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Carrier dynamic monitoring of a p-conjugated
polymer: a surface-enhanced Raman scattering
method†
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Here, the carrier dynamics of a p-conjugated polymer is monitored by

voltage-dependent surface-enhanced Raman scattering (SERS). The con-

ductive polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) is employed as a metal-free SERS substrate. Under different

voltage conditions, the SERS performance of the semiconductors’

rectification characteristic is discussed. Our results open an unprece-

dented regime for conducting polymer-based SERS.

As energy issues have become a global concern, many efforts have
been dedicated to improve the performance of solar cells.1–3

However, the exploration of the interfacial dynamic process of
carriers in solar cells has created massive confusion.4 Recently,
inorganic semiconductor-based SERS has emerged as a means to
investigate the charge transfer process in solar-cell-like systems
and estimate electron transfer behaviour, which means that SERS
may be an essential method to discuss the charge transfer process
at the interface in solar cell devices.5–8 Nevertheless, effective
integration of spectral characteristics into devices also requires
more discussion under bias voltage conditions. To monitor the
SERS performance of the dynamic process of carriers, especially
with a bias voltage, a SERS-active substrate is essential.

SERS is a traditional approach with ultrasensitive detection and
also plays a significant role in the biochemical and environmental
fields. For traditional plasmonic SERS substrates, the electromag-
netic field enhancement mechanism can be considered a main
contribution: plasma is generated upon excitation by far-field

incident light, and then the light is concentrated at the nanometre
scale, which enhances the electromagnetic field around the nano-
particles (NPs). Then, NPs serve as optical antennas and propagate
the Raman scattering frequency to the far field to enhance the
Raman scattering signal.9 Simultaneously, as a secondary contribu-
tion, the chemical enhancement mechanism, the Raman scattering
signal will be enhanced by the charge transfer process between the
SERS-active substrate and the adsorbate.10 In 2017, Mehmet Yilmaz
and colleagues synthesized a three-dimensional (3D) organic semi-
conductor, a,o-diperfluorohexylquaterthiophene (DFH-4T); the SERS
enhancement factor (EF) of this 3D organic molecule film was up
to 103, almost reaching the theoretical maximum of a metal-free
substrate.11,12 It was verified that the enhancement for the small
molecule DFH-4T is due to non-equivalent signal enhancements of
analyte-specific binding geometry on the DFH-4T surface, as well as
a charge-transfer transition between the probe molecule and the
organic semiconductor substrate. This result confirmed the SERS
activity of organic semiconductors and further perfected the basic
SERS enhancement theory. Similarly, for a discussion of carrier
performance in devices, here, we employ the p-conjugated conduct-
ing polymer PEDOT:PSS, which is widely used as a hole-transporting
layer in photoelectric devices, as the SERS substrate.13,14 Compared
to DFH-4T, PEDOT:PSS possesses longer chains, as well as more
ordered p–p stacking, which will facilitate and promote charge
propagation along the main chain.15 At the same time, its excellent
electrical properties can be attributed to the p orbital electron
delocalization of the conjugated structure.16,17 As usual, under static
conditions, the most commonly used microscopic model for the
description of the carrier dynamics properties of conjugated poly-
mers is based on the SSH tight-binding model, established by Su,
Schrieffer and Heeger.18–21 By contrast, under dynamic conditions,
the establishment of a clear physical model has plagued many
researchers for a long time, which has also caused much confusion
during the charge transfer process.

On the basis of the above-mentioned premise, PEDOT:PSS
was employed as the SERS-active substrate. To conduct an in-
depth investigation into the chemical enhancement mechanism
and evaluate the charge transfer process, methylene blue (MB)
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was selected as a probe molecule.11,12 Surprisingly, the enhance-
ment factor (EF) of the PEDOT:PSS film with a root-mean-square
(RMS) of 1.81 nm can be up to 2.26 � 103. RMS is an important
parameter of surface roughness. Such a value means that the
smooth film will also exhibit excellent SERS activity. Then, SERS
of PEDOT:PSS/MB is performed at various forward and reverse
bias voltages to analyse the spectroscopic performance and
rectification-like characteristics at semiconductor heterojunc-
tions, as well as the different conductive PEDOT:PSS film under
different voltage conditions. In addition, the intricate charge transfer
processes under different voltage conditions were comprehended in
a straightforward way. This work provides an important theoretical
basis for the establishment of chemical enhancement models in
SERS and a new idea for the exploration of photoelectric devices.

