CUORITY (1 ASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

] REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARK'NGS
3 OISTRIBUTION/ AVAILABILITY OF REPORT
AD_A230 625 Approved for public release
et e o NUNIBEN() S MONITORING ORGANIZATION REPORT NUMBER(S) ‘
Number 6 NO0014-89-J-1197 \ <
3 NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL | 7a NAME OF MONITORING ORGANIZATION <V S
igh Temperature Gasdynamics Lab (if applicabie) Office of Naval Research ﬁ\’ Q'\
-anford University Dr. Robert Schwartz e
¢ ADDRESS (Ciry, State, and ZIP Code) 7b  ADDRESS (City, State, and ZIP Code) T -
Mechanical Engineering Department Code 373 AT ideN
Bldg. 520 Navil Weapons Center R
Stanford, CA 94305-3032 China Lake, CA 93555-6001 L
a. NAME OF FUNDING s SPONSORING 8b OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZAT:ON (if applicable)
Office of Naval Research
¢ ADDRESS (City. State, and ZIP Code) 10 SOURCE OF F_4DING NUMBERS
800 North Quincy Street PROGRAM PROJECT TASK WORK UNIT
Arlington, VA 22217-5000 ELEMENT NO.  [NO NO NO

NTLE (Incluge Security Classification) . .
First Order Raman Spectrum of Diamond at High Temperatures

? PERSONAL AUTHOR(S)

H. Herchen and M. A. Cappelli

3a. TYPE OF REPORT 13b. TIME COVERED 14 DATE OF REPORT (Year, Month, Day) |1S PAGE COUNT

fechnical FROM 10 20

———

b SUPPLEMENTARY NOTATION

7 COSAT! CQOES 18 SUBJECT TERMS {Continue on reverse if necessary and dentify by block number)

FIELD GROUP SUB-GROUP

) ABSTRACT (Continue on reverse if necessary and identify by block number)

N Measurements of the first order Raman spectrum in natural type I1a diamond for the temperature range of
293 K to 1850 K are presented. Both the Stokes and anti-Stokes components are analyzed for their intensity,
Raman shift, and width variation with temperature. Optical pyrometry was used to make the temperature
measurements, the results of which were independently confirmed by the Stokes to anti-Stokes intensity ratios.
The shift and width variations with temperature are in general agreement with the molecular dynamics
simulation of C. Z. Wang, C. T. Chan, and K. M. Ho (Phys. Rev. B, to be published); Heating of the samples to
temperatures as high as 1850 K in vacuo could be performed without any evidence of polymorphic conversion
to graphite, also in agreement with previous investigations. Our experimental first order Raman shifts, using
units of cm™' and absolute temperature, are conveniently expréssed as Av = a,T* + a,T + a; with the coefficients
found to be --1.075 x 107 cm™ K2, =0.00777 cm™ K, and 1334.5 cm™, respectively.

v,. .
JR
0 OISTRIGUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT s:&umw CLASSIFICATION
M uncLassipieounumiTed [ SAME AS RPT [ DTIC USERS Unclassitied
fa NAME OF RESPONSIBLE INDIVIDUAL 220 TELEPHONE (include Area Code) | 22¢ OFFICE SYMBOL
D FORM 1473, samar 83 APR eqition may be used untit exhausted

All other editions are ovtolete

SECURITY CLASSIFICATION OF THIS PAGE




OFFICE OF NAVAL RESEARCH

Contract N00014-89-J-1197

Task No. NR 431A022

TECHNICAL REPORT NO. 6

First Order Raman Spectrum of Diamond at High Temperatures

by

Harald Herchen and Mark A. Cappelli

Prepared for Publication
in the

Physical Review B

Stanford University
High Temperature Gasdynamics Laboratory
Stanford, CA 94305

December 22, 1990

Reproduction in whole or in part is permitted for any purpose of the

United States Government

; Accession For

e R

NTIS GRA&I
DTIC TAB
Unannounced 0

Justification _  _ )

By.

Distribution/

Avallability Codes

l[Avail and/or

Dist Special

4l

* This document has been approved for public release and sale;

its distribution is unlimited

This statement should also appear in Item 10 of Document Control Data - DD Form 1473.

Copies of form available from cognizant contract administrator.




