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Thin films were produced by plasma enhanced chemical vapor deposition from propanol–chloroform–argon
mixtures. Themain systemparameter studiedwas the percentage of chloroform in the chamber feed, CCl. Plasma
polymers dopedwith chlorinewere produced at deposition rates of up to 110 nmmin−1. As revealed by infrared-
and X-ray photoelectron spectroscopy, the films consisted of a hydrogenated carbon matrix with a carbon con-
tent of at least 80 at.%, and a roughly constant oxygen content of about 12 at.%. A maximum chlorine content
of ~8 at.%was obtained. The surface contact angle of thefilmswas around 75°, andwas reduced slightly at greater
chlorine contents. Optical properties were obtained from ultraviolet–visible-near infrared spectroscopic data.
While the refractive index of the films was around 1.56 independently of CCl, the chlorinated films showed a dis-
tinct optical gap of ~2.5 eV compared to ~1.9 eV for the unchlorinated film.
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1. Introduction

Plasmas containing chlorine or chlorine-containing species have
long been used to alter the properties of surfaces. Inagaki et al. [1,2],
for example, used CCl4 plasmas to introduce chlorine (and oxygen)
onto the surfaces of conventional polymers, thus, for example, decreas-
ing the surface contact angle of polypropylene [1]. Similarly, the same
group also reported the chlorination of polypropylene in chloroform
plasmas, thereby reducing the contact angle from 95° to 73° [2]. Rough-
ly a decade later, Upadhyay and Bhat reported the treatment of polypro-
pylene in chloroform, carbon tetrachloride or dichloromethane plasmas
[3]. Tyczkowski et al. [4] improved the peel-strength of rubber surfaces
by treating them in CCl4, Cl2 or CHCl3 plasmas.More recently, Lu et al. [5]
used a plasma fixed-bed reactor to chlorinate Poly(Vinyl) Chloride
(PVC) particles to 67 at.%. Chlorine-plasma treatment of organic light-
emitting diodes is known to improve the efficiency and reliability of
these devices [6].

Over the last fewyears, atmospheric pressure plasmas have begun to
be studied for the deposition of chlorinated films [7,8]. Atmospheric
plasmas fed with C4Cl6 or C2H2Cl4 can produce stable chlorinated films
[7]. Both C–Cl and C–Cl2 functionalities can be detected in the films by
X-ray photoelectron spectroscopy (XPS). Chlorinated thin films have
also been deposited onto zinc-plated steel wires from dichloromethane
plasmas [8].
).
Despite being awell-established technique, cold, lowpressure plasma
deposition for the production of chlorinated thin films has received rela-
tively little attention. Chlorinated silicon dioxide films have been pro-
duced by remote plasma enhanced chemical vapor deposition (PECVD)
of SiCl4, O2, Ar and H2, but thematerial produced under optimized condi-
tions is close in stoichiometry to that of SiO2. To retain densematerial re-
sistant to water absorption the chlorine content should not exceed
2.6 at.% [9]. Chlorine in doped silicon dioxide films can passivate sodium
ion impurities and neutralize dangling bonds in gate dielectrics for use in
ULSI (Ultra Large Scale Integrated) circuits (Ref. [9] and references there-
in). Thus in such applications the emphasis is on retaining desired elec-
tronic or optoelectronic properties while improving film stability rather
than on obtaining chlorinated films. Similarly, Arai et al. [10] produced
a-Si:H(Cl) and μc-Si:H(Cl) films from mixtures of dichlorosilane, silane
and hydrogen by PECVD. The resulting films showed high photoconduc-
tivity, ~10−6 to 10−5 S cm−1, under an illumination of 100 mW cm−2.
Increases in electrical conductivity of about five orders of magnitude to
the 10−5 to 10−3 S cm−1 range were obtained by the PECVD of pyrrole
or thiophenewith chloroform [11]. Again, thefilmswere not highly chlo-
rinated, having a maximum chlorine content of ~4 at.%.

Chlorine-containing plasma polymers potentially have diverse ap-
plications. For example, plasma polymerized trichloroethene coatings
with Cl contents of up to 43.2 at.% show strong antimicrobial properties,
specifically against Staphylococcus epidermidis [12]. The dyeability of
cotton and polyester can be improved by treatment in dichloromethane
plasmas [13].

