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Heterojunctions formed by ultrathin conductive polymer [poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate)—PEDOT:PSS] films and 
n-type crystalline silicon are investigated by photoelectron spectroscopy. 
Large shifts of Si 2p core levels upon PEDOT:PSS deposition provide evidence 
that a dopant-free p–n junction, i.e., an inversion layer, is formed within 
Si. Among the investigated PEDOT:PSS formulations, the largest induced 
band bending within Si (0.71 eV) is found for PH1000 (high PEDOT content) 
combined with a wetting agent and the solvent additive dimethyl sulfoxide 
(DMSO). Without DMSO, the induced band bending is reduced, as is also the 
case with a PEDOT:PSS formulation with higher PSS content. The interfacial 
energy level alignment correlates well with the characteristics of PEDOT:PSS/
n-Si solar cells, where high polymer conductivity and sufficient Si-passivation 
are also required to achieve high power conversion efficiency.

hene):poly(styrenesulfonate) (PEDOT:PSS) 
as one of the electrical contacts have drawn 
wide attention in the recent years due to 
the low-temperature and cost-effective dep-
osition process of PEDOT:PSS, while at the 
same time retaining the potential for high 
power conversion efficiency (PCE).[1] In a 
typical Al/n-Si/PEDOT:PSS/Ag grid solar 
cell, light illumination generates electron–
hole pairs in Si. The holes are then trans-
ported by the PEDOT:PSS layer to the Ag 
electrode and the electrons are collected at 
the Al electrode.[2] The most pivotal part of 
such a solar cell is the PEDOT:PSS layer, 
which was suggested to fulfill four main 
tasks:[3] i) it induces an inversion layer in 
n-Si (i.e., a p-dopant-free Si p–n junction 
is formed) to block electrons and extract 

holes, ii) it transports holes to the metal anode, iii) it acts as a 
surface passivation layer to reduce interfacial recombination, and 
iv) it increases light harvesting by reducing reflection. Therefore, 
appropriate PEDOT:PSS/Si interface formation and properties 
are key to achieve high-performance solar cells.[2b,3,4] However, 
despite numerous attempts, such as improving the conductivity 
of the PEDOT:PSS layer,[5] using nanostructured Si surfaces,[1b,4a] 
deposition of interlayers,[6] and others,[7] the PCE achieved with 
dopant-free approaches for Si-based solar cells has still room for 
improvement.[8]

The properties of PEDOT:PSS thin films are well investigated 
and are mostly in line with the above mentioned tasks ii–iv).[1d,9] 
However, evidencing and quantifying the effectiveness of task 
i) is not straightforward. The work function (WF) of commonly 
used PEDOT:PSS formulations spreads from ≈4.65 to 5.20 eV[10]  
and is thus—assuming Schottky-contact formation—not high 
enough to induce a strong inversion layer in n-Si.[11] The sur-
face chemical composition of PEDOT:PSS on n-Si with or 
without solvent treatment[2b,5b,12] as well as indirectly assessed 
energy level alignment[7c,13] have been reported. However, direct 
evidence for the most fundamental interfacial property, i.e., 
the inversion layer formation, is still missing. The inversion 
layer has so far been assumed based on capacitance–voltage 
measurements or by comparing the WF differences between 
PEDOT:PSS and n-Si, without using the information on band 
bending potentially contained in core level (Si 2p) shifts as 
obtained in X-ray photoelectron spectroscopy (XPS).[7b,13b,14] 
On the other hand, for a functionally related interface, i.e., 

Full Paper

Direct Observation of Conductive Polymer Induced 
Inversion Layer in n-Si and Correlation to Solar Cell 
Performance

Rongbin Wang, Yusheng Wang, Chen Wu, Tianshu Zhai, Jiacheng Yang, Baoquan Sun,* 
Steffen Duhm,* and Norbert Koch*

DOI: 10.1002/adfm.201903440

R. Wang, Y. Wang, C. Wu, T. Zhai, J. Yang, Prof. B. Sun, Prof. S. Duhm, 
Prof. N. Koch
Institute of Functional Nano and Soft Materials (FUNSOM)
Joint International Research Laboratory of Carbon-Based Functional 
Materials and Devices and Jiangsu Key Laboratory for Carbon-Based 
Functional Materials and Devices
Soochow University
215123 Suzhou, P. R. China
E-mail: bqsun@suda.edu.cn; duhm@suda.edu.cn;  
norbert.koch@physik.hu-berlin.de
R. Wang, Prof. N. Koch
Institut für Physik and IRIS Adlershof
Humboldt-Universität zu Berlin
Brook-Taylor-Str. 6, 12489 Berlin, Germany
Prof. N. Koch
Helmholtz-Zentrum Berlin für Materialien und Energie GmbH
Albert-Einstein Str. 15, 12489 Berlin, Germany

