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ABSTRACT: Interfacial properties currently hinder the performance of Si/
organic heterojunction solar cells for an alternative to high-efficiency and low-
cost photovoltaics. Here, we present a simple and repeatable wet oxidation
method for developing the surface passivation layer, SiOx, on the Si surface for
the fabrication of high-efficiency Si/poly(3,4-ethylene-dioxythiophene):polys-
tyrenesulfonate (PEDOT:PSS) heterojunction solar cells. The uniform and
dense SiOx thin layer introduced by the oxidizing aqueous solution of H2O2 or
HNO3 provided the better surface passivation and stronger wettability of the Si
surface, compared to those in the native oxide case. These two types of
progress helped create a lower defect density at the Si/PEDOT:PSS interface
and thus a high-quality p−n junction with a lower interface recombination
velocity. As a result, the HNO3-oxidized device displayed better performance
with a power conversion efficiency (PCE) of 11%, representing a 28.96%
enhancement from the PCE of 8.53% in the native oxide case. The effects on
the performance of the Si/PEDOT:PSS hybrid solar cells of the wet oxidation treatment procedure, including the differences in
surface roughness and wettability of the Si substrate, the quality and thickness of the SiOx, etc., were explored extensively. Such a
simple and controllable oxidizing treatment could be an effective way to promote the interfacial properties that are an important
cornerstone for more efficient Si/organic hybrid solar cells.
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1. INTRODUCTION

Si/organic hybrid solar cells may inherit the advantages of both
organic and Si, allowing remarkable potential for low-cost,
green, and efficient photovoltaics, because of the adoption of
the low-temperature and soluble process. Until now, an
encouraging power conversion efficiency (PCE) of above
13% has been reported from Si/poly(3,4-ethylene-dioxythio-
phene):polystyrenesulfonate (PEDOT:PSS) hybrid solar
cells.1−3 Because the device structure of the Si/PEDOT:PSS
hybrid solar cell is rather straightforward, normally composed
of front-electrode/p-type PEDOT:PSS/n-type crystalline Si (c-
Si)/rear electrode, the PCE is basically determined by the
wettability and conductivity of PEDOT:PSS, the absorption of
light in the c-Si absorber, the charge transport associated with
the interface passivation and morphology, band edge alignment,
contact properties, etc. The nonionic surfactant4 or fluoro-
surfactant5 is used to improve the wettability of the
PEDOT:PSS solution. Cosolvents, such as ethylene glycol
(EG),6 dimethyl sulfoxide (DMSO),7 and methanol,8 have
been reported to be efficient additive agents for improving the
conductivity of the coated PEDOT:PSS thin films. Additionally,
surface textures (nanowires,9,10 random pyramids,11 and
hierarchical structure12) on the crystalline Si (c-Si) wafer
surface are always utilized to suppress light reflection, resulting

in improved light harvesting and, thus, the increased photo-
current density (Jsc). In the case of band edge modifications,
buffer layers with a large band gap, such as Al2O3

13 or 1,1-
bis[(di-4-tolylamino)phenyl]cyclohexane,1 are inserted into the
interface, to achieve a larger open circuit voltage (Voc) through
built-in barrier enhancement. Apart from the PEDOT:PSS and
c-Si themselves, the improvements in interfacial properties
currently play a crucial role in the PCE.
The inset of a thin dielectric layer, like SiOx, between the

