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efficiency and good junction
characteristics in organic solar cells via hydrogen-
bonding interaction between glucose and ZnO
electron transport layers†

Zhongqiang Wang, *a Yabing Ren,a Jiawei Meng,a Xuefeng Zou,a Shenjian Wang,a

Min Zhao, a Hua Wang, a Yuying Hao,a Bingshe Xu,a Ergang Wang *b

and Shougen Yin *c

Electron transport layers (ETLs) with excellent electron extraction capability are essential for realizing high

efficiency in organic solar cells (OSCs). A sol–gel-processed ZnO ETL is widely used in OSCs due to its high

mobility and suitable work function. However, the existence of defects usually results in low photovoltaic

performance during the operation of OSCs. In this work, glucose (Gl) was used to passivate free OH

traps via hydrogen-bonding interaction and formed ZnO/Gl ETLs with ZnO, which exhibited improved

electron extraction capability and reduced trap defect density. Thus, a champion efficiency of 18.03%

was obtained in a PM6:Y6 light absorber-based cell, which is >11% higher than that of the reference cell

(16.15%) with a pristine ZnO ETL. Impressive enhancements by >11% were also observed in different

fullerene and non-fullerene light absorber-based cells relative to that of the reference cell. This study

demonstrates a new strategy to design ETLs for realizing high efficiency in OSCs.
1. Introduction

Organic solar cells (OSCs) have attracted great attention due to
their advantages such as mechanical exibility, light weight,
and solution processing over their inorganic counterparts.1–4

Recently, the power conversion efficiency (PCE) of OSCs has
surpassed 19% in single-junction cells.5–9 The signicant prog-
ress in OSCs can be attributed to the development of organic
semiconductors covering a wide range of the solar spectrum,
the optimization of device structures and deep understanding
of device physics.10–13 To realize efficient light-to-electron
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conversion, hole transport layers (HTLs) and electron trans-
port layers (ETLs) that can facilitate charge extraction and
transport play important roles, apart from the light absorbers
responsible for exciton generation and dissociation, and charge
transport.14 Hence, the development of suitable HTLs and ETLs
is critical to achieving good junction characteristics and high
efficiency in OSCs.

Compared to the conventional OSC device structure of glass/
ITO/PEDOT:PSS/light absorbers/ETL/Al, an inverted structure,
i.e., glass/ITO/ETL/light absorbers/HTL/Al, possesses reverse
junction polarity, which usually shows higher PCE and better
lifetime in OSCs. To construct efficient OSCs with an inverted
structure, excellent ETLs such as ZnO, SnO2, TiOx, and CsOx

exhibit good transparence, high electron mobility and suitable
work function (WF).15–18 ZnO is widely used as an ETL material
due to its excellent optical and electrical properties, good lm-
forming properties, and low annealing temperature.19–21 The
sol–gel technique is a simple and effective method that is used
to deposit ZnO ETLs. However, sol–gel-processed ZnO ETLs
show surface and inside defects, such as Zn interstitials, free
hydroxide (–OH), and oxygen vacancies, which lead to inferior
electrical properties.22–24 These defects in ZnO ETLs act as trap
centers in OSCs, resulting in low photovoltaic performance and
inferior junction characteristics. Hence, it is essential to
develop an efficient passivation strategy to reduce defects for
achieving good charge extraction characteristics and high effi-
ciency in OSCs with sol–gel-processed ZnO ETLs.
This journal is © The Royal Society of Chemistry 2023
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In this contribution, we demonstrate an excellent ETL which
was processed by depositing glucose (Gl) on top of sol–gel-
processed ZnO lms. Our study proved that the deposition of Gl
could passivate surface defects of free OH groups due to the
hydrogen bond interaction between ZnO and Gl. Thus, good
junction properties and high efficiency were achieved from
ZnO/Gl ETL-based OSCs. A low-cost and facile strategy was
developed to form highly efficient ETLs for OSCs.
2. Results and discussion

X-ray photoelectron spectroscopy (XPS) was used to unravel the
interaction between ZnO and Gl lms. The XPS spectra of ZnO
and ZnO/Gl are shown in Fig. 1a and ESI Fig. S2.† The binding
energy peak at 288.88 eV corresponds to the C]O group. This
peak shied to 288.58 eV aer the deposition of Gl, which
signies interaction between ZnO and Gl.