1. Introduction

Heterojunction solar cells utilizing n-type crystalline Si (n-Si) as 
absorber and the conducting polymer poly(3,4-ethylenedioxythiop
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MoOx/n-Si, the existence of an inversion layer was evidenced 
by the shift of Si core level upon incremental deposition of 
MoOx,[15] and the observed strong inversion could be explained 
by the huge WF (around 6.90  eV)[16] of MoOx.[11] Such incre-
mental deposition from the sub-nm to the several ten-nm film 
thickness is not readily practical for PEDOT:PSS as it is depos-
ited from aqueous dispersion, often leading to inhomogeneous 
films and pinholes in the ultrathin film regime. Therefore, only 
few reports addressed Si core-level evolution,[6b,17] which could 
provide the desired information to more directly assess band 
bending within the inorganic semiconductor.

The challenge to measure the Si core level with XPS is related 
to the PEDOT:PSS layer thickness, which is usually larger than 
30  nm,[17a] and thus beyond the photoelectron mean-free path 
(much less than 10  nm) when employing typical lab-based 
setups.[18] One possible workaround is using hard X-ray photo
electron spectroscopy (HAXPES), which increases the mean-free 
path of photoelectrons due to a much higher excitation photon 
energy.[19] For instance, Jäckle et  al. utilized HAXPES to probe 
the buried n-Si/PEDOT:PSS interface by removing excess PSS on 
the top surface, yet thereby altering the surface properties.[17a] An 
alternative is to directly prepare a thinner layer of PEDOT:PSS, 
i.e., less than 10 nm, despite the challenge named above. When 
spin coating polymers from solution in a well-controlled manner, 
ultrathin layers can be obtained by decreasing the solution con-
centration while increasing the spin coating speed.[17b,20]

In the present work, we mimicked incremental deposition 
of PEDOT:PSS on n-Si by adjusting the solution concentra-
tion and spin speed. We obtained a series of homogeneous and 
continuous PEDOT:PSS films with thickness ranging from 5 to 
50 nm (as determined by ellipsometry) on the n-Si surface. The 
electronic properties of these interfaces were investigated by 
ultraviolet photoelectron spectroscopy (UPS) and XPS. Based 
on the direct observation of Si 2p core level shifts, we found 
that PEDOT:PSS indeed induces substantial band bending in 
n-Si, leading to an inversion layer. In addition, we show that the 
solvent additive dimethyl sulfoxide (DMSO) boosts the band 
bending in Si in addition to conductivity enhancement.[9e] We 
also compare the interface properties formed by PEDOT:PSS 
with different PEDOT to PSS ratio, and provide reliable energy 
level diagrams for these heterojunctions. In model solar cells, a 
higher PEDOT concentration as well as the addition of DMSO 
resulted in improved device performance due to a higher 
open-circuit voltage (Voc) and higher conductivity through the 
polymer layer. The clear-cut relations between interface elec-
tronic properties, transport through PEDOT:PSS, and solar 
cell function provide a solid base for further pushing the devel-
opment and performance of dopant-free heterojunctions in 
electronic and optoelectronic devices.

2. Results

We first discuss the XPS results obtained for the high-conduc-
tivity formulation PH1000 (PEDOT:PSS mass ratio of 1:2.5),[9e,21] 
deposited on n-Si from solution with Triton X-100 (hereafter 
referred to as Triton) and DMSO additives. The Si 2p3/2 peak of 
the reference sample (pristine HF-treated n-Si) is centered at 
99.89  eV (Figure  1a) and can be ascribed to SiSi bonds,[6b,22] 

