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Abstract

Microwave plasma enhanced chemical vapour depositieviD) has been used to grow sulfur doped diamond films using a
1% CH,/H, gas mixture with various levels of H S additi¢d00—5000 ppm upon undoped Si substrates. X-Ray photoelectron
spectroscopy has shown that S is incorporated into the diamond at number ddnsiti€80 that are directly proportional to
the H,S concentration in the gas phase. Four-point probe measurements showed the resistivity of these S-doped films to be a
factor of three lower than undoped diamond grown under similar conditions. Sulfur containing diamond film was also obtained
using a 0.5% C§'H, gas mixture, although the high resistivity of the sample indicated that the sulfur had been incorporated into
the diamond lattice in a different manner compared with the H S grown samples. Molecular beam mass spectrometry has been
used to measure simultaneously the concentrations of the dominant gas phase species present during growth, for a wide range of
H,S doping levels(1000—-10 000 ppm in the gas phas€S and CS have been detected in significant concentrations in the
plasma region as a result of gas phase reactions. Additional measurements from g/H4 @&ma gave similar species mole
fractions except that no CS was detected. These results suggest that CS may be the first step toward C—S bond formation in the
film and thereby a pathway allowing S incorporation into diamond. Optical emission spectroscopy has shown the presence of S
in both gas mixtures, consistent with the observed deposition of sulfur on the cool chamber©wall62 Elsevier Science B.V.
All rights reserved.
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1. Introduction atoms (e.g. P, O and As are larger than carbon,
) . ~ discouraging incorporation into the diamond lattice.
The many extreme physical and mechanical properties z|though nitrogen readily incorporates into CVD dia-
[1,2] of thin diamond films grown by chemical vapour nqnq fiims during growth, the resulting donor levels
deposm_on(CVD) have prompted Interest in .SUCh f|Ir_ns are too deef1.7 eV) for many electronic applications
for use in electronic devices. CVD diamond films which [6]. Phosphorus doped diamond films with n-type sem-
exhibit p-type _semlconducto_r properties are routlnely ico.nductor properties have been groWd, but these
grown by addition of B-containing gases such as dibor- 5 poor crystal quality and conductivity making

ane to the standard CVD gas mixtut@% CH,/H,) X ) S
[3]. Such films find use as electrodes for harsh electro- them unsuitable for some device applicatidgh How-

chemical applicationge.g. highly acidic solutions[4] ever, sulfur ion implantation in CVD homoepitaxial
and in UV detectors[5]. However, obtaining n-type diamond(100) films has been reported by Hasegawa et
semiconducting diamond films by CVD has proved more al. [9] to yield films with n-type conductivity, although
challenging, mainly due to the fact that potential donor the results of Hall effect measurements were not

- conclusive.
*Corresponding author. School of Chemistry, University of Bristol, ; ~ _
Cantock’s Close, Bristol BS8 1TS, UK. Tel+44-117-928-9927, Sakaguchi .a.md co Wozkei[io 12 rece.ntly reDm.ted
fax: +44-117-925-1295 th_at H,S addition to a 1% C{H, gas mixture during
E-mail address: paul.may@bris.ac.ukP.W. May). microwave plasma enhanced CMIMPCVD) leads to

0925-9635/02/$ - see front matt@ 2002 Elsevier Science B.V. All rights reserved.
Pll: S0925-963%01)00576-3



302 J.R. Petherbridge et al. / Diamond and Related Materials 11 (2002) 301-306

the growth of semiconducting, homoepitaxial diamond with a water-cooled double-walled chamber containing
films exhibiting n-type behaviour. Small H S additions a Mo substrate holder. This Mo was covered with a Si
(~100 ppm were found to improve crystallinity, where- wafer to prevent the Mo acting as a possible sink for S
as further increases in ;H S concentrations caused aspecies(since hot Mo readily reacts with S species to
reduction in crystallinity. Film growth rate was also form MoS,). Undoped Si substrates were placed on an
observed to decline with increaseg H S addition, how- alumina plate and thereby raised1 mm into the
ever the quality of the films(as assessed via Raman plasma, with the result that the substrate attained a
spectroscopywas found to be relatively insensitive to temperature of~900 °C, as measured by two colour
changes in B S addition. Relatively high Hall mobilities optical pyrometry. Deposition lagte8 h with a chamber
(597 cnt V' s') were measured10] for films pressure of 40 torr and applied microwave power of 1
produced using H S doping levels of 50-100 ppm. kW. The feedstock gases used were H ,,&Both with
However, more recent re-analysis of these sam[dl&ks 99.999% purity, and H S(99.5% purity. To obtain
found that the films exhibited p-type, rather than n-type, gas phase KH S levels below 1000 ppm, a cylinder of
semiconducting properties, suggesting that the increasedio H,S in H, was employed and diluted further using
conductivity was due to the presence of boron impurities appropriate flow ratios regulated by mass flow control-
within the film. Clearly, there remains some uncertainty lers. Experiments were also performed using a 0.5%
regarding the ability of B S doping to produce n-type CS,/H, gas mixture(using the vapour pressure above

