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Sulfur doping of diamond films: Spectroscopic, electronic,
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Chemical vapor depositiofCVD) has been used to grow sulfur doped diamond films on undoped

Si and single crystal HPHT diamond as substrates, using a 1% kHyas mixture with various

levels of H,S addition(100—5000 ppry) using both microwavéMW) plasma enhanced CVD and

hot filament (HF) CVD. The two deposition techniques yield very different results. HFCVD
produces diamond films containing only trace amounts ¢édSanalyzed by x-ray photoelectron
spectroscopy the film crystallinity is virtually unaffected by gas phasgSHoncentration, and the

films remain highly resistive. In contrast, MWCVD produces diamond films with S incorporated at
levels of up to 0.2%, and the amount of S incorporation is directly proportional to #& H
concentration in the gas phase. Secondary electron microscopy observations show that the crystal
quality of these films reduces with increasing S incorporation. Four point probe measurements gave
the room temperature resistivities of these S-doped and MW grown films289 ) cm, which

makes them~3 times more conductive than undoped diamond grown under similar conditions.
Molecular beam mass spectrometry has been used to measure simultaneously the concentrations of
the dominant gas phase species present during growth ,#®dbping level§1000-10 000 ppm in

the gas phasen 1% CH,/H, mixtures, and for 1% CSH, gas mixtures, for both MW and HF
activation. C$ and CS have both been detected in significant concentrations in all of the MW
plasmas that yield S-doped diamond films, whereas CS was not detected in the gas phase during HF
growth. This suggests that CS may be an important intermediary facilitating S incorporation into
diamond. Furthermore, deposition of yellow S was observed on the cold chamber walls when using
H,S concentrations 5000 ppm in the MW system, but very little S deposition was observed for the

HF system under similar conditions. All of these results are rationalized by a model of the important
gas phase chemical reactions, which recognizes the very different gas temperature profiles within
the two different types of deposition reactor. Z)02 American Institute of Physics.

[DOI: 10.1063/1.1448679

I. INTRODUCTION electronic application$.Phosphorus doped diamond films
exhibiting n-type semiconductor properties have been
The many extreme physical and mechanical propérties grown/ but again, these exhibit poor conductivity and crys-
of thin film diamond grown by chemical vapor deposition tal quality making them unsuitable for some device
(CVD) have led to interest in such films for use in electronicapplications
devices. Such devices would be mechanically durable and The technique of ion implantation using donor elements
also present less of a heat management problem than silicguch as Li, Na, and P has been utilized in unsuccessful
based examples because of the high thermal conductivity afttempt&1° to obtain diamond films witm-type semicon-
diamond. Boron doped CVD diamond films wiprtype  ducting properties. However, Hasegaesal™ report that
semiconductor properties are grown routinely by the additiorsulfur ion implantation in CVD homoepitaxial diamond
of B-containing gases such as diborane to the standard CVRL00) films leads ton-type conductivity, as demonstrated by
gas mixture(1% CH,/H,).> Such films find use in UV Hall effect measurements. This group also fabricatex
detector$ and as electrodes for harsh electrochemical applijunction by combiningp-type (B doped by CVD andn-type
cations(e.g., highly acidic solutions’ However, obtaining (sulfur doped by ion implantationhomoepitaxial diamond
n-type semiconducting diamond films by CVD has provedand confirmed its characteristics byV andC—-V measure-
more challenging, mainly due to the fact that suitable dononents.
atoms(e.g., P, O, and Asare larger than carbon, making Barber and Yarbrouglh have shown that diamond
incorporation into the diamond lattice unfavorable. Nitrogengrowth is possible using mixtures of a few percent, @
readily incorporates into CVD diamond films during growth, juted in hydrogen, within a hot filament CVIHFCVD) re-
but the resulting donor levels are too dé&p7 eV) for many  actor. Although no electronic measurements were conducted,
their work has encouraged several subsequent investigations

aAuthor to whom correspondence should be addressed; electronic maiff H2S as anOther_pOSSible source of sulfurifositu doping
paul.may@bris.ac.uk of CVD diamond films.
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Microwave plasma enhanced CVWPCVD) has been Il. EXPERIMENT
reported by Sakaguchét al’*~**to yield semiconducting, A Growth experiments: Hot filament CVD
homoepitaxial diamond films exhibiting-type behavior by . .
H,S addition to the 1% CHH, gas mixture. They found The deposition 'chamber was a standqrd hot.fllament
that small HS additions ¢ 100 ppm) improved crystallinity, CVD reactor employing a coiled 0.25-mm-thick Ta filament

