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ON THE DEVELOPMENT OF IN-SITU RAMAN ANALYSIS
FOR PLASMA DEPOSITED DIAMOND

MARK A. CAPPELLI AND H. HERCHEN

ligh Temperature Gasdvnamics Laboratory
Stanford University, Stanford. California 91305

ABSTRACT

Progress towards the development of in-situ Raman capabilities for plasma deposit,,i
diamond films is described. The shift and broadening of the first order Raman-active ihonu
mode in natural and synthetic diamond is analyzed at temperatures within the range crom-
monly employed in vapor phase diamond deposition (>10001K). At these temperatures, we
have found that the anti-Stokes component to the Raman signature can be detected and em-
ployed as an alternative diagnos.c. We describe preliminary results in which in-situ tamat is
employed to monitor the temperature of a heated natural diamond substrate exposed to bothi
molecular and atomic hydrogen. We find that variations in molecular hydrogen fraction in thte
reactant gas mixture can lead to substantial variation in substrate temperature. Followiiic
exposure to atomic hydrogen, the Raman line center is found to be shifted to lower energy iat
ambient temperatures). The shift is in part attributed to the presence of interstitial 1.ydro .

INTRODUCTION

Raman scattering has become a standard method of characterizing low pressure plasTna
deposited diamond fil- [1-4]. The scattering features in the vicinity of both the limi a i
active first-order phonon mode in diamond at approximately 1332 crn- [5-7] and graphite at
approximately 1580 cm - ' [81 have provided the basis for interpreting tie composite naTure o,
synthetic diamond films [91. Raman scattering is traditionally employed ex-situ. quit..
with micro-positioning and focusing, and large solid angle detection [10]. Micro-Ranian. a
it is commonly called, is necessary in part to compensate for the relatively low scatterim,
efficiencies (typically 106 - 10 -

7 [11]) of most crystals. Although micro-Raman is capaoit,
of probing spatial features with micron-size resolution, the more conventional macco -atijai
analysis, with a relatively large laser spot size and a generally smaller collection solid ail-qk
gives a better indication of the "average" composition of the film.

In this paper. we discuss our progress at employing macro-Ratman analysis as an n-
situ diagnostic for plasma deposited diamond. This research is motivated by the ri .d tne
reliable in-situ diagnostics for both deposited film and the gas phase, which will permit di rc t
real-time correlation between deposit morphology and possible gas phase precursors. lb(-a-
time monitoring of both deposit structure and of species recognized as important precur,,or-
(i.e., CH 3 [12], C2 H2 [13] and H [14-16]) together with detailed modelling of tIh comlete,.
deposition process are key elements of -'intelligent processing" systems, soon to be designeld
for the efficient and optimum synthesis of diamond films.

A number of interrelated problems are encountered when attempting to employ RaItam
scattering in-situ. First, the Raman scattering behavior of diamond at elevated tenttperatiiie-
(>500K) is poorly understood. Quantum mechanical theories [17.18] prelict the shift and
broadening of the first-order Raman spectrum to increase with increasing temperature. Thes'
theories are at best qualitatively consistent with the general observations made in natural
diamond by Nayar [19] and Krishnan [20] in the temperature range between 85K and t7tdK.
Until now, there was no available data on the broadening above 976K. which is in the vicinity
of the lower limit where plasma and hot-filament deposition of diamond is routinely performed.
Indeed. these previous measurements [19,201 were plagued by poor signal to noise and signal
to background interference at higher temperatures, the latter due to tltermal radiation ftm
the diamond itself.
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The overall scattering efficiency at higher temperatures decreases in part as a tesillt .i

the fact that one begins to populate higher vibrational energy states. This implies that at
tenmeratures T - hv,/k (here h and k are Planck's and Boltzmann's constant respecti\iV'.
and v., represents the Raman shift), the scattering intensity of the anti-Stokes componei

is comparable to that of the Stokes component. suggesting that the Stokes to anti-Sitk(k-
component intensity ratio can be used as a high temperature calibrant. In additi m, ac( mra,

knowledge of the the variation in the Raman shift with temperature suogests that Hie line
center position of the Stokes or anti-Stokes components can also be used as a tettipera ir,
calibraut. Accurate control of the substrate temperature in diamond film svnthesis is f, mn,
to be necessary in order to achieve desired film morphology [1-.15].