First Order Raman Spectrum of Diamond at High Temperatures

H. Herchen and M. A. Cappelli
High Temperature Gasdynamics Laboratory

Stanford University, Stanford California 94305-3032

PACS = 63.20 Ry, 63.20 Hp, 65.40. Em

Abstract

Measurements of the first order Raman spectrum in natural type Ila diamond for the
temperature range of 293 K to 1850 K are presented. Both the Stokes and anti-Stokes com-
ponents are analvzed for their intensity, Raman shift, and width variation with temperature.
Optical pyrometry was used to make the temperature measurements, the results of which
were independently confirmed by the Stokes to anti-Stokes intensity ratios. The shift and
width variations with temperature are in general agreement with the molecular dynamics
simulations of C.Z. Wang, C.T. Chan, and K.M. Ho (Phys. Rev. B, to be published). Heat-
ing of the samples to temperatures as high as 1850 K in vacuo could be performed without
any evidence of polymorphic conversion to graphite, also in agreement with previous inves-

1 and absolute

tigations. Our experimental first order Raman shifts. using units of cm™
temperature. are conveniently expressed as Av = a,T? + a,T + a3 with the coefficients

found to be —=1.075 x 107° ecm™ ! K2, —0.00777 cm~! ™!, and 1334.5 cm™!. respectively.
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I. Introduction

The room temperature Raman spectrum of natural diamond was measured by Robert-
son and Fox!, and Ramaswamy? in 1930, within two years of the discovery of the Raman
effect®. It is well known that the lattice dynamics that give rise to the Raman effect also
determine the thermal properties such as the specific heat and thermal conductivity?. There
has been a great deal of interest in the thermal properties of diamond, as diamond is superior
in this respect to most materials and chemically inert in air at temperatures below approxi-
mately 700 K5. The recent success in synthesizing diamond films from the vapor phase®~®
has opened up a wide range of applications that include the integration of diamond into
high power microelectronics® and the use of diamond in infrared optics!®. Understanding
phonon behavior related to the anharmonic effects in the bonding between carbon atoms
in diamond at high temperatures is of fundamental importance to the understanding of the
high temperature properties of diamond and diamond films.

Despite the great interest in diamond and particularly in diamond films as an industrial
material, there are no theories based on first principles that can accurately predict the
thermal properties of diamond over a wide range of conditions. This is in part due to the
limited knowledge that we have of the shape of the interatomic potential between carbon
atoms in the diamond lattice. Semi-empirical model potentials have been employed in the
past in molecular mechanics simulations, and have been used to predict the bulk behavior of
diamond at room temperatures!?~!3. An extension of this approach to higher temperatures

is desirable. Furthermore, the ability to accurately predict the behavior of the first and




second order Raman spectrum of diamond with temperature would be a true test of the
anharmonic contributions to the employed potential.

Recently, Wang, et al'* used an empirically derived tight-binding potential!® in a molec-
ular dynamics simulation to compute the temperature dependence of the first order Raman
spectrum of diamond and silicon. As expected, they observed considerable shifting to lower
energy and broadening of the first order Raman spectra with temperature. This was illus-
trated in a generalized theory by Viswanathan!®, who attributed the decrease in the Raman
shift and increase in the broadening of the Raman line to the mechanical anharmonicity.
Wang, et al, obtained very good agreement between their computed spectra and the ex-
perimental data available for silicon. No comparison was made of their computed spectra
with experimentally determined ones of diamond, although such a comparison would be
very informative, and would demonstrate the usefulness of their tight-binding potential in
computing the high temperature variation of diamonds’ thermal and mechanical properties.

The temperature variation of the first order Raman spectrum in diamond was first inves-
tigated by Nayar in 1941° and further discussed by Raman!”, in an attempt to understand
its relationship to the thermal expansion of diamond, as well as to the polymorphic tran-
sition of diamond to graphite. The transition temperature in vacuo has been predictced!®
and observed!®'2® by many investigators to be approximately 2100 K. Shortly follc wing the
measurements of Nayar which ranged in temperature from 85 K to 1130 K, Krishnan?!
performed more extensive experiments, over a similar range of tempera_ures. Both Nayar

and Krishnan used the measured variation of the Raman shift Av with temperature T,




i.e., dAv/dT, in conjunction with the compressibility and specific heat to infer the ther-
mal expansion coefficient. In both cases, the highest temperatures achieved were limited
by diamond contamination and thermal emission, the latter contributing as background in-
terference. With the exception of the study by Solin and Ramdas?? of the first and second
order Raman spectrum of diamond at temperatures between 15 K and 300 K, there has been
little work on the subject since Krishnan’s study in 1946. In this paper, we report what we
believe is the first detailed study of the temperature Jependence of the first order Raman
spectrum in natural diamond at temperatures above 1000 K.
II. Experimental