PEDOT:PSS and c-Si will provide the crucial intermediate “i”
region for the p−i−n device, which can help to suppress the
charge recombination by passivating the Si surface and to
promote the collection of electrons by enhancing the internal
electrical field.14 Typically, there are numerous microvoids at
the Si/PEDOT:PSS interface, because of the insufficient
wettability that leads to a bad surface coverage and severe
recombination.2 The hydrophilic nature of the oxide layer can
improve the wettability of the Si surface, which is helpful in the
formation of ideal interface contacts between the PEDOT:PSS
film and Si substrate, and thus a more ideal p−n junction,
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resulting in less charge recombination and larger photocurrent
density.15,16 For this purpose, the thickness of the oxide layer is
a critical parameter. It is insufficient to provide good surface
wettability when the SiOx layer is too thin, whereas the
photogenerated carriers have difficulty when they tunnel
through the insulating layer once the SiOx layer is too
thick.17,18 A native oxide layer formed immediately by the
exposure of the H-terminated Si substrate to the ambient
atmosphere14,19 is always used to improve the quality of the
interface between PEDOT:PSS and Si in the hybrid cell, which
results in a photovoltaic performance enhanced compared to
that with a bare H−Si surface.18,19 However, the quality of the
native oxide layer is very sensitive to the environmental
conditions, including temperature, humidity, oxygen, etc.,
leading to the variations in surface defect density, hydro-
philicity, surface topography, and oxide thicknesses and, thus,
the discrepancies in the PCE values of the solar cells.
Consequently, it is necessary to develop a controllable method
for forming a high-quality SiOx layer with good uniformity and
repeatable thicknesses for application in high-performance Si/
PEDOT:PSS heterojunction solar cells.
In this paper, aqueous H2O2 and HNO3 solutions were

adopted as the oxidation agents to form appropriate SiOx layers
on the n-type Si surface that were further integrated into the Si/
PEDOT:PSS heterojunction solar cells. The characteristics of
the SiOx layers were investigated extensively, including the
roughness, hydrophilicity, thickness, and surface topography.
The H2O2 (HNO3)-oxidized SiOx layers were denser and more
hydrophilic with a larger surface coverage on the silicon surface,
compared to that of the native oxide layer. Meanwhile, the p−n
junctions with H2O2 (HNO3)-oxidized surfaces had a good
interface connection between Si and the PEDOT:PSS thin film,
providing a good junction interface for suppressing the carrier
recombination significantly. As a result, the Si/PEDOT:PSS
heterojunction solar cells with the H2O2 (HNO3) treatments
demonstrated more excellent photovoltaic performance,

embodied by a high average PCE of 10.48% for the HNO3-
oxidized device under the simulated solar illumination (AM 1.5,
100 mW/cm2).

2. EXPERIMENTAL SECTION
The n-type (100) single-side polished, float zone (FZ) Si wafers
(resistivity, 3−5 Ω cm) with a thickness of 300 ± 15 μm were cut into
20 mm × 20 mm squares as the substrates. The Si substrates were first
cleaned by being rinsed sequentially in acetone, ethanol, and deionized
water. Then they were immersed in a solution composed of H2SO4
(98%) and H2O2 (30%) in a volume ratio of 1:3 at 100 °C for 15 min
to remove any possible organic residues. Again, they were placed in a
solution that consisted of HCl (37%), H2O2 (30%), and deionized
water in a volume ratio of 1:1:8 at 80 °C for 15 min to remove metallic
residues. Finally, the wafers were immersed in a dilute HF (5%)
solution for 3 min to remove the native oxide, receiving H−Si surfaces.
The cleaned Si substrates were immediately transferred into the H2O2
(10%) or HNO3 (10%) solution to form the SiOx thin film.20,21 The
study of the immersion time was conducted for the optimal thickness
of the SiOx layer to obtain the highest-efficiency solar cells (see Figures
S3 and S4 of the Supporting Information). It was noted that the
devices with a 3 s HNO3 treatment showed the best photovoltaic
performance. A HF-etched sample was exposed to the ambient
atmosphere for 60 min to form a thin native SiOx layer as a reference.
A highly conductive PEDOT:PSS (Clevios PH1000) solution mixed
with the dimethyl sulfoxide (DMSO, 5%) and Zonyl fluorosurfactant
(0.1%) was then spin coated on the SiOx-terminated Si substrate at a
spin speed of 1000 rpm for 60 s. The samples were annealed on a hot
plate at 140 °C for 10 min to remove the solvents to form the highly
conductive p-type organic thin film. A 150 nm thick Ag film was
thermally evaporated to form a grid configuration as the front contact,
as seen in Figure S1 of the Supporting Information. Finally, the Ti/Ag
layer with a 200 nm thickness was deposited by magnetron sputtering
to fully cover the rear side of the Si substrate to form an ohmic
contact.