: . . (maintained at-2200°Q to activate the gas mixture. The
but further increases in 4% concentrations led to a decrease .
: - . substrate was placed 5 mm below the filament on a heated
in crystallinity. Film growth rate was also seen to decreas

o . ) %ubstrate holder (900°C). The chamber pressure was 20
with increased KIS addition, however, the quality of the 14, ang guration of growth was 8 h. The feedstock gases
films (as measured by Raman spectrosgopys found to be | ,5eq were K (99.999% purity, CH, (99.999% purity, and
relatively insensitive to changes in,8 addition. Hall 5 (99.5% purity. To obtain gas phase,S levels below
mobilities for films produced using 15 doplng levels of 1000 ppm, a Cy|inder of 1% Ir) in H, was emp|0yed and
50-100 ppm were found to be relatively high further diluted by use of appropriate flow rate ratios regu-
(597 cnfV~1S71), suggesting that doping with S by this lated by mass flow controllers. Total gas flow was main-
method might finally prove to be the route tetype CVD  tained at 200 sccm.
diamond with useful electronic properties. Films were deposited on botip-doped (resistivity
More recently, however, another grdfipepeated mea- ~1—10Q cm) and undoped single crystél00) silicon wa-
surements on these samples and attributed this mobility tirs (resistivity ~2.3x10° Q cm), manually preabraded
the presence of boron impurities within the film. They alsoWith 1-3um diamond grit. All deposition runs reported here
found that the sign of the charge carriers was positive, used a 1% Chl/H, gas mixture with HS additions over the

the films exhibitedp-type, notn-type semiconducting prop- range 0—-5000 ppm.

ertieg. However, the NIRIM group still maintain that their

samples are truly type, and have backed up this claim with B. Growth experiments: Microwave plasma CVD

further samplegwhich do not contain Band Hall measure- Diamond deposition was performed using a 1.5 kW

ments made in independent laboratories which give the reASTeX-style 2.45 GHz microwave plasma CVD reactor. The

quired negative coefficiertf. Nevertheless, it is fair to say double-walled chamber was water-cooled and contained a

that there is still some controversy surrounding the ability ofMo substrate holder. For experiments usingSHor CS ad-

H,S doping to produce-type conducting CVD diamond.  ditions, this Mo substrate holder was covered using a blank
Most of the work involvingn-type doping of CVD dia- Si wafer, since it has been reported that hot Mo possibly acts

mond has focused on the electronic properties of the resul@2s @ sink for gas phase S species, scavenging them and re-

ant films, rather than the gas phase chemistry leading t8Cting to form solid Mo$.'" Substrategas outlined above

deposition. Dandy presented simple thermodynamic equi- Were placed on an alumina plate on tpp of this Si cover Wafgr

librium calculations for HS/CH, /H, gas mixtures, and con- and were thus elevated about 1 mm into the plasma, enabling

cluded that the probable sulfur precursor dopant species Wﬁytortnatlc hleatln% Ofl the sub?;r?_tﬁﬁt@r?o l():(as measured
the SH radical, rather than the more stable species CS. a two color optical pyrometgrine chamber pressure was

. 0 Torr with an applied microwave power of 1 kW, with
date, however, no experimental measurements of gas phaagposition lasting 8 h. In addition to the,S/1% CH,/H,

species concgntration; present during the growth of SUIfuﬂ'nixtures outlined above, experiments were performed using
doped CVD diamond films from ;& have yet been reported. , 504 CS/H, gas mixture(using the vapor pressure above

