
I PC FILE COP
Annual Report

TF Growth, Characterization and Device
IL Development in Monocrystalline Diamond Films

Supported under Contract #N00014-86-K-0666
for the period June 1,1987- May 31, 1988

IDTI

FELECTE
1S! 2 19880

H

School of Engineering

North Carolina State University

1 Raleigh, North Carolina

IPPO" 88~ 9 9 12 o
D 4lbutlOn Uiiflmltd



SECURITY CLASSIF ATION Of TISAGE /7
REPORT DOCUMENTATION PAGE

I# REPORT SECURITY CLASSIFICATION lb RESTRICTIVE MARKINGS
Unclassified N/A

2a SECURITY CLASSIFICATION AUTHORITY I DISTRIBUTION IAVAILAIILITY O REPORT
N/A Approvd for public release;

2b DECLASSIFICATION/DOWNGADING SCHEDULE
N/A di_trib_i_ n , _limit_d

4. PERFORMING ORGANIZATION REPORT NUMBERS| S. MONITORING ORGANIZATION REPORT NUMBEAR(S

6. NAME Of PERFORMING ORGANIZATiON 6b OFFICE SYMBOL 7& NAME OF MONITORING ORGANIZATION
N. C. State University (,I ep, ,) ONR, Code 1114

6¢. ADDRESS (Ory,. State. and zip CoO#) ?b ADDRESS (Cory. Slt.a te, ZIP Code)

Raleigh, NC 27695-7907 Arlington, VA 22217

&. NAMVE Of FUNOING,,SPONSORING Sb OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if applcable)
SDIO I 1ST N00014-86-K-0666

k. ADORESS (City. Sale, ai d ZIP COcN) 10 SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNiT
ELEMENT NO NO NO ACCESSION NOWashington, DC 6322 OC IST SRR 003

It TITLE 1,0n0cd Sc ry C0ij whilon) GrOmvth, Characterization and Device Develo~r rnt in

MIonocrystalline Diamond Films
12 PERSONAL AUTHORES)

R. F. Davis, J. T. Glass, G. Lucovskv. K. J. Bachmann AnrH R ,T.
I) TYPE OF REPORT Ilb TIMF.QVO RED 4 DATE Of REPORT (Y'ar,,Aonr.l, Oay) 15 PAGE COUNTI FROM /1/87 To 5/311 1988, June 1
16 SUPPLEMENTARY NOTATION

17 COSATI CODES I SUBJECT TERMS (Continue on revere itf necesary and ientify by block number]

FIELD I GROUP - l IGROUP", -

1!ABSTRACT (ContMut on reverse,*i nauar and .dnr,A, A. W, -,,,I

!Cu single crystals have been grown and prepared for use as a lattice matched substrate. A
literature survey of potential substrates which are both lattice and energy matched with
diamond to promote two-dimensional growth has also been completed and promising
materials are current]y being utilized for diamond growth. Two chemical vapor deposition
sstems have been designed. The first, a hot filament system, has been constructed,
c aracterized and used to deposit diamond on a variety of substrates. A microwave VD
system and an in-situ analysis system are currently under construction. Films have been
analyzed by numerous tecliniques, the most significant being Raman spectroscopy and the
first reported high resolution lattice imaging of CVD diamond. Diamond power MESFET
devices have been theoretically evaluated and found to be capable of generating rf ,we
output levels greater than other existing or proposed semiconductors, inctluing-a,...
Efficiency for the diamond MESFETs greater than 40% was determined and a more linear
response and greater dynamic range than GaAs was found. -
20 OfSTR4IUTIONIAVAILA)LITY OF AiSTRACT 21 ABSTRACT SECURITY CLASSIFICATION

M UNCLASSIFIEOIUNLIMITEC 0 SAME AS RPT [3 DTI USERS

228 NAME Of RESRONSIBLE INOIVIDUAL 2Jb TELEPHONE (fl(hidl Area Code) 2Zc. OFFICE SYMBOL

00 FORM 1473. U MAR B) APR editiOn mfna be used until ehllusted SECURITY CLASSIFICATION OF THIS PAGE

All o "p t dtio. ae UNCLASSIFIED



Table of Contents

I. Introduction

II. Chemical Vapor Deposition and Characterization
of Diamond Films Grown Via Microwave Plasma
Enhanced CVD

III. Electron Microscopy of Diamond Films Grown by
Microwave PECVD

IV. Raman Scattering Characterization of Carbon Bonding
in Diamond and Diamond-Like Thin Films

V. Raman Analysis of the Composite Structures in

Diamond Thin Films

VI. SDIO/IST-ONR Diamond Technology Symposium Presentations (July 1988)

A. A Quantitative Analysis of Carbon Bonding in Diamond and
Diamond-like Thin Films Using Raman Spectroscopy

B. The Analysis of Defect Structures, Substrate/Film Interfaces,
and Nucleation in Diamond Thin Films

C. Evidence of Precursor Structures in the Deposition of
Diamond Films

D. The Growth and Preparation of Cu Single Crystals and the
Hot Filament Assisted Deposition of Diamond on Various
Substrates

E. Prospects for a Diamond Power MESFET

VII. Acknowledgements 1- 71 A. I

VIII. Distribution List ..

-d I I v - ,i i

r .. '- T I &i;: .. /



I

I. Introduction

Diamond is an excellent candidate material for various electronic microwave devices as

well as devices for use in high temperature and/or high flux radiation environments and for

high current density or high power applications. This very diverse applicability is due to its

superior thermal conductivity, saturated drift velocities, resistance to chemical attack and

thermal stability. However, to realize this potential of diamond, high quality monocrystalline

films must be grown and thoroughly characterized. The latter research is necessary as an

iterative procedure for the improvement of the growth process and to guide future device

design and fabrication. To achieve these goals, the NCSU diamond program couples

investigators from four departments to obtain a unique combination of expertise and

experience.

More specifically, the principal objectives of this collaborative research are to (1) grow

monocrystalline diamond films on suitable substrates such as Ni and SiC using both past and

newly generated knowledge regarding gas species generation, deposition and reaction, and

energy and momentum transfer at the growing surface, (2) characterize these films in terms

of bonding, structural and electrical character, (3) model and fabricate device structures from

these films and (4) work in a collaborative manner with personnel at the Research Triangle

Institute in their diamond fabrication research.

This report is comprised of several papers which have been published or submitted for

publication during the past year. These manuscripts discuss the most important progress

during this period. Copies of viewgraphs/slides from the recent SDIO/IST-ONR Diamond

Technology Seminar are also included which give even more recent results from this program.

A summary of the most significant results is given below:

Substrates: Cu single crystals have been grown in a newly constructed Bridgemann furnace

for use as lattice matched substrates. Spark cutting and polishing have been accomplished to

prepare the samples for diamond growth. Such substrates have been supplied to other SDIO

sponsored programs as well as NCSU. The furnace has also been prepared for Ni growth. A

literature survey of potential substrates which are both energy and lattice matched with

diamond has also been recently completed and promising materials are currently being

utilized for diamond growth.

.. . ... . . . L im a dlhll m m - -



Diamond Growth: Two chemical vapor deposition systems have been designed and

constructed and one has been characterized by growth parameter variations. Both hot
filament and microwave plasma methods are under investigation and a variety of unique

capabilities have been incorporated into the systems (ultra high purity, in situ analysis

techniques, remote and immersed plasma, etc.). Results using various single crystal

substrates (Si, SiC, Cu, CuNi, NbC, SiC/Ni) have been obtained indicating that; (i) surface

steps have no affect on the nucleation of diamond, (ii) carbide substrates studied do not help

form monocrystalline films, (iii) lattice matching is probably a necessary but not sufficient

condition for two dimensional film growth. These results led to the literature survey

discussed above.

Diamond Characterization: Analysis of films via SIMS, SEM, TEM, AES, XPS, and EELS

has been completed. This includes the first high resolution lattice imaging of CVD diamond in

both plan-view and cross section. The major characterization results indicate that (i) films of

relatively high purity composed of true diamond can be easily achieved, (ii) very high defect

concentrations are present due to the growth, (iii) interface buffer layers are present during

slower growth runs and increase adhesion to the substrate and (iv) certain substrate/particle

orientational relationships observed are encouraging with regard to achieving epitaxial films

in the future.

