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One-step vapor-phase synthesis of transparent high
refractive index sulfur-containing polymers

Do Heung Kim'*, Wontae Jang'*, Keonwoo Choi’, Ji Sung Choi?, Jeffrey Pyun3'4, Jeewoo Lim?',

Kookheon Char*', Sung Gap Im'*

High refractive index polymers (HRIPs) have recently emerged as an important class of materials for use in a variety
of optoelectronic devices including image sensors, lithography, and light-emitting diodes. However, achieving
polymers having refractive index exceeding 1.8 while maintaining full transparency in the visible range still
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remains formidably challenging. Here, we present a unique one-step vapor-phase process, termed sulfur chemical
vapor deposition, to generate highly stable, ultrahigh refractive index (n > 1.9) polymers directly from elemental
sulfur. The deposition process involved vapor-phase radical polymerization between elemental sulfur and vinyl
monomers to provide polymer films with controlled thickness and sulfur content, along with the refractive index
as high as 1.91. Notably, the HRIP thin film showed unprecedented optical transparency throughout the visible
range, attributed to the absence of long polysulfide segments within the polymer, which will serve as a key com-

ponent in a wide range of optical devices.

INTRODUCTION

High refractive index polymers (HRIPs) (1), which generally refer
to polymers having refractive index (n) of greater than 1.6, are a
class of materials studied extensively because of their key role in a
wide range of optoelectronic applications (I-3). Because inorganic
semiconductors in advanced optical devices usually have n > 1.8,
HRIPs with similar refractive index are of substantial interest for
practical applications since polymers exhibit (i) superior mechanical
flexibility, (ii) better capability of fine-tuning of properties through
chemical modification, (iii) processability into a wide range of forms
including molded lenses, thin films, coatings, and composites, (iv) lighter
weight, and (v) lower cost compared to their inorganic counterparts.
To date, however, n of 1.8 in the visible and near-infrared (IR) region
is generally regarded as an upper limit in noncomposite polymers.
A widely used design principle for HRIPs involves the incorporation
of functional groups with high molar refraction into the HRIPs, where
the most widely used ones often contain sulfur (4, 5). Since the refractive
index of polymers increases with increasing content of high molar
refraction functional groups, direct polymerization of elemental sulfur,
such as inverse vulcanization, to achieve high-sulfur content polymers
was suggested as an attractive strategy toward HRIPs (I, 2, 6-8). How-
ever, elemental sulfur is generally not quite miscible with most organic
compounds (9), which strongly limits their application to generate a
wide range of sulfur-containing polymers (SCPs). Moreover, formation
oflong polysulfide chains is inevitable in the polymers synthesized from
elemental sulfur, which are highly susceptible to depolymerization to
monomeric cyclooctasulfur (Sg) (9-11). These issues must be addressed
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to establish reliable synthesis of sulfur-derived HRIPs with tunable
properties. Another problem associated with the direct polymerization
of elemental sulfur is the rapid vitrification of reaction mixture during
the radical copolymerization of molten sulfur (8), a phenomenon that
makes it extremely difficult to process the product polymers into
desired forms. The unique advantage of HRIPs over other high-»n ma-
terials lies in facile processing to create bespoke components, such as
molded lenses, coatings, and stacks. Most of all, although # > 1.8 across
the IR spectrum can be achieved from the one-step, bulk inverse
vulcanization reaction (12, 13), the materials show strong absorption
in the lower wavelength region of the visible range, rendering them
brownish red in color and thus not suitable for optical applications
that require high transparency in visible range. Developing methods
using elemental sulfur directly toward HRIPs with full transparency
over the entire visible spectrum and n > 1.8 still remains unsolved.

