prepared in house and

consisted of 3pm of silicon on the surface and 1 m
of SiO, on a silicon substrate 0.55 mm thick.
Substrate preparation and the growth profile are
similar to those described above for fl-SiC on
SOS. No fresh layer of silicon was deposited.

3. Results and discussion

The fl-SiC films prepared on SOS substrates
both with and without the in situ 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-

7(a,) mately 1 mm wide was observed. The Nomarsky
optical micrograph of the f,-SiC layer (Fig. 1(a))

, - -..... .-" •.. depicts the overall surface morphology. lndivid-
. "- -ual surface features were observed using a

41, Cambridge scanning electron microscope. The
.: 4k- ,photomicrograph in Fig. 1(b) reveals a texturedf. surface along with columnar growth features and

pits. Typically. the morphology of the fl-SiC
-" grown on SOS is poorer (many more growth

features such as pits and columns) than that
S .r -g: observed for ,B-SiC on silicon. The morphology

"-4 .•,- of fl-SiC grown on SOI was much better (few
-- 20.Mm,. columns and pits) than that of f-SiC grown on

W SOS and was comparable to that observed for

Fig. I. (a) Optical and tb) scanning electron micrographs fl-SiC films grown on silicon.
of6- SiC films grown on SOS The most remarkable feature of f,-SiC films
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grown on SOS is their p-type nature. Grown lay-
ers were characterized 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, - Nd) ranging from 7.9 to 51.7 cm 2 V-I s-I
and l.4x 1020 to 5.6x 10 " cm-I respectively.
Under identical growth conditions and using the
same susceptor, fi-SiC films grown at this labora- Fig. 2. Scanning electron micrograph of fl-SiC and SOS
tory on Si(100) are always n type with mobilities surface after film has shattered off the substrate.
of 160-230 cm2 V-1 s-1 and net electron con-
centrations (Nd - N,) in the low 10 " cm- 3 region.
Autodoping of silicon with aluminum by sapphire wider, ranging from 945 to 1620 s, with a typical
is well documented [5] and is increased with value of approximately 1010 s. Neither the thick-
higher growth temperatures 191. Therefore at the ness of the sandwiched silicon layer nor the in
high temperatures required for fl-SiC growth it is situ deposition of a fresh silicon layer appears to
likely that the SOS substrate is autodoping the significantly affect the XRC halfwidth.
P-SiC films with aluminum. This is also supported Preliminary optical characterization of fl-SiC
by the observation of donor-acceptor recombina- on SOS and SOI substrates has also been accom-
tion pairs (DAPs) in the photoluminescence (PL) plished. Micro-Raman spectroscopy has been
spectra of unintentionally doped fl-SiC films performed to determine the film quality and the
grown on SOI using the same susceptor as that nature of the columnar growth features observed
used for growth of fl-SiC on SOS substrates. on the fl-SiC surface. The micro-Raman spectra
These same films have been shown to be n-type (Fig. 3) of f,-SiC on SOS substrates exhibit the
but highly compensated, again suggesting the typical longitudinal optic (LO) and transverse
presence of an acceptor. However, the possibility optic (TO) phonon lines [ 10]. In Fig. 3 (a) for the
of doping due to defects cannot yet be fully ruled fl-SiC surface on SOS (inset is fl-SiC on silicon),
out. the TO phonon line is significantly lower in

The fl-SiC grown on SOS appears to be highly intensity than the LO phonon line. In addition, a
stressed. In several instances the fl-SiC films have weak feature is observed between 940 and 950
been observed to shatter off the SOS substrate cm-'. In the Raman spectrum of a columnar
upon cooling to room temperature. In other growth feature (Fig. 3(b)) the TO phonon line
instances the fl-SiC films have shattered off SOS intensity is greatly enhanced relative to the LO
substrates when being cut for transport line and the weak feature at 940-950 cm 'is not
measurements. The scanning electron micro- observed. No a-SiC phases were observed to be
graph in Fig. 2 shows that the fl-SiC film is present in these samples. The increased intensity
cleanly removed from the SOS substrate and also of the TO phonon line relative to the LO
shows a lifting of the remaining fl-SiC from the phonon line observed in the spectrum of the
substrate. Experiments to quantify the stress in columnar growth features is the result of reduced
these films are currently under way along with stress [101 in the growth columns and/or a differ-
investigations into methods of reducing the stress, ent orientation of the crystallites. However, the
e.g. annealing. X-ray rocking curve (XRC) disappearance of the weak feature observed
measurements were made on fl-SiC films grown between 940 and 950 cm -I in the spectrum of
on silicon, SOS and SO] substrates to help quan- the growth column suggests that increased TO
titate the fl-SiC film quality. The fl-SiC films phonon line intensity is a result of lower stress in
grown on silicon and SOI exhibited the narrowest the crystallite, since these weak features are only
XRC halfwidths of 690-770 s. The XRC half- observed in spectra of films adhered to substrates
widths of fl-SiC films grown on SOS were much and not in those of free-standing films I I 11. Thus
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ABSTACT

The temperature and excitation intensity dependence of phototuminescence (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 undetected deep acceptor whose binding energy is
approximately 470 meV. This deep acceptor 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 Haft effect studies of undoped films of cubic
SiC.

INTROUCTION

Recently, we reported I1I 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 substrates. An investigation [1-21 of the dependence of the
photoluminescence spectra on excitation power and temperature revealed a deep donor-acceptor
pair (DAP) band at about 1.91 eV which Involves the recombination of electrons trapped at
relatively shallow donors (proba* 54 meV nitrogen donors) with the unidentified deep
acceptor. This deep DAP PL band was observed in a varlety of SIC fims grown In several
different reactors, and Its pervasive Character suggests the possibility that the associated deep
acceptor is at least partiailly responsible for the high compensation observed [3-71 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 highly 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, 91 and PL techniques [10] have been described in detail elsewhere). The
high power spectrum, which was excited by 476.2 nm light from a krypton ion laser at a power
density of 2 W/cm2 , is dominated by a sharp five-line spectrum between 2.23 and 2.39 eV
which is attributed to the recombination of excilons bound to neutral nitrogen donors t11. 121
(the nitrogen bound exciton or NOE spectrum). This spectrum also exhibits two other
characteristic but unidentified PL bands, the so-called W-bands [131 at 2.15 eV, and the Ot
defect band [10, 14. 151 with zero phonon line (ZPL) at 1.972 eV. In the low power PL
spectrum, excited from the same sample at a power density of 0.02 w/cm2 . the NBE spectrum
is much weaker and the W and DI bands are barely observable. The spectrum is dominated by
the so-called G-band [1, 131 with ZPL at about 1.91 9V. 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
fdms reported by several different workers (2, 10. t3. 15, 161. However, Choyke and co-
workers assigned the alphabetical labels in ref. [131 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 NOE, W, and DI bands are either greatly diminished or unobservable, suggests that the G-
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Ia Fig. I1. Low temperature (SK)
phooiciuminesconoe Spectra obtained at
high and low excitation intensity from an

- N3E- I~~pedn-"p film of Cubc SiC. The

I w/m niroge bound atction (NOE) bends and
the low power spectrum by the G-band
DAp feature and Its phonon replicas G1

2.4 2.2 t.0 1.2 1.6 IA
Eamy (eY)

bend has a long radiative ffet*m rltiveO to those Of fte NU. W- anid 01 bands. and its
infensIityterefore satfurates at high excitation iniensity, it. 2). Such a long P. lifetime is
characteristic of radiative recombination at an extended detlect such as a dono-anceplor peir
1171. We have found (in agireemeint with Choyke ot &1. 1131, ftha Me spectral position of the 0-
band varies by several m@V from' sornple 0 o sapl. This is consisten with the behavior Of a
distant DAP Pt. band. The peak position of a distant DAP bandis determir"e by the average
interinipufty (WA) separation. which can be expecte to1 change from s$mpOe to $ample if the
concentrations of participating donors and acceptors vary signifilcantly 117). In addition. the
G-band spectum of the low power spectrum in Fig. I is resolved into two distinct features

aWhic we have identified III as a free-lo-bound (FO) transition at 1.932e*V and a distant pair
bend about 20 meY lower inenergy. The most obvious and ifrioariat implication ot these
identifications is that there exists in thes SIC films a deep defect (acepeor) level whose
appoximaely 470 mOV binding energy is given by the difference between the 2.403 eV low
temperature bend gap of cubic SiC and the 1.932 *V FB transition energy.

The FIB and distant pair band identifications art based primarrily on thes temperature and
power dependences of these spectral features (11. Figure 2(a) shows the variations in the FS
and DAP spectra over a thvee ardor of magnitude Change on excutation intensity. arnd Fig. 3 shows
the dependence of their peak positions over more than four orders of magnitude of change in
exciting lase power. The tower energy feature (1.31 - 1.92 @V) identified as the DAP peak
shifts to higher energy and broadens significantly with increasing excitation intensify as
expected for a distant DAP band (171. This shift arises because fth more distant pairs. which
giv rise to the lower energy portion of the DAP band, have longeir Ifetimes and their emission
is saturated at high power. Correspondingly. toe higher enorgy side of Mie DAP band, which
comprises transitions from closer pairs with shorter raditive lifetimes. is accentuated with
increasing excitation intensity. Oni the other hand, the position and 1ane width of tie FO feature
ot the G-band spectrum 01.132 eV) are relatively insensitive to variations in the intensity of
the exciting "gh. The FS band does broaden and shf slightly to higher energy as a consequence
of optically induced cardier heating at the vary highest excitation powers 1161.1

The tempenure dependence of the low powe 0-band PL. features is shown in Fig. 2b. As
the temperature is increased from 6 to 100 K. the intensity of the 1.932 eV FB band increases
at the expense of the distant DAP band at 1.912 *V. This behavior closely parallels the decrease
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Fig. 2. Variations, in thiesr iti and donor-aepo pair G-band Pt. spectra ~e a VrOm
order of magnitude change In etatlo intensity at a temperature of 6K wre shoii In 2(a). The
temperature dependence of the low power G-band P. beaturee is slowi in 2(b) In the
temperature rang 6 to 1100K.

in the intensity of Vie N-Al dist"mnt DAP PIL band and the commensurate Iaeasm In Vie Al
acceptor FB bend in this temperature range. which has been reported previously 1191 bo Al-
doped flms of cubic SiC. In the case of the N-Al OAP system. fth obseved behavioris
attributable to the thermal ioniation of the 54 meV N donors. The parallel behavior of the G-
band DAP and FB bands in appoximatety the samet temperature range suggests Viat an impurity
of comparable depth ithermat ionization energy) is irrvolved in the G-band DAP recomibination
process. The most likey candidate is the pervasive 54 rma N donor. This leads; to the
conclusion that the 470 may deep defect is an acceptor, an interpretation which is consistent
with the tact that the known aceptor impurities in SiC (Al. 13) are obseved to be much deeper
than the donors (19.211.

Another measure of the smaller of the two binding energiles participuting In the DAP bend
is goiien by the energy separation of the PS3 and DAP bands. For pairs at infinite spatial
separation. the energy difference would be jusit"eua to the Impurity binding energy. e.g.. the
54 meV N binding energy for the N-Al DAP sysem. Obviously the actual position of the DAP
peak is determined by the colujmn interaction between toe charged impurity final states for Vie
finite pair separation which corresponds to the peak in the distribution of donor-acoeptor pair
separations 1171. The observed energy difference between the N-At DAP and AS PS bends in Al-
doped cubic SiC Is usually 119-201 about 35 meY (it is a funtbaion of impurity concentration).
Thus the 22 meV separation of the PB and DAP G-bands Is consis tent with fth participation of a
shallow donor in the G-band WA reomibination (eg;. the 5it meV N donor). The energy
separation of Vie FS and distant DAP peaks will be signIfcantly less for N donors coupled to the
470 may deep acceptor tha lor N donors coDLOWe to fth 257 meV Al acceptor. This happens
because Vie Rmor highly localized holet wave functio of the deeper acceptor enhances toe
contribution of closer pairs to the distant pair band thereby shifting Its peak to higher energy
(closer to the PS band).

C~~~ 3'i 3, Q'
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Fig. 3. The peaki positions at 6K of the fetooudand donot-itoeplor pair G-band PL
features as a funiction of exciting light intensity.

The very tact that a FS transition can be observed lor the, G-band at low temperature and
low excitation power Is another consequence offt~ highly localized wav function of ahole
trapped at a deep (470 meV) aoceptor. For example. int' i case of the N-Al DAP systawli in SIC.
no FS transition is observed (121 below about 40K. In Ai4,ped material at low temperature
the DAP transitions dominate because the greaer spatial extent of the wave functions of holes
trapped at 257 m#V Al acceptors Assures sufficient Overlap with~ electrons trapped at neutral
donors. Only at elevated temperatures which produce a significant number of ionized donors and
a quasi-equilibrium population of fre* elections in fte onnduction band does the FB
recombination process become More favoral. In contrast, the highly localized wave functions
of holes trapped at the 470 meV accplors do not overlap as strongly with the neutral donors at
low temperatures and a significant fraction of the trapped holes can recombine with
pholoxciled electrons in the conduction band.

CONLLWC4 IBAR

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 [II Suggest the possibility that
the deep acceplor is associated with a nonstoichiometric detect rather than a back~ground
impurity. However. the evidence is far from conclusive and the data could also be explained in
terms of a background impurity whose incorporation is controlled by filmn stoichiomnetry

The authors wish to virtr P.E.R. Nordquist. Jr. and M.L Gipe for providing the samples
and P.S. Klein for valuable ý. ,zussions. This work was supported in part by the Office of Naval
Research.
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"t:•• ii 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. After 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 energy and much broader PL bands arise from the
recombination of carriers localized at deep traps.

Characterization of semiconductors by PL Qualitative information about crystal quality can
spectroscopy involves the measurement and inter- be inferred from the efficiency and line widths of
pretation of the spectral distribution of recombi- near band edge PL spectra, and impurities can
nation radiation emitted by the sample. Electrons sometimes be identified on the basis of the bind-
and holes which are optically excited across the ing energies inferred from the spectral positions
forbidden energy gap usually become localized or (energies) of BE or FB transitions.
bound at an impurity or defect before recombin- Because PL has proven to be a convenient,

. ing, and the identity of the localized center to sensitive, non-destructive technique for the char-
which they are bound can often be determined acterization of semiconductor materials, it is now
from the PL spectrum. Relatively sharp-line, one of the most widely applied spectroscopic tools.
near-band edge spectra arise from the recombina- The experimental technique is relatively inexpen-
tion of electron-hole pairs which form bound exci- sive to implement, there are very few constraints
tons III (BE) at impurity sites, or the free-to-bound on the materials to which it is applicable (e.g.
(FB) transitions [2] which involve the recombina- carrier type or impurity and defect concentration),
tion of free electrons (holes) with holes (electrons) and a broad scope of phenomena such as excita-
bound at neutral acceptors (donors), while lower tions, defects, and recombination mechanisms can

be investigated. Perhaps most important is the fact
i Mi- that PL spectroscopy is useful during all phases of•Present address. Center for Compound Semiconductor th.

croelectronics and Department of Electrical and Computer e development of a new materials system or
Engineering. University of Illinois at Urbana-Champaign, growth technique. Typically, broad PL spectra
Urbana, Illinois 61801, USA. which convey only the most qualitative informa-

0022-0248/90/$03.50 0 1990 - Elsevier Science Publishers B.V. (North-Holland)
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S.G. Bishop, J.A. Freitas, Jr. / PL characterization of cubic SiC grown by CVD on Si 39

tion are obtained from poor quality semiconduc- samples with different values of C/Si source gas
tors while sharper spectral features which provide ratio.
more specific information will evolve as material
quality improves. This has certainly been true of
the PL characterization of thin film cubic SiC 3. Bound exciton emission

*• grown by chemical vapor deposition (CVD) on Si
substrates, which we will briefly review in this Twenty five years ago, Choyke. Hamilton and
paper. 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-

2. Experimental technique acter of the band gap and obtained a measured
value of 2.39 eV for the exciton band gap. In

The PL spectra described here were obtained addition, they reported a five-line PL spectrum
with the samples contained in a liquid helium which included a 2.379 eV zero phonon line (ZPL)
cryostat which provided temperatures ranging located just 10 meV below the exciton gap, and its
from 1.5 to 330 K. Most spectra were obtained in TA, LA, TO, and LO phonon replicas. They at-
CW mode with excitation provided by either an tributed these spectral features to the recombina-
argon (476.5 nm) or krypton (476.2 nm) ion laser. tion of excitons bound at neutral nitrogen donors
These excitation photon energies are above the 2.4 on carbon sites (Ne). Subsequent work demon-
eV indirect band gap of cubic SiC. Time decay strated that the donors giving rise to this spectrum
studies of the PL spectra employed 10 nsec pulses are isolated point defects [12] and that the binding
of 355 nm excitation light which was obtained by energy of the donor which traps the excitons is
tripling the photon energy of a pulsed 1065 nm about 54 meV [13].
Nd: YAG laser (peak power approximately 4 kW). The far more recent studies of PL in CVD films
For both the CW and pulsed experiments the of cubic SiC began by reproducing the spectra
excited luminescence was analyzed by a grating which Choyke et al. had obtained in Lely-grown
monochromator and detected by a GaAs photo- crystals. Freitas et al. [8] reported the observation
multiplier tube (PMT). The GaAs PMT, which is of the five-line nitrogen bound exciton (NBE)
sensitive to wavelengths shorter than about 900 spectrum in as grown n-type films. Initially, these
nm, is operated in a photon counting mode for spectra were badly broadened and red-shifted by
most experiments, which facilitates digital data strain, but as the CVD material has improved, so
acquisition and multiscan signal averaging, has the quality of the NBE spectra [9.10,14] ex-

The thin film samples of cubic SiC were grown hibited by the SiC films, an example of which is
by CVD techniques [4-7] on Si (100) substrates. shown in fig. 1. However, the energy of the NBE
"Undoped n-type, al-doped, and a variety of ion- ZPL is still slightly red-shifted (- 1 meV) relative
implanted samples have been studied. In some to its position in the Lely PL spectra, and the line
cases the films were studied on their Si substrates widths of the NBE PL speictra in most films are
and the resulting red-shifted PL spectra [8] were - 2 meV. This is to be compared with exciton
used to assess the strain resulting from the 20% linewidths - 0.15 meV for spectra obtained [12]
lattice mismatch between Si and cubic SiC. How- from Lely crystals. In addition, the intensity of the
ever, in most cases the films were removed from ZPL for the NBE spectrum in most CVD SiC
their substrates to relieve the strain, and some of films is much less than that of the phonon replicas
the highest quality PL spectra have been obtained (see fig. 1). These differences in the PL spectra are
from such films which were subjected to high apparently caused by internal strain and high con-
temperature annealing [9]. In addition, the effects centrations of charged centers in the CVD films.
of stoichiometry on film quality and defect con- Very recently it has been reported [15] that CVD
tent were investigated [10] by growing several SiC films of cubic SiC grown on alpha SiC substrates
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I TO LO recombination of nitrogen bound excitons How-
T=5K Tever, we have found that Al-doping also enhances

476 nm the intensity of the shoulders indicating that some
10 mW line focus indirect effect of significant concentrations of an'

.lA dopant (such as the creation of attendant defects)

leads to the enhancement.
Temperature dependence of the exciton PL

TA spectra (10] yielded thermal quenching energies of
ZPL 11 meV for the NBE spectrum and 17 meV for the

c shoulders, indicating that the shoulders originate
>• from a separate defect and are not, for example.

b Ilocal phonon replicas of the NBE five-line spec-
trum. In addition, PL decay measurements [12.171