Cold plasma deposition from chloroform–acetylene–argon mixtures
has also been demonstrated [14]. As revealed by XPS analyses, chlorine
contents of up to 47.5 at.% can be obtained. The Tauc optical gap of the
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Fig. 1. a. Deposition rate as a function of the percentage of chloroform in the feed, CCl. The
film thicknesses (in nm) for depositions at increasing values of CCl (from 0 to 40%) were,
respectively, 524, 786, 1241, 1678 and 1679. b. Film surface roughness (Ra) as a function
of CCl.
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depositedmaterial could be controlled in the 1.7 to 2.8 eV range, depend-
ing on the proportion of chloroform in the reactor feed. An even higher
Tauc gap, of 2.97 eV, was reported for a film produced by plasma immer-
sion ion implantation and deposition (PIIID) of an acetylene–chloroform
mixture [15]. Chlorine contents as high as 62.4 at.% can be reached [16].

In the presentworkfilmswere produced from cold plasmas fedmix-
tures of propanol, chloroform and argon (CH3(CH2)2OH, CHCl3, and Ar).
The key parameterwas the proportion of chloroform in the feed, CCl. De-
position rates and surface contact angles were measured; infrared- and
X-ray photoelectron spectroscopic analyses weremade. From transmis-
sion ultraviolet–visible spectra and film thickness data, refractive indi-
ces, absorption coefficients and optical gaps were calculated.

2. Experimental

Films were produced by PECVD in a conventional in-house built ra-
diofrequency systemdescribed in detail elsewhere [17]. In brief, a cylin-
drical stainless-steel chamber is fed gases via precision flowmeters and
vapors of liquid monomers from glass vessels sealed by needle valves.
The chamber holds horizontal parallel-plate electrodes, of 100 mm di-
ameter, set 50mmapart.While radiofrequency power (forward applied
power 70 W, 13.56 MHz, Tokyo Hy-power RF-150 supply), was fed to
the lower electrode via a matching network (Tokyo Hy-power MB-
300), the upper electrode was earthed. A base pressure of about
1 mPa could be reached prior to deposition using an Edwards diffusion
pump. During depositions the system was evacuated continuously by a
rotary-vane pump (Edwards, E2M18).

Propanol and chloroform vapors were fed to the chamber via glass
vials containing the liquid monomers, and closed by needle valves (Ed-
wards, LV10K). Argon was introduced via precision mass flow control-
lers (MKS, maximum range 10 sccm). For the depositions, a total
pressure of 53.4 Pa and a fixed propanol pressure of 26.7 Pa established
in the absence of the discharge were used. The partial pressure of chlo-
roform in the feed, CCl, was varied from 0 to 40%, while the pressure of
argon was correspondingly decreased.

Substrates of dimensions (mm) of 10 × 20 × 2 were placed on the
lower electrode. The choice of the substrate depends on the subsequent
proposed analysis. Glass, polished stainless-steel, aluminum and quartz
were used, respectively, for analyses by Profilometry and Goniometry,
Infrared reflection-absorption spectroscopy (IRRAS), X-ray photoelec-
tron spectroscopy (XPS), and Transmission ultraviolet visible spectros-
copy (UVS).

Film thickness, d, wasmeasured by profilometry of a film step-height
prepared by film deposition on a partially-covered glass slide. Nine hor-
izontal scans of 2000 μmobtainedusing aVeecoDektak 150profilometer
were taken. From the deposition time, t, the deposition rate, R, was ob-
tained by employing the relation R=d / t. Using a Ramé-hart 100-00 go-
niometer, surface contact angles were measured on drops of distilled
deionized water placed on the film surface. Thirty measurements per
film were taken. A Jasco FT/IR-410 was used for Infrared reflection-
absorption spectroscopy in the 4000 to 600 cm−1 range. A resolution
of 4 cm−1 was achieved; 128 scans per spectrum were accumulated.
For the XPS analyses a VG Microtech-ESCA 3000 spectrometer, which
employs a beam of MgKα radiation (1253.6 eV) at an incidence angle
of 45°, was used. Sample surfaces were analyzed without sputter
cleaning. The resolution was about 0.8 eV. Ultraviolet–visible-near infra-
red spectroscopy (UVS) was carried out suing a Perkin-Elmer 1050 in-
strument to obtain transmittance spectra in the wavelength range from
190 to 3300 nm. The resolution was 0.2 nm or better over this range.

3. Results and discussions

3.1. Deposition rate and roughness

Fig. 1a shows the deposition rate, R, as a function of CCl. As can be ob-
served from the figure, R increases with from ~10 to ~110 nmmin−1 as
CCl is increased from zero to 40%. Thus plasmas fed propanol (and
argon) form films at a relatively low rate, presumably from CHx precur-
sors. It is also known that CHCl3 or CHCl3–Ar plasmas do not deposit
films. The marked rise in R (by more than an order of magnitude) as
CCl increases is therefore noteworthy.

Owing to the bond strengths of C–H and C–Cl, of 4.4 eV and 3.5 eV,
respectively [7], the latter are more readily broken. Chlorine may be
lost as HCl, which is consistent with the small incorporation of chlorine
determined by IRRAS and XPS, to be discussed later.