We demonstrate here a previously unknown vapor-phase deposition
method for sulfur polymerization, namely, sulfur chemical vapor
deposition (sCVD), which allows for a one-step preparation of high
sulfur content HRIPs. The process involves thermal homolytic ring
opening of gaseous elemental sulfur and subsequent polymerization
of the resulting radicals with vinyl-containing comonomers. A large
entropic gain, a characteristic feature in gas-phase mixing, allowed for
the use of various kinds of comonomers regardless of the miscibility
with the elemental sulfur in the liquid phase (14, 15). The vapor-phase
method was used to generate highly cross-linked SCP thin films directly
on a wide range of substrates. One of the most remarkable findings was
that the polymers from sCVD showed unprecedentedly high refractive
index exceeding 1.9 while being fully transparent in the entire visible range,
which is in marked contrast to previously reported polymers from SCPs
with similar sulfur contents (1, 6-7). The SCP films also exhibited excellent
environmental stability and chemical resistance, which is highly desirable
for their application to long-term optical device applications.

RESULTS

Deposition apparatus and vapor deposition
copolymerization of elemental sulfur

The schematic diagram of the sCVD apparatus, along with the syn-
thetic steps of SCPs through sCVD, is illustrated in Fig. 1 (A and B),
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Fig. 1. Synthesis of SCP films in vapor phase. (A) A schematic illustration of overall SCVD system. (B) SCP synthesis scheme from elemental sulfur and cross-linkable
comonomer: (1) elemental sulfur is evaporated from the heated crucible located at the bottom of the sCVD chamber and decomposed to form radicals; (2) the evaporated
elemental sulfur is cleaved to shorter linear sulfur diradicals by hot filament; (3) the sulfur diradicals activate the vaporized monomers to propagate the free radical
polymerization reaction; and (4) the heavily cross-linked SCP film is deposited on the surface of the substrate. (C) Cross-linkable monomers used in this study for sCVD
polymerization: BDDVE, DEGDVE, DDDE (1,11-dodecadiene), DDE (1,9-decadiene), HVDS (hexavinyldisiloxane), V3D3 (1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane), and
V4D4 (1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane). (D) A scanning electron microscope image of the 1600-nm nanopatterned Si wafer coated conformally

with 60-nm-thick SBDDVE film.

respectively. The sCVD chamber consists of a load cell for the evapo-
ration of elemental sulfur and vapor-phase delivery system for vinyl
comonomer. The substrate, equipped with a temperature-controlling
unit, is located at the top of the chamber, facing down toward the
sulfur load cell. The substrate temperature, T, not only must be low
enough to allow for the adsorption of monomers and/or early polymer
products but also must be high enough to propagate the polymeriza-
tion reaction stably on the substrate surface. The Ty in the range of
110° to 135°C was found to be optimal for this study. The distance
between the substrate and the load cell was determined so as to prevent
direct heat transfer from load cell crucible while ensuring sufficient
mass transfer of the reactants. An array of heating filament, located
between the substrate and sulfur evaporator source, was heated to a
temperature to ensure continuous generation of radicals from thermal
homolytic ring opening of the evaporated sulfur in the chamber.
The position and the temperature (350°C) of the heating filament
array were carefully tuned. Evaporating the elemental sulfur in the
sCVD chamber saturated with various comonomers vaporized from
the separate load cell allowed for the deposition of polymeric thin films
with high sulfur content onto the substrate. Various types of vinyl
ethers, allyl compounds, and vinyl silanes including 1,4-butanediol
divinyl ether (BDDVE) and di(ethylene glycol) divinyl ether (DEGDVE),
which could not be copolymerized with the molten sulfur due to their
lack of miscibility, could be polymerized successfully directly with
the elemental sulfur through the one-step procedure (Fig. 1C), which is
attributable to the homogeneous mixing of sulfur and the comonomer
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in the vapor phase (16). The vapor-phase polymerization method
allowed for conformal coating of SCP thin films on various sub-
strates, including 1600-nm nanopatterned Si wafer (Fig. 1D), glass,
silicon wafer, polyethylene terephthalate (PET), polyethylene naph-
thalate (PEN), polydimethyl siloxane (PDMS), polyimide (PI), latex,
and porous stainless steel mesh (see figs. S1 and S2). Considering
the difficulty in processing high sulfur content SCP into a uniform
thin film, the sCVD represents a major progress toward expanding
the applicability of the SCPs to films.