Here, a conducting polymer was used as a SERS-active substrate,
which is not as common as precious metals and inorganic semi-
conductors. As a result, the fundamental enhancement capability
and mechanism should be well studied. The scheme is illustrated in
Fig. 1(a). It is known that morphology and roughness are extremely
significant for SERS substrates,22 and these parameters of a PED-
OT:PSS film were obtained by atomic force microscopy (AFM), as
shown in Fig. 1(b). The scanning area was 2 � 2 mm2, and the RMS
was 1.81 nm, which indicates that the surface of the PEDOT:PSS
film is extremely smooth. An AFM height image of MB molecules
spin-coated on PEDOT:PSS with an RMS of 6.8 nm is shown in
Fig. S1 (ESI†). This indicates that the surface roughness increases
after the MB molecules are spin-coated; however, the contribution to
SERS detection is still extremely low with such a roughness. The
optical properties of PEDOT:PSS, MB and the mixture of PEDOT:PSS-
MB were characterized by UV-vis absorbance spectroscopy, and the
results are illustrated in Fig. S2 (ESI†). PEDOT:PSS retains the
absorption on the red side at 500 nm, and the MB molecule has a
strong absorption peak at B655 nm.23 Both of the above absorption
characteristics are observed for the mixture; however, the maximum
absorbance peak shifts to B668 nm due to the coupling of the
PEDOT:PSS and MB molecules.7

Raman spectroscopy and SERS of the substrates were conducted
under 514 nm laser excitation, as shown in Fig. 1(c). The spectra of
PEDOT:PSS and MB have been revealed in many previous studies,
and all of the peak assignments are listed in Table S1 (ESI†).24,25

The peaks assigned to PEDOT:PSS and MB were marked separately.

As seen by comparing the SERS and Raman spectra of PEDOT:PSS,
the peaks located at 1072, 1298, 1335, 1370, 1396, 1440, and
1627 cm�1 assigned to MB molecules are enhanced, especially
the 1440 and 1627 cm�1 peaks. The peak at 1440 cm�1, which is
assigned to the asymmetric vibration of C–N, is enhanced and is
attributed to both PEDOT:PSS and MB. This enhancement can be
mainly considered a superposition of scattering peaks attributed to
the PEDOT:PSS and MB molecules. The peak at 1627 cm�1 for MB
is significantly selectively enhanced.26 Additionally, the peak at
1627 cm�1 does not experience interference from the peaks of
PEDOT:PSS, and it is truly the best choice for evaluating the
enhancement factor. The calculated EF is 2.26 � 103 (a detailed
calculation process is shown in the ESI†). Such an EF value is
very excellent for this substrate. According to Mie theory, a
smooth surface will greatly affect the scattering cross-section,
which is detrimental to SERS enhancement.5 Inherently, this can
be explained by the properties of PEDOT:PSS.27,28 The main reason
for the high EF is p electron delocalization, which induced the
chemical enhancement contribution upon laser excitation. The
enhancement can be considered (i) a resonant enhancement
coming from the formation of surface complexes or new chemical
bonds by PEDOT:PSS and MB and (ii) a resonance-like enhance-
ment of the photoinduced charge transfer from MB to PEDOT:PSS
or from PEDOT:PSS to MB.29,30 In addition, PEDOT:PSS is also
regarded as a semimetallic material,27 which means that upon
laser excitation, a large number of excited-state electrons delocalize
and oscillate collectively, which induces enhancement from the
SPR contribution.31 Thus, the combined effect of the two mechan-
isms (CT and SPR) allows the substrate to achieve a high EF for a
limited cross-section.