To our knowledge the electron density and electron energy distribu-
tion function have not been studied in cold plasmas of propanol or chlo-
roform. In high power pulsed RF plasmas (300 ms at 400 W) of CHCl3
highly diluted in H2, however, chlorine-containing species are known
to be practically eliminated and, in a few milliseconds, converted to
such species as HCl, CH4 and C2H2 which are then converted to the rad-
icals CH3, Cl and H [18]. Despite the differences in the initial plasma
composition and applied power used compared to those employed in
the present study, we speculate that the net result is similar, producing
CHx, Cl andH. The CHx radicals are probably thefilmprecursors, while Cl
and H are lost relative to their values in the chamber feed.

A little Cl is retained in the growing films but Cl also causes etching,
whichmay explain the stability of the deposition rate as CCl is increased
beyond 30%. Film surface roughness, Ra, calculated from film profiles, is
shown in Fig. 1b. The observed increase in roughness at greater CCl is
consistent with greater etching.



Fig. 2. Surface contact angle as a function of the percentage of chloroform in the feed, CCl.
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3.2. Surface contact angle measurements

Fig. 2 shows the surfacewater contact angle, θ as a function of CCl. Ir-
respective of CCl, the surface contact angle is always around 75°. Thus
the structural and compositional modifications observed in the films
are insufficient to significantly modify θ. The value of 75° is consistent
with that of conventionally conjugated PVC of ~74° [19], and somewhat
above that of conventional polyethylene ~66° [20]. There is a slight ten-
dency, however, for the contact angle to be reduced by a few degrees by
chlorination. This is consistentwith trends observed, for example, in the
surface chlorination of styrene–butadiene rubber (F435) in CHCl3
plasmas at 80 W [4].
3.3. Infrared spectroscopic analyses

Fig. 3 shows the transmission infrared spectra of the films, deposited
onto polished stainless-steel substrates, over the 400 to 4000 cm−1

range. All the spectra exhibit absorption peaks at 2950, 2900 and
2850 cm−1 caused by CH, CH2 and CH3 groups, respectively. Owing to
absorptions by CH2 and CH3 groups, respectively, all the spectra show
bands at 1450 and 1380 cm−1.
Fig. 3. Transmittance infrared spectra of films deposited at different values of CCl.
At low CCl the absorption at ~3500 cm−1 attributed to OH is absent
or weak but is prominent at a CCl of 40%. An absorption at 1700 cm−1

is also detected in all the spectra, and is attributed to the presence of
C_O structures.

No absorptions attributable to C–Cl stretching absorptions were de-
tected at ~770 cm−1, whichmay simply reflect the low Cl content even
for the most chlorinated film (~8 at.% as measured by XPS, and de-
scribed below).

Fig. 4 shows the relative concentrations of the species CH (in CH3

groups) and C_O in the films as a function of CCl. These tendencies
were obtained using the method described by Lanford and Rand [21]
using the absorption bands at 1380 cm−1 and 1700 cm−1, respectively.
The chlorinated films show greater concentrations of CH in CH3 groups
than the film deposited without chloroform in the feed. A subsequent
trend to lower [CH] in CH3 groups, however, is observed in the decline
in the curve for CH beyond an RCl of ~10%.

Although the oxygen content of the films is roughly constant (as re-
vealed by XPS analyses to be presented later), the density of C_O
groups also tends to decrease for CCl N 10%. Infrared absorptions caused
by OH are only clearly visible for CCl ≥ 20%, however (Fig. 3), indicating
that in these conditions oxygen is bound as OH rather than C_O.

3.4. X-ray photoelectron spectroscopic analyses

Fig. 5 shows the concentrations (at.%) of chlorine, oxygen and car-
bon determined in the films using XPS. The hydrogen content has
been ignored since it cannot be quantified using this technique.

An increase in [Cl] is observed as CCl is increased but the maximum
concentration is only ~8 at.%. This result is consistent with the absence
of C–Clx absorptions in the IRRAS spectra.

The oxygen content of the films is roughly constant at ~12 at.%. Ox-
ygen is present in the propanol molecule, and is also known to arise
from post-deposition reaction of free-radicals trapped in the film and
ambient oxygen and water vapor [22–23]. The films, however, are
oxygen-poor considering that the oxygen content predicted from the
stoichiometry of the propanol is 25 at.% for the film deposited without
chloroform in the feed. As CCl is increased from0 to 40%, the carbon con-
tent decreases from ~88 at.% to ~80 at.%, while the chlorine content in-
creases from 0 to ~8 at.%.