conducting CVD diamond. _ _ a liquid sample of C$. Total gas flow for all deposition
Studies of the gas phase chemistry leading to depo-experiments was 200 sccm.
sition of n-type doped CVD diamond films remain rare. |t js important to stress that this microwave reactor

Dandy [14] presented thermodynamic equilibrium cal- has never been used for processing boron-containing
culations for B $CH,/H, gas mixtures, and concluded samples, nor had any B-containing gases ever been
that the sulfur precursor dopant species was most prob-introduced into it. The chamber was hence completely

ably the SH radical. Experimental measurements of gasp free, therefore removing the chance of accidental B-
phase species concentrations present during the growthontamination of the samples.

of sulfur doped CVD diamond films from H S have yet
to be reported, however. Molecular beam mass Spectrosy > g analysis
copy (MBMS) is a powerful technique for carrying out
such measurements. Hdl5] pioneered the use of

> - ; | Films were examined using scanning electron micros-
MBMS to investigate diamond CVD using GHH.,

; i ) copy (SEM) to determine film thickness and crystal
microwave(MW) plasmas. Gas in that experiment was morphology, by 514.5 nnéAr*) laser Raman spectros-

sampled via an orifice in the substrate, allowing analysis copy (LRS) to assess film quality, and by X-ray pho-

of the composition of the flux_incident to the diamond ;yajectron spectroscopy, XP$Mg K, excitation to
growth surface. Later studies in our group used MBMS 044 re sulfur content with a detection limit f.000

to sample gas directly from the plasma, thus probing o, The absolute values for the sulfur contéirg. the
the gas phase chemistry, with minimum perturbation 5. nymber ratip of the films was calculated by
from gas—surface reactions. This powerful technique hascomparing the areas of selected S pehkand C
been used to obtain absolute mole fractions of the gaspeaKS)’ following calibration using sensitivity factors

phase species present in a variety of gas mixtures, withy o0 riate for each element. Films were also analysed
and without dopant gas additions, in both hot filament by secondary ion mass spectrometi§IMS) [27] to
[16—%Qmand mlltcrovgafve _?ystl\t/legﬁlZSO—ZZ. Here wte ¢ check for impuritiege.g. boron which might affect the
ge%%ri es r$1 orI(ZSfL: a?:ti(c))nsm bsoltLrI1 as a funrzggﬁu:fe?;ezts 215 electrical properties of the film(detection limit ~1

P ’ putg ppm). Film resistivity was measured via four-point probe

" o ,

composition for_lj Sl.A) CH,/H, mixtures, and as a methods[28] at room temperature. Hall effect measure-

function of applied microwave power for a 1% 'S . )
ments were made at room temperature with applied

H, gas mixture. Optical emission spectroscopy.has peenmagnetic fields up to 2.3 T.
used in the past to probe the plasma chemistry in a
number of gas mixtures, including GJH, [23], O,/
CH,/H, [24] and CQ/CH, [25,24; this technique has

i 0
here been applied to both 1%,H % CH,/H, and Optical emission spectra were obtained using an Oriel

0.75% C$/H gas mixtures. InstaSpec IV spectrometer to disperse emission from the
2. Experimental plasma after exiting through a quartz view port, focusing
and passage through a quartz fibre-optic bun@é].
Light was sampled from the centre of the plasma ball
Diamond films were deposited using a 1.5-kW with a spatial resolution of~3 mm, and a spectral
ASTeX-style 2.45-GHz microwave plasma CVD reactor resolution<0.3 nm, over the wavelength range of 200—