The surface topography and roughness of the silicon wafers were
observed by atomic force microscopy (AFM) in a Digital Instruments
Dimension 3100 Nanoscope IV. Reflectivity measurements were taken
with a spectrophotometer (Helios LAB-rc, with an integrating sphere)

Figure 1. AFM images of silicon surfaces collected from the substrates after the different oxidizing treatments: (a) H−Si surface, (b) HF-etched
substrate exposed to the ambient atmosphere for 1 h, and (c and d) HF-etched substrate immersed in the H2O2 and HNO3 solutions for 3 s,
respectively.
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over a wavelength range of 400−1100 nm. The chemical character-
istics of silicon surfaces were measured by attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR, Harrick) and X-
ray photoelectron spectroscopy (XPS, AXIS Ultra DLD). Using
spectroscopic ellipsometry (Uvisel, Horiba), the thickness of the SiOx
layer was measured. The contact angles were measured by fitting a
mathematical expression to the shape of the drop and then calculating
the slope of the tangent to the drop at the liquid−solid−vapor (LSV)
interface line (Drop Shape Analyzer, DSA100, Kruss). The minority
carrier lifetimes of wafers were characterized by a microwave
photoconductance decay (μ-PCD) technique (WT2000PVN, Semi-
lab). The current density−voltage (J−V) characteristics of the solar
cells were recorded with a Keithley 2400 digital source meter
(Keithley) under simulated sunlight (100 mW/cm2) illumination
provided by a xenon lamp (Oriel) with an AM 1.5 filter. The
irradiation intensity was calibrated by a standard silicon photovoltaic
device (Oriel, model 91150V). The cells were shielded by the opaque
mask with an open area of 0.6 cm × 0.6 cm, while the active area of the
device was 0.25 cm2, subtracted the shading area of Ag grids (0.11
cm2). The temperature was actively controlled at 25 ± 0.5 °C during
the measurements. The external quantum efficiency (EQE) system
used a 300 W xenon light source with a spot size of 1 mm × 3 mm that
was calibrated with a silicon photodetector also from Newport.

3. RESULTS AND DISCUSSION

3.1. Silicon Surface Topography. After the native
oxidation layer had been removed via HF etching, the AFM
study was conducted, and a typical image of the H-terminated
surface is shown in Figure 1a. The surface was quite smooth
with a small roughness of 0.554 nm. The AFM images of the
SiOx layers obtained from the different oxidation processes are
shown in Figure 1b−d. Exposed to an ambient atmosphere for
1 h after being HF-etched, the nano dimples appeared to be
formed on the native oxide surface of the reference sample, as
illustrated in Figure1b. The roughness of the native oxide layer
was 0.587 nm, slightly larger than that of the H−Si surface, and
its surface area ratio (Sdr) was 1.22. Panels c and d of Figure 1
show the surface structures of H-terminated Si substrates after
immersion in the aqueous H2O2 and HNO3 solutions for 3 s,
respectively. There were a large number of peaks in Figure 1c,
with a density of summits of 394 cm−2. The roughness and Sdr
of the H2O2-treated surface were 0.912 nm and 3.56,
respectively, larger than those of the native oxide surface. For
the HNO3 treatment sample, the surface became much
rougher, with a large density of summits of 508 cm−2, a
roughness of 1.210 nm, and an Sdr of 8.62, 7 times the value for
the native oxide surface. The rougher surface would deliver a
larger contact area between the substrate and organic film to
improve the efficiency of photogenerated carrier separation, if
the surface could be well wetted. The wettability of the
substrate by the PEDOT:PSS was associated with the
hydrophilic property of the SiOx layer, which will be addressed
in the next section. However, the rougher surfaces caused by
the oxidizing solutions did not induce any noticeable impact on

the light absorption of the substrates (Figure S2 of the
Supporting Information). Furthermore, the thicknesses of the
SiOx layers obtained by three different treatments were
analyzed by spectroscopic ellipsometry with similar values,
1.40 ± 0.05 nm, which were suitable for the charge tunneling
through.18