with no detectable SiOx species at higher binding energy (BE). 
For the 5 nm thick PEDOT:PSS layer, the Si 2p3/2 peak is centered 
at 99.27 eV BE, much lower in energy than that of pristine n-Si. 
A weak higher BE Si 2p signal (ca. 102–103 eV) can be ascribed 
to various SiO bonds,[23] indicating the presence of SiOx on the 
Si surface, yet much thinner than the native oxide (see below). 
For thicker PEDOT:PSS films (7–12  nm), the Si 2p main peak 
shifts to even lower BE and the intensity of the SiOx-derived 
peak slightly increases (Table S1, see Supporting Information). 
The Si 2p3/2 peak is centered at 99.18 eV BE for the 12 nm thick 
PEDOT:PSS film, giving an energy difference of 0.71  eV with 
respect to the pristine n-Si. The shift might further increase 
slightly for higher PEDOT:PSS thickness, but the intensity of 
the Si 2p peak was then too small to be detected. However, the 
vast majority of the shift occurs for the 5 nm thick polymer film 
(0.62 eV), and up to 12 nm thick PEDOT:PSS only an additional 
0.09 eV occurs. Qualitatively similar Si 2p core level shifts, indica-
tive of surface band bending in n-Si, were reported for coating Si 
with other polymers[24] or with small organic molecules.[17b,25] The 
S 2p core level spectra (Figure 1b) show two major contributions, 
one from PSS at the high BE side and the other from PEDOT 
at the low BE side.[10a,26] Since some of the sulfonate units of 
PSS gain electrons from PEDOT, charged and neutral species 
(PSS− and PSSH)[27] contribute to the S 2p core levels. The posi-
tive charges are delocalized over the PEDOT chains, resulting in 
a broad asymmetric tail on the high BE side of the PEDOT S 2p 
peaks.[27,28] With increasing nominal PEDOT:PSS thickness, the 
atomic ratio of S 2p to Si 2p increases (Table 1, and Figure S1, 
Supporting Information), which confirms the ellipsometry data.

Figure  2 shows the UPS spectra of samples S1–S4, whose 
core levels are discussed above (and shown in Figure 1). The WF 
of pristine n-Si is 4.18 eV, and after deposition of PEDOT:PSS 
it increases to 4.58–4.66  eV, essentially independent of 
PEDOT:PSS thickness. This implies that even such ultrathin 
PEDOT:PSS films already exhibit the WF of thick films, which 
can be understood from the fact that the WF of PEDOT:PSS is 
determined by both the bulk electrochemical potential of elec-
trons inside the film and the surface dipole, which is formed 
by the surface enrichment of negatively charged PSS compared 
to positively charged PEDOT.[10a] The remaining small variation 
for the present samples can be ascribed to the small fluctuation 
of the ratio between PEDOT and PSS on the surface.[29] The 
ratio of PSS and PEDOT in each film was determined by the 
atomic ratio of its respective S 2p peaks, as given in Table  1. 
The valence band region near the Fermi level of all four layers 
shows no noticeable changes and the density of valence band 
states is virtually identical, in line with the almost constant WF.

In the following, we turn towards the photoemission char-
acterization of PEDOT:PSS films obtained with/without addi-
tives and also from a different formulation. Figure  3 shows 
the Si 2p and S 2p core level spectra obtained from 12  nm 
thick PEDOT:PSS (PH1000+Triton) with and without DMSO, 
as well as a 12  nm thick PEDOT:PSS (Al4083+Triton) with 
DMSO, respectively. The spectra of pristine n-Si and, for com-
parison, 1.6  nm thick MoOx on n-Si serve as reference for 
the discussion. Compared with the Si 2p3/2 peak of pristine 
n-Si, the largest shift occurs for the 1.6  nm thick MoOx layer 
(ΔSi2p = 0.83 eV), and the second largest shift (ΔSi2p = 0.71 eV) 
occurs for the already discussed 12  nm thick PEDOT:PSS 

Adv. Funct. Mater. 2020, 30, 1903440



www.afm-journal.dewww.advancedsciencenews.com

1903440  (3 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(PH1000+Triton) with DMSO. Without DMSO, the smallest 
shift (ΔSi2p = 0.30 eV) in this series is observed. For the other 
formulation of PEDOT:PSS (Al4083+Triton) with DMSO, ΔSi2p 
is 0.57 eV. Besides that, for all PEDOT:PSS thin films, a weak 
SiOx signal appears, which, e.g., has also been found upon dep-
osition of TiOx

[30] or 3-glycidoxy-propyltrime-thoxyd–silane[6b] 
on Si. This ultrathin SiOx can act as surface passivation layer 
to suppress charge recombination. For the 1.6 nm thick MoOx 
film, on the other hand, no SiOx signal was detected. This can 
be explained by the comparably high density of oxygen vacan-
cies typically found in sublimed MoOx layers, so the n-Si sur-
face does not form bonds with the oxygen in MoOx.[15]

The atomic ratios of S/Si (Table  1) of the 12  nm thick 
PEDOT:PSS films with and without DMSO are 2.40 and 1.21, 
respectively. This demonstrates that DMSO indeed improves the 
film coverage and homogeneity [9e] and decreases the fraction 
of uncovered or barely covered Si after spin-coating. As for the 
ratio of PSS and PEDOT, the PEDOT:PSS films without DMSO 
have a higher PSS surface content compared to those with 
DMSO. The films made from Al4083 have significantly less 
PEDOT, as expected from the specified mass ratio between PSS 
and PEDOT for Al4083 of 6.0, whereas it is only 2.5 for PH1000.