As demonstrated above, PEDOT:PSS is an ideal candidate for a
SERS-active substrate to further investigate the charge transfer
process. For this reason, we evaluated the SERS performance of
PEDOT:PSS/MB under various bias voltage conditions.32 To bias
the polymer and probe molecules, we treated PEDOT:PSS and MB
with the same parameters on fluorine-doped SnO2 (FTO) glass
and then evaporated Ag on the surface as an electrode. Here, FTO
serves as the cathode, and the Ag electrode is the anode. The AFM
height image and an optical photograph of PEDOT:PSS/MB on
FTO are shown in Fig. S3 (ESI†). After spin-coating the two layers,
the substrate becomes blue, which is caused by the MB molecule,
but is still transparent. The SERS spectra are illustrated in
Fig. 2(a), and the scheme of the substrate with a bias voltage is
shown in the inset of Fig. 2(a). Here, we set the reverse voltages
from 0 to 5 V with a step of 0.5 V. Notably, the intensity of the peak
at 1625 cm�1, which can be assigned to the b2 vibration mode of
MB, is increased at a voltage of 0.5 V. As the voltage increases, the
SERS intensity gradually decreases. Furthermore, the peaks at
B1401, B1439, and B1502 cm�1 are shifted. To further under-
stand the enhancement mechanism, the numerical Raman shifts
for different voltages at B1439 cm�1 are listed as red points in
Fig. 2(b) and described as reverse-biased. When we set the voltage
to 0.5 and 1 V, the peak blueshifted and then redshifted with a
further increase in voltage. As reported in our previous work, we
found that the blueshift and redshift of the peak indicated
an increase and decrease in the carrier density, respectively.33

Fig. 1 (a) Schematic illustrations of the PEDOT:PSS/MB substrate. (b) AFM
height image of PEDOT:PSS; the RMS is 1.81 nm. (c) Raman spectra of
PEDOT:PSS, MB, and PEDOT:PSS/MB. The assignments for spectra are
marked as yellow circles for PEDOT:PSS and blue triangles for MB.
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Here, when we reverse the voltage, the current flows from MB to
PEDOT:PSS. In fact, PEDOT:PSS acts as an electron donor, and can
also be considered a p-type semiconductor; additionally, MB
molecules contain electron-withdrawing groups, which can be seen
as n-type semiconductors. That is, a reverse voltage is applied
across the heterojunction. Initially, the resistance of the built-in
electric field is extremely large. From the perspective of carriers, the
holes (cations) and electrons (anions) will be limited to the p-region
and n-region, respectively.

The carriers are continuously accumulated by the resistance of
the built-in electric field, which induces the peak blueshift. As the
voltage continuously increases, the built-in electric field is not
sufficient to resist the energy of the applied electric field yet, and
the current will increase. At this time, a portion of the carriers will
move directionally under the effect of a current impulse, and the
number of carriers participating in the charge transfer process of
SERS is reduced, leading to a change in polarizability, which
redshifts the peak. Additionally, it is undoubted that as the carriers
accumulate, an increasing SPR-induced hot electron transfer will
contribute to the enhancement of the SERS signal under 514 nm
laser illumination.33,34 To further verify these theories, we swapped
the positive and negative electrodes to make the current flow
forward through the heterojunction (the obtained SERS spectra are
shown in Fig. S4, ESI†). We also plot the relationship between the
Raman shift and voltage in Fig. 2(b); the result is marked in blue
and named forward bias. The result shows that the SERS inten-
sities also increase when we apply a voltage of 0.5 V; however, the
SERS signal does not shift initially, and linear-like changes are
observed later when we increase the voltage. According to a previous
analysis, voltage can provide a driving force for the orientated
movement of positive and negative charges. When the voltage is
small, the driving force is not large enough to affect the photo-
generated carriers in the CT process of SERS, and the peak located
at B1439 cm�1 will remain stable. Then, with a continuous increase
in the current, some of the photogenerated carriers in dynamic
equilibrium will undergo drift motion, resulting in fewer carriers
during CT and resulting in a significant redshift of the SERS peak.
In addition, when the voltage is not large enough, the appearance of
the blending layer and defects during preparation will also generate
a built-in electric field, which hinders the redshift of the peak to

some extent. In fact, this discussion was the basis for the spectro-
scopic performance of the rectification characteristics of an organic
semiconductor heterojunction.

