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Charge transfer in the Ag–polymer–fullerene
system of organic solar cells (OSCs) observed by
surface-enhanced Raman spectroscopy: donor/
acceptor concentration-dependent†
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Lei Chen *c and Jinghai Yang *c

Currently, modulating the charge transfer (CT) process poses a major challenge for many organic solar

cells (OSCs) and monitoring the CT dynamics demands further research. The surface-enhanced Raman

spectroscopy (SERS) technique was successfully used herein to monitor the CT process, which was

strongly dependent on the carrier density in the Ag–polymer–fullerene system. However, the carrier

density can be controlled by the acceptor and donor concentrations. As the acceptor and donor con-

centrations were changed, significant frequency shifts in the SERS peaks were observed. The donor and

acceptor concentration changes exhibited the opposite effects on the frequency shift due to donor-to-

acceptor and acceptor-to-donor CT. In addition, the peak intensity at 1450 cm�1 increased significantly

owing to the CT contribution. Thus, the CT process induced the Raman frequency shift and monitoring

the peak intensity increase can elucidate the interaction mechanism between the acceptor and donor

in OSCs. This study provides a novel insight into the theoretical foundation of CT dynamics in metal–

polymer–fullerene systems.

1 Introduction

Since their discovery in 1995, organic photovoltaic solar cells (OPVs)
have gained worldwide interest as a source of renewable energy.1–3

In particular, organic solar cells (OSCs) are attractive owing to their
advantages including thin-film architecture, low material consump-
tion of abundant organic materials, efficient solution processes, and
low manufacturing energy requirements,2–5 opening up new possi-
bilities for applications in agriculture, construction, wearable
electronics, and health sciences.6 A major breakthrough in
OSCs technology was the adoption of C60 derivatives (including
[6,6]-phenyl-C61-butyric acid methyl ester fullerene and its
derivative, PCBM).7,8 As a soluble, processable, and stable
polymer, poly(3-hexylthiophene) (P3HT) has been used to
improve the synthetic feasibility, and chemical and physical

properties of OSCs.9 Blends of P3HT as the electron donor and
PCBM as the electron acceptor are popular polymer–fullerene
systems.10 It is well reported in the literature that the charge
transfer (CT) processes are difficult to monitor in the polymer–
fullerene system. An extremely high-efficiency photo-induced
CT process of approximately 50–100 fs was observed between a
conjugated polymer and fullerene derivatives.11,12 Therefore,
the key to overcoming this challenge is to develop an appro-
priate CT monitoring technique.

Surface-enhanced Raman scattering (SERS) is an extremely
sensitive and practical analytical technology that has widespread
applications in numerous fields, including the biological, phar-
maceutical, contaminant, and toxin detection industries.13,14 As
an important chemical mechanism (CM) of SERS, CT is of
interest to many researchers.15–17 A recent work on the topic
utilized an inorganic metal–semiconductor system as a substrate
to explore CT between probe molecules and semiconductors.18

Compared to the inorganic metal–semiconductor system, the
organic-based systems are generally more suited to do CT research
because of their high stability, higher selectivity, easy adjustment
and renewability.19,20 Another advantage is that the organic semi-
conductor structure can be altered by tuning the molecular proper-
ties, allowing for the customization and optimization of CT.21 For
example, Yilmaz and colleagues adjusted the number of thiophene
rings in the central chain of a,o-diperfluorohexylquaterthiophene
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(DFH-4T) (for instance, to DFH-5T), and, in a separate attempt,
substituted fluorine atoms with hydrogen (including in a,o-
dihexylquaterthiophene (DH-4T)), thus demonstrating precise
control over the CT transition locations.22 However, this experi-
ment is too complicated for practical purposes and a simplified
method is needed to study CT. The synergistic effects of surface
plasmon resonance (SPR) and CT were analyzed by adjusting the
inorganic semiconductor carrier densities. The carrier density
can regulate CT to achieve selective CT enhancement in organic
semiconductors,22 similar to that in inorganic semiconductors.
Carriers can be classified into donors and acceptors based on
their electronegativity, and the effects of donor and acceptor
concentration on CT may differ. The regulation of CT by donor
and acceptor concentration is largely unexplored in polymer–
fullerene systems. SPR can increase active layer (AL) absorbance
and scattering without destroying the exciton’s diffusion
length,23,24 thus enhancing the CT. In addition, metallic nano-
particles (NPs) can improve the CT and induce morphology
changes in the optoelectronic materials.25 Under high-efficiency
CT and SPR, Ag–polymer–fullerene systems have demonstrated
good SERS performance, facilitating CT analysis.