L. revealed that all of the PL features in the near-
band edge spectra shown in fig I have lifetimes in

La the - 400 ns range expected for donor bound
excitons (in indirect band gap materials) whose

2.40 2.35 2.30 2.25 lifetimes are limited by Auger recombination
Ener,' WeV) processes. Excitons bound at isoelectronic defects

Fig. 1. Low-temperature nitrogen bound exciton photolumines- (e.g. Si on a C site) are expected to have much
cence spectra from three undoped SiC films grown with three longer decay times [18] (- 10 )As). It is therefore

different values of C/Si ratio: (a) 2.4. (b) 1.6, and (c) 1.2. suggested that the most likely interpretation of the

broad shoulders on the NBE PLspectrum is that
have exhibited NBE PL spectra whose quality is they arise from recombination of excitons bound
very close to Lely spectra in terms of energy to donors which have a somewhat larger binding
position, spectral width, and ratio of ZPL and energy than the 54.5 meV donor (presumably
phonon replica intensities. It should be noted that nitrogen) which gives rise to the NBE spectrum.
all of these incremental advances in material qual- The broadened character of the shoulders indi-
ity have been detected and documented by PL cates that they may arise from recombination
spectroscopy. centers which occur in very high concentrations or

The NBE PL spectra from CVD films of cubic strained environments in inhomogeneities in the
SiC exhibit weak shoulders on the low-energy side SiC films [10]. Our recent observation [19] of high
of the ZPL and each of the well resolved phonon contrast inhomogeneities in PL images of SiC
replicas (see fig. 1). Freitas and coworkers [10] films is consistent wit' this hypothesis.
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 4. Donor-acceptor pair spectra
that the intensity of the shoulders is greatly en-
hanced for the lower C/Si ratios as shown in fig. In semiconductor materials containing substan-
1. suggesting that the recombination centers re- tial concentrations of both donors and acceptors
sponsible for these PL transitions might be attri- the donor-acceptor pair (DAP) recombination
butable directly or indirectly to nonstoichiometric process becomes a dominant contributor to the
defects such as antisite defects. Si interstitials or C observed PL spectrum. In the DAP recombination
vacancies. Okumura et al. [16] have reported a mechanism [20,21], electrons bound at neutral
similar enhancement of these shoulders on the donors recombine radiatively with holes bound at
NBE spectrum by N-doping during the CVD neutral acceptors. For a DAP with infinite sep-
growth process, and have attributed the shoulders aration, the energy of the PL transition would be
(rather than the primary five-line spectrum) to the 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 Al-doped

interactions between the donor and acceptor, the 476 nm
most important of which is the Coulomb interac- " Line Focus -6 mW
tion between the charged (ionized) final states of FB

the impurities (after recombination). The strength /
of the Coulomb interaction, and therefore the PL

Cphoton energy, is a function of the spatial sep- €-

aration of the DAP. For close pairs an array of I S I
discrete sharp line spectra occurs at high energy C. 120 K (x00)

which gradually merges into a broad continuum at 6 K
lower energy for increasingly larger separations
[20,21). 2.40 2.30 2.20 2.10 2.00

The DAP spectrum obtained [10,22,23] at 6 K Energy (eV)

from an Al-doped CVD film of cubic SiC is Fig. 3. The N-Al distant D-A pair band at 6 K and the Al

shown in fig. 2. Aluminum doping was accom- free-to-bound (conduction band to acceptor) transition at 120

plished by introducing trimethyl aluminum with K.

the source gases during growth. The sharp-line
spectra between 2.20 and 2.35 eV correspond ex- cubic SiC which they attributed to radiative re-
actly. to the DAP spectra obtained by Choyke and combination at close N-Al pairs. We apply the
Patrick [21] in Al-doped Lely-grown crystals of 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

476 nm T=6K nitrogen donors. Quantitative analysis of the en-
Al-doped ergy positions of the sharp line spectra of fig. 2

(a) x 20 provides a value of 310 meV for the sum of the
-(b) 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
z free-to-bound (FB) transition shown in fig. 3. i.e.

(X electrons in the conduction band recombining with
z • holes bound at neutral Al acceptors. The position

_0. of the Al FB transition and the temperature cor-
rected value of the band gap then yield a value of

460 nm 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.

2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 This value, in conjunction with the analysis of the
Energy (eV) close pair spectra, determines the 53 meV nitrogen

Fig, 2. The CW PL spectra excited by an argon laser (476.5 donor binding energy 110].
nm, I W/cm2) from an Al-doped SiC film: (a) detail of Freitas et al. [10] have provided an independent
sharp-line close pair spectra; (b) full spectrum showing close measure of the nitrogen donor binding energy by
pair spectra, distant pair band at 2.12 eV, and its phonon studying the thermal quenching of one of the
replicas at lower energy. Spectrum (c) was excited by 0.1
mW/cn2 of 460 nm light from a xenon lamp and a double sharp close pair PL bands. Because the nitrogen

monochromator. donor binding energy is about one fifth that of the
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, I I I i sistent interpretation of all these facts places the
- Al-doped 476nm N donor in both cases on the C sublattice. the B

on the same (C) sublattice, and the Al on the
Z opposite (Si) sublattice [231. These assigned sub-
i.-- stitutions are also consistent with what would be

I-.5
S- expected on the basis of atomic sizes.

•102 In addition to the sharp line close N-Al DAP
:) spectra discussed above, the PL spectra shown in

.j fig. 2 exhibit a broad distant N-Al pair band0 o peaking at about 2.12 eV, its phonon replicas at
1-" 2.26 2.25 2.24 2.23 2.22

o EERGY lower energy, and a broad underlying band ex-
0100 I I I I I tending down to about 1.5 eV which might not be

0.0 0.04 0.08 0.12 entirely attributable to N-Al pairs. In view of the
I/ T ( K-') fact that the low energy shoulders on the NBE PL

Fig. 4. Photoluminescence intensity s a function of reciprocal spectrum have been interpreted in terms of a
temperature for the 2.233 eV N-Al close DAP line in an donor with binding energy larger than the 54 meV
Al-doped film of cubic SiC. The insert shows an expanded
view of this portion of the spectrum for two different tempera- nitrogen donor, Freitas et al. [17] have looked for

tures. corroborating evidence for the existence of this
deeper donor by studying the excitation intensity
dependence and PL decay characteristics of the

aluminum acceptor, the holes will remain bound Al-doped films.
to the aluminum acceptors over the temperature Just as the photon energies of the DAP transi-
range of the donor ionization. and the PL quench- tions are a function of pair separation. so too are
ing curve is characterized primarily by the donor the radiative lifetimes. This is evident in the three
binding energy [20]. The value of the donor bind- DAP spectra shown in fig 2 for different excita-
ing energy determined from the slope of the ex- tion intensities [17]. Spectrum c of fig. 2 was
ponential PL quenching curve shown in fig. 4 is 54 excited at 10-4 the power density used for spectra
meV, which is in excellent agreement with the a and b. In the lower power spectrum (c), the
values determined from the spectral positions of distant pairs with their longer radiative lifetimes
the DAP spectra [10.21] and (in Lely material) are accentuated, the sharp line close pair bands
from the two-electron satellites of the NBE spec- are not observed, and the distant pair band ex-
trum [13]. hibits an expected shift [20] of about 10 meV' to

Donor-acceptor pair PL spectra have also been lower energy. In addition, the distant pair band is
observed [25] in boron-doped Lely crystals. A somewhat sharper and more intense in compari-
similar spectral analysis of the sharp line close son to its phonon replicas, and the broad phonon
pair spectra in the B-doped material provides val- replica band at lower energy exhibits more struc-
ues of 735 and 54 meV for the boron acceptors ture. However, there is nothing in the low energy
and the donors (presumably nitrogen). respec- portion of the broad underlying PL spectrum
tively. Clearly the same donor appears to be in- which can be attributed unambiguously to the
volved in the DAP spectra of both the Al-doped presence of a deeper donor which is coupling to
and B-doped SiC. However, the DAP spectra do the Al acceptors.
differ in one fundamentally important aspect. The The results of the pulsed excitation studies [17]
pattern of the close DAP PL lines in B-doped SiC of the DAP PL spectrum are highlighted in fig. 5.
are type I, meaning that the donors and acceptors Decay curves for three different DAP PL wave-
are incorporated on the same sublattice [20]. In lengths are shown. As expected, a range of decay
contrast, the DAP spectra in Al-doped SiC are times is observed because the decay of the close
type II, meaning that the donors and acceptors are pair PL (2.213 eV) is more rapid than that of the
on different sublattices [20]. The internally con- more distant pairs whose PL occurs at lower en-
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100 of fig. 6 is typical of nearly all PL spectra reported
in the literature [8-10,14,16] for n-type CVD cubic

d p.SiC SiC. It is dominated by the NBE spectrum (espe-

cially the phonon replicas) with its relatively short
"; 11donor bound exciton radiative life time. In ad-

e 10 00eV 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 DI
Z defect band (which has been studied in detail in
S 211$eV ion implanted Lely crystals [261 and CVD films
_j 0[8,9] of cubic SIC), and a broad underlying PL

band peaking near 1.8 eV. In contrast. the lov.

2.213ev 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

0 5 10 with peak at about 2.113 eV, and the so-called
time (msec) G-band [14,17,27] at about 1.91 eV which will be

Fig. 5. The 0 to 10 ms PL decay curves for three different PL discussed in the next section.
energies in the DAP PL spectrum shown in fig. 2. A range of The most obvious explanation of the 2.113 eV
decay times is observed because the decay of the close pair PL band is that a very low concentration of residual
(2.213 eV) is more rapid than that of more distant pairs whose Al acceptors in the nominally undoped sample

emission occurs at lower energies (2.118 and 1.8000 eV). interacts with the residual 54 meV donors (pre-

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 T6K C/Si=1.2
range of decay times which are typical of DAP
recombination radiation. Thus the decay curves
can provide no definitive evidence for the ex- 476 nm
istence of a second parallel DAP recombination 40W/cm 2

channel involving a deeper donor, and no evi- S
dence for the existence of an underlying PL band
which does not have DAP character.

Z

5. Excitation intensity dependence S_
E 460 nm

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 2.4 2.3 2.2 2.1 2.0 19 1.8 1.7 16 1 5
those observed in the Al-doped samples. This ob- Energy (eV)

servation is easily explained on the basis of the Fig. 6. The CW PL spectra from an undoped. n-type film of
comparison of CW PL spectra obtained at high cubic SiC (C/Si ratio = 1.2). The top. high power spectrum uas

excited by an argon laser (476.5 nm. 40 W/cm2 ). the bottom.

and low excitation intensity in the undoped, n-type low power spectrum was excited by 0.1 mW/cm2 of 460 nm

sample shown in fig. 6. The high power spectrum 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- undoped-SiC

tate a large average pair separation which explains
both the shift to lower energy and the fact that the 2w
band is easily saturated and therefore not ob-
served at high excitation intensities [201. The ob-. a

servation of this weak N-Al DAP spectrum in -NBE-
.6

nominally undoped samples appears to be a 0.02w/cm2

manifestation of the so-called "memory" of
dopants in CVD growth apparatus. Such weak Z
DAP bands are observed only in undoped samples
grown in the first few weeks subsequent to the b I

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- G

doped growths and eventually disappears entirely.-_---___'"-,___,_,_,_,
For present purposes, it is important to point out 2.4 2.2 2.0 1.8 1.6 1.4

that this discussion of the low power PL spectra Energy (eV)

illustrates the sensitivity and versatility of the PL Fig. 7. Power depeidxcnce of PL spectra obtained from CVD

technique for the detection of very low concentra- films of cubic SiC. Spectrum (a) was obtained at high excita-

tions of residual impurities. tion power (2 W/cm2 ) from an undoped n-type film grown at
NRL. Spectrum (b) is from the same sample with low excita-
tion power (0.02 W/cm2); it is strikingly similar to the lo%

5.2. Detection of a new deep accepto.- in epitaxial power (0.02 W/cm2) spectrum (c) which was observed in an

cubic SiC undoped n-type film grown at the NASA Lewis Research
Center. The symbols G. G1 . G2 in spectrum (c) indicate the

As pointed out in the previous section, the low positions of the G-band ZPL and phonon replicas, respec-

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 acceptors vary significantly from sample to sam-
low power spectra can be dominated by the - 1.91 pie. Furthermore, the low power spectra of some
eV ZPL of the G-band and its phonon replicas samples can be resolved into a FB transition at
labelled GI and G2, as shown in fig. 7. Very 1.932 eV and a distant pair band about 20 meV to
recently, Freitas and Bishop [27] have reported a lower energy. Coincidentally, this FB-distant DAP
detailed study of the power and temperature de- separation is certainly consistent with the par-
pendence of the G-band in several CVD samples ticipation of a relatively low binding energy donor
from three different growth laboratories. On the such as the 54 meV nitrogen donor. In addition.
basis of their experimental results they concluded both the power dependence and temperature de-
that the G-band is a distant DAP band which pendence [271 of the 1.932 eV PL band and the
involves the interaction of a deep acceptor (bind- accompanying band about 20 meV to lower en-
ing energy - 470 meV) with a donor or donors ergy were consistent with their interpretation as
having much smaller binding energies. FB and distant DAP bands, respectively.

In agreement with Choyke et al. [14], they The - 470 meV binding energy of the deep
found that the spectral position of the G-band acceptor which gives rise to the G-band is given
varies by several meV from sample to sample as by the difference between the 2.403 eV low tem-
would be expected for a distant pair band when perature band gap of cubic SiC and the 1.932 eV
the concentrations of the participating donors and acceptor FB transition energy. Although the iden-
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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, substitutional 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 electronic 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 o(the photoluminescence (PL) [6-121 and electron paramagnetic
resonance (EPR) 113-151 spectra. Of p&aicular intens is the apparent contradiction between
the 54 =eV donor which manifests itself in the PL spectra of both undoped and AJ-doped cubic
SiC, and the 15-20 meV donor which is detected in temperature dependent Hall effect
measurements [16-19] on as-grown n-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. After 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
presence of neutral nitrogen donors in the same material, we outline the basis for identifying
isolated, substitutional nitrogen as the 54 meV donor.

2. Photoluminescence Spectroscopy of CVD Cubic SiC

2.1 Bound Excilton Spectra

Several workers [6-11] have reported the observation at liquid helium temperature of a
characteristic five-line near-band edge (-2.38 eV) PL spectrum in undoped films of CVD-
grown cubic SiC. Examples of such spectra obtained by FRErTAS et al.[g are shown in Fig.
i. They are basically equivalent to the five-line PL spectra first observed by C-OYKE et al.
[20] in Lely-grown crystals of cubic SiC. HARTMAN and DEAN (21] studied the Zeeman
(magnetic field) 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 defec.s, 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 wcurate value of 53.6 4/-0.5 meV for the donor.

S~ pr froccdinp in Physics, Volume 56 AmorpoAus und Crptalline SHicon Carbide 1il 135
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bt 049
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Energy (eV)

Fig. 1 The 54 meV donor bound exciton PL spectra measured at 5K 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 quali:y and
detail of the five-line bound exciton PL spectra obtained from the films has approached that of
the spectra from Lely-grown crystals. Recently, POWELL et al.[ I1 ] 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 crystals of cubic SiC having been established, it
follows that the observation of this characteristic PL spectrum in all of the undoped fidms which
have been studied constitutes strong evidence for the pervasive presence of the -.54 meV donor
in these rdlms of cubic SiC.

The bound cxciton 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 well-
resolved phonon replicas (Fig. 1). FREITAS and coworkers 181 have shown that the strength
of these shoulders is enhanced with decreasing CtSi 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
(8,23,241 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 to 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 shallower donor.

2.2 Donor-Acceplor 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(g) from films which were heavily doped
with Al by introducing trimethyl aluminum with the source gases during growth. In the DAP
recombination process (25), electrons bound at neutral donors recombine radiatively with holes

136

050



I I' " -" - I"

AJ-doped

ST-6K

(ZPL)

'U

CL

-J
(a) x SO

2.4 2.3 2.2 2.1 2.0
Energy (eV)

Fig. 2 Low temperature PL spectra of an Al-Doped 3C-SiC film: a) low excitation power -

104 W/cm2) spectrum showing the DAP and associated phonon replicas; b) high excitation

power (IW/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 sepaaon of
the donor and acceptor atoms involved in the recombination. The closest pair give rise to the
discrete, sharp line spectra between 2.3% and 2.2 eV in Fig. 2. while more distant pain 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. quantitative analysis of the spectral
energies of the sharp-lineclose pair speca provides a vaue of 310 meV for te sum ofthe
aluminum acceptor and unspecified donor binding energies. TU binding energy 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 A] acceptor fte-to-bound PL rasitirmo is
observed [8.24,27). whose energy is approximately equal to the band gap minus theae
dtbinding energy. Havi thus measured a 257 mteV Al acceptor b.nmdi• enr. .ubtrctn$U=
from 310 meV y;Mds ebno n rg bindinge energi.
determined by FRrAS et al.[8] in Al-doped films of CVD SiC a in exact agreem t
those measured by OIOYKE et al. 1261 from DAP specrai mAl-doped Lely-gr crystals o.
cubic SiCr In addition, Kuwabara et al [281 reported DAP PL spor in ron-ope cubic
SiC from which they inferred a value of 735 meV for the born acceptor binding energy and 54
meV for the binding energy of the background donor which paired with the boron acceptors.
Clearly, the same backgound donor seems to be involved in the DAP spectra of both the Al-
doped and B-doped Sir

A second, independent measure of the donor binding energy in Al-oped films of CVD
cubic SiC was obtained by FRErAS ci &L.[1) who studied the thermal quenching of the sharp
close DAP hands. Because the donor binding energy is about one fifth that of the 257 meV Al
acceptor, the holes remain bound over the temperture range of dono ionization (~sK) an
the PLquenching curve (Arrhenius plot) is characterized pinri'ly by the donor bindinf enew
(251. The value of the donor binding energy inferred from the dope of the exponenmt A
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 Ad-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 specmtm exhibited by the unpaired spins of electrons bound to donors can provide an
identification of the donor species through the interaction of the paramagnetic elecatrs with the
nuclear magnetic moments of the donor atoms. This central hyperfine interaction splits the
EPR spectrum into 21+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 to the hyperfine interaction of the
paramagnetic electron with the magnetic moment of the 14 N nucleus (nuclear spin I = 1). This
three-line EPR spectrum has been established as an unambiguous signature for the presence of
neutral nitrogen donors and, under the proper experimental conditions, its intensity can provide
a measure of the concentration of neutral nitrogen donor.