3.2. Wettability of the Silicon Surface. To understand
the hydrophilicity of substrates, the water contact angles (θ)
collected from the three types of substrate surfaces were
measured, as shown in Figure 2. The θ values for the native
oxide layer, the H2O2-oxidized surface, and the HNO3-oxidized
surface were 68 ± 3°, 49.5 ± 1.5°, and 32.6 ± 1.5°, respectively.
Although the H-terminated surface modified by the native SiOx
layer could improve the hydrophilicity, the θ value was still
high. Compared to the native oxide layer, there were 27.2% and
52.1% reductions in the water contact angles for the H2O2-
treated surface and the HNO3-treated surface, respectively. The
remarkably increased wettability of the Si surfaces caused by the
treatment of the oxidizing solutions would help to promote the
easy spreading of the PEDOT:PSS aqueous solution on the
substrate and finally to cover it completely. As a result, the
number of surface defects of PEDOT:PSS, such as microvoids,
which were always formed during the spin-coating process,
could be remarkably reduced. As reported elsewhere, the
surface topographic features could affect the contact angle to
some extent.22,23 The rougher surface nanotopography
introduced by the oxidizing aqueous solution here would also
favor the coverage of the PEDOT:PSS film on the silicon
surface. Thus, the Si/PEDOT:PSS junction with the HNO3-
treated surface would be expected to have the best interfacial
quality among these three types of oxidation processes.

3.3. Chemical Characteristics of the Silicon Surface.
To assess the chemical characteristics of the silicon surfaces
after the oxidizing treatments, the various oxide layers were
effectively characterized by ATR-FTIR, as illustrated in Figure
3. All the ATR-FTIR absorption curves showed a dominant
absorption feature around 1100 cm−1 that can be ascribed to
the asymmetric stretching vibration of Si−O−Si groups.24 The
peak around 610 cm−1 was from the Si−O−Si symmetric
stretch of SiO2.

25 A weak peak at 880 cm−1 was Si2O3 of the
SiOx thin film. The intensities of Si−O−Si vibrational bands in
the specimens for the different oxidation processes were
identical. Si oxidation occurred preferentially at the surface near
Si−Si bonds, while the Si−H bonds remained intact in the
2071−2252 cm−1 region because they were kinetically inert.20

It should be attributed to the polarity of the O3Si−H band at
2250 cm−1 and the Si−H3 peak at 2135 cm−1. The associated
oxygen atoms with Si−O groups made the silicon surface
hydrophilic. Additionally, H2O molecules were also adsorbed
onto the oxidized silicon surface via the aqueous solution,
which resulted in peaks of free water in the region of 3580−
3670 cm−1 and around 1650 cm−1 peaks of crystal water.25 The

Figure 2. Photographs of water drops on the silicon surfaces after the different oxidation treatment: (a) native oxide surface, (b) H2O2-oxidized
surface, and (c) HNO3-oxidized surface.
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O−H concentration also increased after the samples had been
rinsed with water.21 The H2O2 (HNO3)-oxidized surfaces
presented weak O−H vibrational bands around 3750 cm−1,
representing the Si−OH group. Because of a higher intensity
for the H2O2-treated surface, this oxide layer had more water
molecules than that of the HNO3-oxidized surface. Further-
more, the intensity of O−H groups from the surfaces treated
with the aqueous solution was higher than that of the native
oxide layer. The presence of O−H groups in the SiOx layer
made the silicon surface more hydrophilic. Thus, after Si−Si
back bonds and small amounts of the Si−H surface species had
been oxidized, the oxidized silicon surface became more
hydrophilic, because of the presence of the oxygen in various
bonds, including Si−O and O−H bonds.
The chemical compositions and contents on the silicon

surfaces for the different oxidizing samples were also
characterized by XPS, as shown in Figure 4. After oxidation,
the Si−Si and Si−H bonds were oxidized. The peak of O 1s
spectra in Figure 4a was located around 532 eV, which
contributed to the components of the O 1s signal from the Si−
O group at ∼535.50 eV and the Si−OH group at 531.50 eV.26