The FTIR spectra of Gl and ZnO/Gl are shown in Fig. 1b.
According to the literature, the absorption peak at around 1249
cm−1 from the pristine Gl sample is due to OH vibration.25 This
peak was shied to 1241 cm−1 aer the deposition of Gl on the
ZnO lm, which indicated that the O–H vibration was inu-
enced by the formation of a hydrogen bond between CO in Gl
and the free OH on the surface of ZnO. The CO and OH groups
form hydrogen bonds because of the electron transfer from CO
to OH.26 The trap sites caused by free OH in sol–gel ZnO could
obviously be reduced by hydrogen-bonding interactions
between CO and OH groups. The trap passivation should have
improved the electron extraction and transport properties of the
ZnO ETL. It was expected that free OH passivation of ZnO could
lead to impressive photovoltaic performance in Gl-passivated
ZnO ETL-based cells.

The thickness of ZnO ETLs was xed to be 40 nm based on
our previous work.27 The Gl-modied ZnO ETLs were named
ZnO/Gl(X) (X stands for the spin speed). To obtain the optimal
photovoltaic performance, the thicknesses of Gl were tuned by
varying the spin speed from 2000 to 5000 rpm under a Gl
concentration of 2 mg mL−1. The current density–voltage (J–V)
curves and external quantum efficiency (EQE) spectra are shown
in Fig. 2a, b and S3.† As displayed in Fig. 2a, a PCE of 16.15%
with an open circuit voltage (Voc) of 0.834 V, a short circuit
current density (Jsc) of 25.84 mA cm−2, and a ll factor (FF) of
Fig. 1 (a) XPS spectra of ZnO and ZnO/Gl films and (b) FTIR spectra of Gl a
range 1375–1140 cm−1).

This journal is © The Royal Society of Chemistry 2023
74.72% was obtained from the PM6:Y6 light absorber-based cell
with a pristine ZnO ETL, which is in good agreement with re-
ported values.24 It is clear that the cells showed higher PCE
when the spin speeds were over 4000 rpm compared to the
reference cell. Due to the insulation of Gl, decreased PCEs were
recorded when the Gl spin speed was lower than 4000 rpm, as
shown in Fig. 2c. The highest PCE of 18.03%, with a Voc of
0.826 V, a Jsc of 28.65 mA cm−2, and a FF of 76.20%, was ach-
ieved from cells with the ZnO/Gl(4000) ETL, which is an
improvement by 11% relative to that of the reference cell with
a ZnO ETL due to the increase in Jsc and FF, as summarized in
Table 1. The reported PCEs based on the PM6:Y6 blend are
summarized in Fig. 2d. To the best of our knowledge, the PCE
achieved in this work is one of the highest values recorded from
PM6:Y6 binary light absorber-based OSCs.

As displayed in Fig. 2b, the cell with the ZnO/Gl(4000) ETL
showed the highest photo-response especially in the near-
infrared region, which resulted in improved Jcal. The enhance-
ment in EQE spectra was in line with the variation of Jsc
extracted from J–V curves, which proved the enhancement in
the performances of cells with ZnO/Gl(X) ETLs.

The morphology of ETLs has a signicant impact on the
interfacial contact and charge transfer in OSCs.28 Atomic force
microscopy (AFM) was used to investigate the morphology
variation of the ZnO ETL before and aer Gl deposition. The
two-dimensional (2-D) and the corresponding three-
dimensional (3-D) AFM images are displayed in Fig. 3. As
depicted in Fig. 3a and b, root-mean-square (RMS) roughness
values of 0.512 and 0.318 nm were obtained from the pristine
and Gl-modied ZnO lms, respectively. The smooth surface of
ZnO/Gl(X) ETLs would be of great benet to the photovoltaic
performance and junction characteristics of the OSCs.

Good junction characteristics are necessary for achieving
high photovoltaic performance in OSCs. To evaluate the junc-
tion properties, the ideal diode equation was used to analyze the
J–V characteristics of cells with ZnO and ZnO/Gl(X) ETLs
without illumination, which is expressed as:

�J ¼ Jph � J0

�
exp

�
qðV � JRsÞ

nKT

�
� 1

�
� V � JRs

Rsh

(1)

where J, Jph, J0, and V are the current density, photocurrent
density, saturation current density and applied bias,
nd ZnO/Gl films (the inset shows enlarged FTIR absorption bands in the
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Fig. 2 (a) J–V curves of cells based on a PM6:Y6 light absorber using ZnO and ZnO/Gl(4000) as ETLs, (b) external quantum efficiency (EQE) and
integrated current density (Jcal) of cells using ZnO and ZnO/Gl(4000) as ETLs, (c) the highest PCE obtained in cells with different ETLs, and (d) the
reported PCE in binary PM6:Y6-based cells.

