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The cathode interlayer (CIL) plays an important role in maximizing the
photovoltaic efficiency of polymer solar cells (PSCs). The principle to
design organic/polymeric CIL materials is to functionalize 7-conju-
gated skeletons with specific polar/ionic groups. Here, using the
principle of organic/polymer CIL materials, we developed graphene
quantum dots functionalized with tetramethylammonium at the edge
(GQDs-TMA) to be used as a CIL for PSCs with good device perfor-
mance. The peripheral tetramethylammonium groups can form an
interfacial dipole with the cathode to decrease the work function.
Graphene quantum dots are used as the m-conjugated skeleton
because of their facile synthesis, high conductivity and good film-
forming capability. As a result, using an active layer of PCDTBT:PC;;-
BM, a power conversion efficiency (PCE) of 7.01% is achieved with
GQDs-TMA as the CIL, much higher than that (<6.5%) with Ca, LiF, or
ZnO as the CIL. PSCs with a conventional configuration using GQDs-
TMA as the CIL and PTB7-Th:PC1BM as the active layer show a PCE of
8.80%, which is the highest reported so far for PSCs containing gra-
phene materials. Moreover, GQDs-TMA can also work well when high
work function metals (e.g. Ag, Au) are used as the cathode. To the best
of our knowledge, this is the first report on solution-processed gra-
phene derivatives as a CIL with excellent PSC device performance.

1. Introduction

Polymer solar cells (PSCs) are an emerging renewable energy
technology with the great advantages of low cost, flexibility and
light weight." In the past decade, tremendous efforts have
been devoted to the development of anode interlayers (AILS)
and cathode interlayers (CILs) to improve the efficiency and
stability of PSCs.*” The CIL materials can be low work function
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metals (e.g. Ca, Ba), inorganic salts (e.g. LiF, Cs,COj3), inorganic
semiconducting oxides (e.g. TiO,, ZnO) and organic molecules/
polymers. Among them, organic molecules/polymers are of
particular interest owing to their advantages of low-temperature
solution processing and good contact with the active layer.**?
The principle to design organic/polymeric CIL materials is to
functionalize m-conjugated skeletons with specific polar/ionic
groups, such as amino, ammonium, zwitterions, phosphonate,
etc. The polar/ionic groups form an interfacial dipole with the
cathode to lower the cathode work function and to improve
electron extraction.” The m-conjugated skeletons also play an
important role in organic/polymer CIL materials. By replacing
typical p-type polymers with new n-type molecules/polymers as
the m-conjugated skeletons, scientists have developed thick-
ness-insensitive CIL materials, which is compatible with the
roll-to-roll process required for mass production of large-area
PSCs."*"” However, the high-efficiency organic/polymer CIL
materials suffer from tedious multi-step synthesis, which is
undesirable for their production and practical applica-
tion.'*>**"” Developing novel CIL materials using the same
principle but with simple synthesis is an important topic.

Solution-processable graphene derivatives have been
demonstrated to be a new class of AIL and CIL materials for
PSCs." The chemical structures of the graphene derivatives can
be modified and their properties can be tuned to meet the
multiple requirements of the AIL. For example, we have devel-
oped graphene oxide (GO), graphene oxide ribbon (GOR) and
graphene quantum dots (GQDs) to be used as the AIL.*"** Zhang
et al. and Na et al. have prepared functionalized GO derivatives
with high work function to be used as the AIL in high-perfor-
mance PSCs.>*** However, CIL materials based on solution-
processable graphene derivatives are rare.'**?® Moreover, they
always exhibit poor device performance probably due to the
incomplete functionalization of graphene derivatives to
decrease the work function and the poor film-forming proper-
ties of graphene sheets. In addition, GQDs have been used in
the active layer of PSCs.””**
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Fig. 1 (a) Synthetic route of GQDs-TMA. (b) XPS survey spectrum and
(c) XPS C 1s spectrum of GQDs-TMA. (d) TEM image and (e) AFM image
of GQDs-TMA. The inset of (d) is a representative high-resolution TEM
image of individual GQDs-TMA. The bottom of (e) is the height profile
corresponding to the line shown in the AFM image.

