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ABSTRACT: Disodium edetate (EDTA-Na), a popular hexadentate ligand in
analytical chemistry, was successfully introduced in organic solar cells (OSCs) as
cathode interfacial layer. The inverted OSCs with EDTA-Na showed superior
performance both in power conversion efficiency and devices stability compared
with conventional devices. Interestingly, we found that the performance of devices
with EDTA-Na could be optimized through external bias treatment. After
optimization, the efficiency of inverted OSCs with device structure of ITO/
EDTA-Na/polymer thieno[3,4-b]thiophene/benzodithiophene (PTB7):PC,;BM/
MoO;/Al was significantly increased to 8.33% from an initial value of 6.75%. This
work introduces a new class of interlayer materials, small molecule electrolytes, for

organic solar cells.
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O rganic solar cells (OSCs) have attracted substantial
interest for several reasons, such as low-cost, flexibility
and roll-to-roll fabrication compared with conventional silicon-
based solar cells.'™ Initially, OSCs employed a so-called
conventional configuration, where the poly(3,4-ethylenediox-
ythiophene):(polystyrene sulfonic acid) (PEDOT:PSS) modi-
fied indium tin oxide (ITO) was used as the anode and low
work function (WF) metals (Ba or Ca) used as the cathode."*
Though relatively high power conversion efficiency (PCE)
(7%—8%) was obtained using the conventional device
structure,” " rapid degradation of the device performance was
an inevitable problem because of easy oxidation of low WF
metals as well as the acid nature of PEDOT:PSS.

Compared with conventional OSCs, inverted OSCs (i-
OSCs) showed much better stability because of the employ-
ment of high WF metals (Al or Ag) as the hole collection
anode. To obtain high performance i-OSCs, it is of critical
importance to modify the WF of ITO so that it could be
employed to effectively collect electrons.” And much work has
been focused on this research direction. For example, n-type
metal oxides, such as zinc oxide (ZnO)'® and titanium oxide
(TiOx),"""* have been successfully applied in efficient i-OSCs
due to their favorable electron transport properties. However,
these metal oxides usually need an extra post-treatment, like
high temperature, to promote c1rystallization12’13 or UV-
irradiation'* to change the interfacial chemical states, which is
incompatible with low-cost large-scale production.

Alternatively, organic interfacial materials also attract much
interest in i-OSCs and polymer light-emitting diodes (PLEDs)
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because of their easy solution processability and low temper-
ature treatment.!>~*° Among others, water/alcohol-soluble
conjugated polymers (WSCPs) demonstrate successful appli-
cations in i-OSCs.”"** These interfacial materials could
effectively adjust the WF of ITO by forming an interfacial
dipole between ITO and the active layer, benefiting charge
transport. However, they usually suffer from the difficulty of
synthesis and purification because of the complex C—-C
coupling and polymerization compared with small molecule
electrolytes (SMEs).'®** Despite obvious advantages of SMEs
compared with WSCPs, the SMEs generally could not work as
well as WSCPs, and the reason is not clear yet.>">***

Here, we demonstrate that a SME (EDTA-Na, Figure 1)
without any 7-delocalized groups can also work well as an

Figure 1. Device configuration and structure of EDTA-Na used in our
work.
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efficient interlayer material in i-OSCs. We can optimize the
performance of i-OSCs with the EDTA-Na interlayer using an
external bias treatment. We demonstrate that the power
conversion efficiency (PCE) based on PTB7:PC,BM could
be increased from ~6% to over 8% after optimization, which
further confirmed our previous studies about the excellent
electrons transport property for materials without any z-
delocalized groups.'® The external bias might promote the
molecule orientation or motion to form an interfacial
dipole.>™*” As a result, the interface recombination was
effectively reduced, leading to an improved fill factor (FF) and
open-circuit voltage (V).

To effectively modify the ITO electrode, we spin-coated the
EDTA-Na solution of 3 mg/mL in water on ITO glass at 4000
rpm for 60 s, forming some islandlike structures on ITO surface
as observed from SEM images (see Figure S1 in the Supporting
Information). After modified by EDTA-Na interlayer, the work
function (WF) of ITO could be regulated from 4.8 to 4.0 eV,
making the ITO electrode more suitable for electron collection
(calculated from UPS in Figure S2 in the Supporting
Information). When introducing EDTA-Na in to OSCs based
on PTB7:PC,BM systems, initially, the as-prepared devices
exhibited moderate performance with a V,. of 0.638 V and FF
of 60.7%, indicating the moderated function of EDTA-Na layer.
Interestingly, when we repeated the measurement, the V. and
FF increased to 0.665 V and 62.1%, respectively (Table 1). The

