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ARTICLE INFO ABSTRACT

Keywords: Effect of dimethyl sulfoxide (DMSO) doping on poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
PEDOT:PSS (PEDOT:PSS) thin films have been optimized for obtaining better hole transport layer in hybrid solar cell. The
DMSO doping correlation between morphology and conductivity is established through atomic force microscopy and trans-
Iglcfril;::tli(\)/gify mission length method measurements. On the other hand, change in the shape of the building blocks (from

spheroidal-like to ellipsoidal-like) in the PEDOT:PSS films with DMSO concentration is apparent from their
electron density profiles and topographies, suggesting possible conformational change (from coil-like to rod-like)
in film by X-ray reflectivity. Such change is further evident from their compositional profiles, work functions and
electronic band structures estimated from X-ray and ultraviolet photoelectron spectroscopies. In fact, com-
plementary information suggest that near 5% DMSO doped PEDOT:PSS film is governed through maximum in-
plane extended ellipsoidal-like blocks as well as well-organized in out-of-plane ordering which is likely to be the
optimum structure for increased the highest electrical conductivity up to 1230 S/cm. Finally, maximum power
conversion efficiency of 11% with open-circuit voltages around 600 mV, a short-circuit current density higher
than 30 mA/cm? and a fill factor of 59.4% is achieved for the 5% DMSO doped PEDOT:PSS/n-Si hybrid solar cell,

Hybrid solar cell

which is perfectly correlated with their structure.

1. Introduction

Silicon technology is the most dominant photovoltaic technology
due to its excellent performance with high power conversion efficiency
(PCE) and long-term stability. However, the fabrication of crystalline
silicon (c-Si) solar cell requires many deposition processes with high
production cost. Therefore, hybrid photovoltaic devices based on the
combination of organic and inorganic semiconductors are currently
under research as an approach to next generation photovoltaic appli-
cation, because of its easy fabrication process and less production cost.
[1,2] Thus the use of conductive polymer as an organic material is an
attractive approach due to the possibility of using low temperature and
cost-effective techniques, such as spin coating [3], spray-pyrolysis [4]
and ink-jet printing [5] etc. Such organic/inorganic hybrid solar cell
can be fabricated at moderate temperatures (< 150 °C), which indicates
reduced production cost and without degradation of the minority car-
rier lifetime of the crystalline silicon.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) is one such composite polymers, which is highly con-
ductive, transparent, flexible semiconductor. PEDOT is based on 3,4-
ethylenedioxythiophene (EDOT) monomer that carries electrical posi-
tive charges, but showing low water solubility, whereas PSS carries
negative charges but fully soluble in water. Thus, PEDOT compound is
usually mixed with PSS to enhance the whole solubility in water. As a
result, it is possible to deposit on the desired surface by different so-
lution-based coating techniques. [6-8] The solution-based PEDOT:PSS
thin films have been investigated by many research groups [9-11] as an
alternative hole-selective contact in crystalline silicon solar cells due to
its high transparency and high electrical conductivity.