Polymer characterization

Differential scanning calorimetry (DSC) conducted on the SCP polym-
erized from BDDVE monomer and elemental sulfur [poly(sulfur-
co-1,4-butanediol divinyl ether) (SBDDVE)] showed no apparent peak
associated with the transition between o and B allotropes nor the
melting of elemental sulfur. Glass transition temperature (T,) was
detected from SBDDVE at 67°C and 36.5°C with 60 and 70 weight %
(wt %) sulfur contents, respectively (Fig. 2A). The T values are higher
than inverse vulcanization products between sulfur and divinylbenzene
(SDVB; Ty = 31°C for 70 wt % sulfur) (17), which is remarkable given
that SDVB contains aromatic groups, while SSDDVE from sCVD
does not. The results suggest that SBDDVE from sCVD is highly
cross-linked, which is consistent with x-ray photoelectron spectros-
copy (XPS) data discussed below. Similarly, in thermogravimetric
analysis (TGA), elemental sulfur showed total mass loss due to the
complete evaporation of the elemental sulfur, while a considerable
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Fig. 2. Physical properties of sCVD polymers. Thermal and structural properties of the SBDDVE: (A) DSC spectra of 60 wt % SBDDVE (blue), 70 wt % SBDDVE (red), and
elemental sulfur (black). a.u., arbitrary units. (B) TGA spectra of elemental sulfur (black) and 60 wt % SBDDVE (red). (C) X-ray diffraction (XRD) spectra of elemental sulfur
(black) and 60 wt % SBDDVE (red). (D) XRR spectra of 60 wt % SBDDVE film (red) and the corresponding curve fit (black). (E) Atomic force microscopy (AFM) image of the

60 wt % SBDDVE film along with (F) AFM phase image.

amount of residual fraction was observed with SBDDVE, similar to
the SCPs prepared from molten sulfur (Fig. 2B) (18). The DSC and
TGA results illustrate that the SBDDVE was not a mere mixture of
polymer with elemental sulfur but a tight SCP polymer network.
The x-ray diffraction (XRD) spectrum of the elemental sulfur
shows typical sulfur-related crystalline peaks (Fig. 2C) (19), whereas
no apparent crystallinity is detected from 100-nm-thick SSDDVE
film in XRD spectrum regardless of the sulfur content, indicating
that the SCPs are fully amorphous without unreacted residual sulfur
(see fig. S3, A to E). From the x-ray reflectivity (XRR) analysis,
the estimated density of the 50-nm-thick SBDDVE film was 1.58 g/cm’
(Fig. 2D), which is between those of elemental sulfur (~2 g/cm’) and
BDDVE (0.898 g/cm’), and the curve fit provides a good match with
theoretical model for homogeneous film composition, indicating that
the SCP composition is homogeneous, which is an advantageous
characteristic of the vapor-phase method (see Supplementary Materials
for more information about XRR). Atomic force microscopy (AFM)
also displays that the surface of SBDDVE film is extremely smooth
with the root mean square roughness of 0.365 nm without any notice-
able phase separation or recrystallization of elemental sulfur (Fig. 2E).
The AFM phase image indicated that the surface of the polymer was
homogeneous without any apparent phase separation (Fig. 2F).
Fourier transform IR (FTIR) spectrum of SBDDVE showed S—S
and C—S stretching at around 480 and 1080 cm™, respectively (Fig. 3B)
(17,20, 21). The spectrum also showed the peaks at 1100 and 2900 cm ™",
corresponding to the C—O—C and C—H stretching, respectively, from
BDDVE monomer (22, 23). The peak near 1600 cm ™', representing
the C=C stretching in BDDVE, was totally disappeared in the FTIR
spectrum of SBDDVE, indicating that radical addition polymerization
was performed fully between sulfur and divinyl comonomer (24).
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Considering the extremely low reactivity of vinyl ethers toward radical
homopolymerization (25, 26), SBDDVE thin films presumably con-
tain alternating polysulfide-vinyl ether structure. Copolymerization
of sulfur with various other vinyl ethers, allyl, and silane compounds
was also confirmed by FTIR spectroscopy (see fig. S3, F and G). FTIR
spectra of all comonomers used in this study showed C=C stretching
band at 1600 cm ™" (24), which disappeared after the polymerization
reaction. All FTIR spectra of SCPs showed characteristic sulfur-related
peaks including the peaks corresponding to S—S and C—S stretching
at around 480 and 1080 cm™, respectively, in accordance with the
reaction between sulfur chain and vinyl functional groups in the cor-
responding monomer. No sulfur-related peaks are detected in the
FTIR spectra of the corresponding polymers without sulfur incor-
poration. The SCPs from comonomers having ether moieties, SBDDVE
and poly(sulfur-co-di(ethylene glycol)divinyl ether) (SDEGDVE),
showed characteristic ether peaks at 1100 and 2900 cm ™, corresponding
to the C—O—C and C—H stretching peaks, respectively (22, 23). The
SCPs from allyl compounds, poly(sulfur-co-1,11-dodecadiene) (SDDDE)
and poly(sulfur-co-1,9-decadiene) (SDDE), also showed characteristic
peaks around 2900 cm ™, representing the C—H stretching, Analogously
in the FTIR spectra of polymers with organosilicon-containing
monomers including 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane
(V3D3), 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4D4),
and hexavinyldisiloxane (HVDS), the peak at 1260 cm™! corre-
sponding to the Si—C bond is observed (27, 28), confirming the full
retention of the characteristic functional groups of each monomer,
regardless of the monomer species. All the SCPs prepared by sCVD
had not been reported to date by other synthesis method to date, which
strongly suggest that a wide variety of SCPs can further be generated
directly from elemental sulfur through sCVD in expanded manner,
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Fig. 3. Chemical analysis of sCVD SCP films. (A) A synthetic scheme of SBDDVE polymerization via sCVD using elemental sulfur. Chemical composition analysis of SBDDVE:
(B) FTIR spectra of the elemental sulfur (top), SBDDVE (middle), and BDDVE monomer (bottom). Ether (C—O—C, 1100 cm™") and vinyl (C=C, 1600 cm™") peaks found in the
monomer moiety are highlighted in blue, and sulfur (5—S, 480 cm™';C=S, 1080cm™) peaks found in the sulfur moiety is highlighted in red. (C) XPS survey scan spectrum
of SBDDVE-coated Si wafer and the corresponding (D) XPS C 1s high-resolution scan and its deconvoluted peaks featured with light blue for S—C—0, green for C—0, blue
for C=S, and gray for C—C, respectively. (E) XPS S 2p high-resolution scans and its deconvoluted peaks in red for S—S and in blue for C=S. (F) XPS O 1s high-resolution
scans and its deconvoluted peak in green for C—0. (G) XPS depth profile analysis of 300-nm-thick SBDDVE film coated on Si wafer.

