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Sulfur doping of diamond films: Spectroscopic, electronic,
and gas-phase studies
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Keith N. Rosser, and Michael N. R. Ashfold
School of Chemistry, University of Bristol, Bristol BS8 1TS, United Kingdom

~Received 2 July 2001; accepted for publication 12 December 2001!

Chemical vapor deposition~CVD! has been used to grow sulfur doped diamond films on undoped
Si and single crystal HPHT diamond as substrates, using a 1% CH4 /H2 gas mixture with various
levels of H2S addition~100–5000 ppm!, using both microwave~MW! plasma enhanced CVD and
hot filament ~HF! CVD. The two deposition techniques yield very different results. HFCVD
produces diamond films containing only trace amounts of S~as analyzed by x-ray photoelectron
spectroscopy!, the film crystallinity is virtually unaffected by gas phase H2S concentration, 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 the H2S
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 films as;200V 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, for H2S doping levels~1000–10 000 ppm in
the gas phase! in 1% CH4 /H2 mixtures, and for 1% CS2 /H2 gas mixtures, for both MW and HF
activation. CS2 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
H2S 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. ©2002 American Institute of Physics.
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I. INTRODUCTION

The many extreme physical and mechanical propertie1,2

of thin film diamond grown by chemical vapor depositio
~CVD! have led to interest in such films for use in electron
devices. Such devices would be mechanically durable
also present less of a heat management problem than si
based examples because of the high thermal conductivit
diamond. Boron doped CVD diamond films withp-type
semiconductor properties are grown routinely by the addit
of B-containing gases such as diborane to the standard C
gas mixture ~1% CH4 /H2!.3 Such films find use in UV
detectors4 and as electrodes for harsh electrochemical ap
cations~e.g., highly acidic solutions!.5 However, obtaining
n-type semiconducting diamond films by CVD has prov
more challenging, mainly due to the fact that suitable do
atoms ~e.g., P, O, and As! are larger than carbon, makin
incorporation into the diamond lattice unfavorable. Nitrog
readily incorporates into CVD diamond films during growt
but the resulting donor levels are too deep~1.7 eV! for many
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paul.may@bris.ac.uk
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electronic applications.6 Phosphorus doped diamond film
exhibiting n-type semiconductor properties have be
grown,7 but again, these exhibit poor conductivity and cry
tal quality making them unsuitable for some devi
applications.8

The technique of ion implantation using donor eleme
such as Li, Na, and P has been utilized in unsucces
attempts9,10 to obtain diamond films withn-type semicon-
ducting properties. However, Hasegawaet al.11 report that
sulfur ion implantation in CVD homoepitaxial diamon
~100! films leads ton-type conductivity, as demonstrated b
Hall effect measurements. This group also fabricated ap-n
junction by combiningp-type ~B doped by CVD! andn-type
~sulfur doped by ion implantation! homoepitaxial diamond
and confirmed its characteristics byI –V andC–V measure-
ments.

Barber and Yarbrough12 have shown that diamond
growth is possible using mixtures of a few percent CS2 di-
luted in hydrogen, within a hot filament CVD~HFCVD! re-
actor. Although no electronic measurements were conduc
their work has encouraged several subsequent investiga
of H2S as another possible source of sulfur forin situ doping
of CVD diamond films.
il:
5 © 2002 American Institute of Physics
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Microwave plasma enhanced CVD~MPCVD! has been
reported by Sakaguchiet al.13–15 to yield semiconducting,
homoepitaxial diamond films exhibitingn-type behavior by
H2S addition to the 1% CH4 /H2 gas mixture. They found
that small H2S additions (;100 ppm) improved crystallinity,
but further increases in H2S concentrations led to a decrea
in crystallinity. Film growth rate was also seen to decrea
with increased H2S addition, however, the quality of th
films ~as measured by Raman spectroscopy! was found to be
relatively insensitive to changes in H2S addition. Hall
mobilities for films produced using H2S doping levels of
50–100 ppm were found to be relatively hig
(597 cm2 V21 S21), suggesting that doping with S by th
method might finally prove to be the route ton-type CVD
diamond with useful electronic properties.

More recently, however, another group16 repeated mea
surements on these samples and attributed this mobilit
the presence of boron impurities within the film. They al
found that the sign of the charge carriers was positive~i.e.,
the films exhibitedp-type, notn-type semiconducting prop
erties!. However, the NIRIM group still maintain that the
samples are trulyn type, and have backed up this claim wi
further samples~which do not contain B! and Hall measure-
ments made in independent laboratories which give the
quired negative coefficient.17 Nevertheless, it is fair to say
that there is still some controversy surrounding the ability
H2S doping to producen-type conducting CVD diamond.