The electrical conductivity of the PEDOT:PSS thin film depends on
the percentage of PSS content. With the increase of PSS content the
conductivity decreases [12] because of its insulating behavior. To in-
crease the conductivity of PEDOT:PSS different high boiling point co-
solvents are used. Recently it has been reported that the use of dimethyl
sulfoxide (DMSO) [13], ethylene glycol (EG) [14] or methanol (MeOH)
[15] can increase the electrical conductivity of the final compound
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layers up to 2 or 3 orders of magnitude. [16,17] To date, the best results
have been obtained by using DMSO co-solvent. The morphological
change of the PEDOT:PSS structure before and after the addition of
DMSO was investigated by many groups. [18,19] It has been reported
(Thomas et al. [20]), before addition of DMSO with PEDOT:PSS solu-
tion, the oblate-ellipsoidal shaped PEDOT domains are amalgamated in
the PSS matrix. Instantly, the PSS chains are aligned along the surface
and the benzoic components are coil-like randomly oriented near the
grain boundary regions. After addition of DMSO, the packing density of
PEDOT:PSS is enhanced and produces clustering with decreased PSS
content at the surface. As a result, randomly oriented PEDOT:PSS do-
mains are distributed directed in a particular direction (perpendicular
to the surface) Meanwhile, Lee et al. [21] investigated the addition of
DMSO, which show enhancement of cohesion and electrical con-
ductivity due to the inter-PEDOT bridging mechanism. Subsequently,
different types of surfactant such as Capstone FS-31 [22], Capstone FS-
30, Triton [23], Zonylfluoro [24] etc. have been used to increase the
wettability of PEDOT:PSS solution. Also the wettability of PEDOT: PSS
with silicon surface was found to play an important role in controlling
the quality of the hole-selectivity character of the PEDOT:PSS/n-Si
hybrid solar cell. Maximum PCE for hybrid PEDOT:PSS/n-Si solar cell
reported by Nagamatsu et al. [25] is 12% (16 mm? active cell area in
textured silicon wafers). Thomas et al. [26] achieved highest PCE of
14.6% (49 mm? active cell area), optimizing the mixture of EG and
MeOH co-solvent concentration and in combination with different
commercial surfactants. Although, lot of study for the DMSO doped
PEDOT:PSS have been found in the literature, but there still lack a clear
correlation between their charge transport property and the structures.
It is needless to say that understanding such correlation is very im-
portant for the performance of PEDOT:PSS thin film as a hole selective
contact in organic/inorganic hybrid solar cell.

In this present work, the influence of DMSO concentration (2.5, 5
and 7.5vol%) on the morphology and electrical conductivity of the
PEDOT:PSS films, namely, the open circuit voltage and sheet resistance
of hybrid solar cells, were investigated. First, significant changes in the
film-thickness and electron density profiles were established from the
synchrotron-based X-ray reflectivity (XR) study. Then a possible mor-
phological model of the PEDOT:PSS films after the addition of DMSO
was sketched, based on the atomic force microscopy (AFM) and XR
studies. The composition changes regarding the PEDOT-to-PSS ratio,
which are expected to have a positive influence on electrical con-
ductivity was obtained from the transmission length method (TLM),
while the interface property of PEDOT:PSS/n-Si was obtained from the
X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS). Finally, an organic/inorganic hybrid solar cells
have been fabricated using crystalline silicon as light absorber, opti-
mized PEDOT:PSS as a hole transport layer (HTL) and n-doped hydro-
genated amorphous silicon as electron transport layer (ETL).

2. Results and discussion
2.1. X-ray reflectivity and electron density profile

XR data (R) normalized with Fresnel's reflectivity (Rg) for the spin-
coated PEDOT:PSS thin films on n-Si substrates for different DMSO
concentrations are shown in Fig. 1. The signature of the critical wave-
vector (q.) for both the film (q.,a1m) and the substrate (g, s,b), which are
the measure of their respective average electron densities, are clearly
observed for all three films. Also, the oscillations or Kiessig fringes,
which are the measure of the total film thickness, are very clearly
evident in all the XR profiles. The frequency and amplitude of the
Kiessig fringes, however, vary with the DMSO concentration. To obtain
the quantitative information about the PEDOT:PSS thin films, all XR
profiles have been analyzed using Parratt's formalism [27] after in-
corporating roughness at each interface [28]. An instrumental resolu-
tion in the form of a Gaussian function was included at the time of data
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Fig. 1. Normalized XR data (different symbols) and analyzed curves (different
color solid lines) of different DMSO doped PEDOT:PSS thin films on Si sub-
strates, spin-coated at fixed speed (1 krpm). Curves are shifted vertically with
respect to each other for clarity. The positions of the g, for the film and the
substrate are indicated. Insets: the corresponding analyzed EDPs.

analysis. For the analysis, each film was divided into 3 layers, as a
single layer above the substrate cannot fit the data. Also, the 3-layer
model is more realistic as it can incorporate the possible variation at the
film-substrate and film-air interfaces with respect to the rest of the film.
The best fit XR profiles along with the corresponding EDPs for all the
PEDOT:PSS thin films are shown in Fig. 1.