regardless of their compatibility with sulfur in solid or liquid state.
The results also demonstrate that this unique sulfur copolymerization
method is a versatile platform for the preparation of high-sulfur con-
tent polymer thin films with tailored molecular structure and functions.

XPS was conducted to gather further information about the bond
connectivity within the polymer matrix obtained from sCVD. The
XPS survey spectrum showed characteristic SBDDVE peaks of S 2p,
C 1s,and O 1s (Fig. 3C). The calculated surface C/O atomic ratio in
SBDDVE was 78.9:21.1, consistent with the C/O ratio from the mo-
lecular structure of BDDVE (80:20). The estimated surface sulfur
content in SBDDVE was 71.9 wt %, corresponding to 52.8 atomic %,
which is a high value. High-resolution XPS analysis for each ele-
ment was also performed (Fig. 3D), where the C 1s was deconvoluted
to S—C—0, C—0, C—S, and C—C at 286.8, 286.3, 285.3, and 284.8 eV,
respectively (29, 30). The quantitative ratio among those peaks was
1:1.01:0.98:0.99, indicating that almost four C—S bonds were formed
per BDDVE monomer, consistent with the expected alternating
polysulfide-vinyl ether structure (Fig. 3A). Deconvolution of the
S 2p peak into two doublets, representing C—S and S—S bonds at
164.8/163.6 eV and 165.1/163.9 eV, respectively (Fig. 3E) (17, 30, 31),
gave an estimated C—S-to-S—S ratio of 1:1.96, from which the aver-
age polysulfide chain length (rank) was determined to be 5.92.
Assuming that each C=C bond of BDDVE formed two C—S bonds,
the calculated polysulfide rank was 5.67, which is quite similar with
the estimation from the survey scan XPS data shown above. This
suggests that each BDDVE unit is connected to nearly four poly-
sulfide chains, indicating high degree of cross-linking. In addition,
the O 1s spectrum showed only a single peak corresponding to BDDVE,
indicating that no sulfur oxide formation arose during sCVD (Fig. 3F).
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Depth profile XPS analysis results (Fig. 3G) showed that the com-
position of the SBDDVE film was consistent throughout the bulk of
the film, confirming that the surface composition was identical to
the internal composition. The analyses of SBDDVE obtained from
sCVD indicate the formation of homogenous SCP film with high
sulfur content and excellent smoothness in which sulfur is present
as short, fragmented polysulfide chains, an ideal SCP structure for
the prevention of depolymerization via Sg elimination (9).

