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ABSTRACT: In this study, a high-performance inverted
polymer solar cell (PSC) has been fabricated by incorporating
a zinc oxide (ZnO)/light-harvesting complex II (LHCII)
stacked structure as the cathode interlayer. The LHCII not
only smoothens the film surface of ZnO, improves the contact
between ZnO and the photoactive layer, but also suppresses
the charge carrier recombination at the interface, hence all the
device parameters of PTB7-based solar cells are simultaneously
improved, yielding higher power conversion efficiency (PCE)
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up to 9.01% compared with the control one (PCE 8.01%). And the thin LHCII modification layer also presents similar positive
effects in the PTB7-Th:PC,;BM system (PCE from 8.31% to 9.60%). These results put forward a facile approach to the
interfacial modification in high-performance PSCs and provide new insight into developing and utilizing inexpensive and
environmentally friendly materials from the fields of biological photosynthesis.
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P olymer solar cells (PSCs) have received considerable
attention due to their advantages of low cost, light weight,
mechanical flexibility, and large-scale fabrication capability.' ™
Although significant progresses have been achieved for this
technique in the past decade, with power conversion efficiency
(PCE) exceeding 9 and 10% for single-junction® and tandem®
device, respectively, great efforts are still needed to overcome
some intrinsic drawbacks of this technology, such as broadening
the optical absorption of the solar cell and promoting further
the PCE of this technique before its real application. As the
most abundant membrane protein on the earth and because of
its high efficiency in absorbing and transferring solar energy,”
light-harvesting complex II (LHCII) possesses promising
potential to fulfill the above requirement and assists in
promoting the PSCs technique by acting as a light-harvesting
component. Successful utilization of LHCII in P3HT:PCBM
polymer solar cells was pioneered by Yao et al. in 2012.°
Enhanced photocurrent due to the LHCII absorption and
increased open circuit voltage (V) due to the elevated built-in-
potential were both demonstrated, resulting in improved PCE
of 474 and 4.12% for normal and inverted solar cells
respectively, compared to the PCE values of 3.52 and 1.74%
of their control cells without LHCII complex. And more
recently, LHCII was performed as a natural photosensitizer
immobilized on TiO, nanostructured film in dye-sensitized
solar cells (DSSCs), in which the electrons can be injected into
the TiO, conduction band from LHCII, achieving efficiency up
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to 0.27%.”'" Nevertheless, quite limited research has been done
about the application of LHCII in photovoltaics. And especially
no specific work investigating the functionality of LHCII as thin
modification layer in PSCs has been reported, although it
possesses the advantages of naturally abundant and environ-
ment-friendly, besides its high absorption coefficient and energy
transferring efficiency.

It is known that thin modification layers (<10 nm) such as
SAMs,"" conjugated polyelectrolytes (CPEs),'” and polyethy-
lenimine (PEI)," have often been combined with metal oxides,
conducting oxides or metals in photovoltaic devices as they can
modify electrode’s work function,'* saturate defect states at the
interface,'® or change the surface energy for different wetting
properties,16 hence can improve the device performance.
Various materials like fullerene derivative,'’ poly(ethylene
oxide) (PEO),'® 3-aminopropanioc acid,"” ionic liquid
(ILs),” and cesium stearate (CsSt)*' have been widely used
to modify the ZnO layer to restrain the surface traps and
improve the contact between ZnO and the active layer. We
consider LHCII could possess promising potential as
modification layer because of its above-mentioned properties.
And moreover, a thin LHCII modification layer will contribute
less to the series resistance compared to a relative thick LHCII
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light harvesting layer, which otherwise decreases the device
performance hugely.

In this work, we report the utilization of pure biological
pigment—protein complex, LHCII, as a thin modification layer
combined with wildly used ZnO interlayer in PSCs. We focus
our study here on the effect of thin LHCII modification layer
on the interface property and device performance of inverted
structure devices, to investigate and explore the functionality
and application potential of this class of material in photo-
voltaics.