Here, adopting the principle of organic/polymer CIL mate-
rials, we developed graphene quantum dots functionalized with
tetramethylammonium at the edge (GQDs-TMA) to be used as
the CIL for PSCs with good device performance. Fig. 1a shows
the schematic illustration of the chemical structure of GQDs-
TMA. The peripheral tetramethylammonium groups can form
an interfacial dipole with the cathode to decrease the work
function. GQDs are used as the m-conjugated skeleton because
of their facile synthesis and good film-forming capability.>* As
a result, GQDs-TMA can work well as the CIL irrespective of the
cathode materials (e.g. Al, Ag, Au). With Al as the cathode,
GQDs-TMA outperform the widely used CIL materials,
including Ca, LiF, or ZnO and demonstrates a PCE of 8.80%. To
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the best of our knowledge, this is the first report on solution-
processed graphene derivatives as a CIL with excellent PSC
device performance.

2. Results and discussion

As shown in Fig. 1a, GQDs-TMA were synthesized by simple
neutralization of GQDs with (CH;),N'-OH™ in aqueous solu-
tion. GQDs were prepared by chemical oxidation of carbon
black with HNO;/H,SO, as reported previously.”> The GQDs
have a high content of COOH groups at the edge and negligible
content of epoxy/hydroxy groups on the basal plane of the gra-
phene structure.? With the addition of basic (CH;),N"-OH~ to
an aqueous solution of GQDs, the acidic COOH groups of GQDs
are converted to COO™ -(CH;),N" to give GQDs-TMA. The simple
synthesis methodology indicates that GQDs-TMA can be
synthesized on a large scale with high yield. GQDs-TMA show
good solubility (>10 mg mL™') in water and polar organic
solvents, such as methanol and acetone. Moreover, GQDs-TMA
are insoluble in non- or low-polarity organic solvents, such as
hexane, toluene, chlorobenzene and o-dichlorobenzene. The
solubility of GQDs-TMA makes them suitable for multilayer
PSCs processed with orthogonal solvents.

According to the X-ray photoelectron spectroscopy (XPS)
survey spectrum (Fig. 1b), the content of nitrogen in GQDs-TMA
is 8.94 at%. The band at 285.6 eV assigned to C-N groups in the
XPS C 1s spectrum (Fig. 1c) confirms the presence of nitrogen
species in GQDs-TMA. The presence of the band at 288.3 eV
(attributed to COO™ groups) and the absence of the band at
288.8 eV (attributed to COOH groups) indicate that all the
peripheral COOH groups in GQDs have been transformed to
COO™ -(CH;)4N" groups in GQDs-TMA. As shown in Fig. 1d, the
transmission electron microscopy (TEM) image suggests that
GQDs-TMA have a uniform lateral size of ca. 4 nm. The inset of
Fig. 1d reveals an in-plane lattice fringe of 0.210 nm assigned to
the (102) facet of sp> graphitic carbon.? The size and the lattice
structure of GQDs-TMA are similar to those of GQDs, indicating
that the introduction of TMA groups does not affect the basal
plane of GQDs. The height profile of the atomic force micros-
copy (AFM) image (Fig. 1e) shows that the thickness of GQDs-
TMA is ca. 1-2 nm, indicating single- or two-layered graphene

(b)  vacuum level lA
DL
-3.44 ey -3:20eV :
— -
E = E E - E'3.90€V +- )
N R - - T
[ O~ L D

r@ ! 1812 |g| Metal
N ' - =)

pa op e S L] cathode
L | ' I E E i @
-5.34eV -540eV ! =
-5.90 eV o
L—

(a) The secondary electron cutoff region in UPS spectra of the GQDs-TMA interlayer on Al, Ag and Au. (b) Energy level diagram of the PSC

devices based on PCDTBT:PC,,BM and PTB7-Th:PC,,BM active layers with the GQD-TMA cathode interlayer.
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structure.** The UV-vis absorption spectrum of GQDs-TMA in
aqueous solution (Fig. S11) exhibits an absorption peak at 227
nm with negligible absorbance in the visible and near-infrared
range. The transparency in the visible and near-infrared range
of GQDs-TMA is beneficial for their application as a CIL in PSCs.