Raman spectra were obtained by exciting natural diamond with the 457.94 nm output
from an argon-ion laser (Lexel Model 85) mechanically chopped at 2 kHz. A schematic of
the facility is given in Fig. 1. The incident laser direction was along the [100] or z axis, i.e.,
normal to the polished (100) face of a natural type Ila diamond sample with dimensions
2 mm x 2 mm x 250 um. The laser was linearly polarized along the [010] or y axis of the
sample. The forward scattered light, unanalyzed for its polarization, was detected through
the diamond sample with f/* collection optics. All polarization components of the scattered
light were intentionally collected as it was found that the anti-Stokes component at high
temperatures was significantly depolarized. A 1 m scanning monochromator (Jarrel-Ash
Model 75-154) was used in conjunction with appropriate bandpass filters to discriminate the
Raman components against background and Rayleigh interferences. The monochromator
entrance and exit slit widths were both 100 pm, giving rise to approximately 0.1 nm spec-

tral resolution. A Hamamatsu Model 2801 photomultiplier was used at the exit slit of the




monochromator. The resulting signal was amplified by two stages of a low noise Stanford
Research Systems Model 440 amplifier. A Stanford Research Systems Model 400 photon
counter, set to discriminate against low energy dark noise pulses, accumulated the counts.

Background signal subtraction was essential in order to discriminate between the in-
elastically scattered light and intrinsic thermal radiation from the diamond sample at the
high temperatures. We employved a dual channel detection scheme. with one channel gated
such that it detected scattered light coincident with the chopped laser pulse, and the second
channel gated to detect background light while the laser was blocked by the mechanical
chopper. The experimental approach taken here was similar to that of Nemanich. et al®,
who studied the Raman spectrum of silicon near the melting point.

The diamond sample was sandwiched between two electrically heated tungsten ribbons
and was free to thermally expand, as shown in the insert to Fig. 1. With this geometry,
the diamond was nearly completely surrounded by the tungsten filaments, and would come
to thermal equilibrium with the filament through radiant energy exchange. The tungsten
temperature was measured by optical pyrometry, with a Pyro Micro Model 85 disappearing
filament pyrometer, making appropriate correction for the tungsten emissivity?*. In order
to verify that the diamond was in thermal equilibrium with the tungsten filaments. its tem-
perature was independently determined from the Stokes to anti-Stokes component intensity
ratios. as discussed in Section III. The diamond sample and filament heaters were placed
within a specially designed high vacuum chamber with optical access. The chamber pres-
sure during runs was maintained below 107 torr thereby preventing contamination due to

oxidation or premature graphitization of the diamond sample. Potential contamination was




assessed by monitoring the transmission of nearby argon ion plasma emission lines originating
from the laser discharge tube. These lines also served as accurate and absolute wavelength
references. When measuring the Raman scattering components using 457.94 nm laser line
excitation, the nearby Ar* 4s 2P — 4p 2D° line at 487.986 nm lay reasonably close to the
Stokes component, and the 45" 2S5 — 5p 2P° and 3d 2F — 4p' 2D° unresolved spectral lines
at 430.924 nm and 430.909 nm were sufficiently close to the anti-Stokes component. These
emission lines also served as convenient references for the instrument contribution to the
Raman line broadening, as they were predominantly instrument broadened under conditions
expected within the laser discharge cavity.
ITI. Results and Discussion

Typical Stokes and anti-Stokes first order Raman spectra of diamond at a temperature
of 1470 £ 40 K are shown in Fig. 2. The nearby argon plasma emission lines appear at
1345 cm™! and 1370 cm™! shifts. As expected, the observed Stokes and anti-Stokes shift
are equal and approximately 1300 cm™?, and considerably less than the room temperature
shift of 1332.5 cm™! for diamond??. In addition, the lines are significantly broader than the
nearby argon plasma reference lines.

The variation in both the Stokes and anti-Stokes component intensities with temper-
ature for a particular experimental run is shown in Fig. 3. These data are in very good
agreement with quantum mechanical predictions?® for the intensities’ temperature varia-

tion. given here as

h -
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Here w, is the phonon frequency, wy is the line center frequency of the laser excitation source,
T is the sample temperature measured by optical pyrometry, and h and k are the Planck
and Boltzmann constants. The proportionality constant in equations (1) and (2) include the
variation in the polarization with normal coordinate separation and the collection efficiency
of the optics, and are essentially equal for both the Stokes and anti-Stokes components. The
close agreement between the measured and theoretical temperature dependence suggests
that the sample is optically thin to the laser, Stokes, and anti-Stokes radiation. This is as
expected for diamond, and no corrections have been made for self absorption.

The Stokes to anti-Stokes intensity ratio

IS& wWeg — Wy 4 .
— ehu.,/kT (3)
Ia—St We + wy

can be a direct measure of the sample temperature. Indeed, this has been used as an unam-
biguous measure of sample temperature in a range of materials by many investigators?®26:27,
For the excitation source used in the present experiments. the variation of this ratio with
iemperature is shown in Fig. 4 (solid curve), along with the experimentally derived data of
a number of experimental runs. The good agreement between theory and experiment once
again indicates that self absorption was not significant here. and that the diamond sample
temperature was not appreciably different from that of the tungsten heaters.