Molecular beam mass spectroscapyBMS) is a pow- 4 jiquid sample of CS. All the films were exposed to a 10
erful technique for carrying out such measurements.*Hsu min hydrogen plasma after growth to ensure a consistent
pioneered the use of MBMS to investigate diamondH-terminated surface suitable for reproducible electrical
MWCVD using CH,/H, gas mixtures. In his experiment, the measurements.
gas was sampled via an orifice in the substrate, allowing It is important to mention that neither the HF reactor
analysis of the composition of the flux incident to the dia-mentioned earlier, nor the MW chamber had ever been used
mond growing surface. Later work in our group used MBMSfor processing boron-containing samples, nor had any
to sample gas directly from the plasma, thus probing the gaB-containing gases ever been introduced into them. Thus
phase chemistry in isolation, with minimum perturbationthey were completely B-free, so removing the chance of ac-
from gas—surface reactions. We have used this powerfiffidental contamination of the samples with B.
technique to obtain absolute mole fractions of the gas phase
species present in both hot filam&ht® and microwave C. Film analysis
system&'~° for a variety of gas mixtures and dopant gas  Fjjms were examined using scanning electron micros-
additions. We now report the results of using MBMS to makeCopy (SEM) to determine crystal morphology and thickness
in situ measurements of species mole fractions, as a functiogng py 514.5 nm (A¥) laser Raman spectroscofiyRS) to
of both input gas composition and temperature, for both migssess film quality. The HF-grown films were analyzed by
crowave(MW) and hot filamen{HF) activation of the gas x-ray photoelectron spectroscopXPS) at NIRIM using
phase chemistry, using gas mixtures suitable for producing\l K« excitation, whereas the MW-grown films were ana-
S-doped diamond. lyzed in Bristol using Mg« excitation. Charging of insu-
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lating films was minimized by use of an electron flood gun,selectable in the range 4—70 eV. The electron ionizer ener-
and any remaining charging effects were counteracted bygies used to detect each species weye €H, and CS 16.0
offsetting the energy scale with respect to the known valuesV, C,H, 13.2 eV (to minimize contributions to then/e
for carbon peaks. The absolute values for the sulfur content 26 signal due to the cracking of,8, occurring above
(i.e., S:C ratig of the films was calculated by comparison of 13.5 eV}, H,S 13.2 eV, CS 13.6 e\to minimize signal from
the areas of selected S pégkand C peals), following cali-  CO, occurring above 13.8 eyand CH 13.6 eV(to reduce
bration using the sensitivity factdfsappropriate for each signal from cracking of Cliabove 14.3 ey,
element. Films were also analyzed by secondary ion mass All MBMS experiments were performed in the micro-
spectrometry(SIMS)?® to check for impurities such as B wave chamber, first with gas being sampled from the micro-
which might affect the electrical properties of the film. wave plasma ball, and then, after modifications to the appa-
The resistivity of the films was determined by four point ratus, from the area surrounding a filament analogous to that
prob&® measurements. Being a technique which relies upomised in the HF growth experiments, outlined above. During
surface contacts, this will measure the surface conductivityhe latter studies, the filament temperature was monitored via
of diamond, rather than the conductivity through the bulk.a two color optical pyrometer. Two sets of experiments were
Care was therefore taken to ensure that the surface propertipsrformed in which measurements of species mole fractions
of each of the diamond samples was treated identically dumwere made in both the MW and HF activation environments.
ing deposition, so that any changes in surface conductivitfirst, H,S (0—10 000 ppmwas added to a 1% CHH, gas
would be due to the presence of S within the film and notmixture keeping the filament temperaturg;, and MW
processing variations. The values of sheet resistance obtainpdwer constant at 2200 °C and 1 kW, respectively. Second, a
by this methodfollowing the procedure outlined in Ref. 29 1% CS/H, mixture was introduced into the chamber, and
were typically in the range £6-1¢° Q squaré®, and were either the temperature of the HF or the applied MW power
then converted to film resistivity by multiplying by the film was varied. The effect of varying; on species mole frac-
thickness as measured by cross-sectional SEM. tions was also investigated for a 0.5%%41% CH,/H, gas
Hall effect measurementgéat Bath University, Cam- mixture. The chamber pressure for all MBMS experiments
bridge University, and University College Londonere also was 20 Torr and in all case@MW or HF) the probe was
attempted in order to determine the semiconducting propeipositioned at the same radial distarfiem either the center
ties of the films. Previous experience with Hall measure-of the MW plasma or the HFas the substrate during depo-
ments showed that S-doped films grown epitaxially on singlesition.
crystal (HPHT) diamond substrates were dominated by  Data collected from the mass spectrometer were con-
the conductivity of the substrate, which was slightly semi-verted into mole fraction values, the correction and calibra-
conducting due to B or N impurities. Therefore all Hall tion procedures being identical to those used in previous
measurements were made using films grown on high resisMBMS studies’®-2°
tivity undoped Si in order to prevent the substrate from in-
fluencing the results. This does mean, though, that Carg| RESULTS
should be taken when comparing the electrical results of our -
polycrystalline heteroepitaxially grown diamond films with A. Hot filament deposition results
those from single-crystal epitaxially grown films reported

315 Figures 1a)—1(c) show that there is little change in film
elsewheré:

morphology between samples deposited with 100, 6000, and
10000 ppm HS addition to a HF activated 1% GIHH, gas
mixture. All films exhibit well-defined microcrystalline fac-
ets. There was also no significant change in film growth rate
A full description of the MBMS system and gas sam- with increased input k5, as illustrated by Fig. 2. No evi-
pling technique has been published previod&lgut a brief  dence for S incorporation was found for any of the films
outline will be given here. A two stage differential pumping when examined by SIMS. However, for films grown using a
system was used to sample das 20 Tor) from the side of gas phase kB concentration of>6000 ppm, XPS analysis
the microwave plasma balbr at a distance of 5 mm from revealed trace amounts of S present, but the size of the signal
the hot filament via an orifice (~100um diameter in a  associated with the sulfur@peaks at 162 and 163 eV was
sampling cone. Although such an intrusive method is boundoo small to allow the S content to be quantified accurately.
to perturb the plasma, the fact that the position of the plasm@hese peaks were found to be shifted by 6 @wm the
ball and the reflected microwave power level are insensitivaverage literature value for S-containing molecules of 162
to the presence of the probe suggest that this perturbation @) to 169 eV. This is a much larger shift than has been
minimal. Gas passing through this orifice experienced a pregreviously reported, which are normally between 1 and 2 eV
sure differential (26-10 2 Torr) and underwent adiabatic from the average value depending upon the exact environ-
expansion, forming a molecular beam in which chemical reiment of the S within the molecule. We note that XPS aver-
actions were effectively frozen out. The molecular beam themges the signal over the whole area of the substrate ¢),cm
passed through a collimating skimmer into a quadrupoleand so the position of the S within the film cannot be deter-
mass spectrometer(Hiden Analytica) maintained at mined. Depth profiling, however, shows that the S is uni-
~10"® Torr, whereupon gas phase species were ionized bformly distributed throughout the film thickness, and is not
electron impact. The electron ionization energy is userjust present at the surface, but the spatial resolution of the