The key requirement of CIL materials is their ability to
produce an interfacial dipole to induce a vacuum-level shift and
lower the electrode work function. To investigate the effect of
GQDs-TMA on the work function of different electrodes,
including Al (¢ = 4.3 eV), Ag (¢ = 4.7 eV) and Au (¢ = 5.1 eV),
ultraviolet photoelectron spectroscopy (UPS) is used. Fig. 2a
displays the secondary electron cutoff region in UPS spectra of
the GQD-TMA interlayer on Al, Ag and Au. After a thin layer of
GQDs-TMA is deposited on the surface of the metals, the work
function changes to 3.3 eV, 3.6 eV and 3.7 eV for Al, Ag and Au,
respectively. The reason for the decreased work function may be
due to the formation of an interfacial dipole at the metal
interface, which has been reported for many organic/polymer
CIL materials with amine/ammonium functional groups.***
With the GQD-TMA layer, different metals lead to different work
function decrease possibly due to the different tilt angles and
densities of the dipole moment of GQDs-TMA on the metal
surfaces.*>** This phenomenon is common for many organic/
polymeric CIL materials."'”** In PSCs, the low work function of
metal cathodes allows them to form an ohmic contact with the
PC,;BM acceptor in the active layer (Fig. 2b). Moreover, the low
cathode work function would result in the large built-in
potential across the PSC device, which is beneficial for good
device performance. The conductivity of GQDs-TMA (Fig. S37) is
measured to be 6 x 107® S ecm ™', which is nearly one order of
magnitude higher than that (7 x 107° S ecm™ ') of the widely
used CIL material PFN with amino groups tethered to the pol-
yfluorene backbone.'** The relatively high conductivity of
GQDs-TMA may result from the preservation of graphene lattice
in their basal plane.* Moreover, the high conductivity of GQDs-
TMA is expected to reduce the series resistance (Rs) of PSC
devices.

The decreased cathode work function, high conductivity and
good transparency motivate us to incorporate GQDs-TMA as the
CIL for PSCs. At first, we fabricated single-junction PSC devices
with a conventional configuration using different CILs. The
device configuration is ITO/PEDOT:PSS/poly[N-9-hepta-decanyl-
2,7-carbazolealt-5,5-(4',7'-di-thienyl-2’,1’,3’-benzothiadiazole)]
(PCDTBT):[6,6]-phenyl C71-butyric acid methyl ester (PC,,BM)/
CIL/Al (Scheme 1). The CIL materials are none, LiF, Ca, ZnO or
GQDs-TMA. The GQDs-TMA are spincoated on top of the active
layer from their MeOH solution. The current density-voltage (/-
V) plots of the devices are shown in Fig. 3a and the corre-
sponding device parameters are summarized in Table 1. The
device with bare Al and without any CIL shows an open-circuit
voltage (Voc) of 0.83 V, short-circuit current density (Jsc) of 9.82
mA cm 2, fill factor (FF) of 59.45%, corresponding to PCE of
4.85%. With a normal CIL of LiF, Ca or ZnO used in the PSC
devices, the Vo, FF and Jsc all increase. As a result, PCEs in the
range from 6.20% to 6.49% are obtained, which are consistent
with the results reported for PSCs based on the PCDTBT:PC;-
BM active layer.***” In comparison, the device with GQD-TMA as

This journal is © The Royal Society of Chemistry 2016

View Article Online

Journal of Materials Chemistry A

Al
Cathode interlayer

Active layer N(S;N
Q . ' /S ' S\ ".
PEDOT:PSS )
17O i O pepTBT

Scheme 1 Device structure of the PSC devices based on the
PCDTBT:PC;,BM active layer with a GQD-TMA cathode interlayer. The
schematic illustration of the chemical structure of GQDs-TMA is also
shown.

CIL shows increased Vo of 0.91 V, Jsc of 10.84 mA cm ™ > and FF
of 71.11%, leading to a much enhanced PCE of 7.01%. This
value is among the highest reported for PSCs based on
PCDTBT:PC,,BM active layer.*®* To exclude the influence of
methanol treatment,'®*® a control device without a CIL but with
methanol spincoated on the active layer has also been fabri-
cated. Although the methanol-treated device shows superior
PCE to that of the device with bare Al, the V¢, Jsc and FF of the
methanol-treated device are all lower than those of the device
with GQDs-TMA as the CIL (Table 1). These results confirm the
importance of GQDs-TMA as the CIL for good PSC device
performance. The external quantum efficiency (EQE) curve of
the GQD-TMA device (Fig. 3b) shows high values above 65% in
the range of 460-570 nm, which is consistent with the high Jsc
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Fig. 3 (a) J-V plots and (b) EQE curves of the PSC devices with the Al
cathode and different ClLs.
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Table 1 Characteristics of the PSC devices with the Al cathode and
different ClLs