Appreciable change in the film-thickness with DMSO concentration
is observed in the EDPs (Fig. 1) of the films. Such change in thickness is
partially compensated by the change in the corresponding electron
density. The change in these two parameters indicates some change in
the internal structure of the films. Minimum thickness
(~180 *+ 10nm) is found for the 5% DMSO doped PEDOT:PSS film,
while maximum thickness (~210 * 5nm) is found for the 2.5% DMSO
doped PEDOT:PSS film. The change in thickness can be associated with
the change in the shape of the building blocks in the film. The low
thickness can arise from ellipsoidal building blocks (with compression
along out-of-plane direction and elongation along in-plane direction),
while large thickness can arise from spheroidal building blocks. The
intermediate thickness (~195 * 12nm) for the 7.5% DMSO doped
PEDOT:PSS film can be due to the similar ellipsoidal building blocks but
with different elongation direction (i.e. with some tilt). Such possible
change in the shape and/ortilt of the building blocks with DMSO con-
centration is quite interesting as the in-plane elongated blocks are ex-
pected to enhance the in-plane electrical transport properties of the
film. Accordingly, best in-plane transport is expected for the 5% DMSO
doped PEDOT:PSS thin film.

No appreciable changes are observed in the film-substrate inter-
facial region with DMSO concentration but appreciable change in the
top surface roughness is observed in the EDPs (Fig. 1 insert) of the films.
Such change in the roughness (mainly arising from steps) seems to
correlate more with coverage of the building blocks. The top surface
coverage for the 2.5% DMSO doped PEDOT:PSS thin film is found
maximum, while that for the 5% DMSO doped PEDOT:PSS thin film is
found minimum. Although, that coverage for the 7.5% DMSO doped
PEDOT:PSS thin film is in between, the tilted ellipsoidal building blocks
seem to give rise maximum top surface roughness. The low top surface
coverage, which is observed for the 5% DMSO doped PEDOT:PSS thin
film prepared at 1 krpm, is found to increase with the spinning speeds
(Fig. S1 in the Supporting Information). This possibly suggests weak
long-range interaction along out-of-plane direction as the film thickness
drastically decreases (from 180 nm to 75 nm) with the increase in the
speed (from 1 k rpm to 3k and 4 k) rpm. At low speed, the blocks on the
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top surface are quite far from the substrate and expected to feel weak
interaction, which may lead some of them to slip out. While at high
speed, the blocks on the top surface are relatively close to the substrate
and thus expected to feel relative strong interaction, which may restrict
them from slipping out.

2.2. Atomic force microscopy and topography

The surface morphology predicted by XR data analysis can be ver-
ified or complemented by directly looking at the topography of the film
through AFM technique. The AFM images (as shown in Fig. S2 (a)-(c) in
the Supporting Information) suggest that all films are composed of
domains or blocks. The size and shape of such domains are however
found different for the different films. The average domain length for
the films with 2.5, 5 and 7.5% DMSO are found in the range 75-100,
200-230 and 100-125nm, respectively. Maximum domain length of
~230nm is observed for the 5% DMSO doped PEDOT:PSS thin film.
Similar phenomenon was previously observed by Mengistie et al. [29]
when they added ethylene glycol (EG). In the corresponding phase
images (as shown in Fig. S2 (d)-(f) in the Supporting Information) the
dark and bright regions indicate the PSS and PEDOT phases [21].

The information about the surface height-fluctuation and surface
roughness in the films are better obtained from the bearing plots
[31,33] of the AFM images and their derivative plots as shown in Fig. 2.
The height-fluctuation is found maximum for the 2.5% DMSO doped
PEDOT:PSS thin film, minimum for the 5% DMSO doped PEDOT:PSS
thin film and intermediate for the 7.5% DMSO doped PEDOT:PSS thin
film. Similar trend is also observed for the surface roughness or stan-
dard deviation (o), obtained from the fitting of the derivative profiles
with the Gaussian functions, namely o = 3.8, 2.4 and 3.1 nm for the
2.5%, 5% and 7.5% DMSO doped PEDOT:PSS thin films, respectively.
The low o-value for the 5% DMSO doped PEDOT:PSS thin film is con-
sistent with the out-of-plane compact and in-plane extended domain
morphology of the film. The morphology of the films as predicted from
EDPs and topographies are shown schematically in Fig. 3 (a)-(c). It can
be noted that similar morphological model was described by Rivnay
et al. [30] when EG was used instead of DMSO. The coulombic at-
traction between PEDOT and PSS chains is expected to reduce with the
increase of DMSO concentration, which may lead to the change in the
PEDOT conformation from coil-like to extended-coil-like (i.e. from
benzoid to quinoid) and change in the shape of the domains (from
spheroidal to ellipsoidal). Such asymmetric domains (of PEDOT:PSS)
are known to have thinner boundaries (of PSS) and hence less energy
barrier and increase hole injection [31]. However, orientation or tilt of
the domains is important for achieving better in-plane transport
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Fig. 2. Bearing area (A) and its derivative (dA/dz) as a function of height (2), as
obtained from AFM images, for different DMSO doped PEDOT:PSS thin films.
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properties. The extended in-plane domains (least tilt) with reduced
energy barrier is proposed for the 5% DMSO doped PEDOT:PSS thin
film, which is expected to create easy hole movements from domains to
domains along in-plane direction.