The PSS/PEDOT ratio variation also influences the valence 
electron features close to the Fermi level (Figure 4). In general, 
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Figure 1.  XPS spectra of a) Si 2p and b) S 2p core levels from n-Si and PEDOT:PSS layers (PH1000 + 1 wt% Triton + 5 wt% DMSO) with different 
thickness (as indicated in each plot; corresponding to samples S1–S4 from Table 4). c) Chemical structure of PEDOT and PSS.
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the intensity of these features increases with increasing 
PEDOT concentration near the surface. In particular, the 
AI4038 films with a PSS/PEDOT ratio of ≈6 (Table  1) exhibit 
the lowest intensity. For the PH1000 films, the addition of 
DMSO decreases the PSS/PEDOT ratio only slightly from ≈3 
to ≈2.5, but the intensity of the valence features is increased 
substantially. A similar observation was made for another 
additive, diethylene glycol, to the PEDOT:PSS solution.[31] For 
all three different PEDOT:PSS film types discussed here, the 
thickness has almost no impact on the valence electron fea-
tures. However, for the two PH1000 films without DMSO, 
the WF values are 4.49 and 4.80 eV for the 12 and the 50 nm 

thick films, respectively. This difference may have further 
causes in addition to the difference of the PSS/PEDOT 
ratio. The WF of PEDOT:PSS films can be also affected by 
annealing temperature, residual water content, or solvent 
treatment.[10,29,32] Without DMSO, a coiled conformation of 
PEDOT:PSS cores surround by excess PSS shells prevails,[9e] 
likely resulting in incomplete Si coverage, which could also 
account for the lower WF of the 12 nm film.[33]

To exclude effects induced by the wetting agent Triton and 
the co-solvent DMSO on the band bending in Si, hydrophilic 
SiO2

[34] was used as substrate for PH1000 without Triton and 
DMSO. The Si 2p core level peaks are shown in Figure  5 
and the main parameters are summarized in Table 2. For the 
PEDOT:PSS film on SiO2, the shift of the elemental Si peak is 
0.35  eV compared to bare SiO2. In contrast, the SiOx related 
peak shifts by 0.58 eV. This non-rigid shift implies that, in addi-
tion to inducing band bending in Si, PEDOT:PSS also further 
oxidizes the substrate, which is corroborated by the intensity 
increase of the SiOx related peak upon PEDOT:PSS deposition. 
It can be thus inferred that PEDOT:PSS itself (and not Triton) 
induces also the majority of the band bending of the HF-treated 
n-Si and generates the interfacial SiOx species on top. However, 
it still remains to be clarified whether simply the water of the 
solution induces the SiOx formation, or whether other compo-
nents also form SiO bonds at the surface. Therefore, in sev-
eral reference experiments, PSS, Triton, and DMSO as well as 
combinations of these were deposited on n-Si substrates, the 
corresponding Si 2p core levels spectra are shown in Figure S2 
in the Supporting Information. From all these samples, only 
PSS alone did not induce detectable SiOx species. The wet-
ting agent Triton induced the highest SiOx amount. Possibly, 
PEDOT could also form SiO bonds since the positively 
charged PEDOT could receive electrons from Si and bind to the 
surface.

Based on the photoelectron spectroscopy results, we 
used three different PEDOT:PSS film types to fabri-
cate Al/Si/PEDOT:PSS/Ag solar cells: PH1000+Triton, 
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Figure 2.  UPS spectra of a) secondary electron cut-off (SECO) and 
b) valence band region near the Fermi level (set to zero) for n-Si without 
and with PEDOT:PSS layers (PH1000 + 1 wt% Triton + 5 wt% DMSO) of 
different thickness (as indicated in the plot).

Table 1.  Detailed information for all films and substrates based on XPS and UPS results.