Inspired by the above-mentioned literature studies, an
Ag–polymer–fullerene system was designed to investigate the
CT dependence on carrier density based on SERS. A validated
donor/acceptor concentration method was established to control
the carrier density. The ultraviolet-visible (UV-vis) absorbance
spectra and SERS characterization demonstrated that CT causes
a frequency shift and increased SERS intensity in the metal–
organic system. These findings are significant for the elucidation
of the CT mechanism and monitoring the CT dynamics in OSCs.
These results will help us to determine the CT of metals, fullerene
derivatives and organic polymer materials by SERS during the
device optimization, and evaluate the interaction between
organic photoelectric materials, which has a guiding significance
for the manufacture of electronic devices.

2. Results and discussion
2.1 Basic characterization of the Ag–polymer–fullerene system

The Ag–polymer–fullerene system was composed of an Ag NPs thin
film prepared by magnetron sputtering using polymer–fullerene
ALs via one-step growth.26 A flowchart of the Ag–polymer–fullerene
preparation method is illustrated in Scheme 1. Ag/P3HT/PCBM

heterostructures with PCBM concentrations ranging from 10 to
0.01 mM were synthesized, and their basic surface morphology
was examined by energy dispersive spectrometry (EDS) mapping
and scanning electron microscopy (SEM; Fig. 1). From the EDS
results, it can be observed that the detected S in P3HT gradually
increased (Fig. 1(b1)–(e4)), while O and C decreased, confirming a
decreased PCBM concentration. Some nanostripes were observed
on the film surface due to the low evaporation rate during
growth.27,28 The Ag/P3HT (0.1 mM) film exhibited stronger and
more abundant nanostripes, but with increasing number of
nanostripes, their length shortened from B470 to 150 nm with
decreasing PCBM concentration from 10 to 0.01 mM. These results
indicate that reduced aggregation of P3HT and PCBM prevented
crystallization. In addition, the connection between film thickness
and PCBM concentration was noted. The Ag/P3HT (0.1 mM) film
thickness was approximately 553.1 nm, while that of the Ag/P3HT/
PCBM (10–0.01 mM) films decreased from 646.9 to 410.3 nm. To
examine the surface morphology, optical photographs of the Ag/
P3HT/PCBM (10–0.01 mM) films were taken and they displayed
significant color changes (Fig. 1(a)–(e)). These results show that the
Ag/P3HT/PCBM (0.1 mM) film is more homogeneous, as verified
by the three-dimensional (3D) atomic force microscopy (AFM)
image (Fig. 2(a)). The evident nanostripes agree with the SEM
images, and the root means square (RMS) surface roughness was
determined to be B1.4 nm.28 The RMS value indicates that the
Ag/P3HT/PCBM (0.1 mM) film exhibited a smoother surface
between the donor and acceptor.

Relative crystallinity depends on internal morphology
changes and has a major contribution to the CT efficiency in
photovoltaic devices.29,30 Therefore, to confirm the crystallinity
variation, the structural properties of pure P3HT (powder), pure
PCBM (powder), Ag/P3HT, Ag/PCBM, and Ag/P3HT/PCBM thin
films on Si wafers were further characterized by X-ray diffraction
(XRD, Fig. 2(b) and (c)). Pure PCBM powder exhibited a distinct
diffraction pattern with characteristic narrow peaks of a micro-
crystalline structure without diffraction signal contributions.
Thus, the diffraction peak of Ag (111) at 2y = 381 was observedScheme 1 A step diagram of the generation method of the films.