2.3. X-ray and ultraviolet photoelectron spectroscopies

XPS measurements have been performed to study the charge
transfer properties of the polymer (PEDOT:PSS) thin films prepared at
different co-solvent (DMSO) concentration. The survey scan of XPS
spectra of PEDOT:PSS with different DMSO concentration films are
shown in Fig. 4(a). The peaks corresponding to Cls, Ols and S2p band
shows the chemical bonding among carbon-carbon (C—C), carbon-hy-
drogen (C—H) carbon-sulfur (C—S), oxygen-hydrogen (O—H) and sul-
fur-oxygen (S=O0) atoms [32]. For C 1s spectra, [shown in Fig. 4(b)]
the peak at 284.4 eV is assigned to C—C/C—H bonds and the peak at
285.9eV corresponds to C—S bonds. Besides, the broad peak at
291.9 eV indicated st-n* shake up transition which is in agreement with
previously reported results by H. K. Park et al. [33] and D. J. Yun et al.
[34]. The O 1s spectra clearly shows the two peaks correspond to S=0
bands (lower energy) and O—H bands (higher energy) respectively
shown in Fig. 4(c). Figure, 4(d) shows the deconvolution of S2p spectra
corresponding to doublets of S2p3,, and S2p, » with spin-orbit splitting
of 1.1 eV. The higher binding energy peak (167.5-169.3 eV) indicates
the sulfur in the sulphonic acid of PSS and lower binding energy peak
(163.4-165.3 eV) indicates the sulfur in the thiophene ring of PEDOT.
There is an overall peak shift in O1s and S2p spectra [shown in Fig. 5(b)
and 5(c)] towards the higher binding energy for 5% and 7.5% DMSO
sample with respect to 2.5% DMSO concentration. On the other hand,
the shift of Cls spectra is negligible, however there is a small shift to-
wards the lower binding energy (~0.1eV) in 5% DMSO doped PED-
OT:PSS thin film as shown in Fig. 5(a). It appears that with the increase
of DMSO concentration (5% and 7.5%), the polymer chains aligns as
dipoles on the film surface which induces a positive environment for the
S and O atoms and a negative environment for the C atoms of the
polymer. The negligible shift for Cls spectra may be explained in the
terms of saturated environment of the C atom in the polymer. Due to
the presence of these dipoles, the holes generated (in presence of light)
in the n-Si is transferred more efficiently to the HOMO level of PED-
OT:PSS. The Fls spectra comes from the Capstone FS-31 which is
considered to be physically mixed with the PEDOT:PSS domains
without having any chemical interaction with it. The positive peak shift
(~0.8eV) of Fls spectra [shown in Fig. 5(d)] towards the higher
binding energy with the increase of higher DMSO concentration can be
explained in the terms of the effect of dipolar interaction with the
capstone molecules. In addition, small N 1s peak is found due to imi-
dazolium cation which may interacts with sulfonic acid group of PSS
chains and neutralized. The integral area ratio of PSS/PEDOT obtained
from S2p peak is found to be minimum (2.43) for 5% DMSO. Whereas
the other two ratios are 2.65 and 2.53 for 2.5% and 7.5% DMSO con-
centration respectively. As the PSS content is less in 5% DMSO, it
suggests that the overall PSS thickness is less on PEDOT:PSS domain
which justifies our XRR results.