D. MBMS
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FIG. 3. Plot of film quality vs HS addition for films deposited from a 1%
CH,/H, MW plasma. The insert shows the laser Raman spectfiin.5

nm excitation for a sample grown using 5000 ppm inpus$ Film quality
(i.e., the ratio ofsp*sp? carbon bondingis defined as the ratio of the
height of the diamond peak at 1332 th Hy, to the height of the graphite
band at 1550 cmt, Hgy. Both heights are measured relative to (@sti-
mated underlying spectral background attributed to photoluminescence.
Other conditions as given in Fig. 1.

FIG. 1. SEM micrographs for films grown using 1% ¢HH, gas mixtures
with H,S additions ofa) 100, (b) 6000, andc) 10 000 ppm in a HF reactor,
and(d) 100, (e) 1000, andf) 5000 ppm additions in a MW plasma reactor. In contrast with the films grown by HF deposition, Figs.
Conditions: total gas flow 200 sccm, growth time 8 h, substrate temperatur(i(d) 1(f) sh that for MW d ited | th .
900 °C, pressure 20 TofHF) and 40 TorfMW), and 1 kW applied micro- - show . a 9r ) eposite Sajmp es there I1s a
wave power or filament temperature of 2200 °C. pronounced variation in film morphology with increasesSH
input level. Increasing the 4% input levels from 100 to 1000
ppm [Figs. Ad) and Xe)] significantly increases the propor-
tion of (100 oriented facets, whereas further increasingH
technique is insufficient to determine if the S is concentrate Iev_els t0 5000 ppniFig. 1(f)] results in the crystal facets
king on a rounded appearance. It was also observed that

in say, grain boqndarles. As expecte_d, n_e|ther XPS nor SIM Additions of over 1000 ppm 4% to the plasma caused the
showed any evidence of B contamination. Hall effect mea- i .

X deposition of a layef~ 0.5-mm-thick after a few houyof
surements proved unsuccessful due to the high room tem-

perature resistivity of these films{300(2 cm) so it is there- Zﬁg(r)\\,\;spct’r\?:a d(\?vr;/“zualtfr?(; %?nghfwzolgﬁrr]opuar:]s SO f dteheogirt]izrt\i\?a:,s
fore still unclear what the semiconducting propertiésny) ' 9 P

of these samples are. The main conclusions seem to be th"%lltSO encountered during the HF growth experiments, it only
P : occurred with the highest 4$ concentrationgabove 5000

these levels of HF activation do not provide a route to mak- " :
ing S-doped diamond films. ppm)', and the rate of deposition was estimated to be about
ten times smaller than that seen in the MW system. Some of
this difference in behavior may be attributable to the lower
total power levels in the HF systefB00 W) compared to the
MW system(1 kW) but it also hints at significant differences
in the gas phase chemistry between the two systems.
e Figure 2 illustrates the fall in film growth rates with
0554 . increased HS levels. This observation has been made by
others® but over a smaller range of 8 concentrations, al-
though the reported effect was more pronounced. The quality
of the diamond films was measured by LRS, as presented in
Fig. 3. Here the quality of the filmg.e., the ratio o p*:sp?
carbon bondingis taken to be the ratio of the height of the
N diamond peak at 1332 cm, Hy, to the height of the graph-
1 e % ite band at 1550 cm', Hg. Both heights are measured rela-
: . _ : ‘ tive to an(estimated underlying spectral background attrib-
Y 2000 4000 6000 8000 10000 uted to photoluminescend®. The photoluminescence
H,S Addition / ppm background did not show any evidence for N-V centers at
FIG. 2. Film growth ratemeasured by cr fional SEWS 1S addi 575 or 637 nm, indicating no inadvertent contamination of
tion-for'filrlns gr:wn in ?iS/liZSgl-f/szggsﬁixstﬁfegoa) HF ang%-)?ﬂwl the films by nitrogen. Figure 3 shows a decline in film qual-

deposited films, with other process conditions as for Fig. 1. The lines ardty With increased HS qddition, although it should be noted
least-square fits to linear functions. that even the most highly doped sampg®)00 ppm HS

B. Microwave plasma deposition results
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FIG. 4. Plots of(a) %S contenfas measured by XB&nd(b) resistivity (as

measured by four point propef films vs H,S addition to a 1% Ck/H, FIG. 5. MBMS results of species mole fraction vs31addition to a 1%

MW plasma. CH,/H, gas mixture for gas sampled frofa) a distance of 5 mm from a
hot filament andb) the edge of a MW plasma 23 mm from the plasma
center. Conditions: 20 Torr, 1 kW applied microwave power and filament
temperature of 2200 °C(@®) CH,, (X) C,H,, (A) CH;, (O) H,S, (&)

addition is still found to be of high quality, as indicated by CS. and(O) CS.

the presence of a pronounced diamond peak in its Raman

spectrum shown in the inset.