Device Modeling: Diamond Power MESFET devices have been theoretically evaluated

using a complex, large signal device simulator. They were found to be capable of generating

RF output power levels greater than existing and proposed semiconductor transistors

including GaAs (-1.5 vs. 25 W/unit width for GaAs vs. Diamond, respectively). An efficiency

for the diamond in excess of 40% was determined and diamond was found to have a more

linear response and greater dynamic range than GaAs in the MESFET structures. These

results indicate the exceptional potential for diamond electronic devices using the known

properties of natural diamond.
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Chemical vapor deposiion and characzerawion of diamon films grown via icwave plasma anced CVD

J. T. Glss, B. E. Wilams, and R. F. Davs

Norfh Carolina Sta e University, Depamcnt of Mateials Scieme and Engineering, Campus Box 7907, Raleigh. NC 27695-7907

Diamond is an excellent candidate material devices can be developed. Therefore, the goal of
for use in electronic and wear resistant coating this research is to better understand the
applications due to its hardness, strength, properties of these diamond films in order to
thermal conductivity, high electron drift apply this knowledge toward future research
velocity, chemical and thermal stability, involving the growth of single-crystal diamond
radiation hardness and optical transmission. films on non-diamond substrates.
Electronic devices of particular interest include
high power/high frequency devices and devices to
be utilized in high temperature, chemically harsh 2 -
and/or high radiation flux environments. The
recent development of techniques for growth of 2._ Miorowave Plasma Enhaned CVr System
crystalline diamond films using low pressure gases
has created the potential for growing thin films A schematic of the deposition system used tr
for such electronic devices or wear resistant grow the diamond films in this research is shown
coatings. In this research, diamond thin films in Figure 1. The 2.45 GHz microwave power source
grown on silicon by microwave plasma enhanced used was guided through an isolator and a three
chemical vapor deposition were characterized by a stub tuner to the quartz tube reaction chamber
variety of materials analysis techniques including which is 44 mnI in inner diameter. The substrate
secondary ion mass spectroscopy (SIMS), x-ray was placed in the quartz tube which was in the
photoelectron spectroscopy (XPS), scanning path of the rectangular wave guide. The substrate
electron microscopy (SEM), transmission electron temperature depended strongly on the microwave
microscopy (TEM), and infrared spectroscopy (IR). power and gas pressure since microwave induction
This paper reports the characterization of these heating and plasma gas collisions were responsible
polycrystalline diamond films and discusses the for substrate heating (!'o other substrate heating
impurities, bonding, and structure of the as-grown was utilized).
diamond films.

1- 1TRnnuc-!nN h*Wbwe

The current emphasis on obtaining electronic- '.45 GHz
grade diamond films can be understood in terms of OO00we
the many potential applications which arise from
its exceptional electronic, thermal, and
mechanical properties. The electron and hole
mobilities in diamond are very high (2000 and 180C
= 2 .V-1.sec- 1 , respectively).I Diamond also has a

much higher thermal conductivity (from 1000 to
10,000 V/m-K)2 than even copper, which is
considered a good thermal conductor. Diamond 

:! "

films may thus be utilized as heat sinks on which
to mount various electronic devices fabricated
from more conventional semiconductors such aSi d
or GaAs. Other potential uses in electronics Hydm- W.

include microwave devices as well as devices to be
employed in high power, high current density, high Fw
temperature and/or high radiation flux P aml
applications. Researchers have deposited

polycrystalline diamond films via RF-plasma CVD3 , Ry
microwave plasma CVD,4 5 and electron assisted
CVD 6'7 on a variety of substrates such as Si, 0-
SiC, Mo, and Ni. Thus far, single crystal diamond
films have only been obtained on diamond
substrates. An understanding of the basic science
of diamond growth and application of this Figure 1. Schematic diagram of the microwave

knowledge to produce device-quality plasma CVD system.

monocrystalline diamond films must be obtained
before new technology utilizing diamond films for

-On assignment from Kobe Development
Corporation, Research Triangle Park, NC
27709.I
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2.2 ronwth Cnndtions Table :. SIMS compositional analysis (-a/c).

The diamond films analyzed in this research Film #I Film #2
were grown on 2 cm by 1 cm n-Si(lll) substrates
immersed in a CH4 /H2 plasma generated by the 2.45 Hydrogen 0.2 0.2

GHz microwave source . The substrate temperature Oxygen 0.7 0.9
was measured by an optical pyrometer and was AlumTinun 0.03 0.05
maintained at approximately 800 oC by controlling Silicon 0.03 0.003
the microwave power (which was typically 300-350
watts). The total pressure in the chamber was Nitrogen 0.
maintained at 30 Torr and only the CH4 /H2 ratio in Trace Impurities ( <1000 ppm ): Mg, Ca, Na,
the feedgas was varied for the films studied in Cl, K, Fe, Cu, Ti, Zn, Cr
this work.

Besides the lack of standards, inaccuracies
I- RrqM.TSq arise due to impurity segregation which causes

much higher local concentrations since the image
I 1 .. nndarv TAnt Mae naromsrv (qTMq. field for these bar graphs (-150 gms) is larger

than segregated regions as discussed below. When
SIMS Analysis was conducted on diamond films different scans yielded different concentrations

(grown with 1.0% CH 4 in H2) utilizing a Cameca due to this segregation, the maximum concentration
IMS-3f direct imaging microprobe in order to observed is given. Furthermore, a high hydrogen
determine the impurity elements present. Scans of background and the use of 0- as the primary beam
ion counts/sec vs. atomic weight (usually referred imply that data for these elements are approxima-
to as bar graphs), depth profiles, and chemical tions of the upper bounds on the con rtraticn,
maps were conducted on two samples using an 0- and in actuality they may be much lower.
primary ion beam. Unfortunately, accurate Nonetheless, the finm has been determined to be
quantification of SIMS data (i.e., atomic mostly carbon, the impurity elements have been
concentrations) is not possible unless implanted identified, and rough approximations of upper
standards are utilized. This requires that each bounds of their concentrations have been
impurity whose concentration is desired be determined.
implanted into "standard" films at known ion doses
and be used for comparison with the unknown Since the Cameca instrument is a direct
concentration of that impurity in the films of imaging probe, chemical mapping of impurities was
interest. This is well suited for the analysis of also accomplished with a spatial resolution of -5
specific dopant level concentrations but is not to 10 jIm and an image field of 400 pLm. Although
feas-ble for a large number of impurities as is this data could not be quantified, it indicated
needed in an overview analysis due to the time and that the silicon, alununum, oxygen, and hydrogen
expense of implanting and analyzing the standards. were segregated in regions ranging from 5 to 20 gm
Nonetheless, if utilized properly, SIMS can in diameter. Furthermore, in certain areas these
discern various important facts about impurities elements appeared to come from the same regions of
in a material as discussed below for these diamond segregation, whereas in others the segregated
films, regions of different elements were unrelated.

3.1.1 Bar Graphs 3.1.2 Depth Profiles

Ionic counts per second were recorded for Depth profiles of C, Si, 0 and F were also
molecular weights from 1 to 200. During this obtained and are shown in Figure 2. The hydrogen
sweep, molecular filtering was utilized to avoid ion yield is similar in both the film and the
interference from molecular (as opposed to substrate indicating that it is poss.bly due to
elemental) species generated during the analysis. the background level. Although the oxygen
However, interference is still possible, thus concentration appears to be greater in tkt
relative isotope abundance patterns were utilized substrate than in the film, this is probably due
to identify elements. As discussed previously, to the change in matrix (i.e., diamond to silicon)
quantification is not possible due to the absence interacting with the primary 0- ion beam. Thus,
of standards for diamond SIMS analysis. However, no conclusions should be drawn about the oxygen
a very rough order of magnitude approximation of concentrations except the rough approximation of
impurity concentrations can be obtained if matrix the upper limits as discussed in section 3.1 .:. I
effects are ignored and published relative ion One of the most interesting features of the depth
yield data' is utilized to determine profiles of Kobe films are the very smooth
concentrations relative to C ion yield. The concentration changes across the interface. This
results of such an analysis are shown in Table 1 is contrary to observations of some diamondlike
for two samples. The identification of the films examined with the Cameca instrument which
elements present is believed to be accurate but show a peak in the C ion yield at the interface.
caution should be exercised in the use of the The absence of this peak may be indicative of the
concentration values, absence of a buffer layer or its thin nature

(S500A ) in this Kobe sample.
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-Figure 3. Wide energy range XPS scan of a diamond

film grown at 1% CH4 in H2 .

Figure 2. Depth profile of diamond film.
The more significant data is obtained by

From the depth profiles it also appears that analyzing the carbon is peak using a small energy

the change in carbon concentration across the window as shown in Figure 4. This curve indicates
interface is more rapid than the change in that the carbon is in an Sp3 (or O) bondin
silicon. This may indicate more silicon diffusion cznfiquration (characteristic of diamond). If sp

into the film than carbon diffusion into the (or T) graphitic bonds were present, a secondary
silicon, possibly due to the numerous grain peak would be observed as shown in Figure 5. This
boundaries in the film. However, this is a very is ccnfirmed when the intensity axis of this data
tentative conclusion and has not been verified by is expanded such that the electron energy loss
repeated depth profiling, fine structure to the left (i.e. lower energy) of

the carbon is peak can be examined as shown in
3 1. X-ray phtenP'e-tr'n sprrnconpv txpS Figure 6. This energy loss structure is seen to

be very similar to that of natural diamond where
XPS was conducted at the Research Triangle the peaks labelled P1 , P2 , and P3 have energy

institute utilizing a Leybold-Heraeus differences from the Cls peak of 11.3, 25.4, and
hemispherical electron energy analyzer and twin 34.1 eV, respectively.

9 Graphite has been seen to
anode x-ray source. Mg radiation at 300 W and an yield a significantly different energy loss
analyzed area of 2x10 rm

2 was utilized. Figure 3 spectrum from the Cls peak. (PI, P2 , and P3

is a wide energy range scan of a diamond film positions are 6.3, 28.1 and 33.3 eV,
grown at 1% methane in hydrogen. The scan respectively). 9

contains x-ray excited YLL Auger and is peaks for
carbon and oxygen as well as silicon 2s and 2p
peaks. The relatively high concentrations of
silicon and oxygen may be due to x-ray excitation
of exposed areas of the silicon substrate where
diamond was not deposited as well as silicon and
oxygen surface contamination. In the XPS system
employed, no method of localizing the x-ray source
was possible. This broad energy scan indicates
elements which are present but does not yield any
information concerning the bonding of the carbon.