Most of the work involvingn-type doping of CVD dia-
mond has focused on the electronic properties of the res
ant films, rather than the gas phase chemistry leading
deposition. Dandy18 presented simple thermodynamic equ
librium calculations for H2S/CH4 /H2 gas mixtures, and con
cluded that the probable sulfur precursor dopant species
the SH radical, rather than the more stable species CS
date, however, no experimental measurements of gas p
species concentrations present during the growth of su
doped CVD diamond films from H2S have yet been reported

Molecular beam mass spectroscopy~MBMS! is a pow-
erful technique for carrying out such measurements. Hs19

pioneered the use of MBMS to investigate diamo
MWCVD using CH4 /H2 gas mixtures. In his experiment, th
gas was sampled via an orifice in the substrate, allow
analysis of the composition of the flux incident to the d
mond growing surface. Later work in our group used MBM
to sample gas directly from the plasma, thus probing the
phase chemistry in isolation, with minimum perturbati
from gas–surface reactions. We have used this powe
technique to obtain absolute mole fractions of the gas ph
species present in both hot filament20–23 and microwave
systems24–26 for a variety of gas mixtures and dopant g
additions. We now report the results of using MBMS to ma
in situ measurements of species mole fractions, as a func
of both input gas composition and temperature, for both
crowave~MW! and hot filament~HF! activation of the gas
phase chemistry, using gas mixtures suitable for produc
S-doped diamond.
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II. EXPERIMENT

A. Growth experiments: Hot filament CVD

The deposition chamber was a standard hot filam
CVD reactor employing a coiled 0.25-mm-thick Ta filame
~maintained at;2200 °C! to activate the gas mixture. Th
substrate was placed 5 mm below the filament on a he
substrate holder (900 °C). The chamber pressure was
Torr and duration of growth was 8 h. The feedstock ga
used were H2 ~99.999% purity!, CH4 ~99.999% purity!, and
H2S ~99.5% purity!. To obtain gas phase H2S levels below
1000 ppm, a cylinder of 1% H2S in H2 was employed and
further diluted by use of appropriate flow rate ratios reg
lated by mass flow controllers. Total gas flow was ma
tained at 200 sccm.

Films were deposited on bothp-doped ~resistivity
;1 – 10V cm! and undoped single crystal~100! silicon wa-
fers ~resistivity ;2.33105 V cm!, manually preabraded
with 1–3mm diamond grit. All deposition runs reported he
used a 1% CH4 /H2 gas mixture with H2S additions over the
range 0–5000 ppm.

B. Growth experiments: Microwave plasma CVD

Diamond deposition was performed using a 1.5 k
ASTeX-style 2.45 GHz microwave plasma CVD reactor. T
double-walled chamber was water-cooled and containe
Mo substrate holder. For experiments using H2S or CS2 ad-
ditions, this Mo substrate holder was covered using a bl
Si wafer, since it has been reported that hot Mo possibly a
as a sink for gas phase S species, scavenging them an
acting to form solid MoS2.17 Substrates~as outlined above!
were placed on an alumina plate on top of this Si cover wa
and were thus elevated about 1 mm into the plasma, enab
automatic heating of the substrate to;900 °C ~as measured
by a two color optical pyrometer!. The chamber pressure wa
40 Torr with an applied microwave power of 1 kW, wit
deposition lasting 8 h. In addition to the H2S/1% CH4 /H2

mixtures outlined above, experiments were performed us
a 0.5% CS2 /H2 gas mixture~using the vapor pressure abov
a liquid sample of CS2!. All the films were exposed to a 10
min hydrogen plasma after growth to ensure a consis
H-terminated surface suitable for reproducible electri
measurements.

It is important to mention that neither the HF react
mentioned earlier, nor the MW chamber had ever been u
for processing boron-containing samples, nor had a
B-containing gases ever been introduced into them. T
they were completely B-free, so removing the chance of
cidental contamination of the samples with B.

C. Film analysis

Films were examined using scanning electron micr
copy ~SEM! to determine crystal morphology and thickne
and by 514.5 nm (Ar1) laser Raman spectroscopy~LRS! to
assess film quality. The HF-grown films were analyzed
x-ray photoelectron spectroscopy~XPS! at NIRIM using
Al Ka excitation, whereas the MW-grown films were an
lyzed in Bristol using MgKa excitation. Charging of insu-
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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lating films was minimized by use of an electron flood gu
and any remaining charging effects were counteracted
offsetting the energy scale with respect to the known val
for carbon peaks. The absolute values for the sulfur con
~i.e., S:C ratio! of the films was calculated by comparison
the areas of selected S peak~s! and C peak~s!, following cali-
bration using the sensitivity factors27 appropriate for each
element. Films were also analyzed by secondary ion m
spectrometry~SIMS!28 to check for impurities such as B
which might affect the electrical properties of the film.