Fig. 1 (a)–(e) The scanning electron microscopy (SEM) of the Ag/P3HT
(0.01 mM)/PCBM (10–0.01 mM) (P3HT, PCBM = 1, v/v) (a)–(d), and the Ag/
P3HT (0.1 mM) (e). The insets are optical photographs of the corres-
ponding samples. The small red circles represent Ag nanoparticles and the
small yellow lines represent nanostripes. (a1)–(e4) The EDS mapping of the
elemental distributions, silver (Ag) (white color), oxygen (O) (red color),
sulfur (S) (pink color) and carbon (C) (cyan color). (f)–(j) The cross section
SEM of the Ag/P3HT (0.01 mM)/PCBM (10–0.01 mM) (P3HT, PCBM = 1, v/v)
(f)–(i), and the Ag/P3HT (0.1 mM) (j), corresponding to the SEM. The Y is the
thickness of the samples, which is �0.1 nm. The scale bars correspond to
250 nm.
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only for the Ag/PCBM thin film.31,32 Compared to PCBM, many
diffraction peaks were observed in the P3HT powder, with a
prominent diffraction peak at 2y = 5.31 attributed to the primary
(100). This is in accordance with polymer crystallites with an
a-axis orientation (main chain parallel and side chains
perpendicular to the substrate). This also corresponds to an
interlayer d-spacing of 1.61 � 0.20 nm in the well-organized
lamellar structure.16,33 The other diffraction peaks of the P3HT
powder at 2y = 10.7 and 15.91 correspond to the secondary (200)
and tertiary (300) peaks assigned to the a-axis orientation,
respectively, and the peak at 2y = B231 corresponds to the
(010) and (001) peaks arising from p–p* interchain stacking.33,34

Although the P3HT (010) and (001) peaks were absent owing to
the p–p* interchain stacking destruction, the P3HT (100) and Ag
(111) peaks were observed in the Ag/P3HT film. The P3HT (100)
peak intensity is proportional to the number of P3HT nano-
domains per unit volume and is indicative of the thin film
crystallinity.8 The Ag/P3HT crystallinity was higher than that of
P3HT, as confirmed by the higher Ag/P3HT (100) peak. The
decreasing (100) peak height suggests that the Ag/P3HT/PCBM
crystallinity decreased due to the presence of PCBM molecules
disrupting P3HT crystallinity.35 In addition, the Ag/P3HT/PCBM
film crystallinity gradually decreased due to the aggregation of
P3HT and PCBM.36,37 These results indicate that PCBM addition
forms a network interpenetration structure with P3HT at the
interface, but excess PCBM can aggregate with P3HT and
decrease the overall crystallinity,38 impeding carrier extraction

and CT. Although the crystallinity changed, the height and
diffraction of the Ag(111) peaks remained constant. Herein,
the Ag substrate was not involved with the initial crystallization
of the P3HT chains and subsequent aggregation of PCBM during
the morphology evolution process of the Ag/P3HT/PCBM films.37

However, the SPR effect of Ag may enhance UV absorbance
and Raman scattering, which would be conducive to CT in the
Ag/P3HT/PCBM films.39

Another factor that is relevant for OSCs photoelectric conver-
sion is the light absorbance capability that can be investigated
using UV-vis absorbance spectra (Fig. 2(d) and (f)). The Ag thin film
expanded the light absorption into the deep UV region, allowing
high energy to be used for photoelectric conversion. The P3HT
absorbance peaks were observed in the visible region at B600,
550, and 515 nm, as observed in the Ag/P3HT (0.01 mM) film.40,41

The absorbance peaks at B515 and 550 nm were ascribed to the
P3HT (010) and (001) peaks, arising from the intrinsic p- p* (the
0–0 and 0–1) transitions of P3HT. The obvious shoulder centra-
lized at B615 nm indicates a highly interchain-delocalized excita-
tion and high P3HT crystallinity.35,42 Meanwhile, the higher energy
transition of P3HT at B300 nm is related to electron and phonon
transitions.43 The donor polymer P3HT showed a strong light
absorbance in the visible region, whereas the fullerene-based
PCBM acceptor mainly absorbs light in the near UV region. The
dominant electron transitions in C60 and its tail extended to the
near-infrared region due to light scattering or other experimental
artifacts.37 Compared with the P3HT and PCBM films, the peak