!
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Figure 4. XPS scan about the Cis peak energy. Figure 6. XPS spectrum about the Cis peak energy
expanded such that the electron energy
loss fine structure is evident.

In summary, this XPS data indicated that true
diamond bonding is present at the surface of theCis diamond films without any evidence of a graphitic
component. It should be noted that the sample was
not pretreated prior to this analysis. Thus, the
surface consists of diamond bonding even after
long exposure to the atmosphere. This is
significant since it is known that certain
pretreatments such as ion bombardment can~graphitize 

the diamond surface.

~~~~~3. 2 Scannincl El ectrr n M ccnD S
. In order to examine the surface morphology of~the diamond films, an Mitachi S530 scanning'Eelectron 

ticroscope (SEM) was used. All of the
diamond films examined thus far consist of multi-faceted diamond grains ranging from less than onex odn hudrmcron up to approximately one micron in size (as

, measured across a single facet) . Although the-- orientation of the individual diamond grains
appears random relative to the substrate, numerous

- facets have symmetry characterist;.: o f• i, , crystallographic planes. For exam le, F igqureW 40 30 2 10 0 shows that four-fold symmety cube faces are
E~nergy Lou (a present on several of the grains. This symmetr

indicates that these faces are (100) planes.
Other hih symmetry planes such as three-!oldFigure 5. XPS spectrum from pyrolitic graphite (111) facets have also been observed as shown inabout the Cls peak energy. the micrograph of another sample shown in
Figure 8. Growth ledges on the primary grain are
also observed, causing the surface of the facet toappear rough. Another interesting feature
observed in Figure 8 is the secondary nucleation
which occurred on the large facet of thepredominant grain. This secondary growth appears
to have formed another rain with three-fold
symmetry which has a distinct relationship to the
primary face. These (1Ii) planeE tend to
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predominate in samples grown below approximately from a large area of the sample and the results of

0.4% CE4 in H2 whereas (100) planes predominate these measurements are shown in Table 2. In
between -0.5% and 1.2% CR4/2. Above 1.6% CR4 the addition, the ASTM spacings for natural diamond
diamond particles become micXocrystalline with no are included in the table for comparison.
observable lacets. Excellent agreement between the CVD diamond films

and natural diamond is observed.

Table 2. Electron diffraction data for diamond
film and reported values for natural
diamond.

Observed Reported (ASTM 6-675)
hkl d (A) d(A)
111 2.060 2.060
220 1.265 1.261
311 1.073 1.0154
400 0.096 0.9916
331 0.814 0.8182

Figure 9 is a plan-view TEM of a single
diamond grain observed with the electron beam

_parallel to the 110] direction. Numerous twins
5p ;1are present on the two J111) planes which are in

1MM -.aM the diffracting condition. An indexed electron
diffraction pattern from this grain is also shown

Figure 7. SEX micrograph of diamond film wlith in Figure 10. Twinning is found on the (111) and
fourfold faceted grains. (111) planes, as evidenced by the twin spots which

occur between the regular spots and are indicated
on the diffraction pattern. These twins have
probably occurred in [112) directions which are
characteristic of diamond. The streaking in the
diffraction pattern is believed to be due to
stacking faults or coherent twin boundaries of
thickness less than 100 angstroms10 . Another
interesting feature of this bright field
examination is that under higher magnification, no
particulates or other impurities were observed in
the films. Furthermore, the grain boundaries
appeared to be very sharp within the resolution
limits of the current study. Excellent agreement
between natural diamond and the CVD diamond is
seen. Furthermore, no graphite or amorphous
component was observed during this electron
diffraction research.

Figure 8. SEM micrograph of threefold faceted
diamond grain.

An Hitachi B-800 STEM at 200 KeV was utillzeod
to observe the diamond films via plan-view
transmission electroM microscopy (TEM), cross-
sectional transmission electron microscopy (XTEM),
and selected area idiffraction (SAD).

For plan-view TM, 'the silicon substrate was 4
first thinned to 65 microns using 600 grit silicon
carbide paper and ubaet~uently polished with i urn
0.05 Pm A1203 in water. The substrate was then
dimpled to a thickness of -10 4m using a steel
ball coated with 1 micron diamond paste. After
mounting the sample on a molybdenum support ring,
the sample was ion milled in a Gatan ion mill Figure 9. Plan-view TEM of a single diamond grain
using a 6 kV beam of Ar

+ ions from the substrate observed with the electron beam parallel

side until perforation was observed. First, in to the [110] direction.

order to confirm that the diamond structure was
present, the spacings of different planes in the
diamond grain wre ca1culated using a ring pattern



877 11

"Dnotes twin spot. 1 50 nrn

Figure 10. Indexed electron diffraction patternfrom the diamond grain in Figure 17.
Figure 11. Bright field XTEM micrograph of

Cross-sectional TEM (XTEM) is a particularly diamond film grown at 0.3% CH4/H 2. Top
useful technique because it allows detailed study - diamond film, bottom - _4 substrate.
of the interface between the film and substrate.
The procedure for preparing XTEM samples of SiC Figure 12 is an XTEM micrograph of a sample
thin films has been well established at NCSU and grown at 2.0% CH4 /H2 . The apparent interface
was duplicated for the diamond films reported layer present is believed to be an artifact of the
here. It involves using epoxy to glue together a ion milling used to thin the sample because no
"sandwich" of the film/substrate pieces and characteristic defect contrast is observed and the
silicon support layers to provide rigidity. This layer appears to be only at the surface (i.e., it
"sandwich" is then thinned in much the same manner does not have any depth contrast associated with
as the plan-view TEM samples. Figure 11 is a it). In addition, no other phase was observed in
bright field micrograph of a diamond film grown at the SAD of this region. Further examination of
0.3% CH 4 /H2 (top) on a Si(lll) substrate this layer will be performed to study the
(bottom).The presence of twins is again observed reproducibility of this milling artifact. A
in the film as well as elastic strain contrast in possible explanation for the lack of a silicon
the lower left area of the film, probably due to carbide buffer layer in this sample may be the
poor lattice matching and differences in thermal faster growth rate caused by the higher methane
coefficients of expansion. An interfacial layer concentration which allows less time for the
approximately 50 angstroms thick was also observed formation of such a layer. Higher defect
between the diamond and silicon. A selected area densities were observed in the films grown at 2.0%
electron diffraction (SAD) pattern from this CH4/H2 than in those grown at lower methane
region indicated the presence of a layer of beta concentrations. In fact, defects could not be
silicon carbide. The orientation of at least part identified, as seen in Figure 13, due to this hich
of this silicon carbide layer is believed to be density. This increased defect density is also
close to (111) because the diffraction spots from attributed to the higher growth rates.
the SiC layer were aligned with the corresponding
diffraction spots from the silicon substrate. It
could also be seen from the diffraction pattern
that the SiC spots were smeared slightly,
indicative of the 20% lattice mismatch between
silicon and silicon carbide.



g 877 II
Wavelength (km)

9 0 12 15 20 30 40 5

-0.1I I j40

A1

~~Intonei(%

t 20

Figure 12. XTEM micrograph of a diamond film
grown at 2.0% CH 4 /H2. Top - diamond
film, bottom - S4 substrate.

35 IrarAd Spectroncopy (TR . 015 012 010 0075 005 0C25

In Figure 13, IR spectra obtained on a Perkin- Energy(ev)
Elmer 580 infrared spectrometer are shown for two
diamond samples grown with 1.0% CH4 in H2 . In Figure 13. Infrared absorption spectra for two
addition, a spectrum from a sample of CVD-grown 0- diamond samples and a reference SiC
Si is also shown. Absorption from the Si sample.
substrate has been subtracted from this data. The
absorption observed in sample #2 can thus be shown 4- C=N7TYS70NS
to be a result of the presence of silicon carbide.
This observation is consistent with recent TEM In sunmary, diamond and diamondlike films
results which showed a layer of silicon carbide at grown oy MXECVD have been examined by a variety of
the diamond-silcon interface for some samples but analytical techniques. Composition, bonding and
more research is necessary to verify this structure all verify that a true diamond phase can
correlation . No absorption minima were observed he grown under appropriate growth conditions.
at C-H, C-C, C-C, C-C, etc. freauencles indicating However, diamondlike films have also been
an absence of such bonding within the resolution deposited under under only slightly different
limits of this technique. Curiously, sample 61, growth conditions. The morphology of the diamond
grown under the same growth conditions, shows nc '".nLs has also been exanuned. A polycrystaiine
silicon carbide absorption. An investigation as grain structure with preferred growth facets
to the cause of this non-reproducibility is dependent on methane concentration during growth
onocing. was observed on the diamond films. Many defects

in the diamond films, including numerous twins and
stacking faults as well as dislocat:.ons, were
identified via TEM and SAD. XTEM observations
have shown a SiC buffer layer in certain samples
which is epitaxial in local regions.
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INTRODUCTION

Thin films of diamond grown by microwave plasma enhanced chemical vapor
depositions (MPCVD) have been examined utilizing a variety of electron microscopy
techniques including scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and high resolution TEM. Film morphology, defect structure, and the nature of the