The second problem encountered in attempting to make Raman scattering a useful in-sit u1
diagnostic is one of scan acquisition time. Growth rates of 10-100 pm/h are now commoi in

diffuse arc discharges [21.221. Using these growth strategies to deposit 200 la thick diamond
plates. suitable for example, as microelectronic heat sinks, imply spectral scan; much le
thin hours in duration.

The scan duration necessary to obtain a satisfactory signal to noise ratio is diretly
coupled to the optical collection efficiency. For practical reactor geometries, it will be diflicilh
to do better than f# = 1 collection optics. In the experiments described below. f# = 3 h:
some cases, as for example, in studing homoepitaxy or heteroepitaxy. it may be desiiaiil,' 5,

observe the polarization anisotropy. s, hich is less pronounced with increasing collectioni
angle. In recent experiments performed by Yoshikawa, et al [231, the polarization atis,)tr,,p,,
of the Raman scattering from a thin film of diamond deposited on c:BN was used to
heteroetitaxial nucleation and an estimate of the tensile stress in the diamond filh.

\V can express the differentially scattered power dI/dQ from a diamond sample as

dl
dQ

(dimensions V/sr/atom). where an is the differential Raman scattering cross sec!ion t 'n-'
and 1 0 is the incident laser intensity (NV/cm 2 ). The total scattered power colhcle ,nI , It,
photodetector at the exit plane of a monochromator can be expressed as

ht = d d " .N T

where dQ represents the collection solid angle, d' the volume itaged ,,nto tle cut rance slit
the monochromator. N the atomic density of diamond and T the opt ical trantnissiol (f t,

monochromator. If we take o -- 10 - " cm 2 /sr (approximately 10 - 5 times the corresPWn ilos-
Rayleigh scattering cross section), Io "" 100 W/cm (cw laser), a filmi thickness of 5 tmi. ;0;
image area of approximately 5 x 10- 4 cm 2 , T :- 0.1. and f# - 3. we arrive at III = lt t \\

or approximately 3000 photons per second. This puts us in photon counting tnode. One ,'it
show that for a spectral bandwidth of one wavenumber, this signal is eastly obscured hv *
blackbodv radiator at 25001K (2 x 10' photons per second). Although direct interference ft,,i:. j ,
a nearby source such as a hot filament or a hot cathode is unlikely. some contribution tlir,,l,'k

plasma interference and scattering is likely. To overcome these interferences, we have emploY , 1
gated detection by intensity modulating a cw argon-ion laser, or in some cases by usiti- a
pulsed diode-pumped Nd:YLF laser operating at 2 kliz. The signals are detected wilhil;
gate intervals short enough to reject the contituous plasma interferences. Scan duration s lot

these two scattering strategies are typically 10 minutes when using the argon-ion laser atid a
few minutes when using the Nd:YLF laser. Most of the experiments described below are onI :'des

natural dtamond substrates. Scan durations are expected to be somewhat longer for svnt lti or
diamond fils. ' -' apoclal
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EXPERIMENTAL FACILITIES

Two separate reactor chambers were employed for the results described in this paper. In
the first chamber, natural diamond is positioned onto an electrically heated molybdenum foil.