Semiconducting polymer thieno|3,4-b]thiophene/benzodi-
thiophene (PTB7) blended with [6,6]-phenyl C,;-butyric acid
methyl ester (PC,;BM) is chosen as the active material because
of its promising photovoltaic performance due to its excellent
optoelectronic properties.” And more importantly, for this
active material system the thermal annealing process is
unnecessary, and thus the heat inactivation effect of LHCII
can be avoid,” showing better compatibility with LHCII
complex. Optoelectronic properties of the interlayer were
characterized to study the functionality of the LHCII
modification layer and relative mechanisms were discussed.
High performance (enhanced by 12.5%) of our device with
PCE over 9% was obtained with thin LHCII modification layer
due to the increased parameters of V,, J, and FF, compared
with the control device without LHCII (PCE 8.01%), under
simulated solar illumination (AM 1.5G 100 mW/cm?). These
results demonstrate the functionality of LHCII protein complex
as a thin modification layer in PSCs, and suggest a promising
potential for this new class of inexpensive and environment-
friendly materials as modification layers in photovoltaics to
improve the device performance.

The molecular structure of electron donor PTB7 and
electron acceptor PC;;BM are shown in Figure la. The crystal
structure of LHCII assembled with specific folded protein
skeleton and pigments is presented in Figure 1a as well. Figure
1b depicts the configuration of the inverted device structure
adopted in our study. The thin LHCII complex layer is used to
modify the ZnO interlayer and the 10 nm thick MoO;
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Figure 1. (a) Molecular structure of PTB7 and PC,,BM and the
crystal structure of LHCIL (b) Device structure of inverted PSCs with
LHCII modified ZnO films as the stacked cathode interlayer. (c)
Energy levels diagram of the components involved in the inverted
device.

deposited on top of the active layer is used to facilitate the
hole collection. The UV—vis-NIR absorption spectra (300—850
nm) of pure ZnO and ZnO/LHCII film on ITO substrate
together with the absorption spectrum of LHCII aqueous
solution are shown in Figure S1. Two main bands located at
~370—510 nm and ~640—690 nm are recorded for the LHCII
aqueous solution. Both pure ZnO and ZnO/LHCII films show
very weak absorption in the range of 400—850 nm, suggesting
that most of the solar photons will pass the interlayer and
contribute to the device performance. However, slightly
enhanced absorption in the range of ~370—510 nm and
~640—690 nm can still be observed for the LHCII modified
substrate compared to the pure ZnO one, which shows the
presence of LHCII thin layer after the deposition.

The functionality of the LHCII modification layer in devices
was confirmed by measuring the J—V curve of devices (Figure
2). To investigate the influence of LHCII film thickness on the
device performance, we used different concentrations of LHCII
solutions to deposit on top of the ZnO cathode interlayer by
spin coating at a speed of 1000 rpm for 60 s, and the relative
thickness of LHCII layer is shown in Table S1. The optimal
concentration of LHCII is determined to be 0.05 mg/mL (~6
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Figure 2. (a) J—V characteristics of ITO/Interlayer/PTB7:PC, BM/
MoO;/Al architecture with different cathode interlayers (pure ZnO,
pure LHCII 0.0S, and ZnO/LHCII (concentration of 0.0025, 0.05, 0.2,
and 1.0 mg/mL)). (b) Illuminated and (c) dark J—V characteristics of
devices with different cathode interlayers (pure ZnO and optimal
ZnO/LHCII).
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Table 1. Photovoltaic Parameters of PTB7:PC,;BM Devices Fabricated with ZnO and ZnO/LHCII Interlayer Measured under

100 mW/cm? AM 1.5G Illumination

interlayer V. (V) Jo (mA/cm?) FF (%) PCE (%) best (average)” R, (Q cm?) Ry, (kQ cm?) RR” (x 10°dark)
ZnO 0.735 16.60 65.6 8.01(7.87 + 0.16) 5.97 0.58 1.57
ZnO/LHCII 0.748 17.39 69.3 9.01(8.91 + 0.13) 5.28 0.68 10.79

“The parameters of PSCs were averaged over ten devices. bThe rectification ratio (RR, defined as the ratio of forward-to-reverse bias current density

at a bias voltage of +1.5 V) was obtained from dark J—V characteristics.

nm) and with which the ZnO/LHCII stacked film delivers the
optimal device performance. With thicker LHCII modification
layer or pure LHCII interlayer without ZnO, drastically
decreased device performance is obtained because of the
hugely decreased FF (for both devices) and V,. (for pure
LHCII interlayer device), which is consistent with the observed
largely increased series resistance and decreased shunt
resistance (Figure 2a and Table S2). With the thickest LHCII
film (approximately S8 nm), the device presents a large R, of
84.59 Q-cm?, resulting in an extremely low PCE of 3.34%. It
should be noted that the sole LHCII interlayer cannot provide
a proper diode anymore, only delivering a PCE of 1.87%, which
could be attributed to the nonohmic contact between the
electrode and active layer in this case.