Fig. 2 (a) The three-dimensional (3D) height sensor AFM image of Ag/P3HT/PCBM (0.1 mM), and the root mean square (RMS) surface roughness is
B1.4 nm. The illustrations show the optical photographs (1), SEM (2), and surface topography (3) of Ag/P3HT/PCBM (0.1 mM). (b) XRD pattern of PCBM
(powder), Ag/PCBM (10 mM), P3HT (powder), and Ag/P3HT (0.1 mM) films (cast from chloroform solutions by air evaporation). (c) XRD pattern of the thin
films. (d) UV-vis absorbance spectra of the thin films, (1) Ag, (2) P3HT (0.01 mM), (3) Ag/P3HT (0.01 mM), (4) PCBM (10 mM) and (5) Ag/PCBM (10 mM). The
illustrations show the optical photographs of these samples. (e) UV-vis absorbance spectra of the thin films, Ag/PCBM (10 mM) (1), Ag/P3HT (0.01 mM)/
PCBM (10–0.01 mM)(2–5), and solar spectrum at AM 1.5G. (f) Normalized Raman spectra of the samples. The illustration shows the structural formula of
the P3HT and PCBM. Acquisition time, 30 s. Accumulations, 2. Laser power, 20 mW. Excitation laser, 514.5 nm.
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intensity of the Ag/P3HT and Ag/PCBM films dramatically
increased in the 300–600 nm region due to the SPR effect of
Ag. The Ag/P3HT/PCBM films showed a strong absorbance in
line with the Ag/P3HT and Ag/PCBM films, as indicated by the
simple superposition of the two materials (Fig. 2(e)).40 The
Ag/P3HT/PCBM films exhibited broader absorbance and the
absorbance peak at B300 nm showed a small blueshift, reflecting
weak intermolecular interactions and molecular aggregation with
decreasing PCBM concentration.44 Additionally, interchain inter-
action can slightly impact Raman scattering. This UV-vis absor-
bance spectra analysis suggests a suitable PCBM concentration
range for acceptable light capture ability to absorb more solar
radiation, accelerate exciton dissociation, and achieve high
efficiency CT in OSCs.

The CT between donor and acceptor in OSCs is complex and
occurs in approximately 50–100 fs, complicating its experimental
determination. To further understand the CT mechanisms in
Ag/P3HT/PCBM films, SERS was used to monitor CT between
the donor and acceptor. SERS at 514.5 nm excitation is shown in
Fig. 2(f) for the PCBM (10 mM), Ag/PCBM (10 mM), P3HT
(0.1 mM), and Ag/P3HT (0.1 mM) thin films, along with the
chemical structure of P3HT and PCBM.47 The observed frequency
shifts and SERS peak assignments are summarized in Table S1
(ESI†).10,46–48 The strong resonance Raman peaks of P3HT were
obtained based on the 514.5 nm laser excitation because of the
absorbance peak at B500 nm. The predominant peaks are located
at B1450 and 1380 cm�1, which were assigned to the CaQCb

symmetric stretching mode and Cb–Cb skeletal stretching mode,
respectively. The weak peaks at B724.6, 1003.0, 1088.4, 1169.1,
1184.8, 1205.2, and 1514.2 cm�1 were ascribed to the antisym-
metric ring Ca–S–Ca stretching, Cb–Calkyl stretching, C–H bending,
symmetric Ca–Ca stretching, and a combination of Ca–Ca stretch-
ing, Cb–H stretching, and CaQCb antisymmetric stretching modes,
respectively.45 In the Raman spectra of the as-prepared pristine
PCBM thin film, the dominant pentagonal-pinch mode Ag(2) of
the C60 molecule was observed at B1460.7 cm�1, with three weak
peaks at B709.1, 1425.0 and 1573.6 cm�1 arising from the Hg(3),
Hg(7), and Hg(8) Raman modes of the C60 molecule, respectively.48

The observed frequency shifts and SERS peak assignments of Ag/
P3HT and Ag/PCBM were the same as those of P3HT and PCBM,
but the SERS intensities of the Ag/P3HT and Ag/PCBM films were
significantly stronger than those of P3HT and PCBM due to the
SPR effect of Ag. For the Ag/P3HT/PCBM and Ag/PCBM/P3HT
systems, the peak at 1450 cm�1 was fitted and assigned to the
CaQ Cb symmetric stretch mode and pentagonal-pinch mode
Ag(2) of the C60 molecule, respectively. The other SERS peaks arose
from the pure P3HT and PCBM and their assignments are
summarized in Table S1 (ESI†). The SERS behavior can be altered
by CT between the donor and acceptor in the polymer–fullerene
system OSCs. The donor and acceptor concentration effects on CT
are opposite and interfering. Thus, the donor and acceptor
concentration-dependent SERS spectra are shown in Fig. 3 and
described in detail below. The microscopic CT processes in the
OSCs system were also evaluated based on the SERS mechanism.