Figure 4a) shows XPS results for MW grown films. A
linear increase in the %S detected in the films with increase

of additional grain boundaries containing impurities in the
qore highly doped films. Unfortunately, Hall effect measure-
ments proved unsuccessful due to the high resistivity of these
%Ims, so the semiconducting properties of these samples re-
main unclear.

A film was also grown on Si using a 0.5% &/$1, gas
mixture. The film was found to give a clear diamond Raman
peak at 1332 cm' and exhibited good crystallinifydentical
in appearance to that shown in Figell. Although sulfur

over 100 ppm(since below this value the S in the films was
below the XPS detection limit The sulfur 2 peak(com-
pared to the literature valuéor all films was observed to be
shifted by ~1 eV to higher energy. This is a much smaller
shift than was seen for the HF deposited filwith 6000 ppm

HS in the gas phagesuggesting that S may be present inwas detected in the filmtat an S/C ratio of~0.16% as mea-
different bonding forms in the two types of sample. Sulfur iS¢ red by XPS, i.e., an S/C ratio ony1/1000 that in the

present in much higher levels in the films grown using MW . .
o ) 2 " input gas mixturg four point probe measurements showed
activation compared to those grown using HF activation

with values up to 0.2% being obtained. However, Fi¢p) 4 ‘tsrgoszr;re)lfar;o |ebsefr§:gngl/i?/2tgﬁmre arse?rﬁ%; Eie;hz[] _the
also shows that even at this level the S/C ratio in the depos: —o b 2 29 » SU9

ited films is only~1/200 that in the input gas mixture; the gesting that a little S Incorporation into the lattice had oc
. . i .curred. As for HS additions, a layer of S was deposited on

remainder is presumably pumped away or depositing as soli
e cool chamber walls.

S on the walls of the reactor. Again, neither XPS nor SIMS

showed any evidence of contamination by B or other unex-
C. MBMS

pectedn- or p-dopant atoms.

Four point probe measurements of film resistivity at Figure 5 shows how the mole fractions of the species:
room temperature are presented in Fi¢p)4dand show the CH,, CHz, C,H,, H,S, CS, and CS vary with increased
films to have significant resistance with values which are inH,S addition(0—10 000 ppm for both (a8) HF and(b) MW
the range usually observed for as-deposited or H-terminateactivation. In the HF experimerisampling gas 5 mm from
CVD diamond films®! This may reflect the defective, poly- the filament maintained at 2200 §Ghe CH, and GH, mole
crystalline nature of these heteroepitaxially grown films. Afractions both reduce slightly with increased31addition
clear drop in resistivity is observed between undopet4 [as shown in Fig. &)], whereas the mole fractions of,8
Qcm) and doped sampleg100 and 1000 ppm §B, and CH rise. Unsurprisingly, the mole fraction of,8 mea-
~200Q cm). The small rise in resistivity between the 1000 sured in the gas phase is found to be proportional to the input
and 5000 ppm KIS samples is probably due to the presenceconcentration of KS in the feedstock gas mixture. At higher
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'3 wave power, for a 1% CSH, gas mixture. In the HF ex-
V\\\\ periment a clear decrease in £&ncentrations is observed,
along with a rise in HS, CH,, and CH mole fractions for
T;>800 °C. Increasing applied microwave power, over the
range illustrated by Fig.(B), has little effect on the relative
concentrations of all species. Again £8nd H, react to-
gether to form HS, CH,, C,H,, and CH. No measurable
amounts of CS were detected in either of the, @ experi-
0.001 4 . : ; : ‘ ments. One interesting observation was that the /Ei$
0 400 i?lgmen”;fn°pzramre1/i%° 2000 2400 plasma was larger in size than 3%i1% CH,/H, plasma
(for the same applied microwave powein all five MBMS

FIG. 6. MBMS plots of species mole fraction vs filament temperature for aexperiments no detectable levels of SH, S, grw#re ob-
0.5% H,S/1% CH,/H, gas mixture. The gas was sampled at a distance of 5ggryed.

mm from the filament and the pressure was maintained at 20(@WrCH,,

(X) CH,, (O) H,S, and(A) CS,.