Samples Thickness [nm] BE of Si 2p3/2  
(SiSi bond) [eV]

Atomic ratio of  
S(PSS)/S(PEDOT)

Atomic ratio of  
S(S2p) /Si(Si2p)

WF [eV] ΔBE with respect to  
n-Si Si 2p3/2 [eV]

ΔWF with respect  
to n-Si [eV]

n-Si – 99.89 – – 4.18 – –

S1 PH1000 Triton+DMSO/n-Si 5 99.27 2.36 1.23 4.58 0.62 0.40

S2 PH1000 Triton+DMSO/n-Si 7 99.24 2.38 1.41 4.59 0.65 0.41

S3 PH1000 Triton+DMSO/n-Si 9 99.20 2.50 2.26 4.63 0.69 0.45

S4 PH1000 Triton+DMSO/n-Si 12 99.18 2.48 2.40 4.66 0.71 0.48

S5 PH1000

Triton+DMSO/n-Si

50 – 2.37 – 4.70 – 0.52

S6 PH1000 Triton/n-Si 12 99.59 2.78 1.21 4.49 0.30 0.31

S7 PH1000 Triton/n-Si 50 – 3.00 – 4.80 – 0.62

S8 Al4083 Triton+DMSO/n-Si 12 99.32 5.98 4.99 4.66 0.57 0.48

S9 Al4083 Triton+DMSO/n-Si 50 – 6.01 – 4.83 – 0.65

SiO2 (Si with a native oxide layer) – 99.64 – – 4.43 0.25 0.25

S10 PH1000/SiO2 12 99.29 2.71 5.70 4.90 0.60 (0.35)a) 0.72 (0.48)a)

a)With SiO2 substrate as reference.
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PH1000+Triton+DMSO, and AI4083+Triton+DMSO. The cur-
rent density–voltage curves and the electrical output character-
istics of these, and of an Al/Si/MoOx/Ag reference device, are 
shown in Figure  6 and summarized in Table  3. From all four 
devices, the solar cell with PH1000+Triton+DMSO shows the 
highest PCE. That of the MoOx reference device is less than 
half, which is, as the open circuit voltage (Voc) is only slightly 
decreased, mainly due to the significantly lower short circuit 
current (Jsc) and fill factor (FF). Although the MoOx layer does 
induce the desirable band bending in n-Si (≈0.80 eV[15] and 
this work), the low conductivity and inferior interfacial passiva-
tion properties not only decrease the hole extraction and trans-
port efficiency, but also increase the recombination rate at the 
interface.[3] For the PH1000 device without DMSO, the PCE is 
further decreased, which is mainly due to a rather low Jsc, con-
sistent with previous data.[2b] The solar cell with Al4038 has the 
lowest PCE of all devices, as well as the lowest Voc.

The highest PCE found in the present work is 10.23% with 
Voc = 0.64 V, Jsc = 23.01 mA cm−2, and FF = 0.70, which is com-
parable to other reported planar solar cell types in the ‘front-
PEDOT:PSS/Si’ architecture.[35] As the planar architecture 

suffers from significant reflection losses, a textured or hier-
archical structure can be introduced on the front side of Si 
to avoid it, enabling reaching a higher PCE of 17%–18% 
with Voc  = 0.61–0.64  V, Jsc  = 37.5–38.4  mA cm−2, and FF = 
0.74–0.76.[35,36] Moreover, to avert the absorption caused by 
PEDOT:PSS layer, a ‘back-PEDOT:PSS/Si’ architecture can be 
implemented by depositing PEDOT:PSS on the back side of Si. 
In such a way, the PCE can reach ≈20% for p-type Si[37] and 21% 
for n-type Si,[38] both with a textured Si surface on the front side.

3. Discussion

The results of our XPS and UPS studies are summarized in 
the energy level diagrams in Figure  7. For the 12  nm thick 
PH1000+Triton film (Figure  7a), the energy shift of the Si 2p 
core level (ΔBE  = 0.30  eV) is almost the same as the WF dif-
ference between n-Si and the PEDOT:PSS layer (ΔWF  = 
0.31  eV), which appears to be in line with Schottky-contact 
formation.[39] For the 50  nm thick film (Figure  7d), it is not 
possible to measure the Si 2p signal with XPS due to the 
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Figure 3.  a) XPS spectra of Si 2p core levels obtained from bare n-Si, and coated with 1.6 nm MoOx, 12 nm PEDOT:PSS (PH1000+Triton) with and 
without DMSO, and 12 nm PEDOT:PSS (Al4083+Triton) with DMSO. b) XPS spectra of S 2p core levels obtained from 12 and 50 nm PEDOT:PSS 
(PH1000+Triton) with or without DMSO, and 12 nm PEDOT:PSS (Al4083+Triton) with DMSO, on n-Si.
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thick overlayer, thus only a lower limit of the band bending 
is shown in the Si side. However, it could be that the band 
bending magnitude is the same as ΔWF (0.62  eV). For several 
other of the interfaces, ΔBE is in fact larger than ΔWF, i.e., the 
band bending magnitude exceeds the difference between the 
WF of the respective material surfaces. This happens in par-
ticular for the 12 nm PH1000+Triton+DMSO film (Figure 7b) 
and the 12  nm Al4083+Triton+DMSO film (Figure  7c), which 
do not follow the simple Schottky-contact model.[15,39,40] As 