2.3. Optical emission spectroscopy

2.1. Film deposition
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the H,S input level from 100 to 1000 ppiiFig. 1a,b
enhances the proportion dfL00) oriented facets but
further increasesto 5000 ppm, Fig. 1cresults in facets
with more rounded forms. Additions of 1000 ppm
H.,S to the plasma were also observed to cause deposi-
tion of a layer(~0.5 mm thick after a few houysof
yellow powdery sulfur on the colder parts of the cham-
ber (e.g. the walls and windows

Fig. 2a shows a gradual fall in film growth rates with
increased H S levels, consistent with observations made
by others[12]. The qualities of the diamond films were
measured by LRS, and are presented in Fidi)2dn
this case film quality(i.e. the ratio of sp :sp carbon
bonding is estimated by comparing the height of the
diamond peak at 1332 cnt E(d), to that of the
graphite feature at 1550 cm H(g). Both intensities
Fig. 1. SEM micrographs for films grown using,H S additions(af are defined relative to aestimated underlying spectral
100, (b) 1000 and(c) 5000 ppm to a 1% CkfH, MW plasma and background attributed to photoluminescer@€]. Fig.
(d) film growth from a 0.5% C§/H, MW plasma. Conditions: total ~ 2b(i) illustrates the progressive decline in film quality
gas flow, 200 sccm; growth time, 8 h; substrate temperature;800  seen with increased H S addition, although we note that
pressure, 40 tor(MW); 1-kW applied microwave power. even the most highly doped samplgrown at a $C
input ratio of 0.9 is of good quality, as indicated by
the prominent Raman peak at 1332 tin[see Fig.
2b(ii)].

520 nm. Spectra obtained for the 1% H186 CH,/H,
and 0.75% Cg'H, gas mixtures were ratioed against a

. ) .
background spectrum recorded using a 100% H mixture Fig. 2a(i) shows the results of XPS analysis of the

in order to highlight effects of K S or GS addition. films. Films deposited with< 100 ppm H S in the gas
2.4. Molecular beam mass spectrometry mixture showed no S incorporatiotbelow the XPS

. L 0 .
A full description of the MBMS system and gas Qetecuon lim) but th_ereafter th_e %S de_tect_ed in the
films was found to increase linearly with increased

sampling technigue has been published previo{0}. H,S/CH, in the input gas mixture. Note that the
Sampled species are ionised in the source region of the 2 4 |

. X incorporation efficiency even at the higher gas phase
mass spectrometer by electron impact with the electron L : s
IO S ! H,S levels is still comparatively lowithe S C ratio in
ionisation energy user-selectable in the range of 4-70

eV. The electron ioniser energies used to detect speciesEhe deposited films is only- 1/200 of that in the input

of current interest were: H, CH and @S 16.0 eV, gas m_|xture. Nelther X.PS nor SIMS revealed any
) . indication of contamination by B or other unexpected
C,H, 13.2 eV (to preclude signal due to the cracking
. i X n- or p-dopant atoms. We note that XPS averages the
of C,H, occurring above 13.5 eV H,S 13.2 eV; CS .
Y . . signal over the whole area of the substrétecn?), and
13.6 eV (to minimise signal from C® occurring above

. so the position of the S within the film cannot be
cl:f’égki(re}\g;) o&flrguci)o&:.&%\/e();[? reduce signal from determined. Depth profiling shows that the S is uniform-

. . ly distributed throughout the film depth, and not just at
Two sets of species mole fractions were measured.the surface, but the spatial resolution of the technique
Firstly, H,S (0—10000 ppm was added to a 1% ' P q

. R is insufficient to determine if the S is concentrated in
CH,/H, gas mixture maintaining the MW power con- say, grain boundaries
0 g@.{ i ! '

stant at 1 .kW' Secondly, a 1% 2 Mixture was Four-point probe measurements at room temperature
introduced into the chamber, and the applied MW power . e

) show a clear drop in resistivity between undopg&d4
was varied. The chamber pressure for all MBMS exper- Q-cm) and doped sample€100 and 1000 ppm H S
Iments was 20 torr and, in each case, t_he samplmg~2000_cm)’ as illustrated in Fig. 2di ). Unfortunately,
orifice was positioned at the same radial distance frqm due to the high resistivity of these films, measurements
the centre of the MW plasma ball as the substrate during '