diamond-substrate interface were examined.

RESULTS

Figure la is a plan-view TEM micrograph of a diamond film grown with 0.5% CI4 in
H2. A wide range of grain sizes up to - 1 pm is observed and the diamond particles appear
randomly oriented. In Figure Ib, a centered dark field (CDF) micrograph of this same film, a
crack extends across the field of view (indicated by the arrow on the micrograph).

Under higher magnification, the defect structure within the diamond crystals was
observed. Figure 2a is a brightfield micrograph in which a high density of twins is observed
on two tI 1) planes. By using a (I ll) diffracted spot from one set of the twins, the centered
dark field micrograph shown in Figure 2b was obtained. In addition to the high density of
twins stacking faults and dislocations were observed. Figures 3a and 3b are bright field
XTEM micrographs of diamond films grown at 0.3% and 2.0% CH4 concentrations,
respectively. The diamond film which was grown at 0.3% CI4 has much lower defect density
than the film grown at 2.0% CR4. In addition, an interfacial layer of t-SiC (confirmed via
SAD) was observed in the 0.3% Cl-14 film while no such layer was present in the film grown at
2.0% C-4. Figure 4 is a High Resolution TEM (HRTEM) micrograph of the afore-mentioned
film grown at 0.3% CI4. Note that ( 11) cross fringes observed in the silicon carbide layer
are aligned epitaxially with the fringes observed on the silicon substrate. The thickness of the
silicon carbide layer is approximately 50A. Figure 5 is a HRTEM micrograph of the 2.0%
C-4 diamond film. Note the absence of any apparent layer of SiC. The diamond grain
observed in this micrograph is epitaxially twinned relative to the silicon substrate. However,
not all the diamond grains showed this twinned relationship as illustrated in Figure 6 where
two diamond grains are misoriented relative to the substrate. The widely spaced fringes in the
center of the micrograph are Moire fringes caused by the overlap of the two diamond grains.
The interface region was damaged by the electron beam during the examination of this sample.

In order to study the nucleation of the diamond crystals, a sample was grown in 1.0%
CI4 for 45 minutes. At this point, a complete film has not formed as shown in Figure 6, a
plan-view TEM micrograph of this sample. The silicon substrate was scratched with 0.25 gLm
diamond paste for one hour prior to deposition and these scratches are visible in this
micrograph. Note that some diamond particles have nucleated in scratch-free areas, indicating
that a scratch is not necessary for nucleation, although it increases the number of nucleiI.

Closer examination of these particles reveals that they are multiply twinned. Figure 8a is
a bright-field TEM micrograph of a multiply twinned particle (MTP) which exhibits five-fold
symmetry. Similar MTP's have been observed in different systems such as evaporated gold
particles on silicon2. 3. Figure 8b is a CDF micrograph obtained by imaging with a (111) spot
shared by two quadrants of this particle.

CONCLUSIONS

(1) Diamond crystals contain a high density of defects but the defect concentration is
reduced at lower methane concentrations; (2) the defects observed include twins, stacking-
faults, and dislocations: no precipitates or second phases were observed; (3) thin (50A)
epitaxial buffer layer of 3-SiC was observed when the CIM concentration was 0.3%; (4) some
diamond grains were found to be in a twinned epitaxial relationship with the Si substrate; (5)
preliminary observations indicate that diamond particles can nucleate in scratch-free regions on
the silicon substrate.
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ABSTRACT

The atomic bonding configurations of carbon bonding in diamond and diamond-like thin

films Pre explored using Raman scattering. The general aspects of Raman scattering from

composites are presented. Effects are discussed due to crystalline or amorphous structures, large
vs. microcrystalline domains, and strong optical absorption and transparent regions. The Raman

scattering from diamond-like films show several features which are attributed to microcrystalline

graphite-like structures which all originate from the same region in the sample. In contrast, the

spectra of diamond films show features attributed to different components of a composite film.

Components identified are crystalline diamond, and disordered and microcrystalline graphitic
structures. The presence of precursor microcrystalline or amorphous diamond structures are also

suggested.
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I INTRODUCTION
Carbon films produced by plasma enhanced CVD or similar processes are hard, chemically

inert and transparent over some wavelength range. The films have been characterized as
diamond 1-3 or diamond-like 4 -6 . The diamond-like films are very uniform, hard and transparent
at wavelengths greater than 2gtm. 4 -6 These films have already been applied as anti-reflective

and/or protective coatings for infrared optics.
The plasma enhanced CVD process has also been used to produce films with optical

properties very similar to diamond. 1-3 While these films could also be used for optical coatings,

their potential as a high temperature thin film semiconductor is also being explored. One of the

major limitations of these films is that they exhibit roughness due to the crystalline grains of the

films. To be useful as a semiconductor technology it is necessary to produce smooth films.

Heteroepitaxial film growth is one of the goals of the research.

This paper discusses aspects of the characterization of the carbon bonding in diamond and

diamond-like thin films.7 We will emphasize Raman scattering, but related x-ray and electron

diffraction measurements will be mentioned. These techniques are often used as structure sensitive

probes. Raman scattering displays aspects of the vibrational properties of the material which can

then be relatedto atomic bonding configurations. The films that are produced by the plasma

enhanced CVD processes will exhibit varied atomic structures. In fact a particular film will exhibit
variations of the structures on several scales and can be considered as a composite. We will focus

on the limitations of the techniques to measuring composite films. In addition, the vibrational
excitations and the atomic bonding are also dependent on the composite nature of the films and
these aspects will be discussed.

The CVD process usually involves methane, hydrogen, and possibly inert gases and

oxygen. Films produced by CVD deposition techniques can yield crystalline and amorphous

structures. In the case of carbon films an additional question is whether the atomic bonding in the
films is three-fold coordinated (sp 2 ) as in graphite or four-fold coordinated (sp 3) as in diamond.
Thus the films have the possibility of four different microstructures - amorphous or crystalline

diamond, and amorphous or crystalline graphitic structures. In this terminology, we are

suggesting that an amorphous network in which the local atonidc configuration of the carbon is

approximately tetrahedral would be called amorphous diamond, and if the neasrest neighbor

configuration is approximately planar three-fold carbon, then the structure would be termed as
amorphous graphitic. Another very interesting possibility is an atomically mixed strucare of three-

and four-fold coordinated carbon. Hydrogen is also often present in the films and can affect the

atomic structure. While the long term goal of the growth studies may be to produce films with a
single structure, the films currently being produced are composites of the possible structuresI



described above. The composite nature extends from the atomic scale with possible co-existing

three- and four- fold carbon, up to the micron scale with crystalline and amorphous domains.

While Raman scattering and diffraction measurements are often used to characterize thin

films, for the CVD films described hem, the results must be interpreted in light of the composite
nature of the materials. The techniques may be dominated by particular components of the

structure and be insensitive to other components. For instance x-ray scattering from crystalline and

amorphous regions will exhibit large differences in intensities, and the light scattering

measurements are affected by the differences of the optical absorption of the different components

of the film.

fi MEASUREMENT CHARACTERISTICS

The Raman scattering process involves inelastic light scattering from vibrational excitations

in the sample. For crystalline samples, the spectra are due to vibrations with a wavelength

determined by the scattering geometry and k-vector conservation. Because the wavelength of light

is long on the scale of phonon wavelengths, these requirements select only wavevectors with k-0

or Brillouin zone center excitations. Thus Raman spectra will display sharp peak(s) representing

the zone center mode(s). The wavevector conditions can also be satisfied by two phonons with
nearly equal and opposite crystal momentum. This scattering is termed second order scattering.
The second order Raman component is continous and often is similar to the vibrational density of

states but on twice the frequency scale (since two phonons participate in each scattering event).

The first and second order Raman spectra of diamond 8 and graphite9 are compared in Fig. 1. The

sharp features at 1332cm -1 and 1580 cm - 1 are the first order zone center modes of diamond and

graphite, respectively. These frequencies are indicative of the different bond strengths of the

diamond and graphite bonding. It should be noted that the 1332cm -1 mode in diamond is

essentially the highest energy vibrational mode of the structure8 whiile for graphite, a second order
feature is observed at 3240cm-I (or 2 x 1620cm - 1 ) which is due to slightly higher energy
phonons9 than the mode at 1580cm- 1. This analysis indicates that modes with energy greater than

1332cm-1 cannot be attributed to diamond structures with long range order.

The CVD process often leads to amorphous films, and we consider now the

spectrum of amorphous carbon.7 ,I 0 Samples considered to be amorphous graphite have been