Table 1 Photovoltaic parameters of cells with ZnO and ZnO/Gl(X) ETLs spin-coated with a rotation speed from 2000 to 5000 rpma

ETLs Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

ZnO 0.833 � 0.003 24.59 � 1.25 73.41 � 1.31 16.00 � 0.15
0.834 25.84 74.72 16.15

ZnO/Gl(2000) 0.817 � 0.003 25.53 � 1.33 67.37 � 1.50 14.93 � 0.24
0.820 26.86 68.87 15.17

ZnO/Gl(3000) 0.824 � 0.003 27.11 � 1.28 72.56 � 1.46 17.16 � 0.21
0.827 28.39 74.02 17.37

ZnO/Gl(4000) 0.824 � 0.003 27.35 � 1.30 74.75 � 1.45 17.83 � 0.20
0.826 28.65 76.20 18.03

ZnO/Gl(5000) 0.823 � 0.003 26.37 � 1.29 73.60 � 1.30 17.01 � 0.11
0.826 27.66 74.90 17.12

a The light absorber is a non-fullerene blend of PM6:Y6.
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respectively, while Rs and Rsh represent the series and shunt
resistances, n is the ideality factor, K is the Boltzmann constant,
T is the absolute temperature, and q is the elementary charge.

Without illumination (Jph = 0), eqn (1) can be simplied as:

�J ¼ �J0
�
exp

�
qðV � JRsÞ

nKT

�
� 1

�
� V � JRs

Rsh

(2)

The parameters of n, J0, Rsh, and Rs can be evaluated by tting
J–V curves with eqn (2). The dark state J–V curves obtained from
cells with ZnO and ZnO/Gl(4000) ETLs are plotted in Fig. 4. The
evaluated parameters are also summarized in Fig. 4. It has been
1812 | J. Mater. Chem. A, 2023, 11, 1810–1816
proved that n is highly related to the interfaces of solar cells. A
decreased n of 1.62 was obtained from a ZnO/Gl(4000) ETL-
based cell, whereas n was found to be 2.01 for the cell with
the ZnO ETL, which indicated better junction properties in this
cell.

J0 is part of the reverse current density in diodes, which is
independent of reverse bias. A low J0 means that ZnO ETLs
possess excellent hole blocking capability.29 In comparison with
the reference cell with a J0 of 3 × 10−10 A cm−2, the cell with
ZnO/Gl(4000) as the ETL showed a lower J0 of 1 × 10−10 A cm−2,
as depicted in Fig. 4. The decreased J0 value indicated superior
hole blocking capability of Gl-modied ZnO, which further
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Two-dimensional (2-D) AFM images (4.0 × 4.0 mm2) of ZnO (a) and ZnO/Gl(4000) ETLs (b), and 3-D AFM images (4.0 × 4.0 mm2) of ZnO
(c) and ZnO/Gl(4000) ETLs (d).

Fig. 4 Measured (blue squares or red circles) and simulated (green solid lines) J–V curves without illumination: (a) cell with the pristine ZnO ETL
and (b) cell with the ZnO/Gl(4000) ETL.
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conrmed the good junction characteristics in these cells. The
superior hole blocking capability contributed to the improved
FF in OSCs.

To understand the defect-assisted recombination process,
electron-only devices with different ETLs were made to analyze
the voltage of the trap-lled limit (VTFL). As shown in Fig. 5a,
three different regions are observed in the double-log J–V curves
of electron-only devices. In the TFL region, all traps are lled
with the injected carriers, which could reect the defect
This journal is © The Royal Society of Chemistry 2023
passivation of ZnO ETLs. A reduced VTFL of 0.63 V was obtained
from the cell with the ZnO/Gl(4000) ETL, suggesting that the
introduction of Gl reduced the defect density of ZnO. The
suppressed trap-assisted recombination was benecial to real-
izing efficient electron extraction and transport in ZnO/Gl(X)
ETL-based cells, resulting in improved Jsc and FF.