The resistivity of the films was determined by four poi
probe29 measurements. Being a technique which relies u
surface contacts, this will measure the surface conducti
of diamond, rather than the conductivity through the bu
Care was therefore taken to ensure that the surface prope
of each of the diamond samples was treated identically d
ing deposition, so that any changes in surface conducti
would be due to the presence of S within the film and
processing variations. The values of sheet resistance obta
by this method~following the procedure outlined in Ref. 29!,
were typically in the range 105– 106 V square21, and were
then converted to film resistivity by multiplying by the film
thickness as measured by cross-sectional SEM.

Hall effect measurements~at Bath University, Cam-
bridge University, and University College London! were also
attempted in order to determine the semiconducting pro
ties of the films. Previous experience with Hall measu
ments showed that S-doped films grown epitaxially on sin
crystal ~HPHT! diamond substrates were dominated
the conductivity of the substrate, which was slightly sem
conducting due to B or N impurities. Therefore all Ha
measurements were made using films grown on high re
tivity undoped Si in order to prevent the substrate from
fluencing the results. This does mean, though, that c
should be taken when comparing the electrical results of
polycrystalline heteroepitaxially grown diamond films wi
those from single-crystal epitaxially grown films report
elsewhere.13–15

D. MBMS

A full description of the MBMS system and gas sam
pling technique has been published previously,24 but a brief
outline will be given here. A two stage differential pumpin
system was used to sample gas~at 20 Torr! from the side of
the microwave plasma ball~or at a distance of 5 mm from
the hot filament! via an orifice ~;100mm diameter! in a
sampling cone. Although such an intrusive method is bou
to perturb the plasma, the fact that the position of the plas
ball and the reflected microwave power level are insensi
to the presence of the probe suggest that this perturbatio
minimal. Gas passing through this orifice experienced a p
sure differential (20→1023 Torr) and underwent adiabati
expansion, forming a molecular beam in which chemical
actions were effectively frozen out. The molecular beam th
passed through a collimating skimmer into a quadrup
mass spectrometer~Hiden Analytical! maintained at
;1026 Torr, whereupon gas phase species were ionized
electron impact. The electron ionization energy is us
Downloaded 28 Feb 2002 to 137.222.40.103. Redistribution subject to A
,
y
s
nt

ss

n
ty
.
ties
r-
ty
t
ed

r-
-
e

-

is-
-
re
ur

d
a
e
is

s-

-
n
e

y
r-

selectable in the range 4–70 eV. The electron ionizer e
gies used to detect each species were H2, CH4 and CS2 16.0
eV, C2H2 13.2 eV ~to minimize contributions to them/e
526 signal due to the cracking of C2H4 occurring above
13.5 eV!, H2S 13.2 eV, CS 13.6 eV~to minimize signal from
CO2 occurring above 13.8 eV!, and CH3 13.6 eV~to reduce
signal from cracking of CH4 above 14.3 eV!.

All MBMS experiments were performed in the micro
wave chamber, first with gas being sampled from the mic
wave plasma ball, and then, after modifications to the ap
ratus, from the area surrounding a filament analogous to
used in the HF growth experiments, outlined above. Dur
the latter studies, the filament temperature was monitored
a two color optical pyrometer. Two sets of experiments w
performed in which measurements of species mole fracti
were made in both the MW and HF activation environmen
First, H2S ~0–10 000 ppm! was added to a 1% CH4 /H2 gas
mixture keeping the filament temperature,Tfil , and MW
power constant at 2200 °C and 1 kW, respectively. Secon
1% CS2 /H2 mixture was introduced into the chamber, a
either the temperature of the HF or the applied MW pow
was varied. The effect of varyingTfil on species mole frac
tions was also investigated for a 0.5% H2S/1% CH4 /H2 gas
mixture. The chamber pressure for all MBMS experime
was 20 Torr and in all cases~MW or HF! the probe was
positioned at the same radial distance~from either the center
of the MW plasma or the HF! as the substrate during depo
sition.

Data collected from the mass spectrometer were c
verted into mole fraction values, the correction and calib
tion procedures being identical to those used in previ
MBMS studies.20–25

III. RESULTS

A. Hot filament deposition results

Figures 1~a!–1~c! show that there is little change in film
morphology between samples deposited with 100, 6000,
10 000 ppm H2S addition to a HF activated 1% CH4 /H2 gas
mixture. All films exhibit well-defined microcrystalline fac
ets. There was also no significant change in film growth r
with increased input H2S, as illustrated by Fig. 2. No evi
dence for S incorporation was found for any of the film
when examined by SIMS. However, for films grown using
gas phase H2S concentration of.6000 ppm, XPS analysis
revealed trace amounts of S present, but the size of the si
associated with the sulfur 2p peaks at 162 and 163 eV wa
too small to allow the S content to be quantified accurate
These peaks were found to be shifted by 6 eV~from the
average literature value for S-containing molecules of 1
eV! to 169 eV. This is a much larger shift than has be
previously reported, which are normally between 1 and 2
from the average value depending upon the exact envi
ment of the S within the molecule. We note that XPS av
ages the signal over the whole area of the substrate (1 cm2),
and so the position of the S within the film cannot be det
mined. Depth profiling, however, shows that the S is u
formly distributed throughout the film thickness, and is n
just present at the surface, but the spatial resolution of
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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technique is insufficient to determine if the S is concentra
in say, grain boundaries. As expected, neither XPS nor SI
showed any evidence of B contamination. Hall effect m
surements proved unsuccessful due to the high room t
perature resistivity of these films (;300V cm) so it is there-
fore still unclear what the semiconducting properties~if any!
of these samples are. The main conclusions seem to be
these levels of HF activation do not provide a route to m
ing S-doped diamond films.