previously reported and the spectra is overlaid that of graphite in Fig.l. The spectrum of

amorphous rims with diamond structure have not to our knowledge been reported. We can

approximate what the spectra would look like by comparison with amorphous Si or with the

density of vibrational states of crystalline diamond. We have followed the first possibilty by

scaling the frequency axis of the Raman spectrum of a-Si by the ratio of the frequencies of the
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mode of the crystal (520/1332). This deduced spectra is also shown in Fig. 1 as an overlay to the

diamond spectrum.I
I COMPOSITE PROPERTIESI

Three different composite structures are considered; micron-scale, microcrystalline and

atomically disordered. The following discussion outlines some aspects of the structural properties,

the vibrational excitations and the interactions with light and x-rays

For micron-scale composites, the structural properties behave as linear combinations of the

properties of the constituent materials. The decay length of phonons is in general less than 1 4m,

therefore boundary scattering will not significantly affect the phonon lifetimes. This means that the
vibrational excitations will exhibit the same spectral response as the bulk samples. Raman

scattering and x-ray or electron diffraction from micron-scale composites will exhibit properties

that are linear combinations of the orientation randomized (ie. powder patterns) bulk spectra. For

diamond-graphite mixtures, the diffraction efficiencies will be similar for the two components if

they are both crystalline or amorphous. If, however, one component is crystalline and the other is

amorphous, the x-ray scattering will be dominated by the crystalline structure. The optical

properties of graphite and diamond are, of course,'very.different, and they will affect the Raman

scattering. Because of resonance effects, Raman scattering from absorbing materials is enhanced.

The absolute Raman cross-sections of diamond and graphite have been measured, I I and it is

found that the 1580cm- 1 band of graphite is -50 times stronger than the 1332cm "1 band of

diamond. Thus the Raman scattering will emphasize the graphitic structures.

Microcrystalline samples exhibit crystalline domains that range from 100nm to as small as

2nm. Because the boundary scattering of the phonons is very strong, it can be assumed that the

vibrational excitations of the microcrystals will be confined to a single domain. Phonon decay

lengths are often larger than these dimensions, thus the boundary scattering causes the vibrational

excitations to exhibit lifetime broadened peak widths. In addition, from the Heisenberg uncertainty

principle, the wavevector of the excitations is uncertain (Ak-l/d, where d is the domain size), and

the momentum selection rules of the Raman scattering process are relaxed 12 . These effects have

been studied in graphite9 , BN 12 and Si13 . The effects are prononced on microcrystalline
graphite9 shown in Fig. 1. The microcrystalline samples show broader peaks which are shifted

toward peaks in the vibrational density of states. Furthermore, a new feature in the first order

spectrum is observed at 1355cm- 1 which is attributed to a peak in the vibrational density of states.

An additional feature is also observed at 2940 cm-1 in the second order spectrum.

A composite on an atomic scale can be called either an alloy or an amorphous network. It

is, of course, somewhat incorrect to label these structures as composites. In the case of carbon, an



amorphous network composed of 3- and 4-fold coordinated C could be possible. 7 The vibrational

and electronic excitations would not be confined to a single atomic site, and thus would represent

an average of the network possibilities. The optical properties would not strongly favor

enhancement of the 3-fold (graphitic) over 4-fold sites, and we would expect approximately equal

scattering efficiencies. Thus we would anticipate a Raman spectrum with broad features extending

from 1100cm- 1 to 1600cm- 1.

IV CVD DIAMOND AND DIAMOND-LIKE FILMS

Consider first the properties of diamond-like thin films produced by plasma enhanced

CVD. The Raman spectra of two films produced under differing deposition conditions are shown

in Fig. 2. The first thing to note is that the spectra do not compare to any of the spectra discussed

as characteristic of amorphous or crystalline diamond or graphite. This implies that the samples are

not characteristic of those structures. The two strongest features at 1590cm- I and 1355cm- I are

similar to the vibrational features of diamond and graphite. Thus one is tempted to consider this

data as indicative of a micron-scale composite of those structures. There are two arguments against

this possibility. The first is that the feature at 1355cm-I is at a higher frequency than any of the

vibrations of the diamond lattice. While effects such as strain are known to shift frequencies to

higher wavelengths, this large shift would indicate a compressive stress of over 10 kbar.

The second argument against the consideration of this peak as due to diamond structures is

based on the interpretation of the second order spectrum of graphite and the spectra of

microcrystalline graphite samples. The strongest feature in the second order spectrum of graphite

is at 2710cm - I . This feature at twice the frequency of 1355cm- I indicates a strong peak in the

vibrational density of states of graphite. The peak is also observed in the first order spectrum of

microcrystalline graphite, and its presence has been ascribed to the uncertainty of the wavevector of

the vibrations due to the finite size of the domains. The next question to be addressed is whether
the excitations at 1355cm- 1 and 1590cm-1 represent a composite nature of the film. As noted,

there is a feature at 2940cm-1 which also appears in the spectrum of microcrystalline graphite.
This feature has been ascribed to a two phonon excitation. 9 The energy corresponds to the sum of

the 1355 and 1590 cm- 1. This indicates that these two modes occur in the same region of the

sample. This leads to the conclusion that all of the strong features in the spectra can be accounted

for by microcrystalline regions of the sample.

These results do not mean that there are no regions that exhibit diamond structure. In fact

electron energy loss experiments show features which can be attributed diamond structures. It is
also difficult to account for the optical properties of the diamond like films if they are purely

graphitic structures. The Raman scattering from graphite, however, is exceptionally strong
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because of the high absorption. Thus it is possible that regions of microcrystalline or amorphous
diamond exist in the samples, but are not detected by the Raman scattering.

Under slightly different deposition conditions, diamond thin films can be produced. The
substrates are often roughened with diamond powder and then cleaned. The substrate roughness
can act as nucleation sites for the growth of diamond films. The Raman spectra of two films
prepared at different deposition conditions are shown in Fig. 3. The spectra show a sharp line at

520cm-1 which is attributed to the Si substrate. The features due to the Raman scattering ride on
top of a strong luminescence background. In Fig. 3a, there is a sharp peak at 1332 cm- 1. This is
the frequency of diamond crystals. A broad spectral component is observed which is centered at
-1500cm- 1. This component is to be distinguished from the features similar to microcrystalline
graphite at 1580 and 1355cm- 1. The spectrum (b) in Fig.3 shows a very weak spectral feature at

1332cm- 1 and a strong component at 1500cm- 1 . This spectrum also shows the double peaks at
1580 and 1355 cm- 1 which are similar to those associated with microcrystalline graphite. Within
the scope of the various possibilities described above it could be concluded that the spectral

features indicate a three component composite. The feature at 1332cm -1 has the properties that it is
very sharp and the intensity does not correlate with that of the other spectral components. This

indicates that it is due to micron-scale or large microcrystalline regions of diamond. The other

features are broad and can be ascribed to amorphbus regions of the sample. These regions may
exist between the diamond crystalline domains or they could be inclusions.

The broad spectral features can be separated into two components. The features at 1355
and 1580 cm- 1 are representative of structures similar to microcrystalline graphite. The broad

feature at -1500cm - 1 does not have an obvious origin. Two possibilities for this feature are (1) an
amorphous network of four- and three-fold coordinated carbon or (2) an impurity-carbon
amorphous network. Raman spectra of carbon-rich SiC:H alloys produced by low temperature

plasma CVD 14 show a broad Raman spectral feature centered at 1500cm- 1. SIMS analysis of
some films has indicated the presence of Si, and other studies have reported features attributed to

crystalline SiC. Thus we suggest that regions of amorphous carbon rich SiC exist in the diamond
films.

d M e question remains whether there is a diamond-like precursor to the formation of the
diamond regions. The only unaccounted strong spectral feature in the Raman spectra is that at
-1 140cr - 1. This feature is present in films with small amounts of diamond crystalline domains

indicating that it could be a precursor structure. This feature occurs in a region that might be

expected for amorphous or microcrystalline diamond. The microcrystalline diamond could be
j traditional or a polytype in the wurtzite structure. The frequencies of wurtzite diamond have not to

our knowledge been reported, but by comparison with the frequencies of SiC we would deduce a

vibrational frequency of the strongest mode to be -1175cm- 1 with an additional weaker feature at



1330cm- 1. Thus we suggest that this feature is due to regions of microcrystalline or amorphous

diamond.

V CONCLUDING REMARKS

The Raman scattering effects due to composites of carbon components are discussed. The