0.1 4

Mole Fraction (%)

IV. DISCUSSION

H,S input fractions, Cgis also present as a result of gas HS addition to a 1% Cli'H, mixture in these experi-
2 P ' P 9 ments is seen to have very different effects depending upon

ggitsetrzza;gg;%nbg; g‘;igti :‘T&Jalclamt (Ij\/le\t/scg)?gs.rg; Cor\‘/\_/hether the mixture is HF or MW activated. For diamond
1 2

[Fig. 5(b)] causes a significant reduction in GHC,H,, and grown in a HF reactor, the addition of trace amounts ¢&H
CH3. mole fractions. HS and C$ are seen to rise %/\'/ith in- has little effect on the crystallinity, growth rate, and quality

creased KIS addition with a measured ¢81,S ratio of~ 2, of the films. Relatively high input levels>5000 ppm HS)

e . are required in order to obtain even trace amounts of S
and significant amounts of CS are now measured, in quanti-. - . . . L .
. within the films, and the films remain highly electrically re-
ties comparable to those from €S

. L ._gistive. In contrast, MW plasma CVD allows the incorpora-
Returning to HF activation, the dependence of spemeﬁon of larger amounts of as indicated by XPEat low H,S
mole fraction onTy; is illustrated by Fig. 6. Mole fractions of g Y

both CH, and HS are seen to decrease fbf>1400°C concentrations, although the incorporation efficiency is still

: . . _low (i.e., the S/C ratio in the deposited films is oniy1/200
m?eerfezsio%_'z and C$ concentrations rise in this tempera of that in the input gas mixtuyeThe large XPS peak shif6

Presented in Fig. 7 is the dependence of species mofeY) seen for the S-doped HF-deposited diamond film sug-

. : : . gests that the trace amount of S present exists in an unusual
fraction on(a) filament temperature ang) applied micro bonding form that has not been seen in the XPS literature

before. In contrast, the samples grown by MW deposition
gave much smaller peak shifts-(L eV), suggesting that the

S environment is similar to that seen in other C—S bonded
systems, such as polyethylene sulfide (€I8—CH,),,. The

£ 04 fact that the HF and MW grown films were analyzed using
% Al (Ka) and Mg Ka) excitation, respectively, might ac-
g oo count for the difference in peak shifts observ@though
e this seems unlikely It therefore seems that there is some
= 0.001 significant difference between these two deposition methods
(a) as implemented here, which affects both the likelihood and
0.0001 4 . : : : e nature of S inclusion into the diamond lattice.
0 400 800 1200 1600 2000 2400 Figure 5 shows a clear contrast in the gas phase chem-
14 Filament Temperature / °C istry between MW and HF activated CVD. In the HF system,
upon addition of HS to the 1% CH/H, mixture, CS is
L . formed leading to a slight reduction in GHand therefore

=}
e

Mole Fraction (%)

\{:Z

CH,) concentrations. Importantly, the €%1,S ratio never
exceeds unity and no CS is observed. In contrast, for MW

e plasmas the detected mole fraction of A$~4 times that

of H,S at all H,S additions. Cg and CS are detected in

(b) roughly equal amounts, and a much more significant reduc-
0001 tion in CH,, GCH,, and also CH is observed, presumably
R 750 800 850 000 050 1000 becauge the “rn|§§|ng" carbon is I_ocked up in this CS}CS_
Microwave Power / W reservoir. As significant concentrations of CS are detected in

FIG. 7. MBMS blots of _ le raction for & 1% J _ the MW plasmawhich facilitates S incorporatigrbut not in
7. plots of species mole fraction for a 1% {8, gas mixture : . . . . .
measured for varioug) filament temperatures ari)) applied microwave the region around the Hewhich gives little S incorporation

powers. Other conditions and gas sampling details are as given in Fig. 3V€ Speculate that CS is the species responsible for the inclu-
(@) CH,, (X) C,H,, (A) CHs, () H,S, and(A) CS,. sion of S into the diamond films. The observed drop in;CH
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TABLE |. Selected reactions proposed for C/H/S gas mixtures within HF __ 290 K)35 outwards to the plasma edg—égaSN 1600 K for

and MW diamond CVD reactors operating-aR0 Torr. Gibbs free energies . . 24 ; .
of reaction AG .4, presented for 1100 and 1600 K are calculated using free? radial distance of-23 mm,™ where gas is sampled in the

energies of formation taken from Ref. 39. The data for reactions 7-10 werdBMS experiments(and where the substrate is positioned
computed from CCS[)/cc-pVTZ/IMP2/6-311G* electronic structure  for growth). The temperature gradient within a MW reactor
calculations, with free energy corrections derived from the standard methodg therefore much shallower compared to that around a HF

of statistical mechanics, together with MP2/6-3*tGrotational constants . .
and vibrational frequenciesee Ref. 4D A conservative error estimate for reactor, and the volume of gas with a temperature SUffICIently