FIG. 1. SEM micrographs for films grown using 1% CH4 /H2 gas mixtures
with H2S additions of~a! 100,~b! 6000, and~c! 10 000 ppm in a HF reactor
and~d! 100, ~e! 1000, and~f! 5000 ppm additions in a MW plasma reacto
Conditions: total gas flow 200 sccm, growth time 8 h, substrate tempera
900 °C, pressure 20 Torr~HF! and 40 Torr~MW!, and 1 kW applied micro-
wave power or filament temperature of 2200 °C.

FIG. 2. Film growth rate~measured by cross-sectional SEM! vs H2S addi-
tion for films grown in H2S/1% CH4 /H2 gas mixtures.~d! HF and~j! MW
deposited films, with other process conditions as for Fig. 1. The lines
least-square fits to linear functions.
Downloaded 28 Feb 2002 to 137.222.40.103. Redistribution subject to A
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B. Microwave plasma deposition results

In contrast with the films grown by HF deposition, Fig
1~d!–1~f! show that for MW deposited samples there is
pronounced variation in film morphology with increased H2S
input level. Increasing the H2S input levels from 100 to 1000
ppm @Figs. 1~d! and 1~e!# significantly increases the propo
tion of ~100! oriented facets, whereas further increasing H2S
levels to 5000 ppm@Fig. 1~f!# results in the crystal facet
taking on a rounded appearance. It was also observed
additions of over 1000 ppm H2S to the plasma caused th
deposition of a layer~;0.5-mm-thick after a few hours! of
yellow powdery sulfur on the colder parts of the chamb
such as the walls and windows. Although S deposition w
also encountered during the HF growth experiments, it o
occurred with the highest H2S concentrations~above 5000
ppm!, and the rate of deposition was estimated to be ab
ten times smaller than that seen in the MW system. Som
this difference in behavior may be attributable to the low
total power levels in the HF system~300 W! compared to the
MW system~1 kW! but it also hints at significant difference
in the gas phase chemistry between the two systems.

Figure 2 illustrates the fall in film growth rates wit
increased H2S levels. This observation has been made
others15 but over a smaller range of H2S concentrations, al-
though the reported effect was more pronounced. The qua
of the diamond films was measured by LRS, as presente
Fig. 3. Here the quality of the films~i.e., the ratio ofsp3:sp2

carbon bonding! is taken to be the ratio of the height of th
diamond peak at 1332 cm21, Hd , to the height of the graph
ite band at 1550 cm21, Hg . Both heights are measured rel
tive to an~estimated! underlying spectral background attrib
uted to photoluminescence.30 The photoluminescence
background did not show any evidence for N–V centers
575 or 637 nm, indicating no inadvertent contamination
the films by nitrogen. Figure 3 shows a decline in film qu
ity with increased H2S addition, although it should be note
that even the most highly doped sample~5000 ppm H2S

re

re

FIG. 3. Plot of film quality vs H2S addition for films deposited from a 1%
CH4 /H2 MW plasma. The insert shows the laser Raman spectrum~514.5
nm excitation! for a sample grown using 5000 ppm input H2S. Film quality
~i.e., the ratio ofsp3:sp2 carbon bonding! is defined as the ratio of the
height of the diamond peak at 1332 cm21, Hd , to the height of the graphite
band at 1550 cm21, Hg . Both heights are measured relative to an~esti-
mated! underlying spectral background attributed to photoluminescen
Other conditions as given in Fig. 1.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



y
m

se
e
s

er

in
is
W
on

o
e
o
S

ex

a

i
at
-
A

0
c

he
re-
ese
re-

an

ed
the

c-
on

es:

put
r

ent

3609J. Appl. Phys., Vol. 91, No. 6, 15 March 2002 Petherbridge et al.
addition! is still found to be of high quality, as indicated b
the presence of a pronounced diamond peak in its Ra
spectrum shown in the inset.