possibilities include crystalline or amorphous diamond or graphite. The strong difference in the

optical absorption of the different structures lead to large differences in the Raman sensitivity to

different structures. For micron-scale and microcrystalline composites, because of the strong

optical absorption, graphite like structures will dominate the Raman spectra while x-ray or electron

diffraction will be dominated by crystalline domains. For atomic scale composites or amorphous

alloys, it is proposed that the Raman scattering from diamond and graphite like features will

exhibit equal scattering strength.

The analysis of the frst order spectra of diamond-like films shows no features which can

be attributed to crystalline diamond structures. Extending the analysis to the second order spectra

shows that the major features of the spectra originate fr ,,i ,he same atomic structures. The

spectra, therefore, show no evidence of composite nature, but other measurements indicate the

presence of diamond structures. It is likely that these are not observed because of the weak signal

from the diamond structures with respect to the giaphitic ,tr.ct.:res.

The Raman spectra of diamond films show composite characteristics. CrystaLline regions

of diamond structure are observed along with microcrystalline or disordered graphitic structures.

One feature is observed which can not be accounted for by any of the known structures of graphite

or diamond. By comparison with the spectra of amorphous and microcrystalline Si, we ascribe

this feature to amorphous or micrmciystalline diamond structures.
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FIGURE CAPTIONS

FIG. I The Raman spectra of diamond, a), graphite, b), and microcrystalline graphite, c).
The solid lines in a) and b) represent the first and second order spectra of crystalline diamond and
graphite respectively. The broad line labeled a in a) is the spectrum of a-Si scaled to the diamond

frequency to represent the spectrum of amorphous diamond, while the broad line labeled ca in b) is

that due to amorphous graphite (from ref. 10).

FIG. 2 The frust and second order Raman spectra of plasma enhanced CVD films produced

with different deposition conditions which are characteristic of diamond-like structures. Spectrum
(b) shows distinct first order features at 1355 and 1590 cm - 1 and second order features at 2710
and 2940 cm- 1.

FIG. 3. The Raman spectra of CVD films which exhibit the feature at 1332cm- 1
characteristic of crystalline diamond. The samples were prepared under different conditions using

Si substrates, and the sharp feature at 520cm-I is due to the substrate. Both samples show a
strong background due to luminescense. Both samples show the feature at -1330cm - 1 due to

crystalline diamond and broad features due to other components.
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RAMAN ANALYSIS OF THE COMPOSITE STRUCTURES IN

DIAMOND THIN FILMS

RE. Shroder, R.J. Nemanich, and J.T. Glass

North Carolina State University, Departments of Physics and Materials Science and Engineering,
Raleigh, NC 27695-8202

Raman spectroscopy has been used to examine diamond thin films produced by various CVD
processes. TAe Raman spectra exhibi features which suggest that the films are composites of
diamond (spi) and grapite-like (spL) bonding. A brief outline of Raman scattering from
composites is presented. A first attempt at modeling these types of films using composites oj
diamond and graphite powders is reported. It is found that the aman features associated with sp
bonding in the films do not correlate well to features exhibited by microcrystalline graphite.

1. INTRODUCTION

In recent years Raman scattering has been used to characterize the carbon films produced by
various CVD processes1 -3. This technique has proved useful for examining the diamond and
graphite-like structures in the films. As the gcal of the research is to produce single crystal,
homoepitaxial diamond on a variety of substrates, Raman spectroscopy could be used to accurately
determine the relative concentrations of these structures; thereby, demonstrating the quality of the
materials produced in the deposition process. We have examined these possibilities using
composites of graphite and diamond powders, and correlated the results to the diamond thin films.

The Raman spectra obtained from the carbon films have generally concentrated on the
appearance of the first-order Raman mode of diamond at 1332cm- 1. Diamond is characterized by
4-fold coordinated sp 3 -type bonding of F2. symmetry4 . It possesses a single triply degenerate
zone-center optical phonon which corresponds to the highest energy mode in the phonon
dispersion curves of diamond, so that features in the spectra with energy higher than 1332cm - 1

cannot be attributed to diamond structures of long range order. Other features do appear in the
Raman spectra of carbon films from - 1350 - 1600cm- 1 , and are normally associated with
structures having 3-fold coordinated sp 2 -type bonding such as graphite. Films which display a
variety of these features can be considered composites of sp2 and sp 3 bonding (i.e. containing
regions of differing atomic structures), and it is these types of films which have been closely
examined. Particular attention has been focused on the relative intensities of the peaks associated
with each type of bonding, in an effort to determine if the Raman scattering from diamond films
can be used to give an estimate of the relative concentrations of sp 3 to sp 2 -type bonding in the
films.

The Raman spectra of two diamond films produced under differing deposition conditions are
shown in Fig. 1. Both spectra contain the diamond peak at 1332cm- 1 , but other features are
present. Spectum (a) also shows features at 1355cm-I and 1580cm- 1 which are similar to those
associated with microcrystalline graphiteS, and a feature centered at -1500cm- 1 which has been
assigned to regions of amorphous carbon. 6 Spectrum (b) shows a broad feature at - 1500cm- I
which is dominated by the diamond peak and has been ascribed to regions of highly disordered
graphite I . In this study we will show that the size and absorption properties of these sp 2 and sp 3-
type domains strongly affect the relative strengths of the Raman features described above. The
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I
details of Raman scattering from different carbon structures has been discussed elsewhere6, so we
provide a brief overview of Raman scattering from composites.

2. COMPOSITE PROPERTIES

The three types of composite structures
considered are: micron-scale, microcrystalline,
and atomically disordered. For micron-scale
constituent materials, the Raman spectrum t
should appWa as a linear combination of the

features of the bulk materials. If one of the W
constituents of the composite is strongly Z
absorbing, then light incident on particles of -Zthis type is completely absorbed. The effective <
absorption depth of the composite should be Z
approximately equal to that of the highly e
absorbing constituent, modified by the relative
concentrations of the absorbing and non-
absorbing materials. As the domains decrease
to microcrystalline scales, features should 1100 1300 1500 1700 1900

begin to appear in the Raman spectrum due to RAMAN SHIFT (cm "1)
size effects associated with the breakdown of
the conservation of wavevector 5 . The small Fig. 1. First-order Raman spectra of diamond
domain size creates an uncertainty in the thin films. Both of the samples were produced
wavevector (Ak - 2r/d where d is the domain by mrowaveepl am weT e reue
size), and the momentum selection rules for the by microwave plasma CVD. The sharp feature
Raa cteigpoesaerlxd h at 1322cm-1 is indicative of crystallineRaman scattering process are relaxed. The diamond while features between 1350 and

length scale of the crystallites is now on the d60m-o are attributed to sp2 bonded carbon.

order of or smaller than the absorption depths
of the constituent materials and the decay length
of the phonons, so that crystallite diffraction
effects create a more uniform illumination of the composite. For an atomically disordered
composite, the Raman spectrum becomes the average of the vibrational and electronic properties of
the random network, and would appear quite different than the Raman spectra of the bulk
materials.

3. EXPERIMENTAL

In order to model the ratio of sp2 to sp3 -type bonding in diamond thin films, composites of
diamond and graphite powders were examined. These powders were obtained from commercially
available sources7-8. The diamond powder was slightly gray in appearance and of -ILm crystallite
size. The graphite powder was black and very cohesive and contained crystallites of 30-40m
size. Admittedly, this is large for our purposes, but we wished to examine the effects of the
concentration of diamond in the composites. The examination of effects due to crystallite size was
left for later. The composites were created as follows; appropriate amounts of diamond andI graphite powder were weighed, and the relative concentrations determined. The powders were
then mixed using mortar and pestle, and the resulting composites were lightly pressed into

1
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aluminum sample holders. The samples were mounted in the backscattering configuration, and the
spectra were taken using the 5145A line of an Ar+ laser.

4. RESULTS AND DISCUSSION

A. Raman spectra of diamond and grphite comosites

Several of the Rarnan spectra taken from the composite samples are shown in Fig. 2. The two

peaks exhibited are the first-order Raman mode of diamond at 1332cm" I and the first-order mode
of graphite which has been shown previously to occur at 1580cm" 9. The relative concentration
of diamond in the samples ranges from -1% up to 60%. The most interesting feature of these
spectra is that the -1% diamond composite displays a 1:1 ratio between the peak intensities of the
first-order modes of diamond and graphite. At 50% diamond, it is seen that the peak due to
graphite has practically disappeared. Thus, the absorption of graphite has a significant effect on
the Raman spectra of the composites, and is shown in the large disparity of the absolute intensity