CIL VOC (V) .]S() (mA Cmil) FF (OA)) PCEmax (PCEaVea] (0/0)
None 0.83 9.82 59.45 4.85 (4.75)
With MeOH 0.88 10.10 65.40 5.81 (5.66)
LiF 0.91 10.23 69.19 6.44 (6.30)
Ca 0.91 10.20 69.90 6.49 (6.36)
ZnO 0.91 10.02 68.03 6.20 (6.10)
GQDs-TMA  0.91 10.84 7111 7.01 (6.86)

“ The average PCE is obtained over 6 devices.

obtained in the -V plots. We attribute the high V¢ and FF to
the improved electron extraction and hole blocking with GQDs-
TMA as the CIL. The low work function of the GQD-TMA
modified cathode leads to increased built-in potential across
the active layer, which improves charge carrier selection and
suppresses charge recombination. This is supported by the
higher current density under positive bias (>1 V) and much
lower current density under reverse bias in the -V plot in the
dark (Fig. S41)."

To test of the versatility of GQDs-TMA, we fabricated PSC
devices based on GQDs-TMA with different cathode materials
and different active layer materials. As first, PSC devices with
PCDTBT:PC,;BM as the active layer and high work function
metals as the cathode (Ag and Au) were compared. The J-V plots
of these devices are shown in Fig. 4a and the parameters are
listed in Table S1.1 Although the active layers were treated with
MeOH, the PSC devices with Ag or Au as the cathode only show
a Voc of 0.87 V and 0.80 V, and a PCE of 5.18% and 4.22%,
respectively. The low Voc and PCE are due to the non-ohmic
contact between the high work function metals with the
acceptor PC,;BM. When using GQDs-TMA as CILs, the Ag-based
and Au-based devices exhibit a Vo of 0.90 V and 0.89 V,
respectively, very close to that of the control device with the Al
cathode (Fig. 4a). Moreover, the Jsc and FF of the Ag/Au-based
devices are also obviously improved when using GQDs-TMA as
the CIL. As a result, the Ag-based and Au-based devices show
a much enhanced PCE of 6.26% and 5.41%, respectively. These
results suggest that the GQD-TMA modified cathode provides
an ohmic contact for electron injection despite the high work
function of the cathode. This is consistent with the low work
functions of Ag and Au after GQDs-TMA were spincoated, as
estimated from UPS results.

Then we fabricated PSCs based on the highly efficient poly
[4,8-bis[(2-ethylhexylthienyl-5-)benzo[1,2-b:4,5-b'] dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl|thieno [3,4-b] thio-
phenediyl]] (PTB7-Th):PC,;BM active layer.*>** As shown in
Fig. 4b, the device with the bare Al cathode with MeOH treat-
ment shows a Vo of 0.74 V, Jsc of 17.28 mA cm ™2, FF of 58.74%
and PCE of 7.51%. In comparison, with GQDs-TMA as the CIL,
the PCE is greatly improved to 8.80% with a Vo of 0.76 V, Jsc of
17.39 mA cm 2 and FF of 66.60% (Fig. 4b). This result indicates
the good device performance of GQDs-TMA as the CIL irre-
spective of the active layer materials. It is noteworthy that this is
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Fig. 4 (a) J-V plots of the PSC devices with/without GQDs-TMA as
the CIL and Ag, Au as the cathode. (b) J-V plots of the PSC devices
based on the PTB7-Th:PC,,BM active layer with/without GQDs-TMA
as the CIL. (c) J-V plots of the PSC devices with Al as the cathode and
GQDs-TMA, GQDs-TEA or GQDs-TBA as the CIL.

the highest PCE for PSCs with graphene materials as the elec-
trode interlayer reported so far.

To further verify the versatility of the material design strategy
of GQDs-TMA, we prepared tetraethylammonium-functional-
ized graphene quantum dots (GQDs-TEA) and tetrabuty-
lammonium-functionalized graphene quantum dots (GQDs-
TBA). The alkyl chains in the ammonium groups of GQDs-TEA
and GQDs-TBA are different from that in GQDs-TMA. PSC
devices with GQDs-TEA and GQDs-TBA as the CIL were also
fabricated and the j-V plots under AM 1.5G illumination are
shown in Fig. 4c. The parameters are listed in Table S2.7 The
devices based on GQDs-TEA and GQDs-TBA CILs exhibit a V¢
of 0.88-0.90 V and the PCE of both exceeds 6.5%, indicating that
the two materials can also work well as CILs. Therefore, we

This journal is © The Royal Society of Chemistry 2016
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think it is a general approach to design CIL materials by
incorporating specific polar/ionic groups to the edge of gra-
phene quantum dots. With the increase of the alkyl length
(from methyl to n-butyl), Voc, Jsc and FF of PSCs all decrease
gradually, making the PCE decrease slightly from 7.01% to
6.53%. The reason for the weak dependence of the PSC device
performance on the alkyl chain length is not clear yet. Possibly,
a long alkyl chain length leads to decreased conductivity of the
CIL material (Fig. S371), and consequently results in increased Rg
and decreased PCE of the PSC devices (Table S27).