Figure 4~a! shows XPS results for MW grown films. A
linear increase in the %S detected in the films with increa
H2S concentrations is seen, although only for dopant lev
over 100 ppm~since below this value the S in the films wa
below the XPS detection limit!. The sulfur 2p peak ~com-
pared to the literature value! for all films was observed to be
shifted by;1 eV to higher energy. This is a much small
shift than was seen for the HF deposited film~with 6000 ppm
H2S in the gas phase!, suggesting that S may be present
different bonding forms in the two types of sample. Sulfur
present in much higher levels in the films grown using M
activation compared to those grown using HF activati
with values up to 0.2% being obtained. However, Fig. 4~a!
also shows that even at this level the S/C ratio in the dep
ited films is only;1/200 that in the input gas mixture; th
remainder is presumably pumped away or depositing as s
S on the walls of the reactor. Again, neither XPS nor SIM
showed any evidence of contamination by B or other un
pectedn- or p-dopant atoms.

Four point probe measurements of film resistivity
room temperature are presented in Fig. 4~b! and show the
films to have significant resistance with values which are
the range usually observed for as-deposited or H-termin
CVD diamond films.31 This may reflect the defective, poly
crystalline nature of these heteroepitaxially grown films.
clear drop in resistivity is observed between undoped~744
V cm! and doped samples~100 and 1000 ppm H2S,
;200V cm!. The small rise in resistivity between the 100
and 5000 ppm H2S samples is probably due to the presen

FIG. 4. Plots of~a! %S content~as measured by XPS! and~b! resistivity ~as
measured by four point probe! of films vs H2S addition to a 1% CH4 /H2

MW plasma.
Downloaded 28 Feb 2002 to 137.222.40.103. Redistribution subject to A
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of additional grain boundaries containing impurities in t
more highly doped films. Unfortunately, Hall effect measu
ments proved unsuccessful due to the high resistivity of th
films, so the semiconducting properties of these samples
main unclear.

A film was also grown on Si using a 0.5% CS2 /H2 gas
mixture. The film was found to give a clear diamond Ram
peak at 1332 cm21 and exhibited good crystallinity@identical
in appearance to that shown in Fig. 1~e!#. Although sulfur
was detected in the film~at an S/C ratio of;0.16% as mea-
sured by XPS, i.e., an S/C ratio only;1/1000 that in the
input gas mixture!, four point probe measurements show
the sample to be significantly more resistive than
S-doped examples from H2S/1% CH4 /H2 gas mixtures, sug-
gesting that a little S incorporation into the lattice had o
curred. As for H2S additions, a layer of S was deposited
the cool chamber walls.

C. MBMS

Figure 5 shows how the mole fractions of the speci
CH4, CH3, C2H2 , H2S, CS2, and CS vary with increased
H2S addition~0–10 000 ppm! for both ~a! HF and~b! MW
activation. In the HF experiment~sampling gas 5 mm from
the filament maintained at 2200 °C!, the CH4 and C2H2 mole
fractions both reduce slightly with increased H2S addition
@as shown in Fig. 5~a!#, whereas the mole fractions of H2S
and CH3 rise. Unsurprisingly, the mole fraction of H2S mea-
sured in the gas phase is found to be proportional to the in
concentration of H2S in the feedstock gas mixture. At highe

FIG. 5. MBMS results of species mole fraction vs H2S addition to a 1%
CH4 /H2 gas mixture for gas sampled from~a! a distance of 5 mm from a
hot filament and~b! the edge of a MW plasma;23 mm from the plasma
center. Conditions: 20 Torr, 1 kW applied microwave power and filam
temperature of 2200 °C.~d! CH4 , (3) C2H2 , ~m! CH3 , ~h! H2S, ~n!
CS2 , and~s! CS.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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H2S input fractions, CS2 is also present as a result of g
phase reactions, but the CS radical is not detected. In
trast, the addition of H2S into a 1% CH4 /H2 MW plasma
@Fig. 5~b!# causes a significant reduction in CH4, C2H2 , and
CH3 mole fractions. H2S and CS2 are seen to rise with in
creased H2S addition with a measured CS2 /H2S ratio of;2,
and significant amounts of CS are now measured, in qua
ties comparable to those from CS2.

Returning to HF activation, the dependence of spec
mole fraction onTfil is illustrated by Fig. 6. Mole fractions o
both CH4 and H2S are seen to decrease forTfil.1400 °C
whereas C2H2 and CS2 concentrations rise in this temper
ture region.

Presented in Fig. 7 is the dependence of species m
fraction on ~a! filament temperature and~b! applied micro-

FIG. 6. MBMS plots of species mole fraction vs filament temperature fo
0.5% H2S/1% CH4 /H2 gas mixture. The gas was sampled at a distance
mm from the filament and the pressure was maintained at 20 Torr.~d! CH4 ,
(3) C2H2 , ~h! H2S, and~n! CS2 .