Variation in the observed Raman shift with temperature for both the Stokes and anti-
Stokes components is shown in Fig. 5. Also shown in the figure is the earlier data of Nayar®
and Irishnan®!. Our data represent a major extension of the earlier work. and suggest that
the lower temperature range measurements of this study are in better agreement with the
results of Isrishnan than those of Nayar. although neither of the earlier studies reported any

.




confidence levels or accuracy in the measured shifts and temperatures. Our uncertainties in

frequency shift are £0.3 cm™!

and are less than the size of the symbols used to represent
the data points. The error in the temperature arises primarily from the uncertainties in the
use of the disappearing filament pyrometer for measuring the tungsten temperature. The
solid line in Fig. 5 represents a curve fit to the theoretical data presented by Wang, et all*.
The theoretical predictions compare quite well with experimental shifts at temperatures
below 1500 K, but are well outside the estimated range due to experimental error in the
measured values above 1500 K. An extrapolation of our data to high temperatures would

give significantly different results from the corresponding calculations of Wang, et al. We

find that our data is well represented by the curve

Av = a1T2 + azT + aj

with the coefficients found to be —1.075 x 1075 cm™'K~2, —0.00777 cm~ K™}, and
1334.5 cm™!, respectively with a standard deviation of 3.6 x 10”7, 7 x 10~%, and 0.3.
respectively. This simple functional form is significantly different from that originally pro-
posed by Viswanathan!®, as it was found that that function failed to adequately describe
the behavior at lower temperatures.

The variation in the fullwidth at half maximum intensity (FWHM) with temperature is
shown in Fig. 6. Also shown for comparison is the experimental data of Krishnan?! and the
theoretical predictions of Wang, et al'*. The spectral lineshapes were found to be well rep-
resented by a Voigt function. The Lorentzian Raman scattered contribution to the lineshape
was found by deconvolving the Gaussian instrument broadening from the actual spectra.
The instrument broadening contribution to the measured spectra was Gaussian in shape.
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with a FWHM of 3.7 cm™! and 4.7 cm™? for the Stokes and anti-Stokes lines, respectively.

As can be seen from Fig. 6, our results are in excellent agreement with the previous mea-

surements of Krishnan?!.

Furthermore, the experimental results are in overall agreement
with the predictions of Wang, et al’¥, particularly at the lower temperatures (< 1000 K)
and higher temperatures (> 1500 K) investigated here. There is some discrepancy between
theory and our data at temperatures between 1000 K and 1500 K.

No evidence of graphitization was observed at the highest temperatures studied (1850
K), consistent with other observations!?2®. Our experiments described here were limited
to temperatures below 1850 K, primarily a result of high levels of background thermal
radiation. We are now modifying the facility to employ a high repetition rate diode pumped
Nd:YLF laser excitation®® (2 kHz, 10 ns pulse duration), which would increase our signal to
background interference ratio substantially and would allow us to explore the temperature
range above 1850 K.

IV. Summary

We have presented experimental results describing the temperature variation in the
first order Raman spectrum of diamond. The observed broadening and shifting of the Stokes
and anti-Stokes components arising from thermal expansion and anharmonic coupling is in
general agreement with recent theoretical predictions of Wang. et al'*. Further investigation
is now in progress. to explore the temperature range above 1850 K, where the measured

shifts appear to be deviating substantially from those predicted.
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Captions

FIG. 1.

Schematic of experimental setup for forward Raman scattering studies of natural diamond
at high temperature. The close-up illustrates the mechanism employed to heat. hold, and

interrogate the sample.

FIG. 2.
Anti-Stokes, top, and Stokes Raman spectra with argon ion emission calibration lines. The

diamond temperature was 1470 K.

FIG. 3.

Stokes and anti-Stokes Raman intensity variation with temperature for type Ila natural
diamond. The solid lines represent the temperature variation predicted by general quantum

mechanical theory.

FIG. 4.

Comparison of measured and theoretical Stokes to Anti-Stokes intensity ratios.

FIG. 5.
Variation of the first order Raman shift in diamond with temperature. The data shown are
a compilation of previous work of Nayar (Ref. 5), Krishnan. (Ref. 21), and of this work. The

solid line represents a fit to tne results of molecular dvnamics simulation of Wang, et al.

(Ref. 14).
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FIG. 6.
Variation of the full width at half maximum of the first order Raman shift in diamond with
temperature. The data shown are a compilation of previous work of Nayar (Ref. 5) and of
this work. The solid line represents a fit to the results of molecular dynamics simulation of

Wang, et al, (Ref. 14).
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