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, isomrpic 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 a&. [291 for Lely
grown cubic SiC and also by other workers [14-15) in CVD films. CARLOS et a&. found that
the ability to obtain well-resolved three-line spectra is apparently strongly dependent upon
donor concentration in undoped films. At higher concentrations (>>101 cm- ) broadening
due to 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 possible that the loss of the hyperine squctuze in the EPR
spectra of higher concentration samples is caused by the superposition of a broad, structureless
spectrum which arises from a second, distinct neutral donor [15,23.24].

undoped SiC
T-19K

C

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
24 (PL spectrum shown in Fig. Ia). The microwave power level was- 2 microwatta.
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Fig. 4 Low temrperature EPR spectra obtained at 9GHz from the Al-doped tfilm (FL spectrum
shown in Fig. 2) under two different conditions: a) unilluminated (dark); b) illuminated with
457.9 pim argon laser line with power density of - 10- W/cm7-

The photoinduced EPR spectrum (b) of Fig. 4 indicates that nitrogen donors can also be
observed in Al-doped CYD films (FREITAS AND CARLOS, to be published (301). In the
dark (untilluminated) EPR spectrum (a) of Fig. 4. no EPR signal is observed in the spectral
range of the donor fines, as might be expected for an Al-doped sample in which most if not all
of the donors arm compensated by the Al acceptors. Compensated (charged) donors have no
bound electrons with unpaired spins and are not paramagnetac centers. However, when an Al.
doped, compensated sample is illuminated with above-gap light, a quasi -equilibrium population
of photoinduced neutral donors is generated and the thuree-line: neutral nitrogen noOr 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 apevsve background donor with a 54 meV
binding energy in CYD 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 54 meY donor in cubic SiC with
isolated nitrogen donors

The observation of sharp-line donor bound exciton and sharp close DAP PL spera=
indicates that the donous participating in these radiative recombinawion processes ame located on
lattice 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 severely broadened and pehps be unobservable. The same can be said for donors
which give rise to EPR spectra with well resolved hyperfine splitting. such as the three-line
14N EPR spectrum observed in the CVD films ofcubic SiC. In addition. srdes of the
magnetic field orientation dependence of both the rive-line donor bound exciton PL spectrum
(21] and the three-line 14N EPR spectrum (29) gave no evidence of anisotrop. Th nai mas
ftha both the 54 mtV donor giving rise to the donor boundl exciton FL spectrum aW the neutral
14N donor responsible for the three-line EPR spectrum are isolated, poit defects

Measurement of the binding energy of the nitrgen donor which exhibits the thre-line
EPR spectrum presents an obvious meun of resolving the question of the posble conniecdtto
between the 54 meY donor and the nitrogen donor. CARLOS et Tl[13) attempted to
accomplish this by measuring the wthrma queniching of the 14N EPR spectrum in an undoped
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n-type film of cubic SiC. However, an exact measure of the thermal quenching (ionization)
energy of the neutral nitrogen donors was thwarted in these experiments by broadening of the
three-line EPR spectrum and interference of an underlying broad resonance spectrum with
increasing temperature. Recently. Nashiyama and coworkers 1311 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 [311 indicate that the
neutral nitrogen donors giving rise to the three-line 14N EPR spectrum also have a binding
energy of -54i 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
characwerizes 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 [5]. (We simplify the
discussion by referring to the donor as nitrogen.) The N-Al close DAP spectrum is a type II
spectrum [251 which means that the participating donors arm 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 nitrogen 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 I [251, meaning that
donors and acceptors are located on the same sublattice. An intemally consistent description,
that is, one which is consistent with the requirements of the type I 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 automatically single out the high quality regions of the aysCaline 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 carer concentrations.

We now discuss the possible relationship or contradiction between the 54 meV donor
(apparently 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 observ•d (25] that optical
ttansions which depend only upon the ground state energies can remain sharp and unshifted at
relatively high impurity concentrations for which thermal activation energies or binding
energies 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[17.1S] have
invoked a concentration dependent reduction in the thermal activation energy to explain the
apparent variation in donor binding energies inferred from temperature dependent Hall effect
measurements on n-type C`VD films of cubic SiC. However, thermal quenchin; studies of
both the DAP PL spectra [8) and the EPR spectra (31) have measa-ed 54 meV binding argies
equivalent to those determined from the optical spectral energies. Furthermore, MOORE (321
has shown that if the published temperature dependent Hall effect data for CYD SiC films
(from which donor ionization energies ranging from 15-40 meV have been inferred) are
analyzed correctly, one consistently obtains activation energies in the range 15-20 meV, whose
variation is easily accounted for by uncertainties in the fitting or analysis procedure. This
means that ther is not a continuous range of donor binding energies vaying from the 54 meV
measured optically to the lowest (-15 meV) value measured by Hall effect, Instead, the optical
messurements detect one donor with a relatively precise value of 53.54 meV for its binding
energy, and the Hall effect measurements yield a second shallower donor, with considerable
uncertainty in its 15-20 meV binding enry.

Thus it appears that isolated nitrogen donor, which are located on undistorted lattice sites
and have a 54 mcV binding energy, cannot be responsibl for the 15-20 meV donor binding
energy inferred from temperature dependent Hall effe measuream . However. this does not
mean that nitrogen impurities cannot be associated in some other configuration with this
shallow donor. For example, the nitrogen impurities could substitute on either the carbon
sublattice or the silicon sublattice in SiC, with diffcrent binding energies in the two cases,• nd
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the 54 meV binding energy can represent only one of these two cases. In addidon, nintogen
impurities as well as other electically 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 or interstices, or be complexed with other defects and therefore
have binding energies quite different from the 54 meV of the isolated, substitutional nitrogen
donor.
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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 iesidual 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 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.

I. INTRODUCTION observed on the N-Al donor-acceptor pair (DAP) band.

Following the original growth of the cubic polytype of The second is a more complex spectrum which can be attrib-

SiC by the Lely method about 20 years ago, thin films of this uted either to a specific donor-acceptor pair with a fixed

structure were grown by chemical vapor deposition on Si separation or to an exciton. The second spectrum is detected

substrates starting around 1983.' A variety of methods have from 1.6 to 1.9eV. This rangeincludesboth theD, and theG

revealed the basic characteristics of these layers.2 For exam- defect-related photoluminescence bands.

pie, 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- A wide variety of samples has been studied. All were
pies or thermally annealed, free-standing SiC layers that are grown on (100) Si by a CVD process'° and had thicknesses
attributed to defects.' Since optically detected magnetic res- from 9 to 15 sm. Aluminum doping was obtained by intro-
onance (ODMR) is a powerful tool for identifying defects ducing trimethylaluminum with the source gases. Some of
and relating them to their luminescence, we were motivated the undoped samples were part of a study of the effect of
to apply ODMR to SiC thin films. varying the source-gas ratio C/Si. " All of the undoped sam-

Optically detected magnetic resonance is a combination pIes were strongly n type and 90% compensated. Most of the
of electron paramagnetic resonance (EPR) and photolumi- PL and ODMR measurements were done on samples that
nescence (PL). Previous work using each of these tech- were removed from their Si substrates and glued at the
niques has been performed on cubic SiC. Photoluminescence corners onto Si wafer chips for ease of handling. With this
of undoped layers contains lines attributed to N-bound exci- mounting, the strain due to mismatch is eliminated since the
tons and two defect bands labeled D, and D2.3 Evidence from layer is no longer epitaxial to a Si substrate.
the conditions for observing D, and its phonon couplings Photoluminescence spectra taken at 6 K for the two
suggest that an intrinsic point defect or defect pair is respon- samples which gave the best ODMR data are shown in Fig.
sible for this band.4'" A third defect band called G can be 1. The Al-doped sample is dominated by the DAP spectrum
discerned in some samples.6 The G band is associated with of the N-Al pairs with a zero-phonon line (ZPL) for distant
dislocations or other extended defects.7 In Al-doped sam- pairs at 2.118 eV. There is some intensity at the positions of
pies, there is a strong band attributed to N-Al donor-accep- the D, band with ZPL at 1.97 eV and the G band with ZPL at
tor pairs.' The electron paramagnetic resonance of undoped 1.92 eV. The undoped sample has strong emission from N-
CVD films has a line due to donors.' In samples with a low bound excitons at 2.28 eV as well as the D, and G bands.
concentration of uncompensated donors, a hyperfine strpc- Detailed photoluminescence studies of these bands have
ture is observed which arises from the ' N nucleus and thus been presented."
identifies the donors as nitrogen. ODMR of donors has been The ODMR spectrometer is centered around an optical
reported in thermally quenched crystals of 3C-SiC.9  cryostat in a 9-in. electromagnet. The sample temperature is

The ODMR of a wide variety of doped and undoped 1.6 K and fields up to 1. 1 T are available. 50 mW of micro-
CVD layers has been studied and two distinct spectra were wave power at 24 GHz are switched on and off by a p-i-n
observed. The first is attributed to donor magnetic resonance modulator and sent to a TEO,, cavity with optical access.

The luminescence was excited by the 476-nm line of a Kr

Present address: Center for Compound Semiconductovi'hiiroklectronics, laser at power density around I W/cm2. The luminescence
University of Illinois at Urbana-Champaign, Urbana IL 61801.. was collected, filtered, and detected with a Si photodiode. A
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--- ----d where g, is the splitting factor for the donor and g, is the

(ZPL) factor for the acceptor. Magnetic resonance for the donor
occurs at two transition energies

undoped hv = gflB + a/2. (3)

(ZPL)f These states and microwave transitions are shown in Fig. 2.
Selection rules for radiative recombination favor the- _(20 -- 1/2, + 1/2) and ( + 1/2, - 1/2) states since the

"ground state has S = 0. Thus magnetic resonance can alter

a the spin-state populations and affect the radiative recombi-
nation, producing ODMR.

z Al-opedw Dist. D-A Two distinct cases can be distinguished based on the rate
I-- Pair Band -

z_ of spin relaxation compared to the rate of recombination. If
-V 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

b acquire a thermal distribution-the lowest state is most pop-
...... ulated and the highest state is least populated. Spin reso-

...4 2.2 2.0 1.8 1.6 nance of the lower states will cause a net transfer to a more
ENERGY (eV) radiative state and thus an increase in photoluminescence.

FIG. 1. Photoluminescence spectra at 6 .' for an undoped sample and an However, spin resonance of the upper states will cause a net
Al-doped sample. The spectral range is the same for the D, and G bands and transfer out of the radiative state and thus a decrease in pho-
the excitonic ODMR which was observed in both samples. The donor-ac- toluminescence. This is termed the thermalized case.
ceptor pair band for the Al-doped sample has the same range as the donor
ODMR. 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

lock-in amplifier produces the ODMR signal which is the different donor-acceptor separations. This will be discussed

change in photoluminescent intensity which is coherent with with the results.

the microwkave 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 +12,+12

been presented, 2. t' A simplified version adequate to the SiC
results is presented here.

A donor-acceptor pair with a fixed separation under- +1/2,-1/2
goes recombination from the excited state with an electron 0
on the donor and a hole on the acceptor to a ground state -1/2,31/2

z
with the donor and acceptor unoccupied. If the donor and w
acceptor can be described using the hydrogenic, effective-
mass theory, the magnetic properties of the initial state can -1
be described by the following Hamiltonian:

A' =A" Ai"+ a-Jnon-thermalized

where h"° is the Zeeman interaction of the S = 1/2 donor,
A"' is the Zeeman interaction of the J = 3/2 acceptor, and
the third term describes a weak exchange coupling between thermalized

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 in this work concern holes electrons

the donors, the J = 3/2 acceptor is simplified to an effective I... .. . I I _ ..
spin- 1/2 acceptor, such as might be found for a deep accep- 0.0 0.2 0.4 0.6 0.8 1.0
tor. With this assumption, the c* -rgy levels in a magnetic MAGNETIC FIELD (T)
field B are

FIG. 2. Zeeman energy levels and ODMR intensity changes for a weakly

E(M,,M) 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

E( ± 1/2, ± 1/2) = ± gof3B/2 ± g4 flB/2 ±a/4, donor. The arrows denote microwase transitions and the thick lines reso-
',|:•. (2) nant changes in photoluminescence intensity.
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Ill. DONOR RESONANCE IN Al-DOPED SIC by the photoluminescence intensity. The single line is ob-

All Al-doped samples exhibit a strong, positive ODMR served in the energy range from 1.9 to 2.2 eV, which corre-

signal near the free-electron g value. See Fig. 3. For these sponds to the range of the N-Al DAP luminescence (see Fig.

data, the luminescence was excited by the 476-nm line from a I).

Kr + laser at a power density of about 1 W/cm2 . Theg value Comparison on the g value of 2.0065 + 0.0015 with

is 2.0065 ± 0.0015. published results confirms the assignment of this line to do-

The shape and width of this ODMR are influenced by nors. Previous EPR studies have found 2.0068 + 0.005

the conditions ofthe experiment. In Fig. 3, the exciting pow- (Ref. 14) and 2.0055 (Ref. 8) for donors in cubic SiC. Ac-

er density is fixed but the microwave chopping rate is varied. ceptors are not generally observed in cubic materials because

The changes in shape denote the existence of a distribution of the splitting of the degenerate valence band by random

donor-acceptor pair separations. Closer pairs have both a strains broadens the acceptor resonance beyond detection.

faster recombination rate and a stronger exchange splitting, Acceptor ODMR has been observed in (hexagonal) 6H-SiC
as given by Eq. (3). In the present case, the spectra ofpartic- where the crystal field removes the degeneracy of the valence

ular pairs are not resolved. However, the higher modulation Band.' 5.,
frequency data is dominated by closer pairs, while the slow- Can the chemical identify of the donor be deduced from

frequency data includes the distant pairs with very small the donor g value? No references were found for the magnet-

exchange splittings. Hence, the slow data appears sharp and ic resonance of donors other than N in any polytype of SiC.

has greater amplitude than the fast data. In Si, different shallow donors exhibit g values which vary by

For even the distant pairs, the linewidth is about I mT. I X 10-4. "7 Therefore, it seems unlikely that the donor can

This is much larger than the 0.12-mT hyperfine splitting be assigned to a particular element from its g value.

observed for N donors using EPR.8 '-4 Thus the hyperfine In summary, this ODMR provides a link between the

splitting cannot be detected in this sample because of the strong DAP luminescence in Al-doped samples and a donor

exchange broadening of the distant pairs. This condition de- magnetic resonance at 2.0065. The identification of the do-

pends on the concentration of donors and the concentration nor through hyperfine interaction remains an exciting pros-

of acceptors in the sample-it is possible that the hyperfine pect. This could be realized with samples with lower concen-

could be observed in a sample with a very low donor concen- trations of donors and acceptors or possibly by reducing the

tration. Recall that most of the CVD-grown films have a electron concentration of existing samples using electron ir-

high donor concentration and high compensation. radiation.

The spectral dependence of this ODMR line has been
studied by placing different long-pass filters in front of the I EXCITONIC RESONANCE
detector and measuring the strength of the ODMR. The A distinct, new ODMR spectrum has been observed in
strength is defined as the ODMR signal amplitude divided 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.

S• 5 kHz-""

C: C

o Cu
Z 570 Hz 0 Quadrature

m .j

D.. -

Z <
<z

M[ 35 Hz--t
Li.j

0.76 0.80 0.84 0.88 0.92

076 080 084 088 092 096 MAGNETIC FIELD (T)
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
FIG. 3. ODMR of the Al-doped sample for three microwave modulation actual response is below 10 Hz. The negatime-positive pair of linesisattrib-
frequencies. The changing line shape indicates a distribufiolj4hpi bina- uted to an exchange-split electron resonance. The lines near 0,780 T have

tlion times and. hence, donor-acceptor separations. Q 05 not been firmly identified.
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At 10 Hz, the spectrum in-phase with the modulation is still V. CONCLUSION
weaker than the spectrum in quadrature. There is a pair of ODMR studies of CVD-grown cubic SiC films reveal
lines centered near the donor g value with the lower field line two distinct spectra. The first is a single line observed in Al-
negative and the higher positive for the in-phase spectrum. doped samples. From its g value, line shape, and spectral
From the discussion in Sec. II, this is the signature of an dependence, it can be assigned to neutral donors. It is clearly
electron resonance which is exchange-split by a hole at a associated with a luminescence band attributed to N-Al
particular separation (see Fig. 2). The g value for the pair is pairs. The second spectrum is more complex. It is dominated
2.0024 and the exchange splitting a is 102 mT. The negative- by two lines due to electron resonance split by a unique ex-
positive character indicates that the spin levels are thermal-
ized and hence the spin-lattice relaxation is fast compared to has a specific structure, such as a defect complex or anti-
10 Hz, the microwave modulation frequency, for this defect. has a Fic tu e suchras defe ce or ti-

A weaker, broader positive line is observed at 0.781 T. phase boundary. From the spectral dependence of this line,and t is the ODMR may arise from the D1 or the G luminescence
This line may actually be a slightly split pair of lines and it is band.
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 ACKNOWLEDGMENTS
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ABSTRACT

A micro-photolusninescence spectrometer has been used to measure the 77K
photoluminescence spectra of combustion deposited diamond films with a spatial
resolution of 3prm. 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 [I].

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 (g-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 Diamond Science and Technology 1991 MRS Inl. Conf. Proc.
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Sample Characteristics

The two diamond films (S#l 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 slre and to keep constant an oxygen/acetylene mass flow

.... ' ...... ": 'ratio (R) of ca. 1.02. The flame was directed down onto a Si 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#l 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 pam diamond polishing paste followed by ultrasonic cleaning in
acetone and methanol. The deposition time was 4 hours in case of S#l, and 3 hours
25 minutes in case of S#2. The temperatures of the central parts of the substrates
were 850±50 °C and 900±50 'C, respectively.

A micrograph of the area between the central part and the boundary of the film
S#l is shown in Fig. 1. One observes crystallites as large as 150 ILm as well some
which are only a few microns large. Sample S#2, not shown here, exhibits the same
morphology as S#l, however the crystallites are smaller than in sample S#1. Both
films show an annular pattern of isolated diamond crystals with low density in the
center (directly under the inner flame cone), increasing to a maximum density 2 umm
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. I. Micrograph of the film S#1. The scale is 50 pLm for the small division.

Instrumental

A schematic of the p.-PL spectrometer is shown in Fig. 2. We have used the
457.9 un 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 pim (which can be reduced to <1 1Lm) and the laser power density varied between

, :" " ,, > :'350 and 530 W/cm 2 .

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

Computer Counter
' [ Ilnverted

Microscope

ScanningLL
Spectrometer

M TV
Monitor

Filter Beam

Argon Laser
Expander

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 pim 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 pI-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 jim 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 gIm shows qualitatively the same spectrum associated with the crystallite at 250
gIm, but the 2.16 eV center is the dominant spectral feature. In the spectra associated
with the crystallite at 1050 pmi and 1300 im we do not observe any contribution from
the 1.95 eV center, however the 1300 gIm 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 V-V(-N?) 77K
S 2.16 .V 458 nm

V-N (lasr)

1.95 9V DAL40 FLM ON S. SUBSTRATE

W

0.

2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 Ic tm le

ENERGY (cV)
Fig. 3. Photoltuminescence spectra of four (100) surface crystallites of sample S#l1.
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 pin. As an example, small microcrystals ( few microns
or less) grown on top of a large (100) single crystal (50 pm 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 Pm 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#l, 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 pin 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 eV. However, in spectrum (b), associated with a
(100) crystallite located about 350 lmi 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

77KS458 nm

(laser)

Fig. 4. Photoluminescence spectra
of four crystallites of sample S#2.
The locations of the microcrystals
in the film are described in the
text.

S~1.68 9V

2.,4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6

ENERGY (eV)
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intensities and these are similar to the intensity distribution observed in the spectrum
identified as 250 pm 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 pam from (b)
toward the center of the film, shows a relative increase of the 2.16 eV center in corn-
parison with others spectral features. The spectrum (d), obtained from an area
situated at about 700 to 800pm 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 ari very similar to those observed in the film S#l. 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 orienta-
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 I 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 1100: terraces and I 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 1332 cm ` ,,ik which is indistinguishable from natural type Ila 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 prv;.-.nary X-ray rocking curve analyses are presented. This is the first report of the high-temperature
epitaxial growth of diamond in a turbulent flame.