FIG. 7. MBMS plots of species mole fraction for a 1% CS2 /H2 gas mixture
measured for various~a! filament temperatures and~b! applied microwave
powers. Other conditions and gas sampling details are as given in Fi
~d! CH4 , (3) C2H2 , ~m! CH3 , ~h! H2S, and~n! CS2 .
Downloaded 28 Feb 2002 to 137.222.40.103. Redistribution subject to A
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wave power, for a 1% CS2 /H2 gas mixture. In the HF ex-
periment a clear decrease in CS2 concentrations is observed
along with a rise in H2S, CH4, and CH3 mole fractions for
Tfil.800 °C. Increasing applied microwave power, over t
range illustrated by Fig. 7~b!, has little effect on the relative
concentrations of all species. Again CS2 and H2 react to-
gether to form H2S, CH4, C2H2 , and CH3. No measurable
amounts of CS were detected in either of the CS2 /H2 experi-
ments. One interesting observation was that the CS2 /H2

plasma was larger in size than a H2S/1% CH4 /H2 plasma
~for the same applied microwave power!. In all five MBMS
experiments no detectable levels of SH, S, or S2 were ob-
served.

IV. DISCUSSION

H2S addition to a 1% CH4 /H2 mixture in these experi-
ments is seen to have very different effects depending u
whether the mixture is HF or MW activated. For diamon
grown in a HF reactor, the addition of trace amounts of H2S
has little effect on the crystallinity, growth rate, and qual
of the films. Relatively high input levels~.5000 ppm H2S!
are required in order to obtain even trace amounts o
within the films, and the films remain highly electrically re
sistive. In contrast, MW plasma CVD allows the incorpor
tion of larger amounts of S~as indicated by XPS! at low H2S
concentrations, although the incorporation efficiency is s
low ~i.e., the S/C ratio in the deposited films is only;1/200
of that in the input gas mixture!. The large XPS peak shift~6
eV! seen for the S-doped HF-deposited diamond film s
gests that the trace amount of S present exists in an unu
bonding form that has not been seen in the XPS literat
before. In contrast, the samples grown by MW deposit
gave much smaller peak shifts (;1 eV), suggesting that the
S environment is similar to that seen in other C–S bond
systems, such as polyethylene sulfide (CH2– S– CH2)n . The
fact that the HF and MW grown films were analyzed usi
Al ( Ka) and Mg (Ka) excitation, respectively, might ac
count for the difference in peak shifts observed~although
this seems unlikely!. It therefore seems that there is som
significant difference between these two deposition meth
as implemented here, which affects both the likelihood a
nature of S inclusion into the diamond lattice.

Figure 5 shows a clear contrast in the gas phase ch
istry between MW and HF activated CVD. In the HF syste
upon addition of H2S to the 1% CH4 /H2 mixture, CS2 is
formed leading to a slight reduction in CH4 ~and therefore
CH3! concentrations. Importantly, the CS2 /H2S ratio never
exceeds unity and no CS is observed. In contrast, for M
plasmas the detected mole fraction of CS2 is ;4 times that
of H2S at all H2S additions. CS2 and CS are detected i
roughly equal amounts, and a much more significant red
tion in CH4, C2H2 , and also CH3 is observed, presumabl
because the ‘‘missing’’ carbon is locked up in this CS/C2

reservoir. As significant concentrations of CS are detecte
the MW plasma~which facilitates S incorporation! but not in
the region around the HF~which gives little S incorporation!,
we speculate that CS is the species responsible for the in
sion of S into the diamond films. The observed drop in C3

a
5

5.
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mole fraction with increased H2S addition, the fall in MW
deposited film growth rates, and the lack of such obser
tions for the HF system are all to be expected given that C3

is believed to be the major diamond growth precursor in l
pressure CVD reactors.26,32,33

The reaction of H2S and CH4 to form CS2 is illustrated
in Fig. 6 where, for an input gas mixture of 0.5% H2S/1%
CH4 /H2 , the reduction in CH4 and H2S concentrations and
the increase in CS2, C2H2 , and CH3 mole fractions with
filament temperature are observed atTfil.1400 °C. The
chemistry of these H2S/CH4 /H2 mixtures is summarized in
Table I, where the major overall processes and individ
step reactions are listed, along with their Gibbs free ener
(DGreac) at 1100 and 1600 K.

The dominant overall chemical process for these syst
is reaction 1, in which CH4 and H2S are in equilibrium with
CS2 and H2 ~with DGreac of 23.6 and285.0 kJ mol21 at
1100 and 1600 K, respectively!. The equilibrium constan
~the ratio of product/reactant concentrations! for reaction 1 is
K50.076 at a temperature of 1100 K andK5595 at 1600 K
~given thatDGreac52RT ln K!.

CH412H2S�CS21H2. ~reaction 1!.

