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We found that inserting silver nanoparticles (AgNPs) between two layers of reduced grapheme oxide (rGO) has an effect on tailoring
the work function of rGO. The utilization of rGO/AgNPs/rGO sandwich structure as the hole extraction layer in polymer solar
cells is demonstrated. Solution-processable fabrication of this sandwich structure at the ITO/active layer interface facilitates the
extraction of hole from active layer into ITO anode because of lowering the barrier level alignment at the interface. It results in an

improvement of the short circuit current density and the overall photovoltaic performance.

1. Introduction

For high performance polymer solar cells (PSCs), the inter-
faces of the cathode and the anode with polymers play
critical roles in regulating the charge separation and charge
collection and hence the overall device performance. The
energy barriers between the active layer and the electrodes
can be effectively reduced by using electron/hole extraction
layers at the cathode/anode. Therefore, fabrication of a suit-
able hole extraction layer (HEL) between the anode and the
active layer as well as an electron extraction layer (EEL)
between the cathode and the active layer is key technology for
enhancement of the PSCs device performance and lifetime.
Recently, solution-based processes graphene oxide (GO) has
been considered as an efficient hole transport layer for high
performance organic solar cells [1, 2]. Although, GO has
many advantages over organic-based HEL, one drawback of
the GO is its insulating nature which leads to an increased
series resistance with a concomitant decrease in fill factor
(FF) and power conversion efficiency (PCE) of the resulting
device [3]. An attempt to fabricate GO-based platform with

higher electrical conductivity while being able to tune its
work function well matching with ITO is requisite for the
design and development of the GO-based HEL for high per-
formance PSCs. Several methods to enhance the electrical
property have been reported such as hybridization of GO
with AgNPs, gold nanoparticles, and chemical and/or ther-
mal reduction [4-6]. It should be noted that these approaches
not only promise to improve electrical conductivity but also
lead to a change in the work function of the GO films. For
PSCs applications, investigation of the effect of work function
on the solar cells performance is still limited up to date. In this
study, a sandwich structure of rGO/AgNPs/rGO is fabricated
as HEL for PSCs using solution processes. For comparison,
PSCs based on chemically reduced GO (CRG) with hydrazine
were also fabricated under identical conditions to elucidate
the work function effect on the device performances.

2. Experimental Methods

Firstly, AgNPs solution was synthesized by the polyol
method. A mixture of 0.66 g of poly(vinylpyrrolidone) (PVP)
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FIGURE 1: A schematic diagram illustrating rGO/AgNPs/rGO HEL (a) and electrode pad structures (b) of polymer solar cells.

and 20 mL of ethylene glycol (EG) was heated until thermally
stabilized at 170°C in a flask, followed by adding 0.055g
of silver chloride (AgCl) to form Ag seeds. After 3 min,
0.066 g of silver nitrate (AgNO;) as Ag precursor was slowly
added, and the flask was further heated for 40min to
ensure the particle growth was complete. The molar ratios
of [PVP]/[AgNO;] and [AgCl]/[AgNO;] were selected to
be 15 and 1, respectively. The final product was expected
to produce a large amount of PVP-coated NPs concomitant
with a small amount of Ag nanowires (AgNWs). Thus, it
is necessary to separate the AgNPs from the AgNWs. After
allowing the solution to cool overnight, it was divided into
two portions, the top portion consisting primarily of NPs
aggregates and the sediment portion containing both self-
assembled NWs and NPs aggregates. The solutions were
centrifuged at 2000 rpm for 30 min to isolate the NPs, which
remained in the sediment. The AgNPs were transferred to
water by first washing with acetone to remove the excess
PVP and EG, centrifugation at 5000 rpm for 5min, and
redispersing of the residue in water. This process was repeated
three times to achieve final AgNPs solution. Secondly,
rGO/AgNPs/rGO HEL was prepared as follows: I1mL of
synthesized GO dispersion (0.025 mg/mL) was spray-coated
onto the preheated ITO-coated glass substrate at 400°C [7],
the temperature was brought down to 150°C in order to
spray 2mL of AgNPs solution, and again the temperature
was raised to 400°C for spraying 1 mL GO dispersion to form
the sandwich structure as shown in Figure 1. It should be
noted that the GO dispersion was slightly reduced to form
thermally reduced graphene oxide (rGO) at 400°C of spray-
coated temperature. For comparison, the GO dispersion was
chemically reduced with excess hydrazine monohydrate at
room temperature to form CRG which herein was used
instead of HEL [8]. Subsequently, PDOT : PSS (Bayer) was
diluted 1:1 with distilled water, filtered through 0.45 ym
filter, and spin-coated at 8000 rpm. The PDOT : PSS layers
were dried for 10 min at 175°C under ambient temperature
in argon filled glove box with humidity level lower than
0.5 ppm. Then, poly(3-hexylthiophene) (P3HT-Merck) and
(6,6)-phenyl Cg, -butyric acid methylester (PCBM-American
Dye Source), at 1:1 weight ratio, were both dissolved in
dichlorobenzene and kept stirring at 60°C overnight. The
prepared solution was spin-coated at 2000 rpm for 20 s and
annealed at 140°C for 45min. Finally a 200nm thick Al
electrode in the form of a stripe pattern was deposited