this procedure is 40 kJ mot high to favor formation of Cg (through reaction \lis sub-
stantially larger within the MW plasma. Reactions 1 and 2
AGiead/ (kI Mol can therefore create G&nd CS, respectively, throughout the
Reaction 1100 K 1600 K entire plasma region, and both these species will be present
1 CHt2H,S—CS+4aH, 236 850 in significgnt concentrations at the growing diamond surface.
2 CS+H=CSHHS 46 592 However, in the HF system, the temperature drop away from
3 HS+H=S+H, ~31.0 10.9 the filament is so severe that except for very close to the
4 2HS=S,+H, —426 43.2 filament the equilibrium(1) lies towards the left-hand side,
5 H,S+H=HS"H, 1024 1409 CS, .product|o_n is inefficient and so, as a result, is CS.pro-
6  CH,+H=CHy+ H, 082 106 duction(reaction 2. Thus the growing diamond surface in a
HF system will see only those species responsible for normal
7 CH+HS=CHsSH —1250 —556 CVD diamond growt{CH,, CHg, H atoms, etd, as well as
8  CHSH=CS+2H, 210 —991 some HS and C$, but little or no CS. This results in dia-
9  CHySH+H=CH,+SH —142.9 —138.4 mond growth in HF systems being relatively unaffected by
10 CHSH+H=CH;S+H, -83.3 —-84.1 H,S addition and no S incorporation.
11 CSHH,S=CS,+H, _978 _818 Another contrast between MW and HF deposition is the

observation that for k5 concentrations over 1000 ppm the
former results in the deposition of a layer of sulfur powder
on the cool chamber walls, whereas no such problem is en-
mole fraction with increased J$ addition, the fall in MW  countered in the HF system. One possible explanation for
deposited film growth rates, and the lack of such observathis is that, in the MW plasma, the SH radicals which are
tions for the HF system are all to be expected given thag CHformed in the plasma via reaction 2 then diffuse out to the
is believed to be the major diamond growth precursor in lowcooler regions of the reactor and there react with H to form S
pressure CVD reactof§:3233 and H, (as in reaction B Reaction 4 shows an alternative
The reaction of HS and CH to form CS is illustrated  route to sulfur deposition in which SH radicals recombine to
in Fig. 6 where, for an input gas mixture of 0.5% %1% form S,. In either case, the resulting or S) species may
CH,/H,, the reduction in Ciiand HS concentrations and diffuse to, and deposit on, the chamber wall, or aggregate in
the increase in CS C,H,, and CH mole fractions with the gas phasécatalyzed by the presence of a third bptty
filament temperature are observed B;>1400°C. The make larger S-containing clusters, prior to depositing onto
chemistry of these k6/CH,/H, mixtures is summarized in the chamber walls. Evidence for this comes from the recent
Table I, where the major overall processes and individuatletection of excited S radicals from HS and
step reactions are listed, along with their Gibbs free energie€S,-containing MW plasmas using optical emission
(AG,e50 at 1100 and 1600 K. spectroscopy’ As discussed above, the production of CS
The dominant overall chemical process for these system@ia reaction 2 and, with it, HS, is significantly larger within
is reaction 1, in which Cldand H,S are in equilibrium with  the MW plasma compared to the HF environment. The extra
CS, and H, (with AG,.,c Of 23.6 and—85.0kJmol! at  HS in the MW plasma relative to the HF environment leads
1100 and 1600 K, respectivglyThe equilibrium constant to increased S and,Sormation (via reactions 3 and)4and
(the ratio of product/reactant concentratipfes reaction 1is  consequently, increased deposition of sulfur.

K=0.076 at a temperature of 1100 K ale-595 at 1600 K Reaction 1 is an overall equilibrium consisting of many
(given thatAG ;= —RTInK). intermediate step reactions, in which the chemistry is initi-
. H- ion f f H
CHy + 2H,S=CS,+ H,. (reaction 1. ated by H-abstraction from GHand H,S to form CH;, SH,

and H, (reactions 5 and )6 Both of these reactions are ther-
At the higher temperatures, €8en reacts with atomic modynamically favored £G,.,<0) over the temperature
H producing CS and Skteaction 2 leading to a buildup of range presented in Table |, although more so fe8ldue to
CS, as seen for the MW system. Table | shows that reactiothe lower bond dissociation energy for the H-S bond
1 (formation of CS from H,S and CH) is unfavorablgi.e., (399 kJmol'!) compared with the C-H bond
AGeac>0) at lower gas temperature$ o). Tyasis knowr?* (435 kdmof*).%" The CH; and SH radicals may then couple
to fall from ~2400 K at the HF to~1800 K within a few to form the predicted species GBH (reaction 7,AGexc
um, and to~1100K at a distance of 5 mm from the HF <0 for T,,c=1100-1600 K. Reaction 7 is predicted to be
(from where the gas is probed by MBMS and where thethe major route to CkBH as the alternative procesdgs.,
substrate is located for diamond growtin contrast, within  reaction of either Ckland H,S, or SH and CHl, to produce
a representative 1% CHH, MW plasma the temperature CH3;SH and H are thermodynamically unfavorabl@ G,q,c
does not vary considerably from the plasma cenfgg.{ >0) for Ty,e=1100-1600 K. Table | shows that, af,s
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>1600 K, CHSH can undergo successive H-abstraction reV. CONCLUSIONS
actions to yield CSreaction 8. Although this overall pro-
cess is much less thermodynamically favorable than th?_“:

competing reaction gattack by H to form Clj and SH, the ogy or growth rate was observed for HF grown diamond

initial abstraction of H(reaction 10 is favored. So once re- films, even at high doping leveld% H,S in the gas phase
action 10 has occurred, successive abstractions of H will,q jittle or no evidence was seen for S incorporation into

result in the formation of CS. This CS goes on to form,CS these films. In contrast, deposition from MW plasmas
via (the favoredl reaction 11. yielded diamond films of which the morphology, degree of S
Figure 7 illustrates the multistep conversion of,Gid  incorporation, and electrical resistivities all varied with the
H, in the HF reactor to reform §6 and CH. This is in  level of H,S addition.
effect the reverse of overall reaction 1 which, although un-  Detailed investigations of the gas composition in both
favorable forTy,c>1200 K, will be driven in the cooler re- MW and HF reactors using MBMS techniques have provided
gions of the reactor where ;Hand CS concentrations are Nnew insights into the fundamental chemistry occurring in the
high (and are essentially the input gas mixturiffusion of ~ gas phase. A mechanistic interpretation of these experimental
the products into the hotter regions leads to the formation ofésults has been proposed, using simple thermodynamic con-
CH; (the diamond growth specieghus allowing the depo- siderations, which accou_nts for the obs_grved diﬁe_rences be-
sition of diamond from such gas mixtures, as previouslyWeen the HF and MW diamond deposition techniques.

reported? This process, whereby the input gases react prior The present study suggests that CS may be responsible

to entering the hot region of the reactor, has many similariO" the incorporation of Sinto the diamond lattice of CVD

ties with the mechanism for GHproduction from HF acti- films grown from I—&S/l% C.H‘/HZ gas mixtures, and that
. . the production of CS is crucially dependent upon the volume

vated ,QHZ/HZ Qas mixtures proposeq in Ref. ,38', of gas that can attain a sufficieng,sfor both the production

It 'S, mteres'upg to note that, desplte'the high input CON-4¢ CS, and the subsequent buildup of CS to take place. This
centration of Cgin the 1% C$/H, gas mixture, no CS was g ggests that one route to larger S incorporation levels would
detected in either the HF or MW MBMS experimettSg.  pe to use higher power MW systems or hotter deposition
7). The reason for this may be thaif,sis lower for the 1%  processes, such as arc jets, in which large volumes of gas
CS,/H, plasma than the }$/1% CH,/H, plasmas. This is acquire the necessaﬁiﬁas_
indicated by the larger size of the plasma ball in the former  However, even with S incorporation levels of 0.2%, the
case(at a fixed power inpytresulting in a lower power den- polycrystalline films were too resistive to be useful for elec-
sity, and thus a lower average temperature, within thdronic devices. This does not rule out the possibility that S
plasma. The formation of CS from GBH (reaction § be- may be acting as a true-type dopant, however, since it is
comes unfavorable foF <1200 K. The uncertainty in the Possible that in these polycrystalline films there are a great
calculation ofA G, for this reaction is~40 kimol'%, cor- ~ many defects which could act as compensating acceptors,
responding to an error of 200 K in the temperature quoted SOaking up the donated electr_on_s from the S. Thus the films
above. Reaction 8 is thus calculated to become unfavore@PPear to be much more resistive than would normally be

thermodynamically within the range 1080 4,e< 1400 K. If expected fo_r a truIyu-dop_ed material. Unlt_ess this problem _is
the outlying regions of the 1% G®H, plasma are within solved, the implementation of S-doped diamond may be lim-

this temperature range, then the reverse reaction now b|t_ed to single crystal homoepitaxial films, for which conduc-

: ivities and carrier mobilities may be sufficient to allow the
comes spontaneous. The resultant;6H then reacts with fabrication of useful electronic devices.
atomic H to produce ClHand SH(reaction 9. The residual
HS radicals formed within the 1% G881, MW plasma(via
reaction 2 and the reverse of reactiorc@uld then diffuse to
the cooler regions of the chamber and react to form S gnd SACKNOWLEDGMENTS
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H,S has been added to 1% ¢HH, gas mixtures in both
and MW activated CVD. Little effect on film morphol-

Deposition from a 0.5% CSH, MW plasma yielded a
diamond film of good crystal quality, containing0.05%
sulfur (as detected by XPSbut with a resistivity signifi-
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