Table 1. Photovoltaic Parameters of a Conventional Device
and Devices with EDTA-Na (3 mg/mL) Measured under
Different Conditions with a Scan Range from 1.5 V to —1.5
A%

V.. Jee FF  PCE
V) (mA/em®) (%) (%)
conventional 0.681 16.16 64.6 7.11
EDTA-Na repeated 0.638 15.75 60.7  6.10 14
measurement 0.665 15.76 621  6.50 24
0.681 15.76 631 676 39
0.692 15.77 637 695 4°
0.698 1578 643  7.08 5
EDTA-Na, +2 V bias, 0.643 17.14 613 675 0s®
different bias time 0.696 17.18 647 774 305

0.709 17.18 66.1  8.05 60 s¥
0.716 17.18 668 822 90 ¥
0.720 17.18 674 833 120s”

“Times of measurement under scan range of —1.5—1.5 V. ®Time of +2
V bias applied on devices.

V.. and FF kept increasing with increasing times of measure-
ments. And after 5 times of measurement, the V. and FF
increased to 0.698 V and 64.3%, respectively. As a result, the
PCE increased from 6.10% to 7.08% (shown in Figure 2a).
Because an external scan bias (—1.5 V—1.5 V) was applied
on the device during measurements, this external bias might
affect the EDTA-Na property or the interface of ITO/EDTA-
Na, resulting in the device performance enhancement. To
examine this possibility, we directly applied a constant bias on
the device before the measurement and investigated the effect
of the bias on the device performance. And to avoid the effect
of repeated measurements on device performance as possible,
all the constant bias was applied on separated as-prepared
devices. As shown in Figure 2b, the as-prepared devices showed
moderate V. of 0.656 V. When a negative bias (—4 V for Ss,

-
o O
T

5}

0.0 1.0

0.5
Voltage (V)
10 ——Negative bias
—a— As-prepared
Positive bias

oA oA,
S 0 © O,

Current density (mAlcm?) T Current density (mA/cm?) ®

0.0 0.5
Voltage (V)

Figure 2. (a) Comparison of J—V curve for the as-prepared device and
that after repeated measurements under the scan range from 1.5 V to
—1.5 V. (b) Device performance after positive (+4 V) and negative
(—4 V) bias.

corresponding to Al electrode) was applied, the V. could be
decreased to 0.615 V, whereas if a positive bias (+4 V for 5s)
was applied, both V. (from 0.656 to 0.686 V) and FF (from
54.2 to 60.8%) increased, leading to the improved PCE from
5.75 to 6.70%. This experiment indicated that the positive bias
plays a major role in the performance improvement during the
repeated measurements, whereas the effect of negative bias is
negligible.

To further investigate the effect of the external bias on device
performance, we systematically examine the relation between
the bias time and device performance (Figure 3a). The as-
prepared device showed a moderate PCE of 6.75% with a V_ of
0.643 V and FF of 61.3%. When a 2 V bias was applied for 30s,
the PCE significantly increased to 7.74%, mainly due to the
much improved V. (0.696 V) and FF of (64.7%). And when
the bias time extended to 60 s, the PCE could further increase
to 8.05%, with V. of 0.709 V and FF of 66.1%, although the
increasing rate was a little decreased. If the bias time was further
increased, the device parameters tended to saturate gradually, as
shown in Table 1. After the 2 V bias was applied for 120s, a V.
of 0.720 V and FF of 67.4% were obtained, leading to a PCE of
8.33%. The specific devices parameter comparison before and
after bias treatment was shown in Figure S3 in the Supporting
Information. And if we increased the external bias to 4 V, much
shorter time was needed to optimize the device performance.
The PCE could be increased to 8.13% only after 20 s treatment
of 4 V bias (see Figure S4 in the Supporting Information).
Meanwhile, for conventional devices, there were almost no
changes in device performance after external bias treatment, as
shown in Figure SS in the Supporting Information, indicating
that the dependence of external bias treatment was mainly due
to the existence of EDTA-Na interlayer. In addition, we also
introduced a neutral polyfluorene derivative (PFN4) synthe-
sized by our lab to replace ionic EDTA-Na layer for comparison
and checked whether the beneficial bias effect still exist (see
Figure S6 in the Supporting Information). The as-prepared
devices with PFN4 showed a comparable PCE of 8.40% and
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Figure 3. (a) J—V curves for devices under +2 V bias for different time.
(b) J=V curves in dark conditions corresponding to a.