Now we used Ultra-violet Photoelectron Spectroscopy (UPS) to
study the correlation between domain structure and the molecular
electronic states which play a significant role in the energy band
alignment of PEDOT:PSS/n-Si heterojunction. We carried out UPS
measurements by using a helium lamp emitting at excitation energy of
21.6 eV of PEDOT:PSS/n-Si interface and evaluated the work function
(®) and the highest occupied molecular orbital (HOMO) level. Fig. 6(a)
describes the UPS spectra of PEDOT:PSS/n-Si heterojunction. The work
function was determined from the difference between the excitation
energy of 21.6 eV and the binding energy at the position of the sec-
ondary electron cut-off (SECO). Fig. [6(a) (insert)] shows the secondary
cut-off region of 2.5, 5 and 7.5% DMSO doped PEDOT:PSS polymer
films as 15.92, 16.03 and 16.0 eV respectively. Thus, the estimated
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Fig. 3. [(a), (b), (c)]: Schematic morphological
models of spin-coated PEDOT:PSS (doped with
2.5, 5 and 7.5% DMSO), [(d), (e), (f)] shows the
topological image of PEDOT:PSS domain after
the addition of DMSO and insert shows the line
profile of PEDOT:PSS domain in 5% DMSO
doped PEDOT:PSS thin film optimizing max-
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Fig. 4. Chemical composition analysis of the DMSO doped PEDOT:PSS thin film using X-ray photoelectron spectrometry: (a) survey scan of XPS spectra, (b-d)
deconvolution of C 1s, O 1s and S 2p core level of PEDOT:PSS with 2.5, 5, and 7.5% DMSO doped thin films.

work function of those films are 5.68, 5.57 and 5.60 eV which is in good
agreement with values reported by other research groups [35,36]. Our
XPS analysis confirms that the PSS-to-PEDOT ratio at the surface is
minimum in 5% DMSO doped PEDOT:PSS film, which may be re-
sponsible for decreasing the work function of PEDOT:PSS thin film,
similar results have been reported by Kim et al. [37]. On the other hand
the HOMO level (for 5% DMSO sample) is shifted maximum by about
0.3 eV towards the higher binding energy compared to 2.5% DMSO
doped PEDOT:PSS thin film, which is illustrated in Fig. [6(b) (insert)].

The shift of HOMO level is responsible for the formation of interface
dipole between PEDOT:PSS and n-Si as mentioned above. The strength
of the interface dipole has been calculated with the following relation:

YA = —(eD + Vy) ®

where eD is the interface dipole, V, is the band bending estimated from
the shift of HOMO level and yA is the work function shift with respect
to 2.5% DMSO sample. Evaluated interface dipole for 5% DMSO doped
PEDOT:PSS film is (0.41 eV) larger than that of 7.5% DMSO doped film
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Fig. 5. The comparative bonding state [C 1s (a), O 1s (b) S 2p (¢) and F 1s (d)] of different DMSO doped PEDOT:PSS films.

(0.37 eV). This indicates that the reduction of work function results a
larger interface dipole [38] in the PEDOT:PSS/n-Si interface. We have
observed larger open circuit voltage (Voc) in 5% DMSO doped PED-
OT:PSS/n-Si heterojunction solar cell which may occur due to the ac-
cumulation the larger number of charge carriers as a result of stronger
interface dipole in this sample. Subsequently, this 5% DMSO doped
PEDOT:PSS/n-Si heterojunction minimizes the charge recombination
and can contribute to enhancing the hole injection into PEDOT:PSS
layer. The electron affinity (Xpgport.pss) of PEDOT:PSS with 5% DMSO
doped thin film has been estimated from the band diagram and the
value [shown in Fig. 6(c)] is similar to Prakoso et al. [39] report.