noted in the Introduction, the PEDOT:PSS films cannot be con-
structed layer by layer to assess more details of the very inter-
face to n-Si. Nevertheless, based on our data, we propose two 
possible scenarios for the buried interface. We use the 50 nm 
PH1000+Triton+DMSO film (Figure 7e), which shows the best 
performance in the device, as the model system. The lower 
limit of the band bending magnitude is 0.71  eV and ΔWF is 
0.52 eV. The difference of 0.19 eV can either be due to a drop of 
the electrostatic potential i) at the Si–PEDOT:PSS interface, or 
ii) at the surface (facing vacuum) of the PEDOT:PSS film (com-
pare schematic energy level diagrams in Figure S3, Supporting 
Information). Given the complex process of PEDOT:PSS film 
formation, it is plausible that (on average) the vertical distri-
bution of PEDOT versus PSS differs at the bottom (interface 
to Si) and top of the film. Since the WF of PEDOT:PSS is sig-
nificantly impacted by the surface dipole (PSS-enrichment at 
the surface increases the WF; see above), it could thus well be 
that this dipole is different at the bottom compared to the top 
surface, thus yielding different local electrostatic potentials, as 
indicated in Figure  7. However, the evolution of the potential 
energy within the PEDOT:PSS layer does not play a crucial role 
for device performance, as potential variations do not impact 
charge transport in the valence levels.

Our XPS data evidence that PEDOT:PSS can induce band 
bending within n-Si for both, bare and native oxide covered sur-
faces. For the magnitude of the band bending, two main aspects 
play important roles: the formulation of PEDOT:PSS and 
whether DMSO is added or not. The first aspect determines the 
relative amount of PEDOT that is available close to the n-Si. For 
PH1000 and Al4083, the mass ratio between PEDOT and PSS 
is 1:2.5 and 1:6, respectively. As shown in Figure 7, the 12 nm 
thick PH1000 film (with Triton and DMSO) induces a larger 
band bending magnitude than the 12  nm thick Al4083 film. 
The second aspect pertains to how the PEDOT:PSS makes con-
tact with n-Si nanoscopic in detail. Many reports have shown 
that by adding DMSO into the original PEDOT:PSS aqueous 
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Figure 4.  UPS spectra of a) SECO and b) valence band region near the Fermi level.

Figure 5.  XPS spectra of Si 2p for a) 12 nm PEDOT:PSS (PH1000, without 
Triton and DMSO) on SiO2, and b) bare SiO2.
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solution, after annealing films feature a thinner outside PSS-
rich-shell and coiled PEDOT-rich cores, compared to the case 
without DMSO, which also improves the conductivity of the 
film by reducing the width of insulating PSS shells.[2b,9e,17a,21b] 
The thinner PSS-rich shell also enhances the direct contact 
possibility between PEDOT and Si. Then more electrons can 
transfer from n-Si to PEDOT (or coiled PEDOT:PSS), leading 
to a larger band bending. Indeed, by comparing the two 12 nm 
PEDOT:PSS (PH1000) films with and without DMSO, it 
becomes apparent that adding DMSO more than doubles the 
band bending magnitude.