scales of the samples. As is to be expected, the relative intensities of the two peaks change in
proportion to the concentration of diamond present in the composite. If the ratio of the peak
intensities of diamond and graphite versus concentration of diamond in the samples is plotted, Fig.
3 is obtained. It is again noted that the diamond peak dominates the spectrum even at relatively low
concentrations of diamond. The solid curve has been added as a guide to the eye, but the data
might be fitted very well using an appropriate model of the Raman scattering from composites of
diamond and graphite. This model could then be applied to the diamond films previously
discussed and an estimate of the ratio of sp2 to sp3-type bonding obtained.

250 0

(d)
U) 200-

i ,5 z oo
zz

WAA (C) c ISO"
I- b

(b).ot (

x 400

0 10 20 3'0 460 5'0 60 7'0

CONCENTRATION OF DIAMOND
1250 1350 1450 1550 1650 (% DIAMOND)

RAMAN SHIFT (cm "I Fig. 3. Ratio of peak intensities (ID1'G) vs.
Fig. 2. First-order Raman spectra of the relative concentration of diamond in the
composites of diamond and graphite powders. composite samples. The solid line is not a fit to
The relative concentrations of diamond in the the data.
samples are: (a) 1.3% (b) 6.6% (c) 21.5%
(d) 50.0% The spectra have been multiplied by
the indicated value.



t

B. Theoretical model

In order to model the diamond and graphite composites, we must understand the various
parameters which effect the intensity of the Raman signal from these materials. Loudon 10

demonstrated that for a sample mounted in a backscattering geometry, the kcattering intensity is
given by

I = { 1 - exp[- (S+cql+a2)L] } (1)

S+atl+a 2

where S is te scattering efficiency, 10 is the incident intensity, L is the sample thickness in the
direction of the incident laser light, and cal and (X2 are the absorption coefficients at the respective
frequencies of the incident and scattered light. Wada and Solin 1 showed that this equation could
be modified to give the ratio of the scattering intensities of two different materials:

G I G A GI AQ R1-1 ( [e2 Rje1 ]2)G

loG D lD(al.G2) (1-RD) (j e2.Rj.eI]2)D) (2)
TD = !'-D (D( al+(t2) (TOA/D7  [e2"

j
where S has been redefined in terms of a scattering efficiency, A, and a summation over the inner
product of the Raman tensor, Rj, of the degenerate first-order mode and the polarization unit
vectors of the incident and scattered light, el and e2. IG and ID represent the scattered intensity
from the graphite and diamond powders, and I represents the incident intensity. AO is the solid
angle into which light is scattered, and the term in R corrects for reflection of the scattered light at
the sample surface and multiple reflections in the sample as in diamond. Here, al and a2 are the
previously defined absorption coefficients of graphite since it has been assumed that diamond is
transparent to the visible laser radiation.

If we now attempt to apply Eq. (2) to the composite samples, several difficulties must be
faced. Since the Raman signal is being collected from a region of discreet particles, unique values
for LD and A,. no longer exist. Also, even if it assumed that each graphite particle is completely
absorbing (i.e. much larger ;han the absorption depth), reflection losses due to light scattering
between the diamond particles must still be accounted for. Finally, note that the last term in Eq. (2)
provides unique values for the summations if it is known a priori the polarization directions of the
incident and scattered light. Since the diamond and graphite composites contain particles of
completely random orientation, an angle averaged value of the summations over all possible
polarization directions must be taken.

We therefore modeled the diamond and graphite composites as follows; assuming that the
collection angle (AfL) is the same and neglecting reflective losses, the ratio of the scattering
intensities of diamond to graphite may be written:

ID A'D ND VD (3)
Ia- A G NG VG

where A'i.s the angle and polarization averaged scattering efficiency, N is the atomic density of
diamond or graphite, and V is the volume of material which is actually sampled by the Raman
scattering. In terms of the bond densities of diamond and graphite, the percentage of diamond in3 the composite may be written as:

I



P "N D  or re-writing ND =3 so that Eq. (3) becomes
NG + ND

1D 3 AD VD ( PD
'G'- 4 AG VG - PD"(4)

and the factor of 4/3 accounts for the fact that e.&amond contains 4 nearest neighbor bonds and
graphite only 3 nearest neighborbonds per atom. The first-order Raman mode in both diamond
and graphite is a bond stretching mode.

It has been reported I 1 that the ratio between the scattering efficiencies of diamond and graphite
is - 50:1, so that the only unknown in Eq. (4) is the ratio of the volumes, VD/VG. If we assume
an average size for the graphite particles of - 30p.m diameter, then we can model a unit volume of a
50% composite to be two spheres, each - 30pnm diameter, one being graphite and the other, a loose
collection of diamond particles. As was previously stated, the diamond is essentially transparent to
the incident laser light, so that the entire "sphere" would be illuminated. At the 5145A exciting
wavelength, however, graphite has an absorption depth of - 300A11, although considerable
discepancies exist in the literature over the optical constants of graphite. Because the scattered light
must also exit the absorbing region, we therefore consider the volume of graphite sampled to be a
thin layer, -150A thick, acros. the top half of the graphite "sphere" as shown in Fig. 4. At PD =
50%, our calculated value toi IDIG differs from that shown in Fig. 3 by a factor of two. This is in
reasonable agreement c .r .Jering our approximations.

1 5oA

2 x 15
a) b) Z b)

x 15

Fig. 4. Model of the unit volumes in the
Raman scattering from composites. (a) fully _
illuminated diamond particles of- 30.tm size ,__ _ _

(b) graphite particle of - 30g.m size, partially 1000 1200 1400 1600 1800
illuminated in a 150 A surface layer. RAMAN SHIFT (cm "1)

Fig. 5. First-order Raman spectra of (a)
highly oriented pyrolytic graphite (b) "glassy"
carbon (c) diamond thin film produced by
microwave plasma CVD. The spectra have
been multiplied by the indicated value.
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We wish to emphasize the importance of crystallite size on our results. For smaller values for
VD and VG, it is expected, from our model, that the peak in the Raman spectrum due to graphite
would appear more strongly at higher concentrations of diamond than the results shown in Figs. 2,
3 indicate. This implies that the relative concentration of sp 3 -type bonding n the films shown in
Fig. 1 is higher than the composite samples suggest.

Upon examining the films in Fig. 1, we become aware of a very important characteristic of the
features exhibited in the composite films. In Fig. 5. the Raman spectra of three materials
containing sp2-typc bonding are shown. The highly oriented pyrolytic graphite (HOPG) and the
"glassy" carbon samples both exhibit peaks at 1580cm - I which have approximately the same
absolute intensity. However, the composite diamond film shown in Fig. 5(c) has an absolute
intensity -15 times greater than these two. If the sp2 -type features in the diamond films arc to be
attributed to regions of crystalline or microcrystalline graphite, then this difference in the absolute
intensity scales must be accounted for. Upon re-examination of Eq. (1), the two parameters which
might significantly affect the intensity are the scattering cross section, A, and the absorption
coefficients, ctI and a2. We propose that the regions of the diamond films attributed to graphite-
like structures are actually regions of sp 2 -type bonding, dissimilar to graphite, but distinctly
different from a-C such that their respective features may be resolved in the Raman spectrum. The
results presented in this paper suggest that the optical constants of these structures must be quite
different from those of graphite.

4. Concluding Remarks

The Raman spectra of various diamond thin films have been examined. The features displayed
by the films suggest that they are composites of sp 2 and sp3 -type bonding. We have attempted to
understand the nature of these films using composites of diamond and graphite powder samples.
We have proposed a simple model to the Raman scattering from our composites and found
reasonable agreement to our experimental data. Our investigation demonstrates that both
concentration and crystallite size have significant effects on the resulting Raman spectra. In
diamond films containing regions of true diamond and graphite, we predict that the Raman spectra
could be used to estimate the relative concentrations of these regions, but we emphasize that the
sizes of the various domains in the films must first be known. We have found that the sp 2 -type
bonding in the films does not correlate well to graphite-like structures, and we therefore propose
that the diamond films are composites of sp 3-type bonding having long-range order and sp2-type
bonding of some as yet unknown configuration.
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A QUANTITATIVE ANALYSIS OF CARBON

BONDING IN DIAMOND AND DIAMOND-LIKE

THIN FILMS USING RAMAN SPECTROSCOPY "
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OUTLINE OF DISCUSSION

- GENERAL FEATURES OF DIAMOND AND DIAMOND-LIKE FILMS

- EXAMINATION OF BORON NITRIDE/ DIAMOND AND GRAPHITE/
DIAMOND POWDER SAMPLES

- CORRELATION OF RESULTS TO DIAMOND AND DIAMOND-LIKE
THIN FILMS

- CONCLUSIONS AND AREAS OF FURTHER RESEARCH
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- DIAMOND AND DIAMOND-LIKE THIN FILMS ARE
COMPOSITES OF SP 2 AND SP3 STRUCTURES

- SCATTERING CROSS SECTION OF BN GREATER THAN
DIAMOND BY A FACTOR OF TWO

- GRAPHITE / DIAMOND COMPOSITES OF 1 % DIAMOND
SHOW EQUAL ABSOLUTE PEAK INTENSITIES

ABSOLUTE PEAK INTENSITIES OF GRAPHITE DO NOT
CORRELATE WELL TO STRUCTURES ASSOCIATED WITH

Sp2 BONDING IN DIAMOND FILMS



The Analysis of Defect Structures, Substrate/Film Interfaces
and Nucleation of Diamond Thin Films

B. F. Williams, 1.T1. Glass and R F. [Davis
Depaime nt or N lateriails Science and 1-ntgineering

North Carolina State U niversity
Raleigh, NC 27695-7907