The C1s peak is sensible to the local atomic environment of the C
atoms but the low Cl content and the relatively high O content of the
films impedes useful information being extracted by deconvolution of
this peak.
Fig. 4. Relative concentration of CH and C_O bonds as a function of the percentage of
chloroform in the feed.



Fig. 5. Elemental composition, determined by XPS, of the films deposited at different CCl.
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3.5. Optical properties

Fig. 6 shows the transmittance ultraviolet–visible-near infrared
spectra in the 200 to 2000 nmwavelength range. For clarity the spectra
are offset in the vertical direction. Well-defined interference extrema
are clearly observed.

Using the spectra of Fig. 6 and the film thicknesses (given in the leg-
end of Fig. 1a), refractive indices and absorption coefficientswere calcu-
lated. Fig. 7 shows the absorption coefficient of each film as a function of
the photon energy.

The refractive index of the films was in the 1.54 to 1.58 range inde-
pendently of CCl. We have not found independent measurements of
the refractive index of plasma polymerized propanol. Films deposited
in plasmas fed acetylene [25] ormethanol [26], however, have refractive
indices of about 1.75 and 1.69, respectively. These are higher than that
Fig. 6. Transmission ultraviolet–visible near-infrared spectra of films deposited at diffe
of the film deposited from propanol without chloroform in the feed,
namely ~1.56. The difference is attributed to the similar but not identi-
cal monomers, the different reactor geometries, applied powers and
plasmogenic gases employed. The refractive indices of the chlorinated
films, however, are consistentwith that determined for a film deposited
from an acetylene–chloroform mixture, namely 1.59 ± 0.04 [15].

Taking the refractive index, n, of the films to be governed by the
Clausius–Mossotti equation, n depends on the density, molecular
weight and polarization characteristics [27], it can be inferred from
the roughly constant values of n either that these factors vary in a com-
pensating fashion or that they show little variation.

An increase in the density of C–Cl bonds at the expense of C–Hbonds
tends to increase the refractive index of conventional polymers since
the former have more polarizable bonds [28,29]. A similar mechanism
might occur in amorphous films. In the present study, however,
rent CCl. To aid visualization, the spectra have been offset in the vertical direction.



Fig. 7. Absorption coefficients as a function of the photon energy of films deposited at different CCl.
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significant densities of C–Cl were not detected in the infrared spectra
but XPS analyses show Cl to be present at a few at.%. Even though C–
Cl groups are likely present in thefilms, and thefilmC content decreases
with increasing CCl, the relative density of CH groups is greater for
CCl N 0% (Fig. 4), thus overall C–Cl bonds are not produced at the expense
of C–H bonds.

Fig. 8 shows the Tauc gaps [24] (calculated form Tauc plots, not
shown). The chlorinated films all show ETauc values of ~2.5 eV, which
are well above that of the unchlorinated film (~1.9 eV). Although the
maximum Cl:C ratio is only 0.1, C–Cl bonds have lengths of 176 pm
compared to ~106 pm for C–H bonds [30]. Thus the presence of C–Cl
bonds may decrease optical absorption and thus increase the gap. In-
spection of the curves of Fig. 7 confirms that there is usually a decrease
in absorption at any given photon energy as CCl is increased. A similar
factor influencing the gap is the tendency to greater densities of C–OH
at the expense of C_O bonds as CCl increases, which may also modify
absorption since the respective bond lengths are about 121 and
132 pm [30]. We also note in closing that polymeric a-C:H films have
optical gaps of ~3 eV [31], which is similar to those presented by the
chlorinated films of the present study.
Fig. 8. The Tauc gap of the films as a function of CCl. The spline is an eye-guide only.
4. Conclusions

Amorphous chlorinated polymers (a-C:H:O:Cl) may be readily pro-
duced from cold plasmas fed mixtures of propanol, chloroform and
argon in a simple RF plasma deposition system evacuated using a rotary
pump. Relatively high deposition rates of about 110 nm min−1 can be
achieved. There are few extant studies of such material. Propanol is a
cheap and widely available monomer. The chlorine content hardly in-
creases as the percentage of chloroform in the feed is raised beyond
~20%. A maximum Cl content of ~8 at.% is reached.

The refractive index of the films remains at about 1.56 independent-
ly of the chlorine content. In contrast, the chlorinated films show a
marked increase in their optical gap from roughly 1.9 eV to 2.5 eV, sug-
gesting possible application in optoelectronics.

An alternative application, not investigated here, is to use the chlori-
nated films as intermediate states for the attachment of other chemical
groups to the treated surface. There is the possibility that a selected
chemical group can displace chlorine at the film surface. This possibility
is suggested by the presence of hydroxyl groups in the chlorinated films
as shown by the infrared spectra (Fig. 3).
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