2.4. Electrical measurement

The electrical conductivity of different DMSO doped PEDOT:PSS
thin films have been calculated by transmission length method (TLM)
measurement. The schematic diagram of TLM is depicted in Fig. 7(a)
and details calculation of TLM measurement is explained in the Sup-
porting Information. The Current-Voltage measurement (different
electrode spacing) of PEDOT:PSS thin film on glass is shown in insert
Fig. 7[(b), (c) and (d)]. Since Ry is linearly dependent on the intervals of
distance, Rs and R can be extracted from the slope and intercept of the
linear fit. Using Ry value for each distance interval d, we calculate the
sheet resistance of the PEDOT:PSS films. Sheet resistance of 2.5%
DMSO doped PEDOT:PSS thin film is maximum (338.7 2/sq) whereas
minimum electrical conductivity is 540 S/cm. In 5% DMSO doped
PEDOT:PSS film, we achieved the highest conductivity of 1230 S/cm
due to the bigger domain length of PEDOT:PSS and thinner PSS sur-
rounded on PEDOT as shown in Fig. 3. Further increase of DMSO
(7.5%) the conductivity decreases again because of decrease of domain
length and similar trend was obtained by Zhang et. al. [40] and Yeo
et al. [41] We also compared the electrical conductivity of 5% DMSO

doped PEDOT:PSS thin film on glass and n-Si substrate by the same TLM
method (shown in Fig. S3 in the Supporting Information). The con-
ductivity of PEDOT: PSS is almost same on glass and n-Si substrate.
Which suggest that most of the charge carriers are transported through
the PEDO:PSS domain.

2.5. Hybrid solar cell

The PEDOT:PSS thin film treated with different DMSO concentra-
tion is used as a hole transport layer in a hybrid organic/inorganic
crystalline silicon solar cells. The active cell area is 1 x 1 cm? The
current density versus voltage (J-V) measurement of the fabricated
PEDOT:PSS/n-Si hybrid solar cell was characterized under 1000 W/
m?AM1.5 g standard illumination at 25 °C, shown in Fig. 8. Highest
open-circuit voltage (Voc) of 560 mV is achieved for 5% DMSO doped
PEDOT:PSS layer due to thinner PSS layer surrounded on PEDOT:PSS
domain as discussed in XR and XPS/UPS analysis. However the V¢ is
significantly less compare for the other DMSO doped PEDOT:PSS layer.
The photovoltaic parameters of organic/inorganic hybrid solar cell are
summarized in Table 1. As the conductivity of 5% DMSO doped PED-
OT:PSS thin film is maximum (calculated from TLM measurement), so
the effective series resistance is less (5.54 Qcm?) and short-circuit
current density (Jsc) is high (29.7 mA/cm?). As a result, the fill factor
(FF) is enhanced (49.7%) and finally the overall PCE of 5% DMSO
doped PEDOT:PSS/n-Si hybrid solar cell is maximum (8.5%) for un-
passivated silicon substrate. [42] To improve the surface passivation of
the crystalline silicon wafer and increase the effective lifetime of the
minority carrier, an ultrathin (~5nm) intrinsic amorphous silicon (a-
Si:H) interlayer is deposited by PECVD before the PEDOT:PSS coating.
Therefore current density-voltage response of these modified solar cell
devices, showed an increase in open-circuit voltage from 560 to 600 mV
due to reduce surface recombination velocity at the junction. Also the
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Fig. 6. (a) Ultraviolet photoelectron spectroscopy
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fill factor improved from 49.7% to 59.4%. Finally, the overall power
conversion efficiency of 11.04% is achieved for the device with the
passivating interlayer, as compared to 8.5% without it.

Also, the rectifying response indicates the junction behaves as a
well-defined diode. So the dark current-voltage curve could be simu-
lated according to the following equation:

J= Js[exp(%) - 1]

V + JRg
+ —
Rp (2)

where n is the ideality factor, Rs the series resistance, Rp the parallel
resistance, Js the saturation current density, T is the temperature and K
is the Boltzmann constant. The better performance of the front passi-
vated silicon is also evident from the lower saturation current density
(Js) and the ideality factor closer to 1 (n = 1.1) of the 5% DMSO doped
PEDOT:PSS/n-Si junction. Whereas, the higher ideality in un-passivated
silicon (n = 1.3) indicates a stronger interface recombination owing to
more interface defects at the PEDOT:PSS/n-Si junction extracted from
fitting of the dark J-V response to the Schottky diode model (see the
inset of Fig. 9). Therefore, the fill factor (FF) of 59.4% is higher for the
passivated silicon, while un-passivated silicon have a considerably
lower value of 49.7% of 5% DMSO doped PEDOT:PSS/n-Si hybrid solar
cell.