The samples are excited by either a cw argon-ion laser (chopped at approximately 2 kllzi
or a plIsed diode-pumped Nd:YLF laser (Spectra Physics Model 7200) at approximatcy 4
from the substrate normal. The scattered light (unanalyzed for its polarizatioit) is collec(t d
along a direction normal to the surface ar~d imaged onto the entrance slit of a I m grating
monochromator. Bandpass and blocking filters are employed at the exit slits of the moa-
chromator to minimize stray light. A Hamamatsu model R2S01 photomultiplier tube mioulil
in a Peltier-cooled housing is used as the detector and is operated in a photon counting mode.
Signals are analyzed by a Stanford Research Systems Model SR400 photon counter.

The second reaction chamber was originally constructed to study diamond growth in
diffuse arc discharges. Natural diamond is mounted onto a resistively heated silicon wafer.
A diffuse arc is formed between a hot, hollow, molvbdenum cathorl a -4 ft1e ilir-1 ,-,r

(wficn acts as the anode). lypical current - voltage discharge operating conditions are 3 A
and 150 V at pressures of approximately 10 torr. The operating gas mixture in this reactor
for experiments described below is either all argon or mixtures of argon and hydrogen. each
of which are mass flow controlled. The incident laser is directed onto the sample at ;T

angle of approximately 45' from the surface normal. The scattered light (unanalvzed for it-
polarization) is collected at an angle of approximately 9V° to the incident light path. Th,
remaining part of the optical processing is essentially the same as that for the first chailer
At sufficiently high temperatures (>1150K), the diamond temperature is estimated from The
temperature of the resistively heated support filaments as measured with a disappealu'_'
filament pyrometer. The temperatures are estimated to be accurate to ±50K.

RESULTS

High Temperature Raman Scattering Properties of Diamond

Figure 1 shows typical Stokes and anti-Stokes Raman signals from natural type II.\
diamond (2 mm x 2 mm x 250/im, (100) polished face) at temperatures of 13701K and 147'01\
respectively. The diamond is heated as described above, in a low pressre argon ataspact,..
These spectra were taken using the 526.2 rim output of the frequency doubled NdYI.F laci.
No significant heating by the pulsed laser is observed when the diamond sample is uinheault
When employing the pulsed laser, shifts are estimated to be accurate to within 3 CT:- . :
limitation imposed by the mechanical jitter in the grating turret moun t . When employit,,
the 457.9 nm output from the argon-ion laser as an excitation source, an argon-ion eni~i,,'
line at 488.0 nm appears near the location of the Raman peak in diamond. This etnissiot lili

provides an accurate calibration for the position of the line center frequency. In this case. the
Iineshifts are estimated to be accurate to within 0.6 cm - 1 .

A number of experiments aimed at measuring the temperature dependence of the- Ha1iun
line broadening were performed at lower temperatures (400K-10OOK) with a spectral resoliutiori
Uf 0.8 cm - I (IWHtM). The temperatures were estimated from the data of Krishnan [201. lh,
reoults are displayed in Figure 2a along with the broadening measurements of Krishnn.
tReasonable agreement between our results and that of Krishnan [201]. is observed. Both out
results and the results of Krishnan as displayed in Figure 2a are corrected for Instrument
broadening.

At higher temperatures, reasonably accurate temperatures can be determined by opt ical
pyrometry. The Raman shifts were measured over the range of 11.50K to 1460K. These shift,
are compared to those measured at lower temperatures by Nayar [19] and Krishnan [201 in
Figure 2b. Two observations can be made from this figure. First, the discrepancy in the data
of Nayar and Krishnan is significant above 500K. as was originally pointed out by lrisl,

3

___



800o 1 800-
Center of shift = 1313,3 Cneofsft-1308,5]_./ 'L . Las er at 526 .2 nm  II ]Laser ats526.2nm / I

400 Temperature = 1368 K 400 Temperature = 1454 K

o 1 I I T o T---I

1310 1320 1330 1340 1350 1360 -1360 -1340 -1320 -1300-1 -

Shift, [cm ] Shift, [cm I
Figure 1. Representative Stokes and Anti-Stokes Raman Spectra
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Figure 2. Comparison of Data of Navar. Krishnian, and This \'tr,