Fig. 3 (a and b) SERS spectra of the Ag/P3HT/PCBM (P3HT, PCBM = 1, v/v), in which the concentration of the P3HT is 0.01 mM, and the concentration of
the PCBM is 10 B 0.01 mM, respectively. (c) The fitting curves of carrier density (n) and concentration (C) in the Ag/P3HT/PCBM system. (d and e) SERS
spectra of the Ag/PCBM/P3HT (=1, v/v), in which the concentration of the PCBM is 10 mM, and the concentration of the P3HT is 0.1–0.0001 mM,
respectively. Acquisition time, 30 s. Accumulations, 2. Laser power, 20 mW. Excitation laser, 514.5 nm. (f) The fitting curves of carrier density (n) and
concentration (C) in the Ag/PCBM/P3HT system.
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The peaks in these spectra were measured with an accuracy
of �0.1 cm�1, as indicated by line-shape analyses of the different
peaks.

2.2 Acceptor concentration-dependent CT

The effect of acceptor concentrations on CT between the donor
and acceptor in the OSCs was investigated by SERS of Ag/P3HT/
PCBM (10–0.01 mM) with various acceptor concentrations and
the spectra are shown in Fig. 3(a) and (b). Compared to the
SERS intensities of the Ag/P3HT system, that of the Ag/P3HT/
PCBM system decrease, likely due to weak intermolecular
interactions. Nevertheless, with increasing acceptor concentra-
tions, the SERS intensities of the Ag/P3HT/PCBM (10–0.01 mM)
system increase due to the electromagnetic field enhancement
created by the acceptor magnetic dipole. The SERS intensity at
B1450 cm�1 notably increases and the peak was blue shifted,
demonstrating that CT in the Ag/P3HT/PCBM (10–0.01 mM)
enhances the SERS intensities.

Using the definition of the Raman activity, absolute differ-
ential Raman cross-section (implicitly for a Stokes process) is
expressed in terms of frequency shifts, at a temperature T, in a
medium of refractive index nM, as

dsk
ST/dO = Cbk

2LMRkvR
4(1 + nk

B(T)) (1)

And the different contributions are separated in eqn (1).
The SERS intensity is dependent on the Raman cross sec-

tion, and the SERS intensity of the peak at B1450 cm�1 can be
expressed as follows:

I1450 p dsk
ST/dO = Cbk

2LMRkvR
4(1 + nk

B(T)) (2)

Here the CT contribution appears in the form of a frequency
shift, referred to as vR. In eqn (2), C is a constant, and bk

2, LM, and
Rk do not depend on the carrier density, representing the square
of the zero-point amplitude of the normal mode in reduced-mass
coordinates, the local field correction factor, and Raman activity,
respectively. The factor proportional to vR

4 can be approximated
to a constant. Thus, I1450 p vR

4. It has been documented that
Raman intensity is related to carrier density, as obtained by the
Hall element in Table S2 (ESI†). According to the fitting of SERS
peak intensity at 1450 cm�1 with carrier density (n), I1450 p n, a
99% correlation was obtained. Thus, the acceptor concentration
(CA) regulates the carrier density, as described by I1450 p vR

4
p C,

and accelerates CT.
For the Ag/P3HT/PCBM system, CT arises from the three path-

ways shown in Fig. 4(a): (i) a metal-to-molecule CT resonance
(CT0Ag�P3HT), (ii) a molecule-to-molecule CT from the highest

occupied molecular orbital (HOMO) of the PCBM to the HOMO
of the P3HT (CT0PCBM�P3HT), and (iii) molecule-to-molecule CT
from the HOMO of the P3HT to the lowest unoccupied molecular
orbital (LUMO) of the PCBM (CT0P3HT�PCBM). CT0Ag�P3HT does not

depend on the PCBM concentration, whereas CT0P3HT�PCBM and

CT0PCBM�P3HT are associated with PCBM concentration. According
to the previous analysis, carrier density accelerates CT. Combined
with the relationship between the three CT paths and carrier
density in the Ag/P3HT/PCBM system, CT0P3HT�PCBM and