The O 1s atomic concentrations for the native oxide layer,
H2O2-treated surface, and HNO3-treated surface were
estimated to be 9.23%, 12.19%, and 13.84%, respectively. In
comparison with the native oxide spectra, the intensity of the O
1s peak from H2O2 (HNO3)-treated surfaces increased
remarkably, meaning that there was more SiOx in the H2O2
(HNO3)-oxidized layers. The Si 2p spectra split into three
peaks, the peak from Si−Si of bulk silicon at approximately

99.50 eV, the peak from the SiH3 group at 99.77 eV, and small
amounts of Si(1) (oxidation number of Si given in parentheses,
the same below) at 100.31 eV. According to the literature,20 the
signals of oxidized Si between 101.30 and 103.80 eV were
attributed to O-containing surface species, in another
representation of Si(x). Specific to our case, the peaks of
oxidized Si groups located around 102.35 eV were undoubtedly
ascribed to Si(3),20 indicating that the Si(3) species were the
main part in the oxide layers. Thus, the composition of the
oxide layer was not the SiO2 crystal, but amorphous SiOx. The
SiOx content in the different layers followed the same trend as
that of the O 1s concentrations in Figure 4b. From the
discussion given above, we concluded that the silicon surface
had more SiOx after H2O2 (HNO3) oxidation. Additionally, the
SiOx thin films obtained by the three oxidation processes had
the similar thicknesses in comparison, according to the
ellipsometry measurement. It meant that the H2O2 (HNO3)-
oxidized SiOx thin films may be denser and their SiOx coverage
on silicon surface may also be greater than that of the native
oxide. The strong oxidizing ability of the H2O2 (HNO3) could
help the silicon surface to form a high-quality SiOx passivation
layer.

3.4. Photovoltaic Characteristics of Solar Cells. The
SiOx layers from the various oxidation processes exhibited
different qualities and properties, which played an important
role in the photovoltaic performance of the Si/PEDOT:PSS
heterojunction solar cells. The current−voltage characteristics
of these heterojunction solar cells with the different SiOx layers
were measured under 100 mW/cm2 illumination, as shown in
Figure 5a. The typical photovoltaic parameters of the three
types of hybrid solar cells are summarized in Table 1, including
average values and their standard deviation. The H2O2-treated
solar cell, with a Jsc of 33.09 mA/cm2, a Voc of 0.48 V, and a fill
factor (FF) of 60.08%, yielded an average PCE of 9.60%, a
12.54% increase from the value of 8.53% for the native oxide
device, while the HNO3-treated solar cell exhibited the highest
average PCE of 10.48%, with a Jsc of 33.20 mA/cm2, a Voc of
0.49 V, and a FF of 64.64%. It was worth noting that the
highest PCE of an individual HNO3-treated device was already
beyond 11%. The thickness of the SiOx layer could be
controlled by the chemical treatment time, as shown in Figure
S3 of the Supporting Information. For the HNO3-treated
sample, the thickness of the SiOx layer increased from 1.19 nm
for immersion for 1 s to 2.11 nm for immersion for 20 min. A
certain thickness of the SiOx layer was required to have good
passivation and good hydrophilicity of the Si surface. However,
if the SiOx layer were too thick, it would impact the

Figure 3. ATR-FTIR absorption spectra of the SiOx thin films after the
different oxidizing treatments.