The photoelectron spectroscopy data also allow explaining 
the solar cell data. In particular, the Voc is related to the 
band bending magnitude,[24] and Jsc and FF to the density of 
states close to EF.[41] The PH1000+Triton+DMSO film, which 
induces the largest band bending magnitude (Figure  1) and 
the largest density of states close to EF (Figure 4), enables also 
the largest Voc, Jsc, FF, and, consequently, PCE (Table  3). For 
AI4083+Triton+DMSO, XPS indicates that the band bending 
is only 0.57 eV (Figure 3) and UPS unravels a comparably low 
density of states (Figure 4); as a result, the Voc and mainly Jsc 
and FF are largely decreased. A paradox seems to appear for 
PH1000+Triton as the qVoc (0.62 eV) of the device is larger than 
the induced band bending (0.30  eV) obtained by XPS. Most 
likely, with increasing thickness of the PEDOT:PSS layer, a 
yet improved interface is formed, which induces a larger band 
bending compared with that of the low coverage of 12 nm film. 
Intriguingly, the Jsc of the three PEDOT:PSS/Si devices do 
follow the intensity of the density of valence states, supporting 

that indeed the density of states correlates with the conductivity 
of the PEDOT:PSS film.

Overall, our results show that a small induced band bending 
will lead to a small Voc, however, large band bending does not 
always result in a high Voc. The hole extraction and transport 
efficiencies of the layer inducing the band bending in Si also 
need to be taken into account. In a heterojunction silicon solar 
cell, the layer itself and its interface with the silicon are key 
aspects in determining the device performance.[1a,5b,30] The 
optimization of the device should follow the discussed two 
points: first, a sufficiently large induced band bending in Si is 
required in order to achieve efficient hole extraction and pre-
vent the transport of electrons to the anode;[7a,15] second, this 
layer should also have adequate conductivity to transport the 
holes to the anode and simultaneously reduce the recombina-
tion rate at the interface.[1b,3]

4. Conclusion

We directly evidenced that PEDOT:PSS induces a large upward 
band bending in n-Si, even reaching inversion conditions. By 
diluting the original PEDOT:PSS solution and increasing the 
spin-coating speed, a series of PEDOT:PSS thin films with 
nominal thicknesses down to 5 nm were achieved on n-Si sub-
strates. Polymer-induced band bending and inversion layer 
formation within Si were revealed by shifts of the Si 2p core 
levels. We found that adding DMSO to the polymer solution or 
increasing the PEDOT to PSS ratio increase the band bending 
magnitude. Moreover, the addition of DMSO improves the 
interface between PEDOT:PSS and n-Si, as reflected by the per-
formance of PEDOT:PSS/n-Si solar cells, and the formulation 
PH1000 with DMSO yielded the largest Voc (0.64 V), which is 
comparable with that of classical Si solar cell. By comparing 
PEDOT:PSS/n-Si solar cells with MoOx/n-Si cells, it becomes 
apparent that a large contact-induced band bending does not 
necessarily lead to a high Voc. Adequate passivation of the 
silicon surface to decrease recombination and high conduc-
tivity of the polymer layer are also needed to achieve high PCE 
devices. Further optimization of PEDOT:PSS/n-Si solar cells 
should pursue an improved interface between PEDOT:PSS and 
n-Si, e.g., by increasing the PEDOT concentration and mole-
cular passivation of the Si.

5. Experimental Section
Sample Preparation: Coupons cut from n-type (100)-oriented, 

single-side polished and 300  µm thick single crystal Si wafers 
(0.05–0.1 Ω cm, Resemi semiconductor Co. Ltd) with a native oxide 
layer were used for all samples. The coupons were ultrasonically 
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Table 2.  Comparison of bare SiO2 and 12 nm PEDOT:PSS (PH1000 without Triton and DMSO) film on SiO2.

Substrate BE of Si 2p3/2  
(SiSi bond) [eV]

BE of Si 2p  
(SiO bond) [eV]

Work function [eV] ΔBE between Si 2p3/2 (SiSi)  
and Si 2p (SiO) [eV]

Atomic ratio between  
Si (SiO) and Si (SiSi)

SiO2 99.64 103.66 4.42 4.02 0.17

12-nm-thick PH1000 on SiO2 99.29 103.08 4.93 3.79 0.23

Δ 0.35 0.58 −0.51 0.23 −0.06

Figure 6.  J–V curves under AM 1.5 illumination of 100  mW cm−1 of 
Al/Si/PEDOT:PSS (PH1000+Triton+DMSO)/Ag, Al/Si/PEDOT:PSS 
(PH1000+Triton)/Ag, Al/Si/PEDOT:PSS (AI4083+Triton+DMSO)/Ag and 
Al/Si/MoOx/Ag silicon-based solar cells.
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cleaned in acetone, ethanol, and deionized (DI) water, followed by 
UV-ozone treatment for 15  min. Subsequently, they were immersed 
in HF solution for 5  min to remove the native oxide layer and then 
washed with DI water, before measurements or polymer coating. 
Two different PEDOT:PSS formulations were used: PH1000 (Clevios) 
with a PEDOT:PSS mass ratio of 1:2.5 and Al4083 (Clevios) with 
a mass ratio of 1:6. After removal of the Si oxide layer the surface 
becomes hydrophobic due to the H-termination, and it is necessary 
to add Triton X-100 (Alfa Aesar) as wetting agent into the PEDOT:PSS 
aqueous solution to ensure proper thin film formation on Si. After 