To further characterized solar cells performance, the external
quantum efficiency (EQE) was measured with a commercial equipment
(PV Measurements). Fig. 9 shown the respective EQE response of dif-
ferent DMSO doped PEDOT:PSS layers, with a clear decrease in the mid-
wavelength range, due to an increase of the reflection losses and to
recombination losses at the rear surface. It has been seen that the light
absorbed by 7.5% DMSO doped PEDOT:PSS film based hybrid solar cell
is less than that of 2.5% DMSO doped PEDOT:PSS film based solar cell.

This indicates that the light reflected by 7.5% DMSO doped PEDOT:PSS
film is more compared to the 2.5% DMSO doped PEDOT:PSS film
(which is consistent with the top surface roughness obtained from the
AFM measurements). Large light reflections probably produce a smaller
number of electron-hole pairs and low short-circuit current density
(Jsc) in the system. In the passivated silicon wafer the EQE spectra
increased at > 300 nm to < 500 nm wavelength range compare to un-
passivated silicon wafer. Therefore, the overall cell performance of
passivated silicon is better including Jsc, FF, and efficiency.

The present study, in the step of 2.5% DMSO, clearly suggests that
the 5% DMSO is the optimized condition. However, the actual value of
DMSO may be 5% or slightly away (in either side) of 5%, which can
only be estimated by preparing the films with DMSO in finer steps on
both sides of the 5%. Without such fine checking, it can be inferred that
the near 5% DMSO is the optimized condition.

3. Conclusions

The effect of DMSO on the structures (i.e. on the film thickness,
EDPs and morphology) of PEDOT:PSS thin films and subsequently on
the charge transport and performance of hybrid solar cell are shown. It
is observed that 5% DMSO concentration exhibited the minimum film
thickness due to less insulating PSS surrounded on PEDOT. As a result,
the work function of PEDOT:PSS thin film is decreased by 0.12 eV and
HOMO level is shifted by 0.3eV to the higher binding energy. AFM
analysis indicated that this 5% DMSO doped PEDOT:PSS thin film has
maximum domain length of PEDOT:PSS as well as face-on orientation
leading to superior charge transport pathways. Consequently, the
electrical conductivity has been enhanced up to 1230 S/cm. The sche-
matic block diagram, sketched by XR analysis and AFM topology,
provides better understanding on the charge carrier transportation
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Table 1

Photovoltaic parameters of PEDOT:PSS/n-Si hybrid solar cell.
PEDOT:PSS Voc FF Jsc PCE Rs

(mV) (%) (mA/cm?) (%) (Q-cm?)

2.5% DMSO 487 36.8 28.01 5.01 8.90
5% DMSO 560 49.7 29.70 8.50 5.54
7.5% DMSO 521 42.4 25.88 5.70 8.48
5% DMSO/passivation 600 59.4 30.97 11.04 3.12
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Fig. 9. EQE spectrum dependence on wavelength and (Insert) dark current
density versus voltage characteristic of DMSO doped PEDOT:PSS/n-Si hybrid
solar cells.

through PEDOT:PSS layer and effect of DMSO on the domains, which
are very essential for the development of high efficiency hybrid solar
cells and other optoelectronic application.

4. Experimental Section
4.1. Deposition of PEDOT:PSS thin film

PEDOT:PSS (PH1000) solution with 99.99% purity was purchased
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Fig. 10. Schematic block diagram of PEDOT:PSS/n-Si solar cell (beside) real device of 1 X 1 cm? PEDOT:PSS/n-Si hybrid solar cell.

from Sigma Aldrich. Three different concentrations (2.5, 5 and 7.5 vol
%) of DMSO (Sigma Aldrich) were mixed with the PEDOT:PSS solution.
Afterwards, 0.1-vol% Capstone FS-31 was added to improve the final
wettability of the PEDOT:PSS solution. Then spin coated with 1000 rpm
for 60 s. The silicon substrates were cleaned by standard RCA cleaning
techniques and then dip into 1% HF for 1 min and the glass substrates
were cleaned by Ultrasonic Cleaning Bath (immersed in an acetone
solution for 15 min then in an isopropyl alcohol for 15 min). After the
deposition of DMSO doped PEDOT:PSS films were dried in air for a few
minutes and then annealed on a hot plate for 30 min at 130 °C in N,
atmosphere.