. . Lo of Hall voltage resulted in values below the noise level
deposition. The correction and calibration procedures of the experiment. Therefore. the observed small dro
applied are as used in previous MBMS studi#é—21. b ) ’ P

in resistivity may simply reflect the increasing number
3. Results of grain boundaries and $p carbon content with increas-
ing H,S addition, rather than any true doping effect.
One film was also deposited on Si using a 0.5%
Fig. 1a—c shows that there is a marked variation in CS,/H, gas mixture. This film exhibited good crystal-
film morphology with increased H S input level. Raising linity (see Fig. 1d and gave a clear diamond Raman

3.1. Film deposition results
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Fig. 2. Plots of(a) film growth rate (measured by cross-sectional
SEM) vs. H,S addition for films grown in B 8% CH,/H, gas
mixtures. (b)(i) Film quality; and (ii) an example laser Raman
spectrum (514.5 nm excitation for a sample grown using a
0.5% H,$¥1% CH,/H, gas mixture. Film quality is defined as the
ratio of the height of the diamond peak at 1332 ¢mH(d), to the
height of the graphite band at 1550 cti H(g), with both heights
are measured relative to atestimated underlying spectral back-
ground attributed to photoluminescende) Plots of (i) S content
(S/C ratio as measured by XPSand (ii) four-point probe resistivity
values of films vs. H S addition to a 1% G/H, MW plasma(again
quoted as &C ratio). Conditions as presented in Fig. 1.

peak at 1332 cm®* . XPS showed th¢CScontent of
the film to be ~0.16% but four-point probe measure-
ments revealed the film to be significantly more resistive
than the S-doped samples deposited from H%

A layer of S was deposited on the cool chamber walls,
similar to that observed in the previous, H S addition
experiments.

3.2. Optical emission spectroscopy

Fig. 3 shows the ratioed emission spectra fran a
1% H,S/1% CH,/H, vs. that from a 100% B plasma
and (b) 0.75% C$/H, compared to 100% ki . Both
spectra are dominated by emission in the wavelength
range 290-540 nm attributable to electronically excited
S, (B%X") radicals[30]. The emission is stronger for
the CS/H, mixture, as reflected by the distinct blue
colouration of the plasma observed when compared to
H,S/1% CH,/H, plasmas, probably due, in part at least,
to the higher S content in the former mixture. Weak
emissions due to CS are also observed from both
plasmas(at ~257 and ~266 nm, associated with the
AMI-XZ* transition[30)).

3.3. Molecular beam mass spectrometry

Fig. 4a shows how the mole fractions of the species:
CH,, CH;, GH,, H,S, CS and CS vary with increased
H,S addition(0—10 000 ppmto a 1% CH,/H, plasma.
CH,, C,H, and CH, are all seen to decline, while CS
and CS mole fractions are seen to rise. Presented in Fig.
4b is the dependence of species mole fraction on applied
microwave power, for a 1% G®$H, gas mixture.
Increasing the microwave power, at least over the range
illustrated in Fig. 4b, has little effect on the relative
concentrations of all species, but, in contrast with the
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Fig. 3. Ratio plots of(a) 1% H,$1% CH,/H,100% H, and(b)

CH,/H, gas mixtures, suggesting that, in this case, S ¢.759% cs/H,:100% H, optical emission spectra. Conditions: total

had been incorporated into the film in a different form.

gas flow, 200 sccm; pressure, 20 torr; 1-kW applied microwave power.
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Fig. 4. MBMS results of(a) species mole fraction vs. H S addition
to a 1% CH/H, gas mixture andb) 1% CS/H, gas mixture meas-
ured for various applied microwave powers. Gas was sampled from
the edge of the MW plasma 23 mm from the plasma centre. Con-
ditions: 20 torr, 1-kW applied microwave power. Ke&y®) CH,, (X)
C,H,, (A) CHj, (O) HS, (A) CS,, (O) CS.

H,S/1% CH,/H, gas mixtures, no measurable amounts
of CS were detected. The ¢&1, plasma was also
noted as being significantly larger in size than that for
H,S/1% CH,/H, gas mixtures(for the same applied
microwave power. No detectable levels of SH, S or
S, were observed in either of the MBMS experiments.