Then, the possible charge transfer processes between PEDOT:PSS
and MB are analysed in detail. Under bias-voltage conditions, all the
energy levels will tilt to reestablish equilibrium.35 However, to
simplify the analysis, we approximate the tilt of the vacuum level
as shown in Fig. 3(a) and (b).36–38 There are two possible routes for
the charge transfer process. Under 514 nm laser illumination, the
electrons of MB are excited to a higher state, then transfer to a
matching lowest unoccupied molecular orbital (LUMO) level of
PEDOT:PSS through resonance tunnelling, and finally transfer back
to the highest occupied molecular orbital (HOMO) level of MB,
releasing a Raman photon (Fig. 3(a)). In another case (Fig. 3(b)), the
electrons of PEDOT:PSS are excited and then transferred to the
LUMO of MB and then return to the HOMO of PEDOT:PSS,
emitting a Raman photon25,39 In addition, when we apply addi-
tional voltage, the Fermi level of the metal will be closer to the
vacuum level, and Df = qU.37,40 When the forward-bias voltage is
applied, the possible routes of CT are as shown in the ESI.†

Conductivity is a physical quantity that describes the difficulty
of charge movement, and a higher conductivity will benefit the
charge transfer process of SERS. Jianyong Ouyang’s group reported
that HCl treatment is an efficient method to change the conduc-
tivity of PEDOT:PSS.41,42 After PEDOT:PSS was treated with HCl,
the interaction between PEDOT and PSS was lower; moreover, the
acid assisted in the removal of poorly conductive PSS.42 Here, we
treated PEDOT:PSS with 0, 0.25, 0.5, and 1 M HCl and then spin-
coated MB, followed by evaporation of the Ag electrode; SERS
spectra with a reversed 1 V bias voltage are shown in Fig. 4(a). After

Fig. 2 (a) SERS spectra of PEDOT:PSS/MB on FTO under different bias
voltage conditions. The yellow circles are the peaks contributed from
PEDOT:PSS, and the blue triangles are the peaks assigned to MB. The inset
shows the scheme. (b) The relationship between the voltage and Raman
shift. The red part shows the peak positions for different voltage conditions
at B1439 cm�1 in (a); here, FTO is the cathode, and Ag is the anode. The
blue part shows the SERS peak positions after swapping the positive and
negative electrodes, where FTO is the anode and Ag is the cathode.

Fig. 3 The possible charge transfer processes between PEDOT:PSS and
MB under reverse-bias conditions (the result illustrated in Fig. 2(a)). To
balance the system, we tilt the vacuum level.

Fig. 4 (a) SERS spectra of FTO/PEDOT:PSS/MB/Ag, where PEDOT:PSS
was treated with 0, 0.25, 0.5, and 1 M HCl; the yellow circles indicate the
peaks contributed from PEDOT:PSS, and the blue triangles indicate the
peaks assigned to MB. (b) The relationship between the HCl concentration
and Raman shift at B1497 cm�1.
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treatment with HCl, the SERS peak at B1497 cm�1 shifted. The
relationship between the HCl concentration and the Raman shift
is plotted in Fig. 4(b). As shown, the SERS peak was blueshifted
and then redshifted significantly with increasing HCl concentra-
tions. With an HCl concentration of 0.5 M, the value of the
Raman shift is maximal. It can be considered that by biasing
FTO/PEDOT:PSS(HCl)/MB/Ag, the cations and anions are limited
to the p-region and n-region, respectively. A higher conductivity
will result in more carrier accumulation and a greater blueshift.
However, when the concentration of HCl continues to increase,
the PEDOT:PSS layer and even FTO will be corroded, which will
affect the electron transport process of the entire substrate.42

Reducing the number of accumulated carriers correspondingly
reduces the redshift of the SESR peaks. This result corresponded
to the dynamic process of carriers under bias-voltage conditions
by SERS.

In summary, we creatively employed the p-conjugated polymer
PEDOT:PSS as a SERS substrate and discussed the spectroscopic
performance of the carriers’ dynamic process for different bias
voltages and various conductivity conditions. In addition, two
possible CT processes at different bias voltages were mentioned.
This demonstration provides a new idea for the further exploration
of SERS substrates, suggests SERS applications in the field of
optoelectronic devices, and promotes the continuous develop-
ment of Raman detection in devices.
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