1. Introduction boron doped single crystal diamond films have also been
grown in a turbulent oxyacetylene flame at high temper-

Recently, Janssen et al. [1] reported that diamond atures [10].
could be grown epitaxially on I 10ý natural diamond
seed crystals at temperatures of 900+ 100 CC and growth
rates of 50 pm;'h in an atmospheric pressure, oxyacety- 2. Experimental set-up
lene flame. In spite of the high growth rates, the deposited
material had good crystalline and optical quality [1, 2]. The api;-ratus used in this study is similar to that
In related work, we have reported that macroscopic described in previous work [3, 8] and is shown in Fig. I.
(-.1.7 mm x 150 pm) facetted diamond crystals can be High purity oxygen (99.99%) and acetylene (99.6%) were
grown epitaxially at high temperatures (T> 1200 'C) in used as source gases, with the acetylene passed through
an atmospheric pressure, laminar oxyacetylene flame an activated charcoal trap to remove residual acetone.
[3, 4]. The growth rates observed on {100) seeds (150- The feed gases were metered to a commercial brazing
200 pm/h) and the maximum deposition temperature torch with a mass flow control system. The oxygen and
observed on )1l10) seeds (-1500C) are some of the
highest ever reported for the epitaxial synthesis of dia- MASS LOW CONTROLLERS

mond. In collaboration with the University of Minne- ,TOCsota ACIATDTO-OO
sota, we also investigated whether a high-temperature C,. -, CHCO ATRAP ROMETER

epitaxy (HTE) type process is possible with a plasma jet
reactor. The results of these studies indicate that dia- TOCH

mond can be grown epitaxially at high temperatures
(1200-1400 CC) and high rates (> 200 pm/h) on 100) and FLAME

(1101 natural diamond seed crystals which are positioned MoROO . - SEECYSTAL

in the plume of a DC triple plasma torch [5, 6]. In this EED w7u l
paper we present the first evidence for the HTE growth
of single crystal diamond in a turbulent flame. This S.6
study was motivated by the observation that undoped
polycrystalline diamond films grown at low temperatures Fig. I. Experimental set-up showing brazing torch, substrate mount

(<1000 QC) in a turbulent flame are clear [7] and exhibit assembly, two color pyrometer, and mass flow controllers. The flame

a reduced level of radiative defects [8, 9]. Recently, shape and sample position in the flame are shown in the inset.

0925-9635!92;S0500 f' Elsevier Science Publishers B.V. All rights reserved 071
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acetylene flow rates were 10.42 sirm 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 g/TUR...-"
Ila diamond heat sinks which were laser cut into circular TURBULENT

cross-sections (1.5 mm diameter), polished on the top RG
{I00, 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 LAMINAR

acetylene feather of a turbulent flame, just beyond the
flame brush, as shown in Fig. I, and the deposition 2V ... . .. .

lasted for 60 min.
The braze material insured good thermal contact 2Dt 1.1 1.5 1.9

between the diamond seed crystals and the molybdenum Burner Diameter (mm)
rod during depositions. Since the thermal conductivity Fig. 2. Operational regimes of premixed, single orifice torches. Note
of the seed crystals and braze material is relatively high, the flashback limit, the blo,-off limit, and the hyperbolic wedge
the seed crystal is expected to be isothermal with a separating the laminar and turbulent regimes.
temperature equal to or slightly greater than the molyb-
denum rod temperature. The temperature of the seed laminar-turbulent transition at the flame front. Note
crystals was controlled by varying the penetration of the that both the laminar and turbulent regimes are bounded
molybdenum rod into a threaded hole in a water-cooled from below by the flash-back limit, and from above by
copper cylinder. The temperature of the substrates was the blow-off limit. These limits correspond to the flame
measured with a two-color (2.1 and 2.4 pri) pyrometer either propagating back down the burner tube or becom-
which was insensitive to the flame emissions. ing unstable and detaching from the burner tip, respec-

Fluid flow in a tube is frequently characterized by its tively. The blow-off and flash-back limits are defined
Reynolds number, defined as Re= vdp/p, where v is the semi-empirically in terms of two critical velocity gradi-
average gas velocity, d is the tube diameter, p is the gas ents which are expressed in terms of the quenching
density, and p is the gas viscosity. Assuming a temper- distance, D, (0.1 mm for a stoichiometric mixture), and
ature of 300'K and a I : I mixture of oxygen: acetylene, the average gas velocity. Since the velocity profile in the
we estimated [I1] that the gas viscosity in the tube burner tube changes significantly when the flow changes
before the flame front was 1.5 x 10 - g/cm s. For the from laminar to turbulent, the critical velocity gradients
flow conditions corresponding to the flame used in this and slope of the blow-off and flash-back limits shown
study, we estimate the Reynolds number in the tube in Fig. 2 may also change in passing through the laminar-
supporting the flame to be > 12 000. For Reynolds to-turbulent transition.
numbers less than 2300 the flow in a tube supporting a
flame is normally laminar and above that value the flow
becomes progressively more turbulent. Reynolds num- 3. Results
bers over 3200 are generally associated with fully devel-
oped turbulent flow [12, 13]. Premixed turbulent flames Optical and electron micrographs of a cylindrical
exhibit a rounding and broadening of the primary flame {100} seed crystal after I h growth at 1250'C in a
front, and a characteristic hissing sound [12]. The turbulent flame are shown in Figs 3(a) and 3(b), respec-
reaction zone becomes blurred or "wrinkled" instead of tively. The deposited material has an octagonal shape
smooth, so that the reaction occurs over a much larger when viewed from above with the shapes of the side
effective area which is not necessarily continuous [14]. faces alternating between trapezoids and truncated paral-
The broadening occurs when the scale of the turbulence lelograms. These are the shapes expected around the
(i.e. the eddy diameter) is significantly greater than the 'waist' of a cubo-octahedral crystal which is truncated
flame front thickness [l7' The flame used in this study along a <100) axis perpendicular to the plane of the
exhibited a rounded, thick flame front [8] and a loud waist (the plane of the waist contains four <100> axes).
hissing sound. The trapezoidal and truncated parallelogram shaped

The laminar and turbulent operational regimes [15] faces would thus correspond to the (<Il> and <100>
of a Bunsen burner are shown as a function of the crystallographic directions, respectively [4].
average gas velocity and the burner diameter in Fig. 2. The top { 100; growth surface of the sample is covered
We expect that oxyacetylene torches will exhibit similar, with multiple pyramidal shaped structures which appear
but not identical, characteristics. The laminar and turbu- to be composed of both I100} and 111 surfaces (see
lent regimes are separated by a hyperbolic wedge Olefined Fig. 3(a)). Note the long range (200-800 pm) order of
by the Reynolds number values corresponding-to-.the 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! seed in a turbulent oxxaccijlcnc flame at
1250 C for I 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 < I I I ) 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 I I l l1 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 Fig. 4. Atomic force micrograph of top of pyramidal structure similar

to have an enhanced secondary electron yield, which to that observed on sample shown in Fig. 3a. Note the staircase

may have been related to charging. Smaller pyramidal structure with :,100o terraces and 110: ridges.

growth structures have been observed in :,100: growths
before [16], however, the side faces were incorrectly be due to growth non-uniformities, residual braze corn-
identified as I 1 faces. Preliminary atomic force micro- pound on the seed and/or a smaller seed diameter than
scope (AFM) studies of a sample grown under similar the specified value. Normally, the seed crystal dimensions
conditions suggest that the side faces of some pyramids are within 1-2 gm of the dimensions quoted by the
are composed of very well-ordered J100: terraces and supplier.
;11 0 ridges with a typical height:length ratio of 100 nm: Although true 1111 faces did not exist on the top
4 pm. These relative dimensions agree with the micro- growth surface of the seed. 1, Ill: faces did grow out of
scope slope measurements mentioned earlier. An AFM the side wall of cylindrical. <100> oriented seeds. The
micrograph of the tip of a growth pyramid is shown in <I I I> growth rate was thus determined by examining
Fig. 4. the dimensions of one side :111, face of the crystal

The thickness of the deposited layer was measured by shown in Fig. 3 and calculating the distance between
examining'a side .,100: face with an optical microscope two parallel planes. one of which was co-planar with
equipped with a micrometer, the growth rate determined the deposited face. the other of which contained the top
from this measurement was 35 pm 'h. The distances from edge of the seed crystal. A growth rate of 57 pm h was
two orthogonal ; 100:k side faces to their respective oppo- calculated in this way for the (I I I > direction. The side
site 1100: side faces were measured to be 1.552 and I I ll: faces frequently appeared to have a large misorien-
1.561 mm, giving a lateral (100> growth rate of tation (1 -4-) from the expected orientation, but this may
26-31 pjm/h. This is slightly lower than the growth rate be due to measurement errors associated with poorly
calculated from the film thickness, the discrepancy may formed faces, and with astigmatic effects in our scanning
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electron microscope. This misorientation did not affect F-b

the growth rate calculation significantly. The ratio of the 3 -b Turbulent Flame
gr',wth rates in the (1I> to (100> directions is thus in 48[.0 nm
the range of 1.63-2.19, depending on the value used for • 20mW
the (I)00> direction. For a (I I I >/(100> growth rate ratio 0 2
of _! 1.732, a cubic morphology will be the final crystal ,
shape [17]. The growth rate in the (<I0> direction is
probably much higher than either the (100> or <ill> 9
directions, since no macroscopic ,I 10, faces appear. Sev- ,
eral different techniques for estimating the <110> growth a..
rate all suggest values well over 100 jim/h. P.

The first order Raman spectrum of a single crystal 0 2 2 2 1 1
diamond film grown at T,=1250°C in a premixed, 2.4 2.2 2.0 1.3 1.6 1.4
turbulent oxyacetylene flame is shown in Fig. 5. For e nesgy sedw
comparison, the first order Raman spectrum of a natural Fig. 6. Lo-temperature photoluminescence spectrum excited with a

488 nm line of a homoepitaxial diamond film grown in a turbulenttype lla diamond sample is also presented in Fig. 5. The flame. The peaks labeled "a" and -c- correspond to the zero phonon

514.5 nm argon laser line with a power density of line of the H3 defect band and the 2.156 eV defect band. respectivel%.
-40 W cm 2 was used as the light source, and all meas- The peak -b- at 2.375 eV is the first-order diamond phonon line.

urements were performed at room temperature. The
scattered light was dispersed by a double spectrometer the deposition. The spectrum is characterized by a broad,
with a bandpass of -0.25cm- . The film's TO/LO almost featureless, band extending from 2.31 to 1.6eV
phonon (continuous line) peaks at 1333.20 + 0.25 cm-", and three sharp peaks labeled as "a", "b", and "c". The
while natural diamond's TO/LO phonon (dotted gradual decrease in the spectral intensity observed at
spectrum) has its maximum at 1333.50 +0.25 cm '. For the high-energy end of the spectrum is due to Raleigh
line-shape and line-width comparisons, the film's scattering of the laser light. The peak "a" at 2.465 eV
spectrum was red shifted (0.25cm-') and the natural has been assigned [18] to the zero phonon line (ZPL)
diamond spectrum was normalized to the film's phonon of the H3 defect band (N-V-N), which is easily identified
peak intensity. As one can see, there is excellent by the broader unlabeled phonon replica at 2.421 eV
agreement between the two spectra, within experimental (43.4 meV from the ZPL). The strong sharp peak "'b" at
error. A low-resolution wide-range spectrum, not pre- 2.375 eV is the first order TO/LO phonon (I 333.2 cm ').
sented here, showed no evidence of amorphous and/or The peak labeled "c" at 2.156 eV is assigned to the ZPL
graphitic components. of the 575 nm system, the structure of which has not yet

The low-temperature (6 K) photoluminescence (PL) been identified (V-?) [18]. The 575 nm system has been
spectrum of the sample analyzed in Fig. 5 is shown in previously observed in polycrystalline [19] and
Fig. 6. The 488.0 nm argon laser line with an intensity monocrystalline [4] diamond films deposited in laminar
of 20 mW was used as the exciting light source. The PL flames. The 575 nm and 637 nm (1.947 eV; N-V pair)
spectrum of the seed crystal was not measured before [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

16 strong reduction of the 575 nm and H3 centers suggest
Turbulent Flame 514.5 nm that nitrogen is significantly excluded and vacancies are
Di am Ta not incorporated as efficiently into films deposited under

1 Bandpass -0.21cm turbulent conditions [8]. These Raman scattering and
0= PL results imply that high-quality diamond films can0

0 8, - 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. 5

suggest that the growth is monocrystalline diamond.
0L Laue X-ray diffraction analysis of the deposited crystal

1310 1320 1330 1340 1350 1360 shown in Fig. 3 has confirmed that it is monocrystalline.
Raman Shift (cm-i) These Laue photographs did, however exhibit a certain

Fig. 5. High-resolution Raman spectrum of a homoepitaxial diamond degree of asterism, implying the presence of defects in
film groxwn on a 1100: type Ila seed with a turbulent, oxyacetylene the diamond structure. The nature of these defects were
flame. -- I the deposited crystal, and.) a natural type Ila diamond, considered by making measurements of X-ray rocking
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curve breadths from the face of the seed diamond grains. Double crystal diffractometer measurements
opposite that of the epitaxial deposit. and from the would be desirable, and, under favorable conditions,
epitaxial deposit itself. may yield additional insight into the structure of the

The crystal was affixed to a glass slide using a small individual grains.
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 4. Discussion
corresponding to the Cu Kai reflection from the (400)
plane, approximately 119.45'. Several omega scans were Diamond grown in a turbulent oxyacetylene flame
then performed, rotating the diamond crystallite approx- exhibits a lower growth rate, a different growth morphol-
imately WOf about its face normal between scans. This ogy and a greatly reduced level of radiative defects, as
procedure was performed upon the face of the seed compared to diamond grown in a laminar flame. These
diamond opposite that of the epitaxial deposit to estab- features of diamond growth in turbulent flames are
lish a baseline for the rocking curve measurements to unexpected and surprising. If diamond growth in laminar
which the measurements from the epilayer may be flames is transport limited, then the higher effective
compared. The measurements were then repeated on the diffusion coefficient (the "eddy viscosity") in turbulent
epitaxially grown deposit. The line breadths were charac- flow could lead to higher diamond growth rates. The
terized by subtracting the background and then evaluat- decrease in growth rates observed (e.g. for (100) direc-
ing the integral breadth. Despite the relatively poor tion at 1250'C, laminar, -150 pm/h, turbulent,
resolution, two points are noted: (i) the integral breadths - 30 ttm/h) suggests that diamond growth in flames is
are quite variable, even on a single face. This variability not transport limited and/or the flux of growth and
seems to be caused by the intrinsic characteristics of the etchant species has been altered drastically in going from
diamond's defect structure, and is manifested as multi- laminar to turbulent conditions (so as to favor increased
peaked rocking curves, as shown in Figure 7; (ii) The etching). Recent studies [20] of the variation of diamond
average rocking curve breadth for the epitaxial deposit growth rates with substrate temperature in a filament
(0.426 degrees) is nearly twice that of the diamond seed assisted chemical vapor deposition environment show
(0.245 degrees). an Arrhenius dependence with an activation energy of

The rocking curves presented here are a direct meas- 22-24 kcal/mol, suggesting that diamond growth may
urement of the angular dispersion of the diamond sub- be limited by a surface reaction.
grains from which the single crystal diamond lattice is Capelli et al. [21] have suggested that spatial varia-
built. Propagation of lattice defects in the seed appear tions in the diamond growth rate observed in an atmo-
to be propagated into the epilayer and this accentuated spheric pressure, inductively coupled plasma may be due
as the diamond growth front moves forward in the to atomic hydrogen flux changes which are related to
turbulent flame. It is also noted that rocking curves variations in the boundary layer thickness. Higher
measured from the epilayer side will also contain a growth rates were observed near regions of thinner
contribution from the substrate and the defected side boundary layers. A study of the radial variation of the
j I I I faces (see Fig. 3). No attempt has been made to Raman spectra of diamond deposited in a laminar flame
separate these contributions to the intensity. Insufficient using a stagnation flow geometry showed that for smaller
resolution precludes extracting more quantitative infor- flame front-to-sample distances, the growth rate was
mation concerning the angular dispersion of the sub- lowest at the stagnation point (where the boundary layer

presumably is the thickest), but the diamond quality was
7 highest [22]. For the turbulent flame described earlier.

6 7 we have observed that the growth rate and diamond
0-5 7 quality are fairly uniform over >I cm diameter areas.
"04 The boundary layer remains laminar, but its thickness

decreases significantly compared to a fully laminar floW'

)I condition. This decrease in boundary layer thickness is
Z 2 / expected [23], however the decrease in growth rate
Z/ suggests that the mechanisms behind the growth of

_/ diamond in turbulent flames may be more than a simple0
59 1 59 3 59.5 59.7 59.9 60 1 60 3 extension of the laminar flame case.

ANGLE (degrees) One factor affecting the flux of species to the substrate
is thetednyortruetfaefottow dr

Fig. 7. X-ray rocking curve spectra obtained with a powder diffracto- tendency for turbulent flame fronts to wander
meter for the (400) plane of (.) the seed crystal, and )-....) the laterally and actually become discontinuous [24]. The
deposited epilayer. wandering and breaking of the flame front can occur at
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a high frequency (- I kHz) and could conceivably lead that diamond synthesized in a turbulent flame may be
to alternating periods of growth and etching, by varying a good candidate for use in electronic devices.
the amount of room air entrained into the flame, and/
or by allowing unburnt pockets of oxygen and acetylene
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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 in the density of line and planar defects, but

SiC is well known as a potential material for unfortunately a high density of double-position-

the fabrication of devices operating under ing boundaries (DPBs) was observed [7].

extreme conditions. However. difficulties encoun- Recently, it has been reported that cubic SiC films

tered in the growth of large bulk crystals have deposited on 6H-SiC substrates may show a very

limited its practical application. The recent low concentration of DPBs if one uses the

success of homo- and heteroepitaxial growth of Si(O00 1) face of Lely 6H-SiC crystals [8].