CT0PCBM�P3HT could change the SERS intensity and shift at
B1450 cm�1. Without considering the coupling contribution,
I1450 can be simplified as follows:

I1450 / CT0P3HT�PCBM þ CT0PCBM�P3HT / CD (3)

To determine two CT contributions to SERS intensity at
1450 cm�1 with increasing acceptor concentrations, the mixed
SERS intensity of 1450 cm�1 was divided into two peaks at 1460.7
and 1444.0 cm�1 arising from P3HT and PCBM (Fig. 5), respec-
tively, which are affected by CT0PCBM�P3HT and CT0P3HT�PCBM,
respectively. The fitting and original peaks at 1460.7, 1444.0, and
1450 cm�1 are shown in Fig. 5(a) and (b). Moreover, the SERS
intensity at 1440 cm�1 is relatively small, that is, it is a small
contribution to SERS intensity in the Ag/P3HT/PCBM system. The
fitting mixed peaks were obtained in Fig. 5(a) and (b). The fitting
mixed peaks are overlapped with the original mixed peaks in a
large amount in Fig. 5(a) and (b), proving that the fitting effect is
very good. The line plots of the fitting mixed peak intensity,
original mixed peak intensity and carrier density are shown in
Fig. 5(c) and (d), and the specific values are also shown in the
illustration of Fig. 5(c) and (d). There are also difference values
between the fitting mixed and original peak in the illustration,
and the difference values are relatively small or even 0. The
calculated peak intensity at B1450 cm�1 can be expressed as
follows:

Ical = 0.96 � I1460.7 + 0.04 � I1440.0 (4)

Here, Iori, I1460.7, and I1440.0 are the peak intensities at B1450,
1460.7 and 1440.0 cm�1, respectively. Ical is the calculated peak
intensity at B1450 cm�1. A good fitting effect is shown in
Fig. 5(c) due to the negligible difference value between the Ical

and Iori. Based on eqn (4), the I1460.7 value of PCBM contributes
more to I1450 owing to its larger multiple than the I1440.0 value of
P3HT. Therefore, I1450 / CT0PCBM�P3HT / CA, indicating that
the increasing acceptor concentration promotes exciton separa-
tion at the acceptor interface, hindering their recombination,
and increasing their lifetime and diffusion length, thereby

Fig. 4 Energy level and electron transition diagrams of the Ag/P3HT/
PCBM (a) and Ag/PCBM/P3HT (b) systems under 514.5 nm excitation,
respectively. At the top of (a) and (b) are illustrations of the flowchart of the
magnetron sputtering technology and one-step growth method.
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improving the CT efficiency. This result also demonstrates that
the acceptor concentrations can specifically enhance the CT from
the HOMO of the acceptor to the HOMO of the donor in the
polymer–fullerene system, thus increasing the photoelectric con-
version efficiency and improving the device OSCs performance.

2.3 Donor concentration-dependent CT

Compared to the acceptor concentrations, a different concentration-
dependent SERS of the donor was observed (Fig. 3(c) and (d)). Thus,
the effect of donor concentrations on the CT between donor and
acceptor was further investigated. The SERS intensities of the Ag/
PCBM/P3HT (0.1–0.0001 mM) increased with increasing donor
concentrations due to EM contributions and the peak at
B1450 cm�1 significantly increased, similar to the acceptor
concentration-dependent SERS. In contrast, the B1450 cm�1

peak shifted to a lower frequency due to CT, as described in
eqn (2), I1450 p vR

4
p CT. Accordingly, the SERS intensity was

fitted at 1450 cm�1 with the carrier density, I1450 p n. The
donor concentration (CD) regulates the carrier density, I1450 p