using shadow mask and electron beam deposition. The cross-
sectional and top-view device structures were illustrated in
Figure 1. To verify the structures of samples, X-ray diffraction
(XRD), Philips PW 3710, was carried out in the 26 mode.
Scanning electron microscope (SEM, Hitachi S-4200) was
used to examine the morphology of the films; UV-Vis
spectrophotometer (HP-8453) was employed to analyze the
optical property materials in the wavelength range from
200 nm to 1100 nm. To measure the work function of prepared
materials, UPS was performed on a PHI 5000 versa probe
with He I (21.2eV) source. The current density-voltage (J-
V) curves were measured under ambient air using a Keith-
ley 2400 source measurement unit. The photocurrent was
measured under AM1.5G 100 mW/cm 2 illumination from an
Oriel 150 W solar simulator.

3. Results and Discussion

Figure 2(a) shows the SEM image of as-prepared rGO/
AgNPs/rGO HEL. As can be seen, the AgNPs are randomly
arranged and fully covered by rGO. The AgNPs size is
irregular and their diameter varies from 80 to 100 nm. We
also observe the rough surface of the rGO which is full of
wrinkles/folds. It is possible during spray-coating that thin
rGO sheets may randomly cover AgNPs and they have the
tendency to overlap one another. In fact, before reaching
the surface, in solution, there is an interaction between
sheets with each other at edge-to-edge contacts because of
existence of activated functional groups at the edge of the
GO sheet [9]. All above reasons lead to form wrinkles and
folds after deposition of rGO. These wrinkles were believed
to have variable height from 1.0 to 4.5nm above the GO
sheet. Herein, the XRD is used to confirm the formation of
the HEL. In Figure 2(b), the feature diffraction peak (001)
at 11.3° confirmed the structure of GO, corresponding to
an interlayer d-spacing of 0.78 nm. This peak is shifted to
17.15" and becomes broader, indicating that the GO had been
reduced to rGO. In case of AgNPs diffraction pattern, the
peaks at 38.1°, 44.3°, 64.5°, and 775" could be referred to
(111), (200), (220), and (311) crystallographic planes of the
face centered cubic AgNPs, respectively, [JCPDS card No. 07-
0783]. It is clear to see in Figure 2(b) that the XRD spectrum
of the HEL is a combination of rGO and AgNPs diffraction
pattern, which reconfirms the formation of HEL such as rGO
covered AgNPs as shown in the SEM image (Figure 2(a)).
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FIGURE 2: (a) Top-view SEM image of the HEL and (b) X-ray diffraction patterns of GO, HEL, and AgNPs film.
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FIGURE 3: (a) UV-Vis spectra of CRG, HEL, and AgNPs. (b) UPS spectra of CRG and HEL.

Figure 3(a) represents the UV-Vis absorption spectra of
the synthesized rGO, AgNPs, and HEL, respectively. For the
GO sample, the observed absorption maximum at 233 nm is
ascribed tom — 7" transition of aromatic C-C bonds, and
the shoulder at 300 nm is attributed to n — 7" transition
C=0 bonds. In the case of AgNPs, the spectrum shows a
broad plasmon peak at around 450 nm. It implies that the
diameter of prepared AgNPs varied from 80 to 100 nm in
accordance with the SEM results. Noguez reported that the
absorption peak usually moves toward a longer wavelength
when the particle increases in size [10]. A shoulder peak
near 350 nm is attributed to the plasmon resonance of bulk
silver. After the rGO is spray-coated on the AgNPs, a new

peak appears at 264 nm which is referred to the conjugated
C=C bonds of the rGO. It should be noted that the peak at
450 nm disappeared, and only bulk peak (350 nm) appeared
after spray-coating of rGO onto AgNPs, suggesting that the
rGO almost completely covered the AgNPs. The UV-Vis
spectra are in good agreement with the SEM observations.
Figure 3(b) shows the UPS spectra of reduced GO obtained
by hydrazine reduction and as-synthesized HEL films. The
work function (¢z) was determined as ¢ = hy — (Ep —
E, acuum)> Where hv is the photon energy of excitation light
(He I discharge lamp, 21.2eV). The energy positions of the
Ep are determined by linear extrapolation to the background
where the spectrum ends. The work function of reduced GO
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TaBLE 1: Device parameters of PSCs with HEL (rGO/AgNPs/rGO), CRG, and Ref, respectively.