Optical properties of SCPs via sCVD
With the compositional information of SCPs through sCVD at hand,
optical properties of the films were evaluated. Optically transparent
polymers with high refractive index (n) and low extinction coeffi-
cient (k) had long been sought for various optical applications such
as microlenses, optical waveguides, and photonic crystals (3). De-
spite extensive research efforts, it is still extremely difficult to find
organic polymers with full transparency in the visible light region
andn>1.7.

Refractive index of a material is described through the Lorentz-

Lorenz equation
1+ 2(Ra/ V)
"= T @) @

where the molar refraction (Ry) is the total atomic and functional
group refraction (polarizability) of the material’s constituents and
molar volume (V) is the sum of the volume of a mole of constituent
atom and functional groups divided by their respective formula
weights. The relationship indicates that the moieties having high
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molar refraction and low molar volume, such as sulfur, selenium,
sulfones, and halogens, increase the refractive index of polymeric
materials. Because of its ability to form a linear chain, sulfur is the
most widely used moiety in an HRIPs. While polymers having ma-
jority sulfur content by weight has been demonstrated to n often
exceeding 1.7, these polymers show large extinction coefficients in
the visible range. A recently reported sulfur-rich polymers from
inverse vulcanization, for example, while having n > 1.8, show strong
absorption up to approximately 450 nm, rendering the material deep
red (table S1).

To compare the optical properties of SBDDVE prepared through
sCVD with poly(sulfur-co-1,3-diisopropenyl benzene) (SDIB) prepared
from inverse vulcanization, we compared the optical properties of the
thin films of the two polymers. While a 1.0-um-thick SDIB thin film
with 70 wt % sulfur contents demonstrated strong absorption in the
blue region of the visible range, SBDDVE films, having thickness rang-

ing from 100 nm to 1.8 um, showed extremely high transparency
throughout the entire visible range (Fig. 4A). The ultraviolet-visible
(UV-vis) absorbance spectra of the SBDDVE films obtained from
sCVD showed identical optical band edge over the film thickness
range of 100 nm to 1.8 um, indicating that the optical properties did
not vary with thickness (see fig. S4, A and B). Considering the ten-
dency of bathochromic shift in the UV-vis absorption of polysulfides
with increasing rank (32), the extraordinary transparency in SSDDVE
films from sCVD suggests excellent uniformity in the rank distribution
of polysulfide chains within SBDDVE compared to those in SCPs
obtained from molten sulfur (33). The narrow distribution of poly-
sulfide rank and the subsequent absence of long polysulfide chains
absorbing in the visible range are attributed to the speciation of
sulfur vapor (34), which consists of molecules ranging from S; to Ss.
In contrast, molten sulfur contains much longer linear sulfur chains
(33) from equilibrium polymerization of sulfur, especially at the
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Fig. 4. Optical properties of the sCVD films. (A) Transmittance spectra of SBDDVE from sCVD with thickness ranging from 100 nm to 1.8 um and SDIB from inverse vulcani-
zation with a thickness of 1.0 um with digital photographs of corresponding films coated on glass slides. (B) Refractive index (n) and extinction coefficient (k) of 500-nm-thick
SBDDVE obtained using spectroscopic ellipsometry. (C) The sulfur loading amount (blue; with the fixed process pressure of 1000 mtorr and T, =110°C), the chamber
pressure (black; with the fixed sulfuramount of 0.1 g and T; = 110°C), and (D) the substrate temperature (with the fixed sulfur loading amount of 0.5 g and the process pressure
of 1000 mtorr). (E) The sulfur weight ratio in SBDDVE calculated from XPS survey scan (black), sulfur rank calculated from XPS survey scan (red dash), and sulfur rank calculated
from XPS S 2p high-resolution scan (red solid) with respect to the corresponding refractive index. (F) The average refractive index from 400 to 700 nm versus thickness plot
of SBDDVE synthesized by sCVD. Photo credit: Wontae Jang (Korea Advanced Institute of Science and Technology) and Jisung Choi (Kyung Hee University).
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temperature ranges at which copolymerization of molten sulfur
is conducted.