Figure 2b presents the J—V curve of the optimal device.
Compared to the PCE 7.87 + 0.16% of the control device
based on pure ZnO interlayer, unambiguous enhancement in
PCE (8.91 + 0.13%) is observed after the deposition of LHCII
(0.05 mg/mL) due to the promoted photovoltaic parameters of
V.. (from 0.735 to 0.748 V), J,. (from 16.60 to 17.39 mA/cm?)
and FF (from 65.6% to 69.3%), as summarized in Table 1.
More data about the distribution of different parameters of
both interlayer based devices are summarized in Figure S2, each
based on 10 devices. The EQE spectra of the devices based on
pure ZnO and optimal ZnO/LHCII interlayer are shown in
Figure S3. The ZnO/LHCII interlayer based device presents a
substantial enhancement in EQE in the wavelength range of
365—705 nm compared with the pure ZnO interlayer device,
corresponding to a larger photocurrent density, which is
consistent with the measured ], as shown in Figure 2b. The
above results show the superior interface properties and the
improved electron transfer capability of the LHCII modification
interlayer, resulting in higher device efliciency. Figure 2c
depicts the dark J—V characteristics of ZnO and ZnO/LHCII
devices. Better diode characteristics are demonstrated for the
LHCII-modified ZnO-interlayer device by its lower leakage
current density and higher rectification ratio (value ~10 790),
compared to the pure ZnO interlayer based device. And again
the improved diode properties are confirmed by the lowered
series resistance (R,) and increased shunt resistance (Ry,)
(Table 1).

To further understand how the LHCII modification layer
affects the device performance, we carried out measurements to
study the optoelectronic properties at the interface before and
after the LHCII deposition. The HOMO/LUMO levels of the
pure ZnO and ZnO/LHCII interlayer were determined to be
—7.53/—4.14 and —7.42/—-3.94 eV from the UPS (Figure S4
and Table S3) and UV-vis—NIR absorption (Figure S1)
spectra, suggesting a downward vacuum level shift and a
lowered work function (WF) for the LHCII modified ITO/
ZnO cathode probably due to the formation of interfacial
dipole. This would be beneficial for enhancing the built-in
potential in device thus contributes to the V, and which is
consistent with the obtained V. (Table 1).>* The intermediate

energy gradient introduced by LHCII will facilitate the electron
collection at the cathode, evidenced by the measured current
density. The detailed energy level alignments of the materials in
devices are summarized in Figure 1¢.”*

On the other hand, the surface morphology of the interlayers
was studied by AFM. Figure 3a, b present the height images

Figure 3. AFM tapping mode images (5.0 X 5.0 ym?) of the surface
morphology of (a) ZnO and (b) ZnO/LHCII surface, respectively.
The RMS roughness was signed in each image (height bar of 30 nm).
Contact angle images by dropping deionized water on the surface of
(¢) ZnO and (d) ZnO/LHCIL

(5.0 X 5.0 um?) of the ZnO and ZnO/LHCII interlayer on
ITO substrate respectively, obtained with a tapping mode. In
the case of pure ZnO film, a root-mean-square (RMS)
roughness of 3.77 nm was determined. And after the deposition
of LHCII, a smoother film surface was observed with a RMS
roughness of 3.53 nm. The result suggested that the LHCII
modification could achieve the better surface morphology of
the ZnO film, which would further affect the morphology of the
active layer. Besides which, a more hydrophobic film property
was confirmed for the LHCII modified interlayer by its larger
contact angle with water drop, compared to the pure ZnO
interlayer, which could be a result of the intrinsic hydrophobic
group of skeleton protein of LHCIL** as shown in Figure 3c
and 3d. Consequently, this enhanced hydrophobicity would
benefit the spreading of active materials on the interlayer and
form better interface contact (Figure SS), thus benefit the
device performance, with decreased R; and increased FF.