{201. Secondly, our data at teciaperatures ahove 1150 K hest fit thle ext rapolto! ci-
Niaar 191. alt houigh no account of experimental tuncertainties are given titt liit eavli(' %-i

In - Situ Analysis of Heated Natural Diamond Exposed to Molecular Hydroec;

It is well known that plasma and filarolent enhanced diamond synthIesis dis1 ila.-

tivitv to the partial pressure of molecular hydrogen in the reactant gas taINt tire. Trhi. rf-l;t
interpreted in terms of the important role atomic hyvdrogen, produced bly jtlasttta or ftl~ittwti

activation. plays in the stabilization of diamond growth surfaces [15J. \ariatil itt !a; :1 c;l-

taut gas feed composition alone can change for example. the discharge characteci: tii itt
1

we will demonstrate here, the substrate temperature.

Thte heated natural diamond sample was exposed for approximately .15 mrinttitei to iicti

vated argon. Within 8 minutes from the time of intitial heating. thle diamuoid Sattli t ai li.'e

to a temperature of 900K as estimated fromn the measured shift of thre Stokes cotttjattcirt iii

thle Raman spectrum (Figure 3). The argon flow rate was set at 53 SUcM aitd the prvemrc itl

thre chamber was 9.2 torr. Raman spectra were taken at approximnately 15 minuteiteri.
A-fter the 45 minute exposure to argon. the argon was replaced b% . uitactivate'l tnolecilt;I

hyd(rogen (194 seem, 9.6 torr). The stubstrate temperature was found to fall andi sialtili/fe
inediately at approximately 350K, as is evident fromn the sudden shift in thle Raiai pealk

to approximately 1330.5 cm-'. This fall is attributed to thle increased thermal cotii cit

of thre gas stream. This is verified by the fact thfat no significant chanige was ol-.rvel wlieci

thle flow rates were reduced to .5] seem. indicating th[at wve are in a "creeping ilm-, ii JL.g, i1_
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Figure 3. Heated Natural Diamond in Cold Argon or liydrogen t-low

a result of the relatively low Reynolds number.

These Observations have significant ramifications in process control of diamond fihn m
phology. They imply that changes in the reactant gas rnixture cannot be intpleniet ! ",, iT
corrections to the substrate heating process. Any theoretical model used to ,h.scri,, !h,' ,
position process should in addition contain the appropriate energy equat ion wit!, 1r,.,
flux boundary conditions, if in practice, the surface temprar' , iu u,,t a:i ll,,

controlled parameter.

In - Situ Analysis of Heated Natural Diamon I Exposed to Plasil:. , Ac,'%. ,
In-situ Rainan analysis was performed on natural diJjj"Md 'lrJi, i,, ,, -

activated argon and hydrogen mixtures within the diffuse art d1sch;i' r, 't tih r, ii-

described here, the diamond was heated by the plasma itself. I'he intesit v tiodlat,, ; ',r,
ion laser at 514.5 nm was used as an excitation source. Checks were performed so) as to i: nr"
that the argon-ion laser did not significantly contribute to the heating of tHIP diaiMoiid Iil,.

In the absence of a discharge (argon only, 10 torr, 75 scori). the Ramai sp-ct rum displa -
the characteristic unshifted peak centered at approximately 1332 cm-- Figur, Ia;. A kIniati
scan is taken approximately 1/2 hour following the initiation of a diffuse arc. This sp-tc;r i
is displayed in Figure 4b. Notice that the overall scattering intensity, signal-to-noise, atid
signal to background ratios have decreased as a result of plasma heating and fluoresceti,'
interference. The temperature is estimated to be approximately 800K. The 'iecrease in the
scattering efficiency is attributed to a decrease in the average number of phonons occup. , lic
lowest vibrational state. The increase in the background interference is attributed to plasna
fluorescence. This is graphically displayed in Figure 5, where the results of the Ramnan sr an
without intensity modulating the laser source is shown as the upper trace. As one call -cr_
there is significant structuce due to as Yet unassigned plasma emission in the vicinity of the,
diamond peak. It is fortuitous that one of the sharper features does not directly overlap the
diamond feature in this example. Gated detection (lower trace) conveniently extracts th,
signal that is attributed to Raman scattering from the diamond sample.