Thin films of diamlond grown by mi11crowaVe plasmia enhanced chemical vapor
deposition (N1PCVI)) have been exarmined tii 7ng a variety of electron microscopy
techniques including scanning electron microscopy (SEMI), transmission electron

microscopy (TENI), high resolution TENt (I IRTEM), and transmission electron energy loss
spectroscopy (EELS). Fi I m morphology, defect structure, the nature of the diamoild-
substrate interface and the bonding type of relatively local regions will be discussed during
the presentation.

The as -gimki W ilm surfaces cons ist of nult i -faceted di amond grains up1 to
approximate ly I p inl inl ri7C The facet isn there di annond grainu; exhibit symmiletiv
characteristic of certalin lo\% iude \ cry stal lographnic planes. In addition. manry stelp5 . ledges.
and secondary growthi sites on thfe prai n facets were observed at hig iageni fication. Plan-
view and cross-sectional TTNI %\ere nflliled to .11a lv7e thle defects inl the diamiond films.
All oif the films examined contained a high density of planar defects that were prlimarily
(Ill I )microtwius and stackinge faults. Dislocations in these diamiond grains- hav-e also been

obser~ ed. No precipitates (it other p)hases have been observ.ed within the ial us or at grainl
boundaries. I lo%,,ever, a thin buffer layer oif SiC was observed at the diamiond/Si interface.
Selected area diffraction and I IRTENI indicated it was epitaxial wvith the Si substrate:
howe-cr, brgtfedcontrast obevdin th -ae indcted a high defect density in the

layer.

The first lattice ima ging oif CVL) diamond filins has also been accomplished anrd
indicates that some diamiond grains. ire in a twinned epitax ial relationship w i d thre Si

substrate in local regions. but that other grains are randomly oriented. Finally, a filmi
grown for a relatively short time has been examined to investigate the nutcleition stage. No
special defects, were observed at thre scratches and numerous particles were seen to nucleate
where no scratches could lie seen. Ongoing work includes continued investigation of the
initial stages of nucleation and the evaluation of bonding via EELS which has thus far

shown niosp2 component in the film, even in highly defective regions.

Support of SDIOIIST through the' Qffice of Naval Research (Mf. Yoder, contractI monitor) is gratefully *acknowtledged. Furthermnore, partial support of Mie ORA U.SHaRE
program and i/ne efforts of Karren More and lames Bentley are veryn imwh appreciated.

Samples itere kindly provided 1w Dr'. K. Kol'aslhi and Y'. Kawate of Kobe Stcel, Ltd.
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Conclusions
* Diamond crystals contain a high density of defects

but the defect concentration is reduced at lower
methane concentrations

* The defects observed include twins, stacking faults,
and dislocations: no precipitates or second phases
were observed

* A thin ep!Laxial buffer layer of P-SiC was observed
at the interface when the CH4/H2 was 0.3%

* EELS has been utilized to identify diamond
bonding (as opposed to amorphous carbon or
graphite)
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EVIDENCE FOR PRECURSOR STRUCTURES
IN THE DEPOSITION OF DIAMOND FILMS

R.J. NEMANICH, R.E. SHRODER, J.T; GLASS, AND G. LUCOVSKY

DEPARTMENT OF PHYSICS and
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OUTLINE

1) CHARACTERIZE RAMAN FEATURES
2) IDENTIFY COMPOSITE FEATURES
3) PHOTOLUMINESCENCE
4) GROWTH vs TIME
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SUMMARY

1) CVD CARBON FILMS ARE COMPOSITES

2) RAMAN FEATURES GREATER THAN 1340 cm-1 ARE DUE TO
3-FOLD COORDINATED STRUCTURES

3) RAMAN FEATURES FOR 4-FOLD COORDINATED
STRUCTURES WILL OCCUR AT LESS THAN 1340 cm- 1.

4) RAMAN FEATURE AT 1140 cm- 1 :

OCCURS AT ONSET OF DIAMOND FORMATION.

CORRESPONDS TO "AMORPHOUS, TETRAHEDRAL C"

5) LUMINESCENCE AT 1.68 eV CORRELATES WITH 1332 cm- 1

DIAMOND FEATURE.

6) GROWTH PROCESS APPEARS NON-LINEAR
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The Growth and Characterization of Cu
Single Crystals and the Hot Filament

Assisted CVD of Diamond on Various
Substrates

J. T. Glass, Y. H. Lee, 1. D. Richard,
H. S. Kong and K. J. Bachmann

Department of Materials Science and Engineering
North Carolina State University

Raleigh, NC 27695-7907

Objective: Monocrystalline Diamond Films for

Electronic Applications
I

Approach: Construct and characterize CVD system for
diamond growth

IEvaluate various single crystal substrates
which have potential for growing 2-D,

I monocrystalline diamond films

I
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Substrates InvestigatedI
!

I. Control and System Characterization

Si (100), on- and off-axis

II. High Bond Energy Substrates

P3-SiC (100), on- and off-axis
(X-SiC (0001)
NbC (large grain polycrystalline)

I
I1. Lattice Matched Substrates

I
Cu (111)

* Ni on Cu (111)
Ni on P-SiC (100)
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Criterion for Two Dimensional Growth*

I. Surface Energies

Dupre Relation: o* = GA + On-Il

o* = excess interracial energy
P = adhesion energy
A filin
B = substrate

1) [30 (Y* = GA +OB)

2) GA (G* = G1)

3) -- > (>A

11. Nucleation Energy Considerations

S >2G"A or GA < GB- * = 2-D

111. Atomic Model (Kossel's Model)

( DA^B > (AA = 2-Di

(If (DAA > (IAB => always get 3-D growth)

From R. Kern, G. LeLay and J. J. Nletois, Chapter 3 in Current Topics in
Materials Science, Vol. 3, edited by E. Kaldis, North-llolland Pub. Co. (1979).
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Summary
I

Nucleation Faceting
Si (100)

On-Axis
Scratched lligh Medium
P'olishied

100 ofi-axis
190 olT-axis Low Mediuim
250 off-axis _ _

P-SiC
oil-axis

polished ligh Lowpol, ox, etch
40 off-axis Low Low

10' ol'-axis . -

u-SiC
on-axis Low Low

Nb-C Low High

(210) Medium Low

S/C Medium ledium
g D/C Low Low

Nioi Lw o
Cu (111) Low Low
1-Sic

graphite islands High
diamond particles Low Low



Conclusions

A UHV compatible Hot Filament CVD System
has been designed, constructed and characterized.

The use of large angle off-axis polished Si (ill)
substrates yielded results similar to on-axis
substrates.

High bond energy single crystal substrates were
examined (r-SiC, a-SiC and NbC) and found to
affect particle morphology.

Cu single crystal substrates resulted in particles
and a thin background film.

Ni sputtered onto ft-SiC single crystals caused a
mixture of diamond particles, graphitic islands
and a background yielding both amorphous
carbon and diamond characteristics.



DIAMOND CYD AND IN SITU ANALYSIS
SYSTEMS AT NCSU

I ANALYSIS SYSTEM

*Initial Capabilities

RVLEED
AES
xPS
IBSDESD1ED

Future Capabilities

UPS
@ IPS

STMI

DIAMOND PLASMA ENHANCED
CVD SYSTEM

* Remote or Immersed Plasma
* Substrate Heating to 1 200'C
* Substrate Preparation Chamber

a RHEED Analysis



PROSPECTS FOR A DIAMOND POWER MESFET*

R. J. Trew and J. B. Yan

Electrical and Computer Engineering Department

North Carolina State University

Raleigh, North Carolina 27695-7911

*This work was supported b SDIO/IST through the Office of Naval Research
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Objective: To investigate the suitability of semiconducting diamond
as a material for fabrication of microwave power MES-
FETs.

Approach: Design a diamond power MESFET and study its RF opera-
tion by means of computer simulations using the NCSU
large-signal MESFET model.
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DIAMOND POWER MESFET

Lds

I

L Lg

Source Gate Drain

Channel

Substrate

Parameter Value

Lg 1 Irn

Ld, 4 Ipm

Lgs 1 i.m

Nd 2.7 x 10 1 cm - 3

a 0.27 jim

W 1mm

Sbi (Au) 1.71 eV

Re -1)- 4 f -cm 2

.. ...... I . .. . - - - ~ unWm Iun
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FACTORS LIMITING THE ATTAINABLE RF
OUTPUT POWER OF A MESFET

0 Charge Carrier Transport Characteristics
Low-Field Mobility
Saturation Velocity

0 Gate-Drain Breakdown Voltage
DC Bias
RF Voltages

0 Semiconductor Thermal Conductivity
Heat Dissipation

* Maximum Allowed Channel (Junction) Temperature

0 Input Circuit Impedance Matching Considerations
Maximum Gate Width
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THERMAL RESISTANCE

Spreading resistance Thermal resistance Thermal resistance
between device of substrate of active layer
and heat sink

2 41 1T, 412T2--h ± pkg +- + (0 K/W)
"th TKhsd g 225K-rrd- 560K-a d-

d = diameter (cm)
K hs = thermal conductivity of heat sink (W/°K-cm)

K = thermal conductivity of semiconductor (W/PK-cm)
Rpkg = thermal resistance of package and bonding (°K/W)

11 = substrate thickness (cm)

Ti -= average temp. of substrate (°K)

12 = active layer thickness (cm)
T 2 - average temp. of active layer (°K)

JUNCTION TEMPERATURE

Tj = 300 + ®th(l - 1] )VdcJdcA ('K)

Jdc =- Bias current density (A/cm 2 )

A - Channel area (cm 2 )

- = RF generation efficiency
Vdc = Bias voltage (V)
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Maximum RF Output Power at 10 GHz

Device Input Impedance Matched to 1 Ohm

GaAs Diamond

Input Impedance (Ohm)

Zin for Z = 1 mm 10 -ji 1.5 12.5 -j25

Zin for max. width 1 -jl.15 (10mm) 0.7 - jl.39 (18mm)

RF Power at Max. Width (V) 8 225

Thermal Resistance (°C/W) 10.2 1.8

Pdiss (W) 15.8 187
Power-Added Efficiency (%) 30 36

Channel Temp. Increase (°C) 113 215
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NORMALIZED MICROWAVE RF POWER
I ACHIEVABLE FROM TRANSISTORS

- PRFp-
7

PRF = Microwave Output Power (W)

Z Gate (Base) periphery normalized to equivalent
input impedance

Device P (W/unit width)

GaAs MESFET - 1-1.5

HEMT - 1

Heterojunction Bipolar - 4.5-5

Diamond MESFET - 25

I Diamond Bipolar

Diamond PBT

!

I
I
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CONCLUSIONS

* The RF performance of a diamond power MESFET has been
investigated theoretically using a large-signal device simulator.

* Diamond power MESFETs are capable of generating IPF output
power levels greater than existing or proposed compound sem-
iconductor transistors (PRF -- 25 W/unit periphery).

" A diamond power MESFET can generate microwave power at
X-band with an efficiency in excess of 40%-.

* Diamond power MESFETs have more linear rcsponsc aill
greater dynamic range than GaAs MESFETs.

I
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