At the higher temperatures, CS2 then reacts with atomic
H producing CS and SH~reaction 2! leading to a buildup of
CS, as seen for the MW system. Table I shows that reac
1 ~formation of CS2 from H2S and CH4! is unfavorable~i.e.,
DGreac.0! at lower gas temperatures (Tgas). Tgasis known34

to fall from ;2400 K at the HF to;1800 K within a few
mm, and to;1100 K at a distance of 5 mm from the H
~from where the gas is probed by MBMS and where
substrate is located for diamond growth!. In contrast, within
a representative 1% CH4 /H2 MW plasma the temperatur
does not vary considerably from the plasma center (Tgas

TABLE I. Selected reactions proposed for C/H/S gas mixtures within
and MW diamond CVD reactors operating at;20 Torr. Gibbs free energies
of reaction,DGreac, presented for 1100 and 1600 K are calculated using f
energies of formation taken from Ref. 39. The data for reactions 7–10 w
computed from CCSD~T!/cc-pVTZ//MP2/6-311G** electronic structure
calculations, with free energy corrections derived from the standard met
of statistical mechanics, together with MP2/6-311G** rotational constants
and vibrational frequencies~see Ref. 40!. A conservative error estimate fo
this procedure is 40 kJ mol21

Reaction

DGreac/(kJ mol21)

1100 K 1600 K

1 CH412H2S�CS214H2 23.6 285.0
2 CS21H�CS1HS 24.6 259.2
3 HS1H�S1H2 231.0 10.9
4 2HS�S21H2 242.6 43.2

5 H2S1H�HS1H2 2102.4 2140.9
6 CH41H�CH31H2 228.2 242.6

7 CH31HS�CH3SH 2125.0 255.6
8 CH3SH�CS12H2 21.0 299.1

9 CH3SH1H�CH41SH 2142.9 2138.4
10 CH3SH1H�CH3S1H2 283.3 284.1

11 CS1H2S�CS21H2 297.8 281.8
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;2200 K)35 outwards to the plasma edge~Tgas;1600 K for
a radial distance of;23 mm!,24 where gas is sampled in th
MBMS experiments~and where the substrate is position
for growth!. The temperature gradient within a MW react
is therefore much shallower compared to that around a
reactor, and the volume of gas with a temperature sufficie
high to favor formation of CS2 ~through reaction 1! is sub-
stantially larger within the MW plasma. Reactions 1 and
can therefore create CS2 and CS, respectively, throughout th
entire plasma region, and both these species will be pre
in significant concentrations at the growing diamond surfa
However, in the HF system, the temperature drop away fr
the filament is so severe that except for very close to
filament the equilibrium~1! lies towards the left-hand side
CS2 production is inefficient and so, as a result, is CS p
duction~reaction 2!. Thus the growing diamond surface in
HF system will see only those species responsible for nor
CVD diamond growth~CH4, CH3, H atoms, etc.!, as well as
some H2S and CS2, but little or no CS. This results in dia
mond growth in HF systems being relatively unaffected
H2S addition and no S incorporation.

Another contrast between MW and HF deposition is t
observation that for H2S concentrations over 1000 ppm th
former results in the deposition of a layer of sulfur powd
on the cool chamber walls, whereas no such problem is
countered in the HF system. One possible explanation
this is that, in the MW plasma, the SH radicals which a
formed in the plasma via reaction 2 then diffuse out to
cooler regions of the reactor and there react with H to form
and H2 ~as in reaction 3!. Reaction 4 shows an alternativ
route to sulfur deposition in which SH radicals recombine
form S2. In either case, the resulting~S or S2! species may
diffuse to, and deposit on, the chamber wall, or aggregat
the gas phase~catalyzed by the presence of a third body! to
make larger S-containing clusters, prior to depositing o
the chamber walls. Evidence for this comes from the rec
detection of excited S2 radicals from H2S and
CS2-containing MW plasmas using optical emissio
spectroscopy.36 As discussed above, the production of C
~via reaction 2! and, with it, HS, is significantly larger within
the MW plasma compared to the HF environment. The ex
HS in the MW plasma relative to the HF environment lea
to increased S and S2 formation ~via reactions 3 and 4! and
consequently, increased deposition of sulfur.

Reaction 1 is an overall equilibrium consisting of ma
intermediate step reactions, in which the chemistry is in
ated by H-abstraction from CH4 and H2S to form CH3, SH,
and H2 ~reactions 5 and 6!. Both of these reactions are the
modynamically favored (DGreac,0) over the temperature
range presented in Table I, although more so for H2S due to
the lower bond dissociation energy for the H–S bo
(399 kJ mol21) compared with the C–H bond
(435 kJ mol21).37 The CH3 and SH radicals may then coup
to form the predicted species CH3SH ~reaction 7,DGreac

,0 for Tgas51100– 1600 K!. Reaction 7 is predicted to b
the major route to CH3SH as the alternative processes~i.e.,
reaction of either CH3 and H2S, or SH and CH4, to produce
CH3SH and H! are thermodynamically unfavorable (DGreac