Spectroscopic ellipsometry was also performed to analyze the optical
properties of the SBDDVE formed via sCVD (Fig. 4B) and various
other SCPs (see fig. S4, C to F). SBDDVE film showed a refractive
index as high as 1.91 at 632.8 nm, which, to the best of our knowledge,
is one of the highest values reported to date among organic polymers
or polysulfide-containing polymers (3). The combination of excellent
transparency and the ultrahigh #, attributed to the exceedingly high
sulfur content with uniform distribution of polysulfide rank and
high degrees of cross-linking, render SBDDVE from sCVD unique
among HRIPs.

Optical materials display varying degrees of optical dispersion,
or chromatic aberration, originating from wavelength-dependent
changes in the refractive index. Optical dispersion is quantified by
Abbe’s number (vp), which is given by

np—1
Vp = nFD_ e (2)

where np, ng, and nc are the refractive indices at the wavelength of
the sodium D (589.3 nm), hydrogen F (486.1 nm), and hydrogen C
(656.3 nm) lines, respectively. Higher vp indicates lower refractive
index variation by wavelength. Despite the existence of a general
trade-off relationship between #n and vp, the degree of trade-off de-
pends on the molar dispersion of constituent atoms and functional
groups in a material. The vp values of polymers from sCVD are
shown in table S2. While SBDDVE with n = 1.915 showed vp of
14.698, that of SBDDVE with n = 1.726 showed vp of 23.613, which
is quite high values of SCPs with n > 1.7.

The effect of the sCVD process parameters on the properties
of SCPs

The sCVD process parameters, including the substrate temperature
(Ts), process pressure, and the amount of sulfur loading were con-
trolled systematically to tailor the optical property of the sCVD
polymer films. Before the sCVD, the process chamber was filled
solely with the vaporized monomer to reach the target pressure;
hence, the process pressure in sCVD corresponds to the measure of
the input amount of the monomer. First of all, the effect of sulfur
loading amount was monitored with the fixed process pressure, T,
and process time to 1000 mtorr, 110°C, and 5 min, respectively
(Fig. 4C). Increasing the loading amount of sulfur resulted in a dis-
tinct linear increase in the refractive index of SSDDVE. On the other
hand, changing the amount monomer while keeping all the other
parameters identical with 0.1 g of sulfur loading did not cause any
noticeable tendency in refractive index variation (Fig. 4C). This ob-
servation indicates that sulfur is the rate-determining species in the
vapor-phase polymerization as far as the monomer is sufficiently
provided into the chamber. Increasing the T also induced a sub-
stantial decrease in the refractive index (Fig. 4D), along with decrease
in film thickness (fig. S5). The observation is attributed to decreasing
adsorption of sulfur and monomers to the substrate with increasing T
(35-37). Furthermore, higher Ts would lead to increase in S—S bond
dissociation, leading to a greater density of sulfur radicals within
the deposited film. With the formation of C—S bonds being thermo-
dynamically favorable, increased density of sulfur radicals would lead
to a higher proportion of BDDVE being incorporated into the polymer
matrix, decreasing the sulfur content and, hence, refractive index of
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the deposited film. The refractive index of the SBDDVE film is
closely related with the sulfur content and, thus, the sulfur rank in
the SCP film. The SCPs with higher refractive index, obtained by
increasing the input sulfur amount and decreasing Ty, contain higher
sulfur contents, estimated by the XPS survey scan. Because BDDVE
does not readily homopolymerize through radical polymerization,
increasing the sulfur content is accompanied by the increase in the
length of polysulfide segments within the SCP network and, thus,
leading to the increased refractive index. The sulfur rank could be
calculated both from the XPS survey scan and high-resolution S 2p
XPS scan results (see fig. S6 and table S4), as illustrated in the XPS
analysis above (Fig. 2, C to E), showing similar tendency with each
other; the sulfur rank, regardless of the estimation method, is com-
monly increased in accordance with the increasing sulfur content in
SCPs and thus induced the increased refractive index (Fig. 4E).