SiC films by chemical vapor deposition (CVD) Although better quality cubic SiC films may be

has renewed interest in this promising wide band achieved by deposition of 6H-SiC substrates, the

gap semiconductor [1-3]. deposition of films on silicon substrates is still

Despite the fact that the SiC film deposition very attractive because of the low cost of good

and device-processing techniques have improved quality wafers and the possibility of growing

in the last few years to the point where device multiple-layered structures. In the present work
fabrication [4] is now feasible on a commercial we discuss the properties of donors and acceptors

scale, some basic material properties are still not in undoped and aluminum-doped 3C-SiC de-
well understood. One of the most undesirable posited on silicon substrates as determined by

characteristics of films deposited on Si(100) photoluminescence (PL) and photoluminescence

substrates is the high concentration of misfit excitation (PLE) spectroscopies.

dislocations and stacking faults. One attempt to
solve this problem was by off-axis deposition on 2. Experimental details
silicon substrates [5. 6]. Although some improve-
ment was observed in film morphology and anti- Undoped 3C-SiC films were grown epitaxially
phase boundaries, no change was verified in the on Si( 100) substrates by CVD [1, 2]. These films
density of stacking faults [6]. A different ap- are invariably n type. The dominant residual
proach was reported by Kong et al. [31, in which donor as determined by transport measurements
cubic SiC films were deposited on 6H-SiC(000 I) has a binding energy in the range 15-20 meV, but
substrates. These films showed a large decrease the layers are highly compensated (approximately

0921-5-107/92/S5.00 5 Elsevier Sequoia/Printed in The Netherlands
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95%) by background acceptors [9-12]. The 3. Results and discussion
incorporation of defects was investigated by Low temperature (6 K or less), near-band-edge
growing several samples with different values of (about 2.38 eV) PL spectra of undoped CVD-
C:Si source gas ratio. Aluminum doping was grown cubic SiC films are characterized by five
achieved by introducing trimethylaluminum with grwncubc3 iCfilswrch aracterized bf
the source gases [2]. The film thickness varies lines [13-17], which are basically equivalent to
from 9 to 15 pm and each film was removed from yhe e-lin Lectrum first ob s ofits substrate to reduce the strain due to lattice Choyke et a!. in Lely-grown (bulk) crystals of
mismatch. cubic SiC [18]. This luminescence spectrum,

mismthe p ssho~vn as spectrum (a) in Fig. 1, is attributable to
the recombination of excitons bound to isolated

with the samples contained in a Janis Super- neutral nitrogen donors. Despite the similarity in
varitemp cryostat, which allowed temperature the spectra of CVD films and Lely crystals, we
variation from 1.5 to 330 K. Most spectra were observe that the spectral features are always red
obtained in continuous wave (CW) mode with shifted and broadened in the CVD films. These
excitation provided by either an argon ion laser differences in the PL spectra may be associated
(476.5 nm) or light from a xenon lamp and a with internal strain and high concentrations of
double monochromator. Time decay studies of charged centers in CVD SiC layers. Recently it
the PL spectra employed 10 ns pulses of 355 nmexcitation light from a tripled Nd-YAG laser has been reported [8] that cubic CVD films de-
wxcithakion pightrow approximtely 4 k her posited on hexagonal Lely-grown substrates
with peak power approximately 4 kWe The exhibit a PL spectrum whose quality is very closeexcited luminescence in all experiments was to ha ofc b cL l cr s l .analyzed by a grating spectrometer and detected to that of cubic Lely crystals.

int and peto- In Fig. 1, spectrum (a) is obtained from a film
by a GaAs photomultiplier operated in a photon- deposited with a C:Si gas source ratio of 2.4. The
counting mode. zero-phonon line (ZPL) and each of the phonon

replicas of the nitrogen bound exciton (NBE)
,T , exhibit a weak shoulder on the low energy side. It

3C - SiC nTo 4r7nm is found that the intensity of these shoulders is
undop LA 15 mw greatly enhanced for lower C:Si ratios as shown

LO in spectrum (b) of Fig. 1, which corresponds to a
C:Si ratio of 1.2 115]. This observation suggests

TA that the recombination centers responsible forE, 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
l`_ I1 meV for the NBE and 17 meV for the
z shoulders, indicating that the shoulders originate

. from a different defect. This is shown in spectrum
Z (c) of Fig. 1, which is the NBE spectrum of the

.. [a, Asample (b) measured at 15 K instead of 5 K as in
(W (a) and (b). The weaker shoulders of the 5 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 119] can

(el•__ _ be applied, one can estimate 90-120 meV for its
2 40 2 36 2.32 2.28 2.24 binding energy. This energy value is much larger

ENERGY (eV) than the 15-20 meV donor observed by Hall
Fig. I- PL spectra from two undoped cubic SiC CVD films measurements, which suggests that they are
grown with two different values of C':Si gas source ratio: (a) different donors.
2.4; (b). (c) 1.2. Spectra (a) and (b) were acquired with the In Fig. 2 we show the strong dependence of the
samples at 5 K and spectrum (c) with the sample at 15 K. The
weak shoulder in spectrum (N) has become dominant in PL spectrum (using the sample with a C:Si ratio
spectrum i:). of 1.2) upon excitation intensity. The spectra (a)

.*1
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2.4 2.2 2.0 1 .8 1.6 Fig. 3. Square root of integrated PL intensity as a function of

photon energy for CVD cubic SiC film with C:Si gas source

ENERGY (eV) 
ratio of 1.2. The emitted phonons, measured from the PL

Fig. 2. Low temperature PL spectra obtained at (a) 2 W spectra, are indicated in the spectrum.

i ~ cm
2

- and (b) 0.02 W cm-
2 from film with C:Si ratio of 1.2.

spectra over a three-order-of-magnitude 
change in excitation free-to-bound (FB) emission at an acceptor site.

intensity. 

Recently, Freitas and Bso eotdatoog

study 
of the G band 

and 
its phonon 

replicas 
asa

function of excitation intensity and sample tern-

and (b) were obtained at high (2 W cm-2) and low perature [17, 21], which yielded an acceptor

(0.02 W cm-2) power respectively. Spectrum (a) binding energy of 470 meV. On the basis of the

is typical of a high power PL spectra reported for observation of the G band in samples from differ-

undoped n-type 3C-SiC CVD films. The band ent laboratories, they suggested the possibility

edge PL spectrum is dominated by NBE lines, that the G band may be at least partially respon-

but other features associated with structural sible for the high compensation level observed by

Idefects are also observed at lower energy; the Hall effect measurements in undoped cubic SiC

bands W (2.15 eV) D1 (ZPL at 1.972 eV) and G [9-12]. Despite the association of the G band

(ZPL at about 1.91 eV) [ 13, 14, 16, 17, 20] are with a deep acceptor level and its possible corre-

i n d i c a t e d i n t h e f i g u r e . W e a r a t c l r yin t e r - l a t i o n w i t h e x t e n d e d s t r u c t u r a l d e f e c t s [ 1 6 ] .t h e

ested in the G band because it is the dominant complete identification of the G band remains to

feature of the low power PL spectra from all the be determined.

_j ar

==undoped 
films that we have studied. This suggests In Fig. 3 we show the PLE spectrum of the

I that the G band has a long radiative lifetime co rn- undoped film discussed in Fig. 2. These data

pared with the NBE, W and D1 bands, which is were acquired with the sample at 6 K using a 0.22

* 

( characteristic 
of radiative rcombination 

at an mm double spectrometer 
and a xenon lamp. as

extended defect such as a donor-acceptor 
pair light source. The exciting light was excluded with

(DAP). The inset in Fig. 2 shows the G band as a appropriate color gas filters and the integrated PL

function of incident laser power. The red shift of intensity was plotted as a function of the double-

the G band peak position at lower powers and its sp cr m trwavelength. The sq aeroot of the

association 
with a power-independent 

band at integrated 
PL intensity 

is plotted against the

slightly higher energy are typical of DAP and exciting photon energy (Fig. 3) in analogy with

I
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preferentially observed because of their longer
476 nn Al-doped radiative lifetime. As a result, the close DAP lines

T=6K are not observed and the distant DAP band

(a 0DA exhibits an expected narrowing and shift to lower
(a) x 20 ZL-M energy [25] as shown in spectrum (c). At higher

• • temperature, above 60 K (dependent on doping
:3 TO LO (b) level and laser excitation power), the nitrogen

-6 LA donors are thermally ionized and the recombina-
"tion process is dominated by transitions involving
an electron in the conduction band and a hole_ I

" (c) x 50 bound to the neutral acceptor, or FB transitions.
Z This behavior is presented in spectrum (d). A
I- detailed study of the temperature dependence of
Z -- DAP bands in cubic SiC films was reported by I
_j (c) -5Freitas et al. in ref. 15, where the nitrogen donor
_ 4and aluminum acceptor binding energies were

(d) a 10 Idetermined 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.

2.4 2.2 2.0 1.8 1.6 Decay curves obtained in the spectral range asso- I
ENERGY (eV) ciated with close pairs show shorter decay times

Fig. 4. CW PL spectra from aluminum-doped 3C-SiC film: than those measured from the distant pair band
(a) magnified sharp line, close pair spectra; (b) full spectrum [261. These observations are all consistent with I
showing close pair spectra, distant pair band at 2.12 eV and the CW PL data.
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 4. Conclusions
sample at 120 K, shows the aluminum FB transition.

On the basis of the above discussion it is

optical absorption measurements. The exciton evident that PL spectra of undoped cubic SiC

energy gap (EG.) was obtained from ref. 18, but films deposited on silicon substrates are charac-
"eegga terized by nitrogen donors and a deep acceptor

the positions of the phonon replicas were

measured from the NBE PL spectrum of the with binding energies of about 54 and 470 meV

sample. The observed shape is characteristic of respectively. The deep acceptor, which seems to

phonon-assisted indirect transition [221. Our be associated with extended defects, may be

result is in good agreement with absorption partially responsible for the observed high com-

measurements reported by Choyke et al. in bulk pensation level in these films. The PIE spectrum

3C-SiC [18]. The "lack of sharpness" around the shows the characteristic shape of indirect gap

transverse acoustic (TA) phonon may be associ- materials. The successful use of PIE suggests that

ated with the high background carrier concentra- this technique can be conveniently applied to

tion observed in these films. We have also carried study thin semiconductor films.

out PLE experiments in aluminum-doped films,
but these results will be discussed elsewhere. Acknowledgments
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OPTICAL EVIDENCE OF REDUCTION OF RADIATIVE DEFECTS
IN DIAMOND FILMS GROWN BY ACETYLENE-OXYGEN FLAMES

J.A. Freitas, Jr.". U. Strom, K. Doverspike, C.M. MasU** and K.A. Snail
Naval Research Laboratory, Washington. DC 20375-5000
*Sach&-ireeman Associates Inc.. Landover, MD 20785-5396
**NRC Postdoctora Fellow

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 heterogeneous substrate. Solution of the problem re-
quires an improved understanding of the nucleation and growth mechanism, which in turn may
depend on the details of the deposition technique.

Combustion assisted chemical vapor deposition (CACVD) in open atmosphere has at-
tracted the attention of many research 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 ct al. (5) have reported the synthetization of polycrystalline
films in a turbulent flame with very low levels of incorporation of nitrogen impurities. These
results are very ir-pornan since they allow the possibility of the study of in situ doping.

In this work we report a comparative study of polycrystalline films deposited in molyb-
denum substrates using laminar and turbulent prtmixed oxygen-acetylene flames in air. Low
and high resolution room temperature Raman scattering (RS) experiments were used to
evaluate the film quality. Low temperature phololuminescence (PL) experiments were per-
fanned 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 turbulent flame regimes. The film deposition was performed in
ambient air using a commercial oxygen-scetlene brazing iorr. ith 1.17 mm and 1.85 mm
diameter orfice tips for laminar (1) and turbulent (5) flame conditions, respectively. High
purity oxygen (99.99%) and acetylene (99.6%) wem used as source gases, with the acetylene
passing through an activated charcoal wrap to remove residual acetone (6). For the samples ex-
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aminod in this work the ratio (Rf) of the oxygen-acelylene nlow varied from 1.017 to 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 temperature - 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.
senid into a threaded hole in the water cooled copper substrate mount (2). The substrate
temperature, during the grow*h was monitored with a two-color infrared pyrometet. The films
deposited under laminar flame conditions are nearly transparent in the center. degrading to a
gray-brown color at the edges, with crystallite size varying from sub-micron to 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 rate under
turbulent conditions by a factor of two or three, may be associated with simultaneous etching

T'he R.S measurements were carried out at roo temperature. The 5 14.5 nm and 488.0
nm argon ion lase lines provided between J0 and IO00mW of laser power with the laser spot
size of approximately 150-200 pmi. T1he scattered light was dispersed by a scanning double
grating spectrometer with 85 cm focai length and a built in spatial filter to increase the stright
light rejection. The analyzed scattered light was detected by a GaAs pliotoniultiplier tube, OP.
erated in a photon counting mode.

TheP1.measurements wer performed with the sample at 5-6 K, by means ala liquid
and/for continuous gas flow He CayostA The sample temperature was monitored by a soPid
state sensor located in the copper sample holder, and its wteperatture was stabilized by a
temperature controller with sensitivity of(±0.1 X. We have used the UV and blue (351.1 nam
457.9 n=4 476.5 nm and 488.0 nmn) argon ion lase lines to excite the defects in our sample.
however we will present only results with the 488.0 am (2.54 eV) laser line. The light emitteid
by the samples was dispersed and analyzed by the same experimental set-up as was used for the
RS experiment.

RESULTS AND DISCUSSION

Thie low temperatre~ P1. spectra of two films deposied in the laminar flame regime am
presented in Fig. 1. 71thspectrum (a) s from asamnple grown with Rfa 1.017 and substrae
temperature (TS) varying between 885 and 915*C T'he spectrum (b) was obtain firom a sample
grown with Rf a 1.031 and Ts a 890C Both specPran ame similar in regard to the overall shape
of P1. spectrum and the number of observed defect P1. bands. Differences in the spectrat in-
cdude the reduction of the zero phmmo line (711. linewidti (reduced by 4 to 5 times), in spec-
trum (b). and the relative intensity between the Raman peaks associated with the diamond andl
the amorphous carbon (a-O contenL The graua increase in the spectral intensity observed on
the high energy side of both spectra are due to laser Raleigh scattering. The peak *1 *at 2.46S
eV is the ZPL of the H3 center, which may be associated with a single vacancy (V) cotrplexing
with anitrogen (N) cluster (N-V-NI) (7). TWepeak I t2.375 eVis the fint order 70"l
phonon. and the frust broad shoulder on its low energy side is dhe phonon associated with the a-
C film conteoL Two other features. clearly observed in spectrum (b). are the small Peaks at
2182 eV 01) and 2.136 eV *4'). T'he first feature has not been correlated with any defect
previously observed in natural diamond, and the second feature is the S75 nm center which has
been tentatively assigned to a nitrogen-vacancy complex (V.N-V?) (7). The most intense peak
("5) in the spectr is the ZP1.at 1.946 eV (637 nm center) which has been assigned to asingle
nitrogen-vacancy pair (N-V) (7,8).

Fig. 2 shows the first order low resolution Rarman spectr of the same samples analyzed
onlFig. I. High resolution measurements (bandpass - 0.25 ctn-1), carried out on then
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5
488.0 nm Laminar Flame

m 40 mW 6 K

CuC,6

Z

z

-J

0.

2.4 2.2 2.0 1.8 1.6 1.4
ENERGY (eV)

Fig. i. Photluminescence spectra obtained at 6K from two CACVD films deposited in the
laminar flame regime. The peaks "1.3. and 4" am due to niwogen-vacancy complexes. The
peak "2" is the fis order diamond phonon, and the peak *3" is an unidentified center. The
spectra (a) and (b) have been offset in the vertcal axis.

I I I I I I I

Laminar Flame 488.0 nm
R T 600 W/cmn2

Bandpass - 5.46 cm"1
.6

Z (b)

z
z x10

600 800 1000 1200 1400 1600 1800 2000
RAMAN SHIFT (cm")

Fig. 2. Low rcsolution room tempcratuor (RT) Raman spectra of the two films shown in Fig. I.
The phoxoos arwtepreseunted as peak "2 in Fig. I. The spectra (a) and (b) have been offset in
the vertical axis.

L 089



090



142

samples, yield a phonon peak position at 1333.60 cmr I and full width at half maximum(FWHM) of 4.53 cm- I in spectrum (a), and 1333.30 cm"I andFWHM - 2.94 cm- I for thephonon in specmam (b). In Fig. 2, taking fth phonon intensity as refernce, we observe a rMA-tive reduction of the PL background and thie a-C component in this films.The -35% reduction of the linewidth of the ZPL and first order phonon lines is corre-lated with the decrease of the a-C component in the filmL This observation is consistent withan increase in the ave-age crystallit, size (9) which yields higher quality diamond as well asreduced grain boundary regions, which am the likely location of the a-C deposits(10).

In Fig. 3 is shown the first order low resolution Raman spectrum of a polycrystallinediamond film deposited at Ts - 90VC in a premixed (Rf a 1.08) turbulent oxyacetcrkw flame,The extremely low PL background and a-C content in this film is noed. High resolutionRamran nmasurements yield a phonon peak position at 13 3 3.30 cm- and FWHM of 3.00 cm"1 .For calibration and comparison. we had peoroand high msolution RS measurement (bandpass
- M.25 cm- 1) in a natural type na diamond beat sink. The result is a phonon peak positon at1333.50 cm- I and FWHM of 2.40 cm- 1 The agreement (within experinmenta enro) of thephonon peak position for films grown in the laminar and turbulent flame regimes with the typeIla diamond suggests that the films are rather strain free (10). The 25% phonon line broaden-ing observed in the FWHM of our films in comparison with the type Ila diamond seems to beassociated with the polycrystalline charcter of the films, in which grain sizes vary from thesubmicron level to a few microns. It needs to be emphasized that many crystallites and inter-grain regions ar probed with the relatively large laser spot size used in the present experiment.

2 Turbulent Flame 514.5 nm
Bandpass-2.73 cm- 4" W/cm 2

C
Z
0

Raman Shift (cm-1)
ASl. 3. Low resolution mom tempertuem WR) Ramn spectrum a(an CACVD film delposiedurder ret ( flam conm d itio. 4.) hoo peak position is presenled as peak "2" in the Pt.

T1he low semleratum PL spectrum of the film analyzd in Fig. 3 is pe-itt.ed in MSI. 4.T1his spem is quit different from those shown in Fig. 1. since the dorninan feaur is Ie
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strong first order phonon peak at 2.375 ev. The defect ZPLs and side band phonions ami ex-
tremely weak, and can be observed only with a high gain scale. The continuoti decrease in PL
intensity firom the begin of the spectrum to 2.48 eV is due to the lasr Raleigh scattering. The
broad feature between 2.1 and 2.0 eV is probably due to the spectrometer response. Thle domni-
nant emission of the 637 nm center (N-V) as observed in Fig. 1. has been reduced to a weak
band fromn 1.95 to 1.70 eV. in Fig 4. The regularly spaced small peaks from 1.75 to 1.4 eV are
due to interference effects in the film. it is emphasized that the strong P1. background domni-
nated by intense side band phonons; generally observed in laminar flame deposited samples. has
beeni 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.

~3- ýb Turbulent Flame

488.0 nm
20 mW0

0.

0-

2.4 2.2 2.0 1.8 1.6 1.4
ENERGY (eV)

Fig. 4. Low temperature (6 K) photoluminescence spectrmiof the CACVD film analyzed in
Fig. 3. Thle peak *2. the first order diamond phonion. is the singly dominant feature observed.

CONCL.UDIN~-G REMARKS

Low and high resolution RS extperiments; were successfully carried out on polycrystal-
line films deposited on molybdenum substrates by CACYD to evaluate the material quality.
Although good quality filmsu 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 flamei conditions exhibit
the presence of strong luminescence bands associated with nitrogn-vacancy complexes proba-
bly incorporated during the film deposition (3)ý Pt. experiments perfonrmed in samples
deposited under turbulent flame conditions reveal an extremely low level of nitrogtn-vacancy
complexes. This result is extremely important because low level of intrinsic impurities and
defects ame basic requirements to achieve controled doping.
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ABSTRACT

High quality polycrystalline diamond films have been
synthesized in a turbulent premixed, oxygen-acetylene flame.
using a commerciaf 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 combustion processes either involve or are dependent on
turbulence. While several groups have investigated diamond growth in
laminar 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 to the presence of eddies, which can have an effective
diffusion coefficient which Is larger than the molecular diffusion
coefficient by one to two orders of magnitude, depending on the Reynolds
number (4). Consequently, the transport of molecules, heat and momentum
can be greatly enhanced In turbulent, as compared to laminar flow. If the
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diamond growth rate in laminar premixed flames is transport limited, then
that rate could be significantly increased by the introduction of turbulence.
Recently we have reported on the growth of high quality diamond films 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 substrate temperature during growth (see Figure
1). The substrales consisted of -1.5 cm long sections of 3/8"-16
molybdenum (Mo) threaded rod, slotted on one end and polished with silicon
carbide and diamond grit on the other. The temperature of the Mo
substrates was controlled by adjusting the penetration of the substrates
Into a threaded hole In the water cooled Cu substrate mount. A more
detailed 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 activated charcoal trap to
remove residual acetone (7). For this study the ratio (Rf) 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 leather about 1-2 mm from the primary flame front (see
Fig. 1). and adjusted so as to maintain a surface temperature of -9000C for
one hour. Photographs of flame shapes were performed with a Bausch and
Lomb StereoZoom7 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 lb, 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). Instantaneous
micro-Schlieren photographs have revealed that the thickened flame front
seen by the eye Is really the time averaged envelope of a fluctuating.
corrugated flame front (10). The Reynolds number (Re = vdp/14) 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 3000K 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 4'T dependence), but the
temperature rise of the gases in the burner tip 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 to
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 to heat
losses to the walls; this sets a lower limit on the burner diameter. For

stoichiometric mixtures of oxygen and acetylene, 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 laminar-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-to-turbulent
transition.