almost no changes in device performance were observed when
2V bias was applied (similar to that observed in conventional
devices shown in Figure SS in the Supporting Information),
which may further indicate the existence of ions motion in
EDTA-Na on the other side. On the other hand, we also
investigated the real-time variation of current density (dark
conditions) versus time when a positive bias was applied (see
Figure S7 in the Supporting Information). The current density
gradually decreased first and then slowly increased, which was
very similar to the phenomenon observed in light-emitting
electrochemical cells (LECs).*® In LECs, the formation of
electric double layer caused by ions motion successfully
explained this current density variation.”® In our devices, the
ions motion in EDTA-Na under external bias might lead to the
ions redistribution, forming interfacial dipole and decreasing
the electron transport barrier.”>">" And if we decreased the
thickness of EDTA-Na (1 mg/mL), the improvement of V.
and FF after 2 V bias treatment still existed (see Table S1 in the
Supporting Information), whereas for the device with a thicker
EDTA-Na interlayer (10 mg/mL), after 2 V bias treatment, the
Jc also greatly increased besides the improvement of V. and FF
(see Table S2 in the Supporting Information). The EDTA-Na
layer of 10 mg/mL was too thick for electrons to be
transported, leading to the much low ], for as-prepared
devices. After 2 V bias treatment, the introduction of interfacial
dipole because of the ion redistribution may greatly decrease
the transport barrier, thus improving the J . as well as the V_
and FF.

In addition, the effect of external bias on J—V curves under
dark conditions was also studied. As shown in Figure 3b, the
device after bias showed much lower leakage current compared
with the as-prepared device, implying that the cathode interface
(ITO/EDTA-Na, 3 mg/mL) became more beneficial for
electron transport and hole blocking.*® Moreover, the device
after bias also showed larger injection current compared with
the as-prepared device, indicating decreased series resistance for

20571

electron injection from ITO/EDTA-Na cathode.*® As a result,
the suppressed leakage current and reduced series resistance for
the devices after bias was favorable of a higher V,, agreeing
with the J—V curves under solar simulation.

At last, we also studied the lifetime of devices with EDTA-Na
(3 mg/mL) interlayer after bias treatment (all the devices were
stored in glovebox filled with Ar without encapsulation). As
shown in Figure 4, all the device parameters for EDTA-Na
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Figure 4. Decay of V,, J,, FF, and PCE for inverted devices with
EDTA-Na (3 mg/mL) and conventional devices.

interlayer exhibited much lower decay rate than that of
conventional devices, especially for J,. and FF (Figure 4b, c).
As a result, 80% of the PCE for EDTA-Na devices could still be
maintained even after storage for 30 days, whereas for
conventional devices, only about 15% of the performance still
existed, indicating that EDTA-Na interlayer not only improved
the device efficiency (statistical analysis is shown in Figure S8 in
the Supporting Information) but also increased the device
stability effectively. Note that in EDTA-Na devices, only 4% of
the V,, and FF decayed after 30 days. Considering that for as-
prepared EDTA-Na devices, the performance improvement
after bias treatment was mainly due to the increase of V. and
FF (Table 1), it seemed reasonable to believe that the beneficial
effect of bias treatment could be well maintained within a
period of time. To further investigate the bias effect on device
performance, we stored the bias treatment devices (V, of 0.731
V, PCE of 8.06%) in glovebox for 20 h, the device exhibited a
PCE of 7.26% with V. of 0.718 V, which is still much better
than the as-prepared device performance (V. of 0.637 V and
PCE of 5.74%), further indicating the well maintenance of the
bias effect. However, if we applied a 2 V bias for 120 s, the PCE
could slightly recover to 7.86% with a V. of 0.731 V, which
may be caused by the ion relaxation and redistribution.

In conclusion, we successfully introduced SME interlayer
(EDTA-Na) into i-OSCs (based on PTB7:PC,;BM) and found
that external bias could help to optimize the device perform-
ance. By applying a 2 V bias for 120 s, the PCE could be
significantly improved from 6.75 to 8.33%, mainly because of
the enhanced V. and FF. Our work indicated that the SMEs
without any 7-delocalized groups could also be an excellent
cathode interfacial material after reasonable optimization; on
the other hand, it indicated the critical role of the external bias
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on i-OSCs with SMEs, and further investigation is ongoing to
understand the mechanisms behind it.
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Experimental section, Figure S1—S9, and Table S1—S2. This
material is available free of charge via the Internet at http://
pubs.acs.org/.
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