Similarly, the thickness could also be controlled by tuning the depo-
sition process parameters (see fig. S5). Increasing the sulfur amount
and monomer input rate generated thicker film, while increasing
the T decreases the thickness due to the limited adsorption of reac-
tants. Systematic tuning of the process parameters of sCVD enabled
us to build a series of SCP films with the wide range of refractive
index and thickness (Fig. 4F), which is one of the most important
features of sSCVD process for the generation of various kinds of SCP
films with designed refractive index and thickness and essentially
important for the device applications requiring precise control of
the optical property.

The sCVD process is performed in vapor phase to generate a highly
cross-linked polymer network with uniform polymer composition.
Especially, the heavily cross-linked monomer-sulfur network with
shortly segmented polysulfide chain is advantageous to stabilize the
SCP structure against various environmental and chemical stresses.
It is well known that SCPs with high content of sulfur synthesized
via other polymerization methods had suffered severely from the
depolymerization and, thus, releasing elemental Sg out from the SCP.
For example, inverse vulcanization product from elemental sulfur
and SDIB showed a notable degradation in 12 months of storage in
air ambient (Fig. 5A), largely due to the depolymerization. On the
other hand, the SBDDVE film with tightly cross-linked network
showed no apparent degradation in its film morphology or loss in
sulfur even after 2 years of storage in air ambient, presumably due to
the narrow distribution of the short polysulfide chain length in SCP
(Fig. 5A). The sCVD SBDDVE film also showed an excellent sta-
bility against various kinds of common organic solvents including
water, acetone, toluene, and n-hexane; no variation in thickness
or refractive index was detected in 2 hours of incubation in each
solvent (Fig. 5, B and C). The outstanding environmental stability
of the SCPs via sCVD is highly desirable for long-term, stable utili-
zation of the materials.

DISCUSSION

A previously unknown one-step dry deposition method, sCVD, was
devised for preparing polymer thin films with high sulfur content
directly from elemental sulfur. The method allows for the formation
of highly cross-linked SCP thin films, the properties of which could
be tuned exquisitely by varying the polymerization parameters. The
vapor phase process allows for the use of various kinds of comonomers
regardless of the miscibility with elemental sulfur in the liquid
phase, which extends the scope of SCPs from elemental sulfur. FTTR
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Fig. 5. Environmental stability of the sCVD films. (A) Optical microscopy images of glass coated with SDIB synthesized by inverse vulcanization before (left) and after (right)

storage under ambient air for 12 months and SBDDVE film synthesized by sCVD before a

nd after the storage under ambient air for 24 months. (B) Thickness and (C) refractive

index of silicon wafer coated with 100-nm-thick SBDDVE polymer film before (black) and after (red) solvent test with water, acetone, toluene, and n-hexane for 2 hours.

and XPS analyses showed that the polymerization occurred readily
without the formation of elemental sulfur, unreacted monomers,
and phase-separated domains, giving extremely smooth thin films
with excellent stability. These features clearly distinguish the SCPs
from those synthesized in the liquid phase. The refractive index
higher than 1.9 could be achieved, which is the highest refractive
index value obtained from an organic material to date. Moreover,
the SCP film showed outstanding optical transparency in entire
visible light region, presumably due to the uniformly dispersed,
short-segment polysulfide chains, which is a distinct feature unachiev-
able in polymerizations with molten sulfur. The versatile process does
not require any additional solvent, additive, nor catalyst. Moreover,
the high-performance polymer film can be created in simple one-
step manner, which is highly advantageous considering the extremely
complicated synthesis methods currently used for the synthesis of
SCPs with high refractive index. The colorless organic film with un-
precedentedly high refractive index will serve as platform materials
for future high-end optical device applications.