The first order Raman spectrum of a polycrystalline diamond film
grown at TS a 900 *C in a premixed (Rf a 1.08). turbulent oxygen-acetylene

flame was measured at low power with a bandpass of 2.7 cm- 1 and is
shown in Figure 4. Note the absence of any significant 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 1 0.2 cm- 1 and It's linewldth (FWHM) Is 3.0 cm-1. For comparison, a
natural type IIA diamond sample was also analyzed; the peak position and
FWHM were found to be 1333.5 cm-" and 2.4 cm-1. respectively.
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The low temperature photoluminescence spectra of the polycrystalline
sample analyzed in Figure 4 is shown In Figure 5. We have used a 488 nm
laser line and a power of 20 mW for this measurement. Note that the
spectra exhibits no detectable vacancy and/or nitrogen related 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 to the
recombination of extended defects, as observed In natural diamond. The
features at 1.8-1.9 eV and 2.0-2.1 eV are probably due to the spectral
response of the spectrometer. A transmission electron micrograph of a
film grown under similar conditions Is shown in Figure 6a. The grain size
Is 1-2 pm. Twinning, although frequent, Is not as heavy as In FACVD films
which were grown and analyzed at NRL. Stacking faults 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 to allow one to
Image the substrate through Individual crystals with an optical
microscope; thin films (-10-30 pm 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
500-12000C, depositions outside of this range have not been attempted.
The UV, visible and NIR nemispherical transmittance of 10 pm 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 (2.6). In a turbulent flame, the flux of active species to 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 substrate 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 alr Increases with
flow rate and/or turbulence, then additional etchant species, e.g. OH. may
be transported to 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
tayer. Finally, if the level of turbulence is sufficiently high, the flame
front can be discontinuous, leading to burning In Isolated pockets and
further changes in the growth chemistry. Previous reports of 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 flamres were laminar.
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MASS FLOW CONTROLLERS

ACTIVATtxED PYROETER

Figure 1. Experimental setup showing mass 11ow controllers, two color
pyrometer, brazing torch and substrate mount assembly. The flame shape
and sample position are indicated in the inset.

FLAM

Flgure 2, Photographs of premixed oxygen-acetylene 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
separating the laminar and turbulent regimes.
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Figure 4. Raman spectrum of a polycrystalline diamond film grown in a
turbulent, premixed oxygen-acetylene flame at Ts . 900M.
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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.NAT

21Jm 4Om

Figure 6. TEMs of a diamond film grown in a turbulent flame: (a) bright
field, showing twins (b) dark field, showing stacking faults.
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HIGH RATE HOMOEPITAXIAL SYNTHESIS OF DIAMOND IN A FLAME

K. A. Snail, J. A. FreitasA. C. L. Void', and L. M. Hanssen+
Optical Sciences Division, Code 6522

"Material Sciences & Technology Division. Code 6322
Naval Research Laboratory

Washington, DC 20375-5000
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Abstract

Homoepitaxial growth of high quality. facetted
diamond crystals at rates exceeding 150 microns/hour has
been observed on millimeter sized (100) and (1101 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
1150-15000C range. Microscope and naked eye observations
show the original cylindrical shaped seed crystals growing
into polyhedral shaped crystals with identifiable (100) and
f111) faces. Examination under optical 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-acetylene 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, oridnted (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 a very low fluorescence
background. The crystals often 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 12000C if thermally isolated from their
substrate. Unreported in the- presentation of previous studies 11, 2. 3]
was the observation that during long mufti-hour depositions a two color
pyrometer always registered temperatures >12509C (the limit of the
instrument) whenever large (:100 prm) single crystals appeared on the
substrate, and that the crystals themselves had a visible brightness that
was considerably brighter than the 900-1000IC substrate.

Based on these observations, we performed a series of homoepitaxial
growths In a laminar, premixed oxygen-acetylene flame at substrate
temperatures of 1150-15000C. The results of these depositions are
described In the following sections and in an upcoming publication (5].

Exogrimental Setu,

The apparatus used in this study is similar to that described in
previous work 16,7]. 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 I and type Ila diamond heat sinks with circular or
square cross sections, polished on the top (100) or (110) faces, 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
15000C. 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 detailed description of these procedures can be found elsewhere 15).
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Results

A series of growths on three <100> and one <110> oriented diamond
crystal substrates were performed at substrate temperatures of 1150.
1250, 1360, and 1500*C (±301C). respectively. Depositions at
temperatures below 10000C consisted of small, rectangular shaped,
oriented single crystal domains on (1001 seed crystals, and rough surface
morphologies on (110) seed crystals which were similar to the results
reported by Janssen et al. 18). Growths below 10000C on both (100) and
(110) seed crystals exhibited oriented polycrystalline growth around the
perimeter the seed crystals (see Figure 1). A substrate temperature of at
least 1150-1200-C appeared necessary to grow a macroscopic facetled
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 (e.g. 1.7 mm x 150 pim) polyhedral

crystals from 1.5 mm diameter cylindrical seed crystals was observed in
-20-30 minutes at 12500C on a <100> oriented crystal, and In -10-15
minutes at 15006C 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 a cylindrical 1100) seed crystal before and
after a one hour growth at 12500C 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 waisr of a
cube-octahedral crystal which is truncated along a <100> axis which is
perpendicular to the plane of the waist (the plane of the waist contains
four <100> axes). The trapezoidal and truncated parallelogram shaped
faces would thus correspond to the 0111> and <100> crystallographic
directions, respectively, as shown In Figure 3.

The first order Raman spectrum of the deposited crystal side of the
1250C sample (see Fig. 2) was measured with a low laser power (40
W/cm 2). a 514.5 nm laser line, and a bandpass comparable to 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 luminescence background.
High resolution Raman spectra were also acquired from this crystal. The
deposited crystal's diamond peak position was located at 1333.1 :t 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 luminescence 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) to 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 113 center and a possible Si-related defect (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 deposited crystal is excellent 15).

At high substrate temperatures in a laminar flame, growth 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 11500C to 40-60
microns at 13600C. The seed crystals subjected to higher deposition
temperatures had larger misorientations. which would tend to produce a
smaller initial step peribd. 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 i~mIhr in the <100> direction.

A deposition on a cylindrical (110) seed crystal was performed at a
temperature of 15000C. 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,
givinp 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) face 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 to grow on the Au-
Ta braze material (5]. This is the highest temperature ever reported for
both epitaxial and non-epitaxial diamond growth at low pressures.

Discussion

In 1976 Chauhan et al. (101 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 1140-14756C (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 controlled transport reaction (CTR)
environment. They stated, *high perfection single crystalline [diamond]
layers were obtained on the (110) face of natural diamond at 7506C... As
the temperature is increased further, the growth rate of [the]
homoepitaxial film increases ... and reaches a maximum at -10006C.
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
12000C 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 10500C, 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.
Estim• ,s of the hydrogen disassociation fraction in atmospheric
pressure oxygen-acetylene flames suggest that the hydrogen flux in a
flame environment could be as much as an order of magnitude higher than
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in CVD reactors (5). 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 [151 and two publications [16. 17)
reported diamond growth at temperatures above 14006C. Scanning
electron micrographs in both publications show a columar type
morphology with square. <100> oriented diamond crystals situated on lop
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 11. 2, 3, 51.

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.
we 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 ct.) 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) - -1 3 P, (b) i 36 pm
Figure 1. Scanning electron micrographs of a) top surface of (110) type
IIA seed crystal after I hr deposition at 9500C 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.

(a1) : 750 pJm () :750 m

Figure 2. Scanning electron micrographs of circular <10021 oriented seed
crystal grown at 1250*30C in a oxy-acetylene flame: a) before deposition,
and b) after deposition showing faceted growth with octagonal shape.
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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- 1 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 (Q) 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 12500C
sample after growth, and b) deposited crystal side of same sample. Note
that the deposited layer is monocrystalline, of <100> orientation, and
epitaxially oriented with respect to the seed crystal.
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ABSTRACT

Polycrystallinc diamond films were synthesized both by using an open
atmosphere combustion flame, and also using a combustion flame in an enclosed
chamber. By operating the pre-mixed cay-acetylene torcb in a chamber, we were
able to vary the atmosphere around the flame in a controlled manner and study the
effects on the diamond films. Varying the atmosphere around the flame is of
interest to control the incorporation of unwanted gases, such as room air, and to
obtain finer control over the flame properties. We report on the properties of films
grown in the open atmosphere and in the chamber with oxygen and argon.

Introduction

"The combustion flame technique has been demonstrated at several laboratories
to be a viable technique to obtain high quality diamond films with a high growth
rate (>lOprm/hr)([-l01. In this paper, we report on the growth of free standing
polycrystalline diamond films grown by the combustion process using an oy-
acetylene torch in the open atmosphere, and in an enclosed chamber where the
environment can be controlled. Diamond growth using an oxy-acetylene torch
occurs in the fuel rich acetylene feather just outside the primary flame front. The
torch is a premixed design, where oxygen and acetylene are combined in the
mixing chamber and then burn near the primary flame front (inner cone) where
temperatures can reach up to about 3300Kil]I. The overall combustion reaction at
the inner cone is [121:

C2H2 +02 - 2CO +H2  (i)
with many reactive intermediates (eg. H, ON. C2.and C2 H) involved in the overall
reaction. If the torch is run in a fuel rich mode. the unburnt hydrocarbons,
reactive intermediates. CO. and H2 form a region (feather) bounded by another
flame front caused by oxygen diffusion from the surrounding atmosphere.
Although the oxygen and acetylene gases are premised in the torch, the outer
regions of the feather can be described as a diffusion flame because of the oxygen
diffusion from the atmosphere. When the torch is operated in the open
atmosphere, there is an ample supply of room air available for diffusion into the
flame fully oxidizing the combustion products to CO2 and H20 in the Outer region.
Fourier transform infrared spectroscopy has shows that the feather region
contains a large concentration of CO and the outer part of the feather and the outer
region of the flame contain an appreciable amount of OH, H2 0 and C0 2113J. Las•r-
induced fluorescence and mass spectrometry have shown the feather region also
contains an appreciable amount of aitrogenll2). This indicates that the
atmospheric sir not only oxidizes the combustion products In the outer region, but
does indeed diffuse into the feather region.

Since environmental gases around the flame diffuse Into the area of the flame
where diamond growth occurs, these environmental gases are an important
variable that warrants further attention. Varying the atmosphere around the
flame is also a method of controlling the incorporation of unwanted dopants. such
as nitrogen, and of obtaining a finer control over the fame properties. In the
present paper, we will discuss films that were made (A) in the open atmosphere, (B)
in the enclosed chamber using arson as the auxiliary gas, and (C) in the enclosed
chamber using oxygen as the auxiliary gas.

Met. No*. S"c. Syrmp. Proc. Vol 242. €1902 Mataertat Rsearch Society
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Experimental

All of the diamond films were synthesized using a premised oxy-acetylene
welding tomb with a nozzle diameter of 1.17 mi. The flow races of the oxygen and
acetylce(99.6%) were controlled by mass flow controllers with the tota flow rate
being held constant at 7 SLM. The films were grown am molybdenum screws that
were placed in a threaded bole in a water-cooled copper block. Tlhe temperature of
the screw was controlled by the depth of penetration into the copper block asnd was
monitored by using a two-color pyrometer. The temperature of the films that will
be discussed wa 9000C (t200). In order to enhance the nucleation. the surface of
the molybdenum screw was polished with 600 mesh silicon carbide followed by I
pm diamond paste, and then ultrasonically cleaned in acetone and methanol.
Because of the large difference in the thermal expansion of diamond and
molybdenum, the film delaminatces as the substrate cools. All the samples discussed
in this paper were thus free standing diamond films.

A similar apparatus to that described above was placed in an enclosed chamber
in order to control the atmosphere around the flame. Prior to lighting the torch.
the chamber was evacuated to approximately I tort and then backfilled with the
auxiliary gas, either argon or oxygen. An exhaust valve was opened during the
growth process. so the experiments were done at slightly above atmospheric
pressure.

Micro-Raman analysis was performed using the 514.5 em line of an argon ion
laser and a spatial resolution of less than 1 ,tm[141. The Raman line width
measurements were performed in the photolumine•sece apparatus using a 488.0
am line with a laser spot size of about 100 gam(l$]. The pbotoluminescence
experiments were carried out at 6K in a Janis supervaritemp eryostat. Scanning
electron microscopy (SEM) was performed oa dtmh samples using a Cambridge S200
instrument.

RESULTS

Results am, reporsed on three types of samples grown in (A) the open
atmospbere. (B) the enclosed chambtr using argon as the auxiliary Su, and (C) the
enclosed chamber using oxygen as the auxiliary gas. Sample A was grown using an
oxy-acetylene torch operating in the open atmospheft with an 02/C2H2 nrtio of
1.04. Sample B was grown using an oxy-scetylene torch operating in an e•closed
chamber with an O2/C2H 2 ratio of 1.10 and an sigon flow of $ SLM. Sample C was
grown with an O21C2H2 ratio of 1.03 and an oxygem flow of 7 SLM. Just prior so
ending the growth of sample C. the auxiliary flow was changed to argon while the
sample cooled down to room temperature. A fourth sample was grown using the
same sample conditions as sample C. but when this experiment was terminated. the
auxiliary oxygen continued to flow. Therefore. the substrate cooled from 90oC to
room temperature (about 2 minutes) Is an atmosphere containing a large
concentration of oxygen. The total flow race through the torch for all of these
samples was eld constant at 7 SLM. The growth time for each of the samples was 6C
minutes, while the temperature of the substrate. measured with a two-color
pyrometer, was approximautey 9000 C(.t200).

The crystallite morphology of the films can be seen in the SEM micrographs of
Figure Is-d. Micro-Raman spectra of samples A. B. and C ame shown in Figare 2&-c.
while Figure 308b show the pholtolumineacence spectra of samplte A nd sample C

The shape of the feather in an argon environment was very long and dender
drastically different from the rounded appearance Its the open atmosphere. For &
given positior- In the flame, the temperature of the substrate alao appears to be
affected by the envir•mental gSass. We have also observed that no waler vapo
condenses is the chamber in a •agoo atmosphere, but In a oxygean atmosphere
water is seen condensing an the walls of the chamber.
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Figure I. Morphology of films grow ia various atmospheres (a.upper left)
open atmosphere, (b.lower left) argon atmosphere. (c.upper right)

oxygen #tmosphcre (cooled in argon), and (4,owet right) oxygen
atmosphere (cooled in oxygen).

DISCUSSION

The temperature in various pans of the acetylene feather has been shown to be
between 2200 and 3000K with a substrate in placc[131. We have found that the
temperature of the substrate in the feather is lower in an argon atmosphere. and
can easily be varied over a 100K range by changing the environmental gases.
without varying the depth of penetration of the substrate into the water-cooled
copper block. The lower temperature in an argon atmosphere is not unexpected.
since there is no additional oxygen to promote the further combustion of the
unburni fuel, and thus, less heat is provided by the flame. In an argon atmosphere
where the only source of oxygen is through the torch. a slightly higher
oxyenl/acetylenc ratio was used to attain similar growth as compared to an oxygen
atmosphere. The feather ;a essentially starved of oxygen in an argon atmosphere
that would normally diffuse !nto the flame and burn with the excess fuel creating a
secondary flame front. Therefore, the feather is not bound by this secondary
flame front is an argon atmosphere and only a small increase in the acetylefn flow
rae is needed to extend the slender feather several inches. In the open
atmosphere, smsJ! increases in the acetylene increased the length of the feather
very gradually. Since diamond growth occurs ia ibis feather region, the
com, position Of L.€ envirimental gases is important.

Assieming complete efficient combustios. from the equation
CjH2 4 5202-a, 2C 2 + Ui20 (2)

and an OIC2H2 raio of approximately I. then the flow rate of additional oxygen in
tie cbatmber should bý shoqt 3/2 the flow rate of C2H 2 through the torch in order to
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obtain the fully oxidized combustion products. We swe evidence of this visually, by
water condensing on the walls of the chamber when sufficient oxygen is present.

The well crystallized faces, typical of growth in the open atmosphere, is
shown in Figure Is. An interesting feature of the film grown in argon is the
smooth (100) faces shown in Figure lb. This is not unexpected. since growth can
ocrur on the (100) face one atom at a time resulting in a smooth face. whereas
growth on faces such as the (111) face often proceeds by a step mechanism[161.
Although the smooth (100) faces is ,ot surprising in general, it is interesting that
this is so clearly ween in the flame grown polycrystallinc samples when there is a
decreased oxygen content in the environment.

The morphology of the sample grown in 100% oxygen and cooled primarily in
argon is shown in Figure Ic. The grains are much umailer (I nLm) in the outside
region and show a micro-Raman spectra similar to 2c. This may be related to an
increased concentration of atomic 0 and OH expected in the outer reion of the
flame. OH. and to a lesser extent atomic 0 have been thought to be very effective
etchants of various forms of carbon(171. This is in contrast to the outer edge in the
atmospheric grown films where the quality of the diamond is lower possibly due to
the increased incorporation of nitrogenad4J. In the past. this has been attributed to
a high entrainment of room air (mostly nitrogen) in the outer part of the flame
causing the decreased quality of diamond in the outer region of the film[i8).

Figure Id shows the morphology of a film grown in 100% oxygen and allowed to
coal in an oxygen environment. Many pits are evident on the grains, and we
believe they are most likely a result of etching by oxygen species after the flame
was extinguished. This indicates that not only is graphite and amorphous carbon
being etched, but the diamond faces show signs of considerable etching. It is
interesting that some grains indicate preferential etching with fewer pits being
seen on the (100) face which is knows to be the &lowest etched face in both atutnd
and synthetic diamond[19j.

As can be seen in the micro-Raman spectra in Figure 2a the films grown in the
open atmosphere show no signs of graphitic or amorphous carbon. The films
grown in the chamber with 100% oxygen (figure 20) also indicate bigh quality
diamond. although there may be a small amount of amorphous carbon present in
these films. Although we have been successful in growing diamond in as argon
atmosphere. the quality of the diamond film decreases (Figure 2b). The broad band
centered around 100cm" 1 is indicative of amorphous carbon, and the background
fluorescence is also much larger, which indicates a larger number of defects is the
sample. It appears that the oxygen entrainment into the feather region plays an
important role in suppressing the formation of amorphous carbon in the films.
The Raman line width was measured with a laser spot size of 100 pm in order to geo
an indication of the overall quality of the film including intergranular regions.
The Raman full width half maximum (FWHM). a measure of the crystalline quality.
was found to be 4.7 cm'l for the film grows is oxygen and slightly wider. 70 cm'".
for the film grown in argon.