4, Discussion

H,S addition to 1% CH/H, MW plasmas allows the
incorporation of significant amounts of @s indicated
by XP9 into the CVD diamond film, althouglfa) the
incorporation efficiency is still low(i.e. the §C ratio
in the films is ~1/200 of that in the input gas mixture
and (b) it cannot be determined if the S is concentrated
at grain boundaries in these polycrystalline samples.
Deposition from a 0.5% C3H, MW plasma also
yielded a diamond film of good quality, containing
sulfur, but with a resistivity significantly greater than
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observed drop in Ckl mole fraction with increased H S
addition (Fig. 49, consistent with the assumption that
CH; is the major diamond growth precursor in low
pressure low power CVD reactof82,31,32.

A detailed model for the gas phase chemistry based
upon these observations is presented elsewfslebut
the main points are summarised here. The dominant
overall chemical process for these/€/S systems is
presumed to be Reactidil), involving the equilibrium
between CHH and H S, and GS and H . The Gibbs free
energy for this reactionAG,.,, is positive at7<1100
K, but becomes increasingly negatifee. favouring
producty as the temperature is increased, reaching
—85.0 kJ mot'* at 1600 K.

CH,+2H,S= CS,+H,

Reaction(1) as written is, of course, a resultant of many
elementary forward and reverse steps in which the
chemistry is initiated by H-abstraction from GH and
H,S to form CH;, SH and H . The resulting GH and
SH radicals can combine in the presence of a third body
to form CH; SH, which can then undergo successive H-
abstraction reactions to yield CS. Further reaction with
SH can result in the formation of GS .

Fig. 4b illustrates the operation of the reverse of
Reaction(1) in which CS, and H are converted to,H S
and CH, in the cooler regions of the reactor where both
H, and CS concentrations are highe. essentially the
input gas mixturg. Diffusion of these products into the
hotter regions leads to the formation of CHthe
diamond growth specig¢sthus allowing the deposition
of diamond from such gas mixtures, as demonstrated
here and previously34]. Such transformations within
the input gas mixture prior to sampling the hotter regions
of the reactor has many analogues with the recently
deduced mechanism for GH production from G/H,
gas mixtureq35].

One possible explanation for the deposition of solid
sulfur onto the chamber walls when running both
H,S/1% CH,/H, and CS/H ,plasmas is that a propor-
tion of the SH radicals produced within the plasma
diffuse out to the cooler regions of the reactor, where
they recombine to form S — some of which is
electronically excited and thus detected in the OES
spectrum(Fig. 3). The S species then aggregate to
form larger S clusters, which then deposit as solid S
on the chamber walls.

It is interesting to note that, in spite of the high input
concentration of CS in the 1% G&H, gas mixture, no

Reaction(1).

that measured for the H S grown examples, suggestingCS was detected by MBM$Fig. 4b). The reason for

that in the case of growth from G&H, gas mixtures
the S had either been incorporated into the diamond
film in a different form, or that it had had less of an
effect upon the crystallinity. The observed drop in film
growth rates with increased ,H S addition to a
1% CH,/H, gas mixture(Fig. 28 correlates with the

this may be thaf,.sis lower for the 1% C$/H ,plasma
than the H 1% CH,/H, plasmas. This is suggested
by the larger size of the former plasma b&lk a fixed
power inpu) which would result in a lower power
density, and thus a lower average temperature, within
the plasma. We note, however, that CS was detected by
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OES in the 1% C&H, plasma, implying thatcom-
pared with MBMS OES is a more sensitivéalthough
not quantitativg detection method for such radical
species. Additionally MBMS failed to detect any
S,, whereas OES detected this species
H,S/1% CH,/H, and CS/H, plasmas. As discussed
above, $ is predicted to form in the cooler regions of

the plasma. OES monitors a column of plasma, including
the cooler outer parts, whereas the present MBMS (13
arrangement samples gas from deeper into the plasma.

It seems likely therefore that the non-observation of S
by MBMS reflects the fact that(a) it is a relatively

insensitive technique for short lived radical species; and [16]

(b) it is not sampling the plasma in the region where
S, concentrations are maximal.

In conclusion, detailed investigations of gas compo-
sition in both H $1% CH,/H, and CS/H, MW

plasmas using MBMS and OES techniques have provid- [19]

ed new insight into the fundamental chemistry occurring

in the gas phase. We speculate that CS may well be the 20

dominant species responsible for the inclusion of S into
the diamond films.
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