4.2. Characterization of PEDOT:PSS thin film

4.2.1. X-ray reflectivity

The structures of the thin films were characterized using XR tech-
nique, which essentially provides an electron-density profile (EDP), i.e.,
in-plane (x — y) average electron density (p) as a function of depth (z)
in high resolution [43-45] from which one can estimate the film-
thickness, film-compactness, top and interface roughness. XR mea-
surements of the films were carried out using a synchrotron source
(MCX beamline, Elettra) [46] at wavelength, A = 1.24 A. The beamline
is equipped with a diffractometer, which has a four-circle goniometer
and a flat sample stage. The latter has two circular and three transla-
tional (X, Y, and Z) motions. Scattered intensities were recorded using a
scintillator detector behind a set of receiving slits. Experimental data
were taken in the specular condition; i.e., the reflected angle is equal to
the incident angle (6). Under such condition there exists a non-van-
ishing wave vector component, g, = (4t/\) sin 6, with resolution
0.001 A7,

4.2.2. Atomic force microscopy

The top surface morphology of the films was mapped using the AFM
(5500 AFM, Agilent) technique. Topographic images were collected in a
non-contact (or intermittence contact) mode to minimize the silicon-
tip-induced damage of the soft film. Scans of different sizes and in
different portions of the sample were carried out to get statistically
meaningful information about the topography.

4.2.3. X-ray photoelectron spectroscopy

The electronic structure and interface property of PEDOT:PSS/n-Si
was studied by XPS and UPS. The experiments were carried out using an
Omicron Multi-probe (Omicron Nano Technology, UK) Ultrahigh va-
cuum (UHV) system (base pressure ~2.0 X 10_9rnbar), which is ar-
rayed with an EA125 hemispherical electron analyzer and two light
sources.

4.2.4. TLM measurement

Electrical conductivity was measured by transmission length
method (TLM) using a Keithley 2400 source meter. Gold electrodes
(50 nm thick) were deposited by thermal evaporation in a high vacuum
process. Magnetic shadows masks were used to delimitate parallel
contact electrodes (1 cm X 1 mm). Spacing between electrodes ranged
from 1 mm to 4 mm.

4.3. Solar cell fabrication

N-type float zone c-Si (100) double-side polished wafers, with a
resistivity of 2.5Q-cm and 280 um in thickness, were used as the ab-
sorbing solar cell layer. The silicon substrates were cleaned using the
standard RCA cleaning process and dipped in 1% HF acid during 1 min
to remove native oxide. The backside of the solar cell, acting as electron
selective contact, was fabricated by using a double layer stack. This
stack consists of 5nm hydrogenated amorphous silicon (a-Si:H) acting
as a passivation layer followed by the deposition of 15 nm, n-doped a-
Si:H layer acting as electron selective contact. Finally, an antireflection
layer consisting of 80 nm hydrogenated amorphous silicon carbide (a-
SiC:H) was deposited. Hydrogenated amorphous silicon layers were
deposited by Plasma-Enhanced Chemical Vapor Deposition (PECVD)
(13.56 MHz, 300 °C). After that a nanosecond infrared laser fired con-
tact (LFC) [47,48] was used to locally diffuse the n-dopant from the a-
Si:H(n) layer into the crystalline silicon substrate, in order to ensure a
good ohmic contact with the electron-beam evaporated Ti/Al (15 nm)/
Al (1 um) electrode. The front side of the solar cell, acting as hole se-
lective contact, was fabricated using PEDOT:PSS compound. In parti-
cular, PEDOT:PSS solution (Clevios PH1000) mixed with three different
DMSO concentration (2.5, 5 and 7.5vol%) and 0.1% Capstone FS-31
(Dupont) was spin coated as discus above. Finally, front electrode
consisting of 150 nm thick Ag grid (4.3% shadow) was thermally eva-
porated using a magnetic shadow mask. Structure of the hybrid solar
cell is shown in Fig. 10. Current density—voltage response of the solar
cell was measured by means of a dc source meter (Keithley 2601B, USA)
both in the dark and under AM1.5g standard illumination (Oriel In-
struments, USA) at 25°C (cell area was delimited by the use of an
opaque mask).
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