spin-coating of PEDOT:PSS, samples were annealed for 20  min at 
125 °C. Film thickness determination was carried out by spectroscopic 
ellipsometer (J. A. Woollam Corporation, Alpha-SE). Details of all 
samples are given in Table  4. For each sample type, at least two 
individual samples were investigated to warrant reproducibility. For 
select cases, up to five samples were investigated. The electrical 
conductivity of PH1000 (1 wt% Triton and 5 wt% DMSO), PH1000 
(1 wt% Triton), and Al4083 (1 wt% Triton and 5 wt% DMSO) thin films 
(≈60 nm) coated on glass was determined to be 500 (±15), 84 (±12),  
and < 0.1 S cm−1, respectively, by the four-point probe method.

Table 3.  Electrical characteristics of the solar cells, and band bending magnitude and density of PEDOT:PSS valence states obtained from UPS.

Device Voc [V] Jsc [mA cm−2] FF PCE [%] Band bending [eV] Valence state density

Al/Si/MoOx/Ag 0.58 18.49 0.42 4.45 0.80 –

Al/Si/PEDOT:PSS (PH1000+Triton)/Ag 0.62 12.29 0.40 3.03 0.30 Medium

Al/Si/PEDOT:PSS (PH1000+Triton+DMSO)/Ag 0.64 23.01 0.70 10.23 0.71 High

Al/Si/PEDOT:PSS (Al4083+Triton+DMSO)/Ag 0.45 11.54 0.45 2.34 0.57 Low

Figure 7.  Experimentally obtained energy level diagrams of PEDOT:PSS/n-Si contacts. The room temperature bandgap of Si (1.12 eV) is taken from 
literature.[23] All other values are based on the XPS and UPS results of this work (also summarized in Table 1). In each case, the lower limit of the band 
bending is taken from the Si 2p core level shift (ΔBE). The WF shift (ΔWF) is taken from UPS measurements. Dotted lines in the vacuum level (VL) 
indicate that the exact shape of the electrostatic potential energy within the PEDOT:PSS layer cannot be assessed experimentally (for details see the 
text). All values are in units of eV.
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Photoelectron Spectroscopy Measurements: XPS (Al Kα, 1486.7  eV) 
and UPS (He Iα, 21.22 eV) measurements were carried out in a SPECS 
photoelectron spectroscopy system, including an analysis chamber (base 
pressure: 2 × 10−10 mbar), an evaporation chamber (base pressure: 
2 × 10−10 mbar), and a sample load-lock.[42] All measurements were 
performed at room temperature (295 K). XPS and UPS spectra are 
plotted with respect to the Fermi level (EF). The SECO spectra are plotted 
as function of kinetic energy corrected by the applied bias voltage (−3 V) 
and the analyzer WF. Thus, the SECO position corresponds to the 
position of the vacuum level above EF, which is also referred to as WF. 
To compare the element atomic ratio from XPS, the spectra were fitted 
with a Shirley background and Voigt peaks. The peak areas were divided 
by the respective relative sensitivity factors.[43] For the fitting of Si 2p and 
S 2p, the energy differences between Si 2p1/2/Si 2p3/2 and S 2p1/2/S 2p3/2 
components were fixed at 0.60 and 1.20  eV, respectively, and the peak 
area ratio for both cases was fixed at 1:2.[2b,6b]

Solar Cell Fabrication and Characterization: For n-Si/PEDOT:PSS 
solar cells the PEDOT:PSS layers were spin-coated at 4000 rpm for 60 s  
and annealed at 125  °C for 20  min. For n-Si/MoOx solar cells, 25  nm 
MoOx were thermally evaporated on n-Si. Finally, 200  nm thick Ag 
grid front electrodes with a finger width of 100  µm and 200  nm thick 
Al rear electrodes were deposited by thermal evaporation (NANO 36, 
Kurt J. Lesker), respectively. The solar cells were characterized by a 
Newport solar simulator with air mass (AM) 1.5 G conditions at an 
illumination intensity of 100 mW cm−2.
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