To further study the inuence of Gl, electrical impedance
spectroscopy (EIS) was utilized to compare the electrical char-
acteristics of cells with different ETLs,30 as plotted in Fig. 5b.
J. Mater. Chem. A, 2023, 11, 1810–1816 | 1813
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Fig. 5 (a) Electron-only devices with pristine ZnO and ZnO/Gl(4000) ETLs and (b) EIS spectra of cells with pristine ZnO and ZnO/Gl(4000) ETLs
(the inset represents the equivalent circuit).
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The transport resistance was extracted from the EIS spectra by
tting with the equivalent circuit. It was clear that the cell with
the ZnO/Gl(4000) ETL exhibited a shorter diameter compared to
that of the cell with the pristine ZnO ETL. The short diameter
meant low transport resistance, which also contributed to the
enhanced photovoltaic performance in cells with ZnO/Gl(X)
ETLs.

The electron extraction capability of ETLs is directly affected
by the charge transport and extraction processes in OSCs, which
can be analyzed by the exciton decay dynamics of time-resolved
photoluminescence (TRPL) spectra,31 as shown in Fig. 6a. The
extracted lifetimes from the samples of ZnO/PM6 and ZnO/
Fig. 6 (a) TRPL spectra of ZnO/PM6 and ZnO/Gl(4000)/PM6, (b) plots of
(c) Gmax obtained from the reference cell and cells with ZnO/Gl(X) ETLs

1814 | J. Mater. Chem. A, 2023, 11, 1810–1816
Gl(4000)/PM6 were 2.41 and 1.47 ns, respectively. The
decreased lifetime meant better electron extraction capability of
the ZnO/Gl(4000) ETL compared to the ZnO ETL, resulting in
efficient charge extraction and transport processes in ZnO/Gl(X)
ETL-based cells.

Moreover, photocurrent densities (Jph) under different
effective voltages (Veff) of cells were compared to reveal the
exciton generation behavior.32,33 Fig. 6b and S4† show the plots
of log Jph versus log Veff. The maximum exciton generation rate
(Gmax) of cells was calculated from the plots of log Jph–log Veff, as
summarized in Fig. 6c. A clear enhancement in Gmax was
observed in cells with ZnO/Gl(X) ETLs. This result indicates
log Jph versus log Veff for OSCs based on ZnO and ZnO/Gl(4000) ETLs,
, and (d) plots of log Jsc versus log Plight of OSCs.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 J–V curves of cells based on different light absorbers using ZnO and ZnO/Gl(4000) as ETLs: (a) PTB7-Th:PC71BM light absorber, (b) PTB7-
Th:ITIC light absorber, and (c) P3HT:PC61BM light absorber.
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efficient light photon absorption in cells using ZnO/Gl(X) as
ETLs, which could contribute to improved Jsc in these cells.

The dependence of Jsc on incident light intensity (Plight) was
investigated to reveal charge recombination behaviors in cells
with different ETLs.34 Fig. 6d and S7† display the plots of the log
Jsc versus log Plight of cells with ZnO and ZnO/Gl(4000) ETLs. The
power law exponent of a was obtained by linear tting and
a values of 0.94 and 0.97 were extracted from the reference cell
with the ZnO ETL and the cell with the ZnO/Gl(4000) ETL,
respectively. The increased a (close to 1) in the ZnO/Gl(4000)
ETL-based cell indicated less bimolecular recombination
loss,35 which helped to realize improved Jsc, FF and PCE in ZnO/
Gl(X) ETL-based cells.

The ZnO/Gl(X) ETLs were also applied in blends of PTB7-
Th:PC71BM, PTB7-Th:ITIC, and P3HT:PC61BM light absorber-
based OSCs. Impressive enhancements were observed in these
cells aer the introduction of Gl. As shown in Fig. 7 and Table
S2,† >11% enhancements were obtained from these light
absorber-based cells aer the insertion of Gl compared to the
reference cell with the ZnO ETL. These results demonstrated the
general applicability of ZnO/Gl(X) as an ETL in fullerene and
non-fullerene light absorber-based OSCs.
3. Conclusions

In conclusion, Gl was inserted between a ZnO ETL and light
absorbers in inverted OSCs. Due to the hydrogen-bonding
interaction between CO and OH groups, the insertion of Gl
This journal is © The Royal Society of Chemistry 2023
not only smoothened the interfacial contact, but also passivated
OH caused surface defects on the ZnO lm. Furthermore, the
introduction of Gl improved the junction characteristics,
contributed to electron extraction and transport processes, and
suppressed bimolecular recombination loss in OSCs. In PM6:Y