MATERIALS AND METHODS

Synthesis of SCP

SBDDVE, SDEGDVE, SDDDE, SDDE, poly(sulfur-co-1,3,5-trivinyl-
1,3,5-trimethylcyclotrisiloxane), poly(sulfur-co-1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane), and poly(sulfur-co-hexavinyldisiloxane)
were prepared using a custom-built sSCVD reactor on various sub-
strates including slide glass, Si wafer, stainless steel mesh, PET, PEN,
PI, PDMS, and latex glove. Elemental sulfur (99%; Sigma-Aldrich)
was loaded in source cell located at the bottom in the sCVD reactor
and was heated to 180°C to evaporate elemental sulfur. The mono-
mer, BDDVE (98%; Sigma-Aldrich), DEGDVE (99%; Sigma-Aldrich),
1,11-dodecadiene [DDDE; 99%; Tokyo Chemical Industry (TCI)],
1,9-decadiene (DDE; 98%; TCI), V3D3 (95%; Gelest), V4D4 (95%;
Gelest), and HVDS (95%; Gelest) were vaporized and introduced into
the sCVD reactor simultaneously with sulfur evaporation. All the
chemicals in this work were used as purchased without further purifi-
cation. To obtain the required chamber pressure, BDDVE and DEGDVE
were heated to 60°C; DDDE was heated to 70°C; V3D3, V4D4, and
HVDS were heated to 80°C; and DDE was maintained at room tem-
perature. To control the thickness and refractive index of sulfur co-
polymer films, temperature of substrate, amount of sulfur loading, and
chamber pressure were controlled systematically. In all cases, the fila-
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ment temperature was kept at 350°C, and the chamber wall was heated
to 75°C to minimize the adsorption of unnecessary chemicals.

Characterization of the synthesized SCPs films

Cross-sectional images were obtained using scanning electron microscope
[Nova 230, Field Electron and Ion Company (FEIC)]. TGA and DSC
were performed in the range from 25° to 600°C (heating rate was main-
tained with 10°C/min) using LABSYS evo TGA-DSC instrument. The
crystallinity was measured by x-ray diffractometer (Rigaku D/MAX-RC,
12 kW) with a scanning range from 10° to 70°. The x-ray reflectivity
(XRR) spectra were obtained using a Rigaku SmartLab x-ray diffrac-
tometer using x-rays with a wavelength (1) of 1.541 A. AFM images were
taken by a scanning probe microscope (XE-100, Park Systems) at a scan
size of 10 um by 10 um. FTIR spectra were obtained using ALPHA FTIR
in absorbance mode (Bruker Optics). A total of 64 scans were collected
and averaged for each spectrum. The XPS and high-resolution spectra
results were obtained using Sigma Probe Multipurpose XPS (Thermo
VG Scientific) with a monochoromatized Al Ko source.

Optical property analysis

The optical transmittance of the SCP film was measured using a UV-vis
spectrometer (UV-3600, Shimadzu, Kyoto, Japan) with air base using
a bare glass slide as a reference within the wavelengths of the visible
spectrum (150 to 1000 nm). The refractive index and thickness were
obtained by a spectroscopic ellipsometer (M2000, J. A. Woollam, USA).
To check the uniformity of sSCVD system, the upper, middle, and lower
portions of the sulfur copolymer films on the 10 mm by 75 mm wafer
were measured respectively.

Stability test

Chemical stability of SBDDVE films was tested by measuring the
thickness and refractive index of SBDDVE films before and after
exposing the films to various organic solvents. SBDDVE films on
wafer were soaked in deionized water, acetone (99.8%; Sigma- Aldrich),
isopropyl alcohol (99.8%; Sigma-Aldrich), and n-hexane (95%; DaeJung).
After 2 hours of soaking, the samples were rinsed thoroughly with
deionized water and dried with N, gas for the measurement of re-
fractive index and thickness.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/28/eabb5320/DC1
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