Device configuration Joc (mA/cm?®) Voe (V) FF (%) PCE (%)
(Ref): ITO/PDOT:PSS/P3HT:PCBM/Al 6.92 0.55 50 1.94
(HEL): ITO/HEL/PDOT:PSS/P3HT:PCBM/Al 7.27 0.55 51 2
(CRG): ITO/CRG/PDOT:PSS/P3HT:PCBM/Al 6.22 0.55 30 1.03
-
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FIGURE 4: (a) J-V characteristics of the polymer solar cells with CRG and HEL as compared to reference. (b) The schematic band diagram of

the polymer solar cells with HEL and CRG.

obtained by using hydrazine is estimated to be 4.5 eV, which
is significantly higher than that of pristine graphene (4.2 eV)
and smaller than that of GO (>5.0eV). It is likely that the
incorporation of electron withdrawing groups such as -OH to
the surface of graphene increases the work function, whereas
N-doping of rGO by hydrazine increases the electron density
and thus decreases the work function as compared to GO.
Our value is slightly higher than the reported experimental
values within the range of 4.2-4.4 eV [11]. In case of HEL,
the work function is found to be 4.9 eV, which is similar to
the work function of graphene doped with AgNPs. Garg et
al. demonstrated that the work function of graphene could be
tuned from 4.3 eV t0 5.0 eV by introducing Ag [12]. According
to Figure 3(b), we have encountered that the work function
of GO can be easily tuned to a value lower or higher than
that of ITO by being reduced with hydrazine or sandwiched
with AgNPs, respectively. To the best of our knowledge, as-
synthesized sandwich structure rGO/AgNPs/rGO to regulate
the work function of rGO has not been reported to date. This
is a significant finding because it verified that rGO supported
AgNPs acts as HEL for solar cells applications. Hence, it
allows us to further examine the effect of synthesized HEL
on polymer solar cells performance in the next part.

Figure 4(a) shows the J-V characteristics of the PSCs with
two different types of inserted layer such as HEL (rGO/
AgNPs/rGO) and CRG by using hydrazine reduction and
without any inserted layer. The short circuit current density

(Jsc), open-circuit voltage (Vg ), fill factor (FF), and power
conversion efficiency (PCE) obtained from J-V curves are
summarized in Table1l. The influence of the HEL work
function on the device performance can be clearly observed.
The Jgc of the device fabricated on HEL increases but
decreases for the device fabricated on CRG in comparison
to the reference device. The V is found to be unchanged.
Figure 4(b) illustrates the energy level diagram in order to
explain the Jy--dependence WE. The HEL with the WF
higher than that of ITO is beneficial for extracting holes from
active layer to ITO due to low interface barrier. In contrast,
CRG with the WF lower than that of ITO is considered
as a hole blocking layer. Therefore, a device with HEL is
expected to show the highest efficiency. Nevertheless, slight
enhancement of PCE was achieved as compared to reference
device when HEL is incorporated. In fact, solution-based
process of GO could not afford a smooth interface with active
layer because large amount of functional groups remained on
the GO surface [2]. Further optimization of reduction extent
via the use of solution-processable should lead to additional
development of the GO-based hole extraction layers in the
device performance.

4. Conclusions

In conclusion, we report a solution-based process to fabri-
cate a sandwiched structure of rGO/AgNPs/rGO acting as
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an efficient HEL for PSCs device. The insertion of AgNPs
between two layers of rGO allows us to manipulate the work
function of rGO film. In order to investigate the effect of the
work function on the PSCs device performance, a comple-
mentary device based on CRG in place of rtGO/AgNPs/rGO
was also created for comparison. Our results demonstrated
that introducing rGO/AgNPs/rGO at the anode/active layer
interface seems to be very favourable for the extraction of
hole from active layer into ITO anode because of lowering
of barrier level alignment at the interface. Consequently,
sandwiched structure leads to significant improvement of Jg
and the overall photovoltaic performance.
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