Figure 4. XPS spectra of c-Si (100) surfaces treated by the different oxidizing agents: (a) Si 2p and O 1s region and (b) Si 2p of SiOx species.
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effectiveness of the carrier tunneling and thus degrade the
electrical performance. The duration of the chemical treatment
impacted not only the thickness of the SiOx layer but also the
wettability of the surface (surface roughness and hydro-
philicity), and other characteristics of the SiOx layer (such as
the film density and content), which would all affect the
performance of the device. An optimal thickness of the SiOx
layer could be experimentally determined on the basis of a large
amount of experimental data, as shown in Figure S4 and Table
S1 of the Supporting Information. The devices with 1.19−1.66
nm SiOx passivation layers (immersion for 1−10 s) showed
superior photovoltaic performance, where the 3 s treatment
(corresponding to a 1.4 ± 0.05 nm SiOx layer) produced the
highest efficiency.
Here, the improved photovoltaic performance should be

mainly attributed to the thin SiOx layer oxidized by the aqueous
H2O2 (HNO3) solution that enforced the following effects: (1)
the improved wettability of the surface of the substrates, which
resulted in a better interface contact and thus a higher quality of
the p−n junction, and (2) the improved quality, such as the
uniformity and density of the SiOx layers, which promoted the
surface passivation to reduce the loss of charge. Specifically,
during the HNO3 oxidation process, the oxide layer might
potentially adsorb some cations like NO+ or NO2

+, with a large
positive surface dipole leading to the improvement in the
barrier height of the internal electrical field.20 This reinforces
the fact that the internal electrical field could enhance the
driving force for carrier separation, improving the separation
efficiency at the interface of the p−n junction and leading to a
higher Voc. The obvious evidence was the increase of 30 mV in
the Voc of the HNO3-oxidized device, compared to that of the
native oxide device. The increased Jsc was mainly caused by the
increased Si/PEDOT:PSS interface area, i.e., greater p−n
junction area, because of the rougher surface of the H2O2
(HNO3)-treated silicon wafers. The EQE curves of Figure 5b
further demonstrate that the H2O2 (HNO3)-treated devices
had higher efficiencies on carrier collection. The EQE values of
the HNO3-treated device were slightly larger than that of the

H2O2-treated device over the full wavelength range, in
accordance with the Jsc results. Both the Jsc and EQE results
indicated that the oxide layers formed with the chemical
treatment provided better interfacial properties for the Si/
PEDOT:PSS heterojunction solar cells. To make the
conclusions mentioned above more credible, the surface
reflectances of the different samples are shown in Figure S2
of the Supporting Information. Over the broad spectral range of
400−1100 nm, the three samples showed nearly identical
reflection properties with an average reflection of 38.7%,
indicating that the rougher surfaces from the H2O2 (HNO3)
solution did not play a role in light trapping. As shown in Table
1, FF exhibited the largest amplification (the values of the H2O2
(HNO3)-oxidized devices were larger than that of the native
oxide device), compared to Jsc and Voc. For example, the FF
value of the HNO3-treated device was 12.30% larger than that
of the native oxide device. This improvement in FF was
revealed by lower series resistances (Rs) and higher shunting
resistances (Rsh) of devices. The decrease in Rs might be related
to the good interface connection, because higher wettability
resulted in fewer microvoids at the interface of the
PEDOT:PSS film and substrate, allowing a higher efficiency
of carrier transport in the lateral direction. The shunt resistance
(Rsh) was a typical parameter related to defects. The
improvement in Rsh could be ascribed to the high quality of
the SiOx layer in terms of the uniformity and the density, which
would suppress the shunting effectively in the solar cells. In
reality, the FF could be also impacted by the diode ideality
factor, which will be further discussed in the next paragraph.
To further study the improved performance of cells with the

different SiOx passivation layers, the dark J−V characteristics of
solar cells were measured and are plotted in Figure 6. The solar
cells fabricated from the Si treated with aqueous H2O2 (HNO3)
solutions had dark current densities lower than that of the
native oxide cell, while the HNO3-treated cell carried the lowest
value. The dark J−V curves of the Si/PEDOT:PSS hetero-
junction solar cells exhibited the typical rectifying character-
istics, indicating that this heterojunction behaved as well-

Figure 5. (a) Current density−voltage characteristics of the Si/PEDOT:PSS heterojunction solar cells. (b) External quantum efficiency (EQE)
spectra of the fabricated devices based on the different oxidation processes.