To further scrutinize the underlying mechanism responsible
for the enhanced performance of the devices with thin LHCII
modification layer, we studied the maximum exciton generation
rate (G,,,) and exciton dissociation probability (P) in devices
with pure ZnO and ZnO/LHCII as the cathode interlayer.
Figure 4a demonstrates the influence of LHCII on the
photocurrent density (J,,) with respect to the effective voltage
(Vo — V), where V is the applied voltage and V, is the
compensation voltage at which J; = Jp.” Joh is determined by
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Figure 4. (a) Plots of photocurrent density (]Ph) with respect to the
effective bias (V,g) in the devices with ZnO and ZnO/LHCII as the
cathode interlayer. (b) Illuminated and dark J—V characteristics of
ITO/Interlayer/PTB7-Th:PC,;BM/MoQO;/Al architecture with differ-
ent cathode interlayers (ZnO and ZnO/LHCII).

the formula ], = J; — Jp where J; and Jj, represent the current
density measured under illumination and in dark condition,
respectively. Along with the increasing effective voltage, the
photocurrents in two devices increased rapidly, indicating more
excitons are dissociated into free carriers and better carrier
collection efficiency at the interface. More details, the observed
higher J,;, and faster reached saturation value (Jout) of the ZnO/
LHCII device compared to the ZnO device, suggests more
effect exciton dissociation and carriers collection due to the
improved interface properties by the LHCII modification.
Generally, the saturated photocurrent is positively correlated to
the G,,,, which can be obtained from J,, = qG,, L, where q is
the electronic charge and L is the thickness of blend active
layer.”>”® It should be noted that slightly increased ], was
determined for the ZnO/LHCII device in our experiment
according to the double logarithmic plot (Figure 4a), which we
consider could be attributed to an optical spacer effect by the
introduced LHCII layer, by which the optical filed in the active
layer could have been enhanced, thus increased the light
absorption and G,,,,.””*" The values of ], and corresponding
Gy for the devices are shown in Table S4. Simultaneously, the
exciton dissociation probability (P) (ie, V.4 = 1.5 V) can be
got from the normalized photocurrent density ],/ Under
the short-circuit condition, the P values are improved by LHCII
passivating the traps of ZnO surface, which decrease the exciton
recombination rate. Therefore, the enhanced values in G, and
P led to the improvement of the device performance.

Moreover, the device stability was studied for the ZnO/
LHCII-based solar cells, by monitoring the device power
conversion efficiency versus storage time in an argon
atmosphere glovebox. Comparable and slightly improved
stability was observed for the ZnO/LHCII-based device,
compared to the pure ZnO-based device. And both still remain
over 75% of their original PCE values after 40 days degradation
(Figure S6).

And in addition, the universality of this protein complex as
thin modification layer in the photovoltaics was examined with
another promising active blend system of PTB7-
Th:PC,;,BM,””*° based on the same processing parameters
for each layers as used in the PTB7:PC;BM system. Thus, the
J—V characteristics of the inverted PTB7-Th:PC, BM devices
with pure ZnO and ZnO/LHCII cathode interlayer were tested
in the illuminated and dark condition, respectively (Figure 4b).
Again, promoted device performance can be achieved for the
ZnO/LHCII-based device with a PCE of 9.60%, compared to
the control device (PCE 8.31%). The key parameters are
presented in Table SS5. Obviously, the thin interfacial
modification material of LHCII does work for different active
layers system. It turns out that we could utilize the
environmentally friendly biological complexes as promising
material to fabricate high-performance photovoltaic devices.

In conclusion, a natural pigment—protein complex, LHCII,
was successfully applied as modification layer between ZnO and
photoactive layer. With the thin LHCII modification layer,
simultaneous enhancement in V,, ], and FF has been achieved
for the inverted PSCs, due to the improved interfacial
properties, as demonstrated by our studies in film morphology,
characteristic J—V parameters, and the exciton generation and
dissociation properties. And this function of the thin LHCII
modification layer could also be extended to the PTB7-
Th:PC,;BM system. These results indicate that the biological
LHCII complexes possess a good potential to be used as
electrode modifying material for high efficient PSCs. This study
provides an excellent instance for exploiting and developing
neotype, natural, rich-stored, and environmentally friendly
materials from the biological photosynthetic fields for highly
efficient PSCs.
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