3. Conclusions

In conclusion, we demonstrate that tetraalkylammonium-
functionalized graphene quantum dots can be used as CILs in
PSCs for improved device efficiency. The peripheral
COO™ -(CH3)4N" groups in GQDs-TMA form an interfacial
dipole with the metal cathode to decrease the work function.
The GQD core with a preserved graphene structure gives rela-
tively high conductivity and good film-forming properties. High
PCEs of 7.01% and 8.80% have been obtained with GQDs-TMA
as the CIL for PCDTBT:PC,,BM and PTB7-Th:PC,;BM systems,
respectively. These results unambiguously demonstrate that
solution-processed graphene materials are a new class of
promising interlayers for PSCs with the advantage of low cost.

4. Experimental section
Synthesis of GQDs-TMA, GQDs-TEA and GQDs-TBA

GQDs were synthesized by chemical oxidation of carbon black
(Vulcan VXC-72, Cabot Corporation) in HNO3/H,SO, according
to our published procedures.”” Take GQDs-TMA as an example,
GQDs (50 mg) were first dissolved in water to obtain a homo-
geneous solution, then tetramethylammonium hydroxide
aqueous solution (25 wt%) was added to the GQD solution
under stirring to give a pH of 7-8. After the water was removed
by vacuum distillation, the residual solids were collected and
dried under vacuum at 70 °C for 24 hours to give GQDs-TMA.
Yield: 70 mg. GQDs-TEA and GQDs-TBA were synthesized using
the same method from GQDs with tetraethylammonium
hydroxide and tetrabutylammonium hydroxide, respectively.

PSC device fabrication and measurement

PCDTBT was synthesized in our laboratory.** PTB7-Th (1-
material Chemscitech Inc.) and PC,,BM (American Dye Source)
were purchased from commercial resources and used as
received. ITO glass substrates were ultrasonicated for 10
minutes each sequentially with detergent, de-ionized water,
acetone, and iso-propanol, followed by drying at 120 °C in an
oven for 2 hours. Before depositing PEDOT:PSS, the ITO
substrates were treated with UV-ozone for 25 min. PEDOT:PSS
(Clevios VP Al 4083 from H. C. Starck Inc.) was spin-coated on
the pre-cleaned ITO substrates at 5000 rpm for 1 min and
annealed at 120 °C for 30 min. The substrates were transferred
to a nitrogen-filled glovebox. The PCDTBT:PC,,BM (1:4 by
weight) active layer (75 nm) was spin-coated from the o-

This journal is © The Royal Society of Chemistry 2016
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dichlorobenzene solution. The PTB7-Th:PC,;BM (1:1.5 by
weight) active layer (100 nm) was spin-coated from the chloro-
benzene/1,8-diiodooctane (97 : 3 v/v) solution. The tetraalky-
lammonium-functionalized graphene quantum dots were
dissolved in methanol and spin-coated on top of the active layer
at 3000 rpm for 1 min. The thickness was controlled by varying
the solution concentration. The optimal thickness is about 3-7
nm. Finally, metal cathodes were deposited, including Al, Ag
and Au, in a vacuum chamber with a pressure of about 2 x 10™*
Pa. For the control devices, the other CILs including 20 nm Ca
or 1 nm LiF or 30 nm ZnO nanoparticles were deposited
between the active layer and metal cathode. The cell active area
was 8 mm?>. The J-V plots of the devices were measured using
a Keithley 2400 source meter under illumination with a light
intensity of 100 mW c¢m > provided by an Oriel 150 W solar
simulator with an AM 1.5G filter. The EQE curves were
measured under the short-circuit condition with a lock-in
amplifier (SR830, Stanford Research System) at a chopping
frequency of 280 Hz during illumination with monochromatic
light from a xenon lamp. The thickness of the CILs was deter-
mined by profilometry together with the absorbance of the film
using the Lambert-Beer law. The conductivity of the different
tetraalkylammonium-functionalized graphene quantum dots
was calculated from the bulk resistance of samples using Ohm's
law (R = V/I) with the device structure of ITO/interlayer/Al.
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