Table 1. Photovoltaic Characteristicsa of Si/PEDOT:PSS Heterojunction Solar Cells with the Different SiOx Thin Films

Jsc (mA/cm
2) Voc (V) FF (%) η (%) Rs (Ω cm2) Rsh (Ω cm2)

native oxide 32.06 ± 0.50 0.46 ± 0.015 57.56 ± 0.23 8.53 ± 0.40 13.76 ± 0.51 269.89 ± 2.67
H2O2 33.09 ± 0.26 0.48 ± 0.011 60.08 ± 0.26 9.60 ± 0.28 12.18 ± 0.45 1257.20 ± 3.74
HNO3 33.20 ± 0.54 0.49 ± 0.014 64.46 ± 0.27 10.48 ± 0.52 11.00 ± 0.55 2960.64 ± 4.82

aValues were obtained by averaging six devices with a calculated confidence interval of 95%.
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defined diodes. The dark J−V curves could be simulated
according the diode equations, as follows:

= −⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥J J

eV
nkT

exp 1s (1)

= * −
Φ⎛

⎝⎜
⎞
⎠⎟J A AT

kT
exps

2 bi

(2)

where A is the contact area, A* is the effective Richardson
constant (∼252 A cm−2 K−2 for n-type silicon), T is the
absolute temperature (298 K), κ is the Boltzmann constant, n is
the diode ideality factor, Js is the reverse saturation current
density, and Φbi is the barrier height of Schottky diodes.
Equations 1 and 2 were often applied to evaluate the diode
ideality factor (n) value of Schottky diodes. From the best
fitting of the dark J−V characteristic curves under the forward
bias condition (inset of Figure 6), the diode ideality factor,
reverse saturation current density, and barrier height of Si/
PEDOT:PSS heterojunction solar cells were deduced, as
illustrated in Table 2. The n value was a measure of the quality

of the p−n junction. The HNO3-treated solar cell had the
smallest n value, which was an indicator of the lowest density of
the recombination centers in the space charge region, due to
the best passivation quality of the SiOx layer.

16 Additionally, the
Js values displayed a similar tendency, and the HNO3-treated
device had the smallest value, which was also evidence of
weaker carrier recombination with the improved passivation
quality of the SiOx layer. In contrast, the values of Φbi in the Si/
PEDOT:PSS junctions increased with the chemical treatment
of the oxidizing aqueous solution, yielding a value of 0.562 eV

for the HNO3-treated solar cell, an increase of 0.127 eV from
the value of 0.435 eV of the native oxide solar cell. The increase
of Φbi promoted the Jsc and Voc of the Si/PEDOT:PSS
heterojunction solar cells, because of the reinforcement of the
internal electric field and charge separation force.

3.5. Minority Carrier Lifetimes of Silicon Surfaces. In
the previous sections, it had been shown that the SiOx layer
played an important role in the passivation of the Si surface,
which could be directly certificated from a spatial mapping of
the minority carrier lifetime, as shown in Figure 7. The minority

carrier lifetime of a silicon solar cell depends on surface and
bulk recombination,27 which was dominated by the faster
process, as expressed in eq 3.

τ τ
= + S

d
1 1 2

m b (3)

where τm is the measured lifetime, τb is the bulk recombination
lifetime, S is the surface recombination velocity, and d is the
wafer thickness. The native oxide, H2O2-treated, and HNO3-
treated substrates had average lifetimes of 10.73, 12.91, and
21.10 μs, respectively. With a 1.43 nm native SiOx layer, the
lifetime distribution of the wafer was broad and the average
lifetime was only 10.73 μs, as shown in panels a and d of Figure
7. The passivation quality of the native SiOx layer was not
uniform, due to the thickness and chemical ingredients of the
oxide layer. Figure 7b shows the lifetime distribution of the
H2O2-oxidized surface, with an average lifetime of 12.91 μs,
slightly larger than that of the native oxide surface. As seen in
panels c and d of Figure 7, the average τm value of the HNO3-
oxidized substrate increased to 21.10 μs, and a vast majority of
the HNO3-oxidized surface possesses τm values of >20 μs. To

Figure 6. Dark J−V characteristic curves of solar cells based on the
different oxidizing devices and ln(J) vs voltage under the dark
condition (inset).