CT p CD. For the Ag/PCBM/P3HT system, CT arises from the

following three pathways (Fig. 4(b)): (i) metal-to-molecule CT
resonances (CTAg–PCBM), (ii) molecule-to-molecule CT from the
HOMO of P3HT to the LUMO of PCBM (CT00P3HT�PCBM), and
(iii) molecule-to-molecule CT from the LUMO of PCBM to the
LUMO of P3HT (CT00P3HT�PCBM). CTAg–PCBM does not depend on
the PCBM concentration. Therefore, without considering the
coupling contribution, the following expression can be obtained:

I1450 / CT00P3HT�PCBM þ CT00PCBM�P3HT / CA (5)

Furthermore, the contribution of CT00PCBM�P3HT and
CT00P3HT�PCBM to the SERS intensity at 1450 cm�1 with increasing
donor concentrations allows the SERS peak at 1450 cm�1 in the
Ag/PCBM/P3HT system to be expressed as follows:

Ical = 1.2 � I1444.0 � 0.2 � I1460.7 (6)

I1444.0 and I1460.7 are affected by CT00P3HT�PCBM and
CT00PCBM�P3HT, respectively, and an acceptable fit was obtained
with negligible difference between the Ical and Iori. According
to eqn (6), I1444.0 of P3HT contributes more strongly due
to its larger coefficient than the I1460.7 of PCBM, proving
I1450 / vR

4 / CT00P3HT�PCBM / CD. Therefore, CT00P3HT�PCBM
causes the SERS intensity increase and red frequency shift with
increasing donor concentration. Furthermore, the donor concen-
trations mainly induce CT from the HOMO of the donor to the
HOMO of the acceptor in the OSCs polymer–fullerene system.
From the above discussion, it can be concluded that although the
donor and acceptor concentrations can both enhance light capture
ability and promote exciton dissociation, the donor and acceptor
concentration effects on CT differ as expected. In this study, it was
demonstrated that the donor and acceptor concentrations can
be used to precisely tune the CT enhancement. Thus, the CT
orientation in the polymer–fullerene system of OSCs can be
finely controlled by tuning the donor and acceptor concentra-
tions and monitored by SERS.

3. Conclusions

In summary, CT dynamics were studied in a metal–donor–acceptor
system, adopting a classic polymer–fullerene OSCs system as a
representative donor–acceptor system with Ag SPR effects.
Moreover, SERS technology was successfully applied to monitor
the CT dynamics that were dependent on the donor/acceptor
concentrations in the metal–polymer–fullerene system. There
are two SERS performances with increasing donor/acceptor
concentrations, one is SERS intensity owing to the CT and
EM, the other is SERS frequency shifts. Different frequency
shifts were observed depending on the underlying CT mecha-
nism. Donor concentrations mainly induce CT from the HOMO
of the donor to the LUMO of the acceptor; however, the acceptor
concentrations can specifically enhance the CT from the HOMO of
the acceptor to the HOMO of the donor. These results also
demonstrate that SERS technology was able to accurately monitor
the microscopic CT dynamics in the metal–polymer–fullerene
system and modulation of the donor/acceptor concentrations is
an effective strategy for tuning the CT between organic photoelectric

Fig. 5 (a and b) The SERS intensities of Ag/P3HT/PCBM (10–0.01 mM) and
Ag/PCBM/P3HT (0.1–0.0001 mM) at B1450 cm�1 are divided into
B1444.0 and 1460.7 cm�1. (c and d) The line chart of the Raman intensities
of Ag/P3HT/PCBM (10–0.01 mM) (c) and Ag/PCBM/P3HT (0.1–0.0001 mM)
(d) and concentration of the PCBM. (The pink and green lines represent the
calculated Raman intensity of Ag/P3HT/PCBM (10–0.01 mM) and
Ag/PCBM/P3HT (0.1–0.0001 mM), the purple and yellow lines represent
the original Raman intensity of Ag/P3HT/PCBM (10–0.01 mM) and
Ag/PCBM/P3HT (0.1–0.0001 mM)). The inset illustrations show the numerical
value of the original Raman intensity (Iori), calculated Raman intensity (Ical) and
difference value between the original Raman intensity and calculated Raman
intensity (DI).
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materials. The tuning highlights potential characteristics that can
be exploited by the OSCs for developing high-performance organic
photoelectric materials, achieving high PCE of OSCs.
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