Figure 6a shows the Raman spectrum for conditions equal to that in Figure 1b. 1/2 holi
later into the same experimental run. The two scans are essentially equal, suggesting that the
conditions are stable and that the diamond sample is unaltered as a result of further arc,.
plasma exposure. Finally, a Raman scan was taken following the addition of hydrogen (20(
seem H2, 75 sccm Ar. 10 torr) into the gas stream (see Figure 6b). The discharge power
was increased substantially in order to sustain the predominantly hdrogen discharge. 'hi-I
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Figure 4a. Raman Line with No Plasma Figure 4b. Raman Line with Plasma
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Figure 5. Background Interference (Upper Trace) and Raman Signal (Lower Trace.

3000- 75 sccm Ar resulted in an increased heating of the dijatuoli
90 W Power pie raising its temperature to approxinatelv 1201%.

°2000- / 
0 1 0 0 h o ur s

S2001hoThe signal to noise drops n, part as a re uJi 1*
substantial increase in the plasma emission in Th,

J vicinity of the Stokes component. Following approx-

0- , __ , -__ , ,r . imately one hour exposure to atomic lvdro,'. it

1200 Raman scan was taken with the discharae off
75 osccmH Arure 6c). This scan is substantiallh different tl,;,200 scc o the first scan (Figure 4a) prior to plasma expul.

8001 210 W Powe0130 hours Inspection of the diamond sample after its rem,,..

400 - from the chamber indicated a slight discoora:ii,
which could account for the reduced scatteitm ir

0 tensity. The slight residual shift in the Raman pak

No Plasto lower energy suggests that there is a residual st ;,mi
400 Ar in the diamond sample which may in part be du, t,00ours interstitial hydrogen. We are in the process of r-
200 peating these experiments so as to develop a lti4

L) understanding of these observations.
0

CONCLUDING REMARKS
1300 1320 1340 1360

Wavenurber, [cm] The development of in-situ Raman analysis fr
plasma and filament deposited diamond lihns is 1iK
cussed. Preliminary results of Raman spectra Iim

Fignaure r hre 6c.ISitR n natural diamond samples at elevated temperatme
suggest that although the Ratnan signal associated

with the principal first-order phonon mode is sianil-
icantly broadened. the measured broadeningtz is uhl
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stantially less than that predicted on the basis of an extrapolation of the data of lNrishlinal

[20]. In addition, we have shown that when the scattering efficiency of the Stokes compo-
nent decreases as a result of increasing temperature, or when the component suffers fhor

fluorescence interference, the anti-Stokes signal can be be an alternative diagnostic.

The location of the line center in either the Stokes or anti-Stokes component call be an
accurate temperature calibrant. We have found that when the diamond substrate is indepei-

dently heated by a fixed source of power (i.e., foil heater), altering the gas phase composition
can have a pronounced effect on the heat transfer from the substrate to the gas stream. thereby
z,,stantially changing the substrate temperature. Process control will require a correctionl N,
the heater supply so as to compensate for this effect.

Finally, we have shown that interfering plasma emission can be overcome by employing

gated photon counting strategies in conjunction with modulated cw or pulsed excitation.
Although this results in an increase in the Raman scan durations, satisfactory Raman spectra

from natural diamond samples exposed to intense diffuse arc discharges can be obtained
well within 10 minutes. Dramatic improvements can be made with increased pulsed las,,

energies. Future experiments will focus on studying in-situ, the polarization anisotropy of thc
Raman scattered light from epitaxially grown diamond on diamond and cubic boron-nitrid,
substrates
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