Table 2. Diode Ideality Factors (n), Reverse Saturation
Current Densities (Js), and Schottky Barrier Heights (Φbi) of
Si/PEDOT:PSS Heterojunction Solar Cells with Different
Oxidizing Treatments

surface passivation n Js (μA/cm
2) Φbi (eV)

native oxide 2.51 6.56 0.435
H2O2 2.24 4.76 0.462
HNO3 1.68 1.51 0.562

Figure 7. Spatial mapping of the minority carrier lifetimes from the
different samples under the various oxidation conditions: (a) native
oxide surface, (b) H2O2-oxidized silicon surface, and (c) HNO3-
oxidized silicon surface. (d) Histogram of the minority carrier lifetime
distribution. The planar silicon wafers were prepared with a 20 mm ×
20 mm surface area.
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calculate the S values from eq 3, we assumed that all the wafers
had a similar d of ∼300 μm and a τb of 19 ms.27 The S values
were calculated to be 1397, 1161, and 710 cm/s for the native
oxide, H2O2-treated, and HNO3-treated surfaces, respectively.
Furthermore, these results clearly indicate that the HNO3-
treated surface provides the best passivation properties among
the three oxidation methods, which was consistent with the
results of XPS analysis (the densest and most uniform SiOx
layer of the HNO3-treated surface), and also consistent with
that of the n, Js, and Voc, induction of the smallest amount of
carrier loss at the interface of Si and PEDOT:PSS.

4. CONCLUSION
In summary, we demonstrated that the H2O2 (HNO3)
oxidizing treatment of the Si substrate could improve the
surface wettability and passivation property of a high-quality
SiOx layer. This stronger wettability could be ascribed to the
greater roughness and hydrophilicity of the SiOx layer, allowing
an effective spread of the PEDOT:PSS coating and thus a good
contact between this organic film and the Si substrate. The
better interface contact between the rougher Si and the organic
film provided a larger p−n junction area. Moreover, the higher
SiOx passivation quality yielded less interface charge recombi-
nation. The interfacial improvement by aqueous solution
oxidations led to the high-performance Si/PEDOT:PSS
heterojunction solar cells, embodied by an excellent PCE of
11% for the HNO3-treated device. This study not only revealed
the roles of the interfacial SiOx layer in the performance of the
Si/organic hybrid devices but also demonstrated the practical
importance of such a simple, low-cost, and controllable
oxidizing process in the further development of this type of
heterojuntion solar cell.
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Torregrosa, P. J. Role of Wettability and Nanoroughness on
Interactions between Osteoblast and Modified Silicon Surfaces. Acta
Biomater. 2011, 7, 771−778.
(24) Nakajima, A.; Itakura, T.; Watanabe, S.; Nakayama, N.
Photoluminescence of Porous Si, Oxidized then Deoxidized Chemi-
cally. Appl. Phys. Lett. 1992, 61, 46−48.
(25) Ay, F.; Aydinli, A. Comparative Investigation of Hydrogen
Bonding in Silicon Based PECVD Grown Dielectrics for Optical
Waveguides. Opt. Mater. 2004, 26, 33−46.
(26) Lee, H. J.; Jeon, H.; Lee, W. S. Synergistic Interaction between
Substrate and Seed Particles in Ultrathin Ultrananocrystalline
Diamond Film Nucleation on SiO2 with Controlled Surface
Termination. J. Phys. Chem. C 2012, 116, 9180−9188.
(27) Schmidt, J.; Aberle, A. G. Accurate Method for the
Determination of Bulk Minority-Carrier Lifetimes of Mono- and
Multicrystalline Silicon Wafers. J. Appl. Phys. 1997, 81, 6186−6199.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503949g | ACS Appl. Mater. Interfaces 2014, 6, 16027−1603416034