.0) for Tgas51100– 1600 K. Table I shows that, atTgas
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.1600 K, CH3SH can undergo successive H-abstraction
actions to yield CS~reaction 8!. Although this overall pro-
cess is much less thermodynamically favorable than
competing reaction 9~attack by H to form CH4 and SH!, the
initial abstraction of H~reaction 10! is favored. So once re
action 10 has occurred, successive abstractions of H
result in the formation of CS. This CS goes on to form C2

via ~the favored! reaction 11.
Figure 7 illustrates the multistep conversion of CS2 and

H2 in the HF reactor to reform H2S and CH4. This is in
effect the reverse of overall reaction 1 which, although u
favorable forTgas.1200 K, will be driven in the cooler re
gions of the reactor where H2 and CS2 concentrations are
high ~and are essentially the input gas mixture!. Diffusion of
the products into the hotter regions leads to the formation
CH3 ~the diamond growth species!, thus allowing the depo-
sition of diamond from such gas mixtures, as previou
reported.12 This process, whereby the input gases react p
to entering the hot region of the reactor, has many simil
ties with the mechanism for CH3 production from HF acti-
vated C2H2 /H2 gas mixtures proposed in Ref. 38.

It is interesting to note that, despite the high input co
centration of CS2 in the 1% CS2 /H2 gas mixture, no CS was
detected in either the HF or MW MBMS experiments~Fig.
7!. The reason for this may be thatTgas is lower for the 1%
CS2 /H2 plasma than the H2S/1% CH4 /H2 plasmas. This is
indicated by the larger size of the plasma ball in the form
case~at a fixed power input! resulting in a lower power den
sity, and thus a lower average temperature, within
plasma. The formation of CS from CH3SH ~reaction 8! be-
comes unfavorable forTgas,1200 K. The uncertainty in the
calculation ofDGreac for this reaction is;40 kJ mol21, cor-
responding to an error of;200 K in the temperature quote
above. Reaction 8 is thus calculated to become unfavo
thermodynamically within the range 1000,Tgas,1400 K. If
the outlying regions of the 1% CS2 /H2 plasma are within
this temperature range, then the reverse reaction now
comes spontaneous. The resultant CH3SH then reacts with
atomic H to produce CH4 and SH~reaction 9!. The residual
HS radicals formed within the 1% CS2 /H2 MW plasma~via
reaction 2 and the reverse of reaction 7! could then diffuse to
the cooler regions of the chamber and react to form S an2

~see reactions 3 and 4!, leading to the observed sulfur dep
sition on the cool chamber wall.

Deposition from a 0.5% CS2 /H2 MW plasma yielded a
diamond film of good crystal quality, containing;0.05%
sulfur ~as detected by XPS! but with a resistivity signifi-
cantly greater than that measured for the H2S grown ex-
amples. This indicates that in this case either~a! the S had
not been incorporated into the diamond lattice in an el
tronically active form, or~b! there were an even greater num
ber of compensating defects and acceptor states. This
vides further evidence for the role of CS as a route
electronically active sulfur incorporation, since no CS w
detected by MBMS in the CS2 /H2 plasma ~as discussed
above!.
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V. CONCLUSIONS

H2S has been added to 1% CH4 /H2 gas mixtures in both
HF and MW activated CVD. Little effect on film morphol
ogy or growth rate was observed for HF grown diamo
films, even at high doping levels~1% H2S in the gas phase!,
and little or no evidence was seen for S incorporation i
these films. In contrast, deposition from MW plasm
yielded diamond films of which the morphology, degree o
incorporation, and electrical resistivities all varied with th
level of H2S addition.

Detailed investigations of the gas composition in bo
MW and HF reactors using MBMS techniques have provid
new insights into the fundamental chemistry occurring in
gas phase. A mechanistic interpretation of these experime
results has been proposed, using simple thermodynamic
siderations, which accounts for the observed differences
tween the HF and MW diamond deposition techniques.

The present study suggests that CS may be respon
for the incorporation of S into the diamond lattice of CV
films grown from H2S/1% CH4 /H2 gas mixtures, and tha
the production of CS is crucially dependent upon the volu
of gas that can attain a sufficientTgasfor both the production
of CS2 and the subsequent buildup of CS to take place. T
suggests that one route to larger S incorporation levels wo
be to use higher power MW systems or hotter deposit
processes, such as arc jets, in which large volumes of
acquire the necessaryTgas.

However, even with S incorporation levels of 0.2%, t
polycrystalline films were too resistive to be useful for ele
tronic devices. This does not rule out the possibility tha
may be acting as a truen-type dopant, however, since it i
possible that in these polycrystalline films there are a gr
many defects which could act as compensating accep
soaking up the donated electrons from the S. Thus the fi
appear to be much more resistive than would normally
expected for a trulyn-doped material. Unless this problem
solved, the implementation of S-doped diamond may be l
ited to single crystal homoepitaxial films, for which condu
tivities and carrier mobilities may be sufficient to allow th
fabrication of useful electronic devices.
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