Photoluminescence specutoscopy can also be used to monitor the quality of the
film by examining the diamond Ist order pbonon line shape nd the nero pbonon
line and phonon replicas of defect bandsll$]. Shown In Figure 30~b are the
pbotoluminescence spectra of a film grown in the open atmosphere and with 100%
oxyges in the chamber. tn Figure 3a the line st 2.16 eV (d) beJlved to b due to
double vacancy.nitrogan eomplez(20j, while the line at 1.95 eV (e) is fro, a
vacancy-nitrogen pairt2l] and the line labeled(a) is a .itrogen complex band(20].
The band labeled b is the diamond its order phonon lise. while be is indicative of a
small amount of graphite present in this sample. The broad band labeled f is due to
the spectrometer response when this sample was measured. For the film grown is
the chamber (Figurelb) we see no evidence of the nitrogen defect baads, which
indicates that we have reduced the defects usociated with nitrogen when we
operate in the enclosed chamber and control the environmental pases. There was
some evidence of nitrogen defect bands (although still smaller in intensity than
the open atmosphere films) in other Samples that were grown iU the chamber, and
may be related to impurities in the gAses used (oxygen. acetylene or argon).
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Figure 3. Pbotoluminesccnce spectra of films grown is (a) opet aiiospbe'e. (b) n
oxygen atmospber.
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CONCLUSION

to this paper. we have demonstrated the growth of polycrystalline free standing
diamond films using a pre-mixed oxy-acetylefe torch in an enclosed chamber. We
have demonstrated some of the effects that the atmosphere has not only on the
flame. but also on the quality and the morphology of the diamond films. When the
torch is the only source of oxygen. the films show an increased amount of
amorphous carbon present. When the atmosphere is primarily oxygen, the quality
of the film is much better even to the outer edge of the film. We have also shown
the drastic etching effect that is observed when the films arm allowed to cool to
room temperature 'in an oxygenated atmosphere. The photoluminescence results
also indicate that there may also he a reduction in the incorporation of nitrogen in
the films by controlling the atmosphere around the flame.
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Cross-sectional microluminescence measurements for 1 (I cm 70 jm 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 luminescende 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 inverted Carl Zeiss Axiovert microscope (model 408), and
anham,' and subsequently other confirmations of this a double spectrometer (SPEX model 1404), fitted with a
henomenon have been published.2'3 It has been suggested' GaAs photomultiplier and a photon counter system.5 The
iat as the porosity is increased, the silicon structures de- laser spot size used in this experiment was about 1.5 p/m,
,ease to nanometer scale dimensions, leading to a quan- and spectra were obtained for laser powers between 0.2 and
im size effect in the silicon band structure. 2.1 mW using the 488 and the 514.5 nm lines. The micro

However, previous results have shown 4 that low tem- PL spectra have also been corrected for a tungsten lamp.
erature heat treatments of porous 0.1 fi cm silicon (of Five spectra obtained as a function of sample depth
)% porosity) performed in an ultrahigh vacuum environ- using a = 1.5 pm spot size at roughly 12 pm intervals are
ient resulted in a significant hydride desorption correlated shown in Fig. 1. Note that the PL peak energies are the
ith redshifting of the photoluminescent (PL) peak and same as a function of depth into the sample, and only the
gnificant decrease of the PL intensity. The mechanism intensity of the PL decreases with increasing digtance from
iggested to explain these results was attributed to lumi- the top surface. This result differs from the results of Tis-
,scence from SiHZ and polysilane chains. chler et aL,' who report blueshifted PL close to the sample

In this letter, we have examined the luminescence surface in p- samples. However, they examined the PL as
RL) properties of porous Si in cross section using micro a function of depth by etching back the porous silicon,
L and we have examined the redshift of the PL as a which may have contributed to the reported shifting. In
inction of annealing. Results show no apparent shifting of addition, it has been shown 7 that for highly porous silicon
e PL energy with depth, but significant redshifting has in the range of 1-10 ni cm, a blueshift close to the sample
,en monitored as a function of annealing, suggesting a surface occurs and is caused by significant strains in the
edride-related luminescence process may be active in po- highly porous samples, exhibited by a curved cell structure
ýus silicon. on the surface.

The substrates were boron-doped I fl cm p-type silicon Figure 2 represents micro PL results for the same sam-
100) wafers. Porous 70-pum-thick silicon layers (40% po- pie which was annealed at 390 'C in an argon ambient for
sity) were formed by etching in 25% HF at a current mrin. The PL spectra show the same behavior as the
%nsity of 10 mA/cm2. In the annealing experiments, the unannealed sample (constant peak energy with depth), but
mples were loaded into a tube furnace and annealed un- each spectrum has redshifted (to 1.67 eV) and the inten-
!r an argon ambient. The temperature was monitored sity has decreased by a factor of 2 for all depths. These
ing a type K thermocouple positioned next to the sam- measurements were performed using both the 488 and the
r. The samples were also annealed in vacuum as de- 514 nm line of the Ar laser and no differences were ob-
ribed previously.4 In the conventional luminescence ex- served in the PL spectra.
riment, the 488 nm line of the Ar+ laser and a cooled The redshifting of the PL as a function of heating un-
rmanium detector were used. The spot size was roughly der an argon ambient and under vacuum was examined in
0 pm at a power of 250 mW, and all the PL data were the same samples using a conventional luminescence setup,
cmalized to the detector/spectrometer response by using shown in Fig. 3. At room temperature, a strong lumines-
ungsten lamp. The overall structure of the porous silicon cence is seen roughly at 1.72 eV. As the annealing temper-
fore and after these anneals was examined using scan- ature increases, the PL redshifts significantly, by as much
ig electron microscopy (SEM), and no significanttti as 0#32 eV at 690 "C, at which point it almost disappears.
ral changes were observed in these temperature-ran .J The results for anneals in an argon ambient and in an

The micro PL setup consisted of an Ar÷ laser, an ultrh' h vacuum (10-10 Torr) were quite similar.

)6 Appi. Phys. Leti. 60 (26), 29 June 1992 0003-6951/92/263295-03503.00 0 1992 Amefcan Institute of Physacs 3295
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FIG. I. Micro PL spectra taken in cross section for I fl cm 70-pm-thick FIG. 3. PL peak as a function or I min anneals at various temperatures.
porous silicon sample with peak positions at 1.72 eV. The PL peak mea- The sample is the same as in Fig. I.
sured closest to the Si interface refers to material roughly 60 /m from the
surface. not the case in these samples, even after annealing. This

appears inconsistent with the quantum confinement lumi-
Figure 4 is a plot of the redshift in PL energy of the nescence mechanism, but it can be easily explained in

porous silicon sample versus the annealing temperature terms of a hydride/polysilane type mechanism.'

and the optical gap shrinking of a-Si:H as a function of Wolford et aL9 reported room temperature PL from
annealing temperature measured by Yamasaki et al.8 It is hydrogenated amorphous silicon (a-Si:H). Their results

quite apparent that for annealing in the range of 200- indicate a 5 K luminescence in the range of 1.3-2.08 eV,

690 "C, the optical band gap shrinking of the a-Si:H due to blueshifting with increasing hydrogen content. The sam-
loss of hydrogens and our PL peak redshifting in the same pies with the highest H content (PL at 1.7-2.0 eV) exhib-
temperature range show identical behavior. ited room temperature luminescence. The presence of hy-

From the above results, several points should be noted. drogen complexes [SiH, SiH 2, SiH 3, or (SiH 2).] was
First, it is clear that no PL shifting occurred as a function suggested to explain this luminescence. Furthermore,

of depth in these samples. The redshift observed upon a tight-binding models'0 show that the presence of monohy-
heat treatment to 390 "C is the same in all the spectra drides leads to new bonding states which are formed deep

obtained as a function of depth. If vertical structural in- within the silicon valence bands. With higher H content,
homogeneities are present in these samples, resulting in such as SiH 3, even deeper states occur, expanding the gap

smaller particle sizes in the top layers as discussed by Tis- even more. These calculations'0 have shown that a large

chler et aL.,6 then one would expect a blueshifted lumines- gap increase occurs as a function of increasing hydrogencence in the top regions if the sole luminescence mecha- content, and for 30% hydrogen, the band gap increases to

nism was that of quantum confinement. However, this is 1.8 eV. Thus, in the hydride model, the peak energy of the

I 1 1.80
1.0 Close to Surface 1.75-

C1.75 
-j

'A1.70, 
, • -

e= -. 1.65 y *

S0.5 • 1.6

F 1.65 
y

-15 -

At~irtert1.50 -* lohm-ocmporous Si

14 1.45 - T. a-Si:H (Yamasaki et al.)1.40-

1.4 1.5 1.6 1.7 1.8 1.9 2.0. 2. 1oo 20. 300 400 500 600
Eneg (eV) Temperatur (C)

FIG 2 Micro PL data in cross section after I min anneal at 390'C or iF 4 ? Shift in the PL energy of the sample in Fig. I as a function of
sample in Fig. I, showing a redshift of all peaks to 1.67 eV and a drop in annealing temperature (squares) and shrinking of the optical gap of o.
overall intensity. Si:H as a function of heating due to hydrogen loss (triangle); oft Ref. S.
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luminescence in porous silicon can be related to the type of model. Furthermore, the redshifts of the PL in porous Si
I hydride present, and the intensity is a function of surface upon heating are very similar to those observed for optical

area (number of hydrides). band gap shrinking of a-Si:H as a function hydrogen loss
The redshifting of the PL as a function of heating (and during annealing. These results suggest that a silicon

thus hydrogen desorption) shown in Fig. 4 is continuous hydride-type luminescence is active in the porous siliconH and very closely resembles the shrinking of the optical gap structures.
of a-Si:H as a function of annealing, which relates directly The authors would like to thank 0. J. Glembocki for
to a decrease of bonded hydrogen from 28% to 8% in this help with the photoluminescence and for helpful discus-I temperature range.' The loss of hydrogen in the tempera- sions.
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. I L. E. Canhaxn. Appi. Phys. Lett. 88, 1046 (1990).

We have observed fatiguing of the PL for the 1 e cm 2A. Bsiesy, J. C. Vial, F. Gaspard, R. Herino, M. Ligeon, F. Muller, R.We hve bsered atigingof he P fo the1 f cm Rome.itein, A. Wasiela. A. Halimaoui, and G3. Bomchil, Surf. Sci. 294,
sample of 90% porosity using the 488 and the 514 nm lines 198 (1991).

of the laser, and it is very similar to results obtained in IS. Gardelis, J. S. kimmer, P. Dawson, and B. Hamilton, Appi. Phys.
* chalcogenide glasses." However, the reverse behavior was Lett. 89, 2118 (1991).

-S. M. Prokes, 0. J. Glemnbccki, V. M. Bermudez, R. Kaplan, L. E.
noted in a 1 11 cm sample of 40% porosity (PL peak po- Friedersdo f, and P. C. Seamn. Proc. Mater. Res. Soc. 256, 107
sition at 710 nm). In this case, continuous laser light ex- (1992).E posure leads to a long time (10 min) luminescence inten- sj. A. Freitas, Jr., U. Strom, J. E. Butler, and K. A. Snail, Proceedings of
sity increase. This may indicate the presence of metastable the 2nd International Conference on New Diamond Science and Tech-inrtthe c oenide onology (Materials Research Society, Pittsburgh, PA. 1991), p. 823.
states similar to those seen in the chalcogenide system." 'M. A. Tischler, R. T. Collins, J. H. Stathis, and J. C. Tsang, Appl.
These results will be discussed elsewhere. Phys. Lett. 60, 639 (1992).

fl In conclusion, it has been shown that for a I fl cm 70 'L. E. Friedersdorf, P. C. Searson, S. M. Prokes, 0. J. Glembocki, and

lim porous silicon sample, the PL peak energy is constant J. M. Macaulay, Appl. Phys. Lett. 60, 2285 (1992).
IS. Yamasaki, N. Hata, T. Yoshida, H. Oheda, A. Matsuda, H. Okushi,

as a function of depth. Upon heat treatments to 390 "C, the and K. Tanaka, J. de Phys. (Paris) Colloq. 42, C4-298 (1981).S whole sample exhibits a PL band redshift and intensity 'D. J. Wolford. B. A. Scott, J. A. Reimer. and J. A. Bradley, Physica B

drop, but the new PL peak position is independent of 117/118, 920 (1983).

depth. If the samples are inhomogeneous as a function of 'OD. A. Papaconstantopoulos and E. N. Economou, Phys. Rev. B 24,
deh I8233 ( 1981 ), and references therein.depth, as has been reported,6 then it is very difficult to "J. Cernogora, F. Mollot, and C. Benoit a Ia Guillaume, Phys. Statusexplain these results in terms of the quantum confinement Solidi A 18, 401 (1983).
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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 eV and weak phonon replicas at lower energies. 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

I. INTRODUCTION 875 *C. The gas flow (ca. 100 sccm of 0.5% methane in

It has recently been possible to grow relatively hydrogen) was introduced at the top of the vessel and
thick, large area polycrystalline diamond films. In or- the pressure was maintained at 40 Torr during the
der to realize potential opto-electronic applications of course of the deposition. The chamber was pumped by
these films it is essential to understand the nature of a two-stage mechanical pump and the base pressure

the extrinsic and intrinsic defects in such films. One was 0.03 Torr.
important aspect of such studies is to relate the defect The combustion deposition of diamond" was per-
structures to the film preparation technique and sub- formed in ambient air using a commercial oxygen-

strate type. A recent report' described defect signatures acetylene brazing torch with a 0.89 mm i.d. orifice. The
using cathodoluminescence (CL) measurements on dia- gas flow rates were controlled by mass controllers, with
mond films prepared by hot-filament chemical vapor the total flow rate of ca. 3 slm and an oxygen/acetylene
deposition (FACVD) onto Si substrates. We report here mass flow ratio of ca. 0.95. The flame was directed

preliminary photoluminescence (PL) studies of dia- down onto a substrate supported on a water cooled cop-
mond films prepared by FACVD and an oxygen- per block. The substrate temperature, 800 + 100 *C,

acetylene torch (combustion) process using Ni, Mo, as was adjusted by varying the thermal conductivity to the

well as Si substrates. Whenever possible, the defects in copper block.
the films are identified by comparing their lumines- B. Substrates
cence spectra with well-known defect spectra in natural FACYD diamond was grown simultaneously on adiamond. 2 -5 FCDdaodwsgow iutnosyo
di--- polycrystalline Ni disk and a Si wafer [(100), n-type]
1I. EXPERIMENTAL DETAILS substrate. Neither substrate had been intentionally pre-

. Ftreated (e.g., the usual diamond scratching). While
A. Film deposltlon technlques isolated crystals of diamond were observed on both sub-The FACVD deposition of diamond was performed strates, the density was several orders of magnitude

in a vertical 4.45 cm i.d. fused silica tube. A tungsten higher on the Ni disk compared with the Si where most
or rhenium filament was suspended 5 mm above the crystals seemed to be associated with unintentional
substrate, which was supported on a 2.54 cm o.d. scratches. X-ray diffraction confirmed the presence of
molybdenum encased heater. The filament temperature diamond on both samples. The 1332 cm-' diamond3 was maintained at 2200 ± 50 *C and.tbeJurstrate at phonon was observed by Raman scattering on both

I .Gt, . 151
2502 J. Mater. Res.. Vol. 5. No. 11, Nov 1990 0 1990 Matedials Research SocietyI
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samples, with the Si sample yielding a significantly '6 K
broader Raman line width (20 vs 10 cm-'). 4 nP

One combustion deposited sample was grown on a .
portion of a Si wafer [(100), n-type] which had been in- _
tentionally scratched with 6 jtm diamond polishing
powder and then cleaned with solvents. The deposition W

time was several hours. An annular pattern of isolated )
diamond crystals was observed with a low density of CQ
crystals in the center (directly under the inner flame w
cone), increasing to a maximum density 3 mm radially Z
outward from the center, and decreasing to a low and .j I
eventually zero density at 5 to 6 mm from the center. 1- (b)

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 #m diamond powder 2.4 2.2 2.0 1.8 1.6

and then cleaned. Upon cooling to room temperature, a ENERGY (eV)

continuous diamond film (ca. 15 j/m thick and 8 mm FIG. 1. Photoluminescence spectra obtained at 6 K from an
diameter) delaminated from the substrate. This film FACVD polycrystalline film deposited on Si (top spectrum) and

was nearly transparent in the center degrading to a polycrystalline Ni (bottom spectrum) substrates. The dominant

grey-brown color on the edges. The average facet size feature is the sharp ZPL (Pz) at 1.68 eV.

observed on the polycrystalline films was roughly 1 m
in dimension. Figure 2 shows PL spectra of two diamond films, de-

posited by the combustion technique (oxygen-acetylene
C. Optical measurement technique torch) on Si and molybdenum substrates, top and bot-

The PL experiments were carried out at tempera- tom spectra, respectively. The measurements were car-
tures between 6 and 300 K in a Janis supervaritemp ried out at a temperature of 6 K. The luminescence
cryostat. The temperature was measured and controlled emitted by the samples was dispersed by a single grat-
by a sensor located in the copper-sample holder. This ing spectrometer and the exciting laser light was ex-
system was modified, allowing vertical positioning steps cluded by an appropriate color glass filter. The Si
smaller than 2 #m. Most spectra were excited by either substrate film consists of individual crystallites with
a krypton (476.2 nm-2.6036 eV) or an argon (476.5 nm- size varying from 10 to 200 Mm, while the molybdenum
2.6020 eV, 457.9 nm-2.7077 eV) ion laser. The laser spot substrate film is a free-standing film made up of crystal-
size was approximately 50-100 jm and the nominal lites with average grain size of a few microns, as de-
laser power varied between 10 and 50 mW. The excited scribed previously. As observed in the spectrum of
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 6 K p,-*
glass filters to reduce the laser intensity background in " 476 nm
the PL spectra when using the single spectrometer. C

II. 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 Z mU deposited on Si (top spectrum) and on Ni (bottom spec- I�
trum) substrates. The sample and substrate preparation ZP2
and characteristics were described in the previous sec- -jI
t tion. Both spectra are dominated by a relatively sharp 0L.. (b)

zero phonon line (ZPL) PL band, at about 1.68 eV (PI), 7 1 1 1 1 ,
and its weak phonon replicas. The strong, broad lu- 2.4 2.2 2.0 1.8 1.6
minescence background observed in the top spectrum ENERGY (eV)
has been reported by many research groups and its FIG. 2. Photoluminescence spectra (6 K) of diamond films de-

origin is not yet well understood. However, its intensity posited by the combustion technique onto Si [spectrum (a)] and
relative to the Raman peak at about 1332 cm-' de- molybdenum [spectrum (b)] substrates, respectively. Both spectra
S creases with increasing film thickness and quality.' show the 1.68 eV (Pt) and 2.16 eV (Pz) defect bands.

J. Mateu .FeWs.:Vol. 5, Nc. 11, Nov 1990 2503
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3 FACVD films (Fig. 1), the 1.68 eV (PI) ZPL band and parison with natural diamond. They also point out that
phonon replicas are the dominant spectral features in the GRI center is completely quenched in electron ir-
Fig. 2. The phonon replicas are easier to observe in radiated natural diamond which has been annealed at
Fig. 2 than in Fig. 1 due to the better signal to noise, 900 OC, which is the substrate temperature of most
resulting from the larger crystallite sizes and film uni- CVD techniques.
formity. The new feature observed in Fig. 2 is the PL Using the same approximation described by Collins
band with the ZPL around 2.16 eV (P2) and associated and Robertson 13 in their CL studies of the 2.156 eV cen-
phonon replicas, ter in sintered diamond, Robins and coworkers' esti-

In natural and synthetic diamond the 2.16 eV cen- mated a residual stress of the order of 3 GPa in their
ter is induced by irradiation followed by annealing. The CVD-grown films. If we assume the same order of
temperature annealing behavior of this system suggests magnitude for the residual stress in our films, then we
a divacancy as a possible structure4 ; however, results of can account for the width of the ZPL in our spectra. A
isotope studies of nitrogen doped synthetic diamond8  residual stress of about 3 GPa will be enough to cause
may imply the direct or indirect participation of nitro- the broadening and line shift observed in the V° ZPL
gen in this center. The 1.68 eV center, a common fea- in our films. The smaller line shift (1 or 2 meV) ob-
ture observed in PL spectra of CVD diamond films, served in the 2.156 eV center in comparison with the V°
has been assigned to the neutral vacancy center (V°, may be understood in terms of the complexity of this
whose ZPL is at 1.673 eV), and which is induced in all center and its different symmetry (trigonal instead of
natural and synthetic diamond by irradiation. tetrahedral). We also would like to point out that the

A comparison of the 1.682 eV center with V° shows procedure which creates and quenches the GR1 center
that the former is blueshifted by 5 to 8 meV and has a in natural diamond is quite a different process from
linewidth 4 to 10 times broader than the latter. These that observed in CVD films. In CVD films during the
characteristics may suggest that the 1.68 eV ZPL is as- deposition, impurities and vacancies are mobile and
sociated with another center such as the defect with the coexist in a thermal-equilibrium phase which has not
ZPL at 1.685 observed in homo- and hetero-epitaxial been investigated.
CVD films intentionally doped with Si, 9 or in Si- In Fig. 3 we show only the ZPL at 1.68 eV with the
implanted and annealed natural diamond." However, it associated phonon replica for the various samples repre-
is important to note that the 1.68 eV system observed sented in Figs. 1 and 2. It is apparent from these data
for the undoped diamond films is about 5 meV red- that the ZPL linewidth for films deposited on Si sub-
shifted from the Si-center. In addition, the energy strates is approximately 2.5 broader than for the films
position and linewidth of the Si-center seems to be in- deposited on Ni or molybdenum substrates. In addition,
dependent of the substrate, deposition technique, or the ZPL peak positions are redshifted for the Si sub-
crystallite grain size, which contrasts the behavior of strates. One possible explanation is that the films on Si
the 1.68 eV center. Clearly, careful experiments must are stressed to a greater extent than the films on the
be carried out on well-controlled samples to achieve a metal substrates. Alternatively, Si atoms can be ab-
definite identification of the 1.68 eV center. sorbed in the diamond film which can lead to a new

If one assumes that the 1.68 eV system is the neu- defect center with slightly lower ZPL energy.9'0
tral vacancy, the line shift can be explained in terms of
residual stress existent in the individual crystallites, B. Spatial dependence
since stress of I to 2 GPa parallel to (100) is enough to To verify the homogeneity of the combustion films
induce a 6 to 7 meV blueshift.3 As a result of this resid- we have carried out PL measurements in a film de-
ual stress (not expected to be uniaxial), the linewidth posited on a Si substrate with average crystallite size
will broaden, masking the observation of the ZPL dou- varying from 50 to 200 Am. Attempting to probe indi-
blet character, and leading to the observed sample de- vidual crystallites of the film, which exhibit the typical
pendent peak position. annular pattern of isolated diamond, we reduced the

Recently, Collins and coworkc orted CL and laser spot size to about 30 jm. The sample was moved
absorption studies of microcrystals - :, polycrystalline inside the dewar allowing us to probe crystallites from
diamond films grown by microwave assisted CVD tech- the outside part to the central part of the film. SomeS nique ..... The defects incorporated during the sample results are shown in Fig. 4, where the spectrum (a) was
growth and induced by electron irradiation in their obtained by aiming the laser beam at a crystal at the

CVD samples were compared with centers observed in external part of the annular film. This spectrum isI unirradiated and electron irradiated natural diamond. dominated by a broad luminescence band with phonon
In their work they suggested that the assignment of replicas and ZPL at 1.95 eV (P3). This system is the
the 1.68 eV band with the neutral vacancy (GRI) is in- dominant luminescence band observed by annealing
correct because of the large blueshift observed in cortp preirradiated diamond which contains isolated substi-
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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

Torch - Moly focusing the laser into four crystallites positioned from the top
(d) toward the center of the sample, respectively. These spectra show
"------'--___--_ the 1.68 eV (PI), 1.95 eV (P3), and 2.16 eV (P2) systems.

I I I I

1.70 1.65 1.60 1.55 1.50 seems to be a plausible assumption; with a lack of nitro-
ENERGY (eV) gen we can expect that the dominant defects should be

FIG. 3. Low temperature (6 K) PL spectra of the films presented isolated vacancies and vacancy complexes, as observed
in Figs. I and 2. The linewidth of the 1.68 eV (P I ) band is broader in spectra (c) and (d). This observation is in agreement3 and peak shifted to low energy for films deposited on Si substrates. with CL studies of intentionally nitrogen-doped films

tutional nitrogen impurities. Detailed studies carried reported by Yokota el a0

out by Davies and Hamer" strongly suggest that the C. Temperature dependence
1.95 eV system is a nitrogen-vacancy pair (N-V). By Tmoving the laser spot slightly toward the center of the m he temperature dependence of the PL spectra
film we observe, as shown in spectrum (b), a new lu- measured for the polycrystalline, free-standing dia-
minescence band, the 2.16 eV (P 2) system discussed pre- mond film, which was deposited on a molybdenum sub-
viously. For a crystal located closer to the center of the straee, is shown in Fig. 5. The measuring temperatures
film we observe a sizable reduction of the 1.95 eV cen- for the three films were 6 K, 100 K, and 300 K for spec-
ter PL intensity, so the luminescence spectrum is domi- tra (a), (b), and (c), respectively. It should be noted that
nated by the 2.16 eV center, as shown in spectrum (c). the line shape and PL intensity are not changed signifi-
For crystallites at the central part of the film, repre- cantly between 6 K and 100 K. On the other hand, the

sented by the spectrum (d), the luminescence spectrum spectral features, in particular the associated phonon

is dominated by the 2.16 eV (P 2) and 1.68 eV (PI) cen- replica, are very much reduced for the 300 K measure-

ters. Since the combustion film is deposited in an open ment. Similar observations were reported"' for natural

atmosphere, one can expect the incorporation of nitro- diamond. An accurate identification of the defect cen-

gen in this film, as observed in Fig. 4, spectra (a) and ter may require a precise determination of the phonon

(b), which shows the dominant presence of the 1.95 eV sidebands. It is therefore essential that PL measure-

center associated with the N-V pair. However, for crys- ments be carried out at or below 100 K.

tallites deposited more toward the center of the annu-
lar film, we observe a sizable reduction of the 1.95 eV IV. CONCLUSION
center, spectra (c) and (d), suggesting that the higher Photoluminescence measurements carried out for
pressure in the flame at this part of the filnin,'.ex- polycrystalline diamond films have revealed strong
clude the nitrogen, reducing its incorporatkion. This PL emissions near 1.68, 1.95, and 2.16 eV. These de-
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I Iindicate the contribution of the well-known Si defect

458 nm emission at 1.685 eV, which is likely induced in our

Torch - Moly 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.16
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ABSTRACT

Photolumi'nescence specto~scopy has been used to charscterize polycrystalline diamond
films prepared by filament assisted chemical deposition and by combustion (in an oxygen-
acetylene flame) techniques. The luminescence spectra of the chemical vapo deosi ted films are
dominated by a detect band possibly associated with a neutral vacancy with a sbug zeo phono
line at 1.68 eV and weak phonon replicas at lower energies. The combustion films exhibit two ad-
ditional luminescence bands with zero phonon lines at 1.95 and 2.16 eV. 7Th 1.95 eV band has
been tentatively assigned to a nitrogen-vacancy pair. 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 -hmsr.

DNTODUCMlN

The electronic, optical and mechanical properties of diamond have made this material
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 substrates by a
chemical trasport reaction method stimulated an international race to discover new ways of grow-
in synthetic diamond firom gases. Diamond films Irw by this proces are suitable for many op-

deland electronic applications because of the possibilty offabricating large areaand
g/lmuris controlled films. However, at the ptesent stage, the film morphology is

poycsaln wth crystallite sizes varying from submicron to a few hundred microns, depending
uo groth proces, substrate type/preparation and temtperature, gas mixture and growth

time. Also observed ame 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 inmmediate applications.

epite of telarg volume of work recenty reotdon polycrystalline diamond films,
onyaf smllfractiondelwith the investigation of the fonnadon of intrnsic and extrinsic defects
in ths films I(11. Bulk diamond has been the subject. of studies for many years therefore there
am mnuty relevant reviews (2.3.41 of the characienezation of diamond by otical absirlpition,
photolumunecence (PL). photoconductivity and atoouminescence Th).Ilese earlier studies
provide a baseline for the characterization of polycrystalie diamond.

We report here a preliminary FL investigation of radiative defects in polycrystalline
diaondfims repre byfilmet asisedcheica vpordepsiion(FCVD) and combustion

deposition (oxygen-acetylen torch) processes. Whenever possible, the defects in the films am
identified by comparing their luminescence spectra with well known defect spectra in natural
diamond [2.3.4A.5

EXPERIMENTAL7TRGCHIQUE

We have examined films deposited on different substraes by FACYD and combustion
prcese.Wh FACVD deposition of diamond was petiarned insa vertical 4.45 cm ii. fused
siiatb.A tungsten or rhienium filament was suspended 5 nmn above the substrate, which was

supported on a 2.54 cm o.d. molybdenum encasd heater. T'he filament temperature was

Mat. fta aoc. "g. ftoc. Vol. 15. elmW Mateduis R4..srch Soo"et
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mainta'nod at 22O~i0C aid die substrate at 8759C The gas flow (CaL 100 socto 0.5%
methane in hydrogen) was introduced at the top of the vessel and the presume was maintained at
40 sorr during die coure of tediepoin The chaumber was pumped by a two stage mechanical
pump and the bm aase resue wa .3 tr

The Combustion de"simot of diamond (6) was performed in ambient air u sing a comme-
cial oxygen-acetylene brazing tdech with a 0.39 mm ii. orifice. The gas flow rtaes were Control-
led by mass controlirs, with the total flow rate of ca. 3 shne 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, SOtlOt 0C, was adjusted by varying the thermal con-
ductivity to the copper block.

FACVD diamnond was grown simultaneously on a polycrystalline IG disk and a Si wafer
((100), n-type) substrate. Neither substrate had been intentionally preatnated (e~g. the usual

diamnd crachig).While isolated crystals of diamond were observed on both substrates, 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 diffacio confirmed the

preenc ofdiaondon othsamle .Th 132cm1 diamond phnnwas observed by Raman
scaneingoijot samleswiththe isape yielding a signiicnty broader Raman line width

(20 v 10 c- A shop 50cur1 bandof graphite was also observed andw-hei disk.

One combuto deposited sample was gwnon a pon. of a Si wdae ((100), a-type)
which had been isooay cace with 6 ur imn oihn odrand then cleaned
with solvents. The deposition time was several hourn. An annular pamari of isolated diamond
crystals was observed with a low density of crystals in the cente (directly wider the inne flame
cone), inceaing to a maximum density 3min radially outward from the Center, and decreasing to
a low and eventually zero density at 5 to 6 mm from cethera.

The other combustion deposied smle ws grown in air for 30 minutes on the end of a
molybdenum screw which had benplihdwiwtha6 prn diamond powder and then cleaned. Upon
coolinptoin romamperatuwe, a continuous diamond film (ca. 15pnimthick and 8 mmdia.)
delaminated from die submte. This film was nearly transparent in the owter degrading to a wey
brown color on the edges. The average facet size observed on the polycrystlalln films was ruh
ly I ILm in dimension.

The PL experiments were carried out at reprtebetwe 6 and 3W0K in a Janis super-
vauitenip CryosIAL The temperature Was meas1edand controlled by a snsow located in tie

cper-sample bolder. This system was modified allowing vertica positioning atps smaller than
2 a.Most spectra were excited by either a krypton (476.2 n-2..6036 eV) or an argo. (476.5

em - 2.6020 eV, 457.9 am - 2.7077ecV) ion lnase. The laserspt size was firznal 50- 10M
jam an th oia aer power varied between 10 to 50 mW.Tbe excited l'was analyzad by.a
aino o oul giratqmonochronuitor and detected by a GaAs phootmiltplier time. operasted in

RESULTS AND DISCUSSION

In Fig. 1. PL spectra obtained at 6K (using a double spectrometer) we shown for two
FACYD ffims deposited on Si (top spectrumn) and on NIf (bottom spectrum) substrates. The

samle ndsubtrte rearation and characteristics were described in die pevwou section. Both
quea aedm atdarelatively sapzrponnline (ZPL) PL band, at about 1.68 eV. and

It weak phonon replicas. The stroing backgun-- " iround observed in the top p-
mium has been reported by many research groups an t rgn ntyet well understoA od .
ever, its intensity relative to the Ramon peak at about 1332 cm- I decreases with increasing film
thickness and quality (7).

Fig. 2 shows PL spectra of too diamond films. deposited by the ombztustion tendique
(oxygen-acetylene ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~ý -~b nS n oydnmsbtaetpadbto pcr epcIvely

Th masreens ancule ot t emeaueof6K le umneueettedb the
samiples was dispersed by a sigl grating specrom ry a = d& the excdfg lase lig& was excludled
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Fig. 1. Pbogoluminescencc spectra obtained at 6K from FACVD polycrystalline film deposited on
Si (top spectrum) and polycrystalline Ni (bottom spectrum) substrates. The dominant feature is
the sharp ZPL at about 1.68 eV.

6K I I I I 1 -

476.2 nm
Torch.- Si

-S x10

S Torch - Moly

CL

2.4 2.2 2.0 1.8 1.6
ENERGY (9V)

Fig. 2. Low temperature (6K) phooluminesccnce spectra of two diamond films deposited I~ycorn-
bustion technique on Si and molybdenum substrates. top and botom setampc .T x
citing lowe wavelenght hi indicated with the specwn. Both spectraho the 2Ptn associated

phoon eplca oftheIAeV and 2.16eW defect bands.
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by a apropate coorglass; filter. The Si substate ffilm consists of individusl crystallses; with
axivyng fprom 1atod 20 hl the molybdenum substrate film is a flee-standing film

made up of crystallites with avarage gran sixe of a few dmuons as described rvIosy As ob-
served in the spcu fFACVD films (Fig. 1), the 1.68 eV ZPL band and poMonM Dypicag r
die dmnnsecrlfa Ine n Fig. 2. 7hbe O = eplicas ane easier so =bs 111lai7& 2 than
in igi. 1 du tothebette signal so masst essa tn&g from the larger crystallist aizes or filim
uniformity. The new feature observed in Fig. 2, is the PL band with die PL around 2.16 eV and
asoctds phonon repticas.

In natural and synthetic diamonds the 2.16 eV center is induced by irradiation followed by
annealing. Mhe tempemraume annealing behavior of this system sugssadivaacy as a possible
suucstue [4). however results of isotope saudits of ninag doped sythtcdaond [8 ayip
ly the direct or indirect aritdmof uitrumenm this center. The 1.68 eV center, a common feca-
tar observed in FL xpe~t oCVD diamond filom, has been assigned to the neutral vacancy cen-
ter (V,. whose ZL is at 1.673 eV), and which is induced in Al matural and synthetic diamond by
irradiatino

A comparison of the 1.68 eV center with VO. shows that the fixumer is bNue shi~fsed by 5 so
I nWVI and has a linewidti 4 t 10 times brauder than dhe later. These cha-acerisicsway suggest
that the 1.68 eV ZPL is associated with Another defect cens ier dief system wish the ZPL at
1.685 observed in homo- and heeoeiailCVD films intentionally doped with Si (91. or in Si.
inlate and annesald natura dAmon 110]. Howeve, it is imsportant so nam that die 1.68 eV
"sustm is about 5 totV red shifted frme the Si-center. and the askerg position and linewidth of the
SI-ceter mmos be Idependent of the substrate deoito tehiu rsaliepi i
which contast the behavior of the 1.68 eV conte. Cearly cuefl erainet us be carried out
on well controlled sample sto achieve a definite identification of d 6

If one assunme& that the 1.68 eV system is die neutra vacancy, the lineshift can be ex-
plained in terms of resdua trs existent in the individual crystallites, since ms" of 1 to 2 GWa
parallel to <100> is enouhwtoinduct a 6 to7nieblue shift13). As aresultof this residual streas
(not expected to be unxia~al). the line width wigl broaden, maskig the observation of the ZPL
doublet character. and leading to the observed sample dependent peak position.

Using die Same ap oxation described by Collins and Robertson [111 intbdietCLstde
Of the 2.156 eV center in=m diamsonds, Robins and coworkmrs (1] estimatedt a residual mes
of the order of 3 GPI in their CYD-grmow films. Vf we assume the same order of magnitude for
the residual sen sin our films then we can account fortdo width of themou spectr* A
residual Samee of about 3 ONa will be enough to cause the broadening and lineahiftobeednth
VI ZPL incour films. The simlle lineshift (I or 2 nieV) observed in the 2.156ecV center in com-
parison with the V* may be understood in temns of the complexity of this center and its different
symmetry (trigoeal instead oftereda)

To ver ifyte homogeneity of the combustion fims we have carried out FL mauee
in a film deposited on a Si substrate; with average cnystallie aime varying from 50 so 200 pm. At-

tempingso pobeindividual crystallists of the film, which batib the typ*Ica annular pattern of
Isoate damodwe seduced die laser I" sm in s about 30 m.13sMple was moved inside

the dewar allowinp to jarbe crystailtes I teoutside pa0s the botom pan of the film. Some
results are shown in K g3.

In ftg 3, the spectrum a) was obtained by aiming dhe laser beam at a crystal at the externa
partof the anniular film. Thiis setrum is dominated by a broad luminescence band with phonon
replicas and ZPL at1.95 eV. Cternpo Is the dominant defecr luminescence band observed by
annealing pre-Irradiated diamond Wih conta1insi isolated substitutional nia gniynus
Det aiestdies carried out by Davies and Hainer 12] strongl suggst thust e v's~eVy'stem is
a nitroge-vacancy pair (N-V). By Moving the laser spo slightly toward the center of die film we
observe, as shown in spctu b), a new luminescence band, the 216e@V system discussed pwe

viosly Pea cystl l catdoe to the ener of the film we observe a siable reduction of fte
130,u% censu L Vinitni aty, so theI lminescence specmru Is dominated by the L.16 eV center as
dtown in sp~ectrum C). Por crystaliats at the central part of dos film, ieptsaesd, bfthepc
A) the luminescence spiectrum is dominated by die 2.16e W ad 1.68 ev centersL nem
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FIg. 3. F pcaoaneat6K from an oxyacetylene film deposited on a Si substrate. The
curves a)t )wr bandby focusing the lase into four crystallites positioned fromn the top
toward the center of the sample respectively. These spectra show the 1.68 eV. 1.95 eV and 2.16
eV systems.

combustion film is deposited in an open atmophere, one can expect the incorporation of nitrogen
in this film, as observed in Fig. 3, spectrum a) and b). which shows the dominant presence of the
1.95 eV center associated wit the *-V pair. Howeve for crystallites deposited .moe toward the
cetr P of the annular film, we observe a siable reduction of die 1.95 eV center, spectrum c) and
d),. suggesting that die higher pressure in the flame at this part of the filmtmay exclud the
nitrogen, reducing its incorporation. This seems to be a plausible ssmiowith a lack Of
nitogen wecan expect that the dominant defects should be isolated vacancies and vacancy corn-

p~ces~sobervdispectr c)wad d).

CONC~UDING REMARKS

PL experiments carried out on FACVD and combustion deposited films exhibit tOn
presence of himinescence bands associated with defects probably originating from mobiH, vacan-
cies created during the film deposition. In situations where the nitrogen was expecte to be pre-
cat we observe the Formation of 14-V pairs, however, the isolated vacancwv and vacancy com.plexes
are die most comncenters observed in our films. The lineshape and hinewidth observed in the
ZPL of the defect bands suggested a residual stress of 2 to 3 GP& in the individual crystallites, in

aggrement with Robins and coworkers (1). Our temperature dependenc of the PL intensity ex-
aeet, show asumig oiching and broadening of the ZPL and associated phonon replicas, for
tempratresabov 10 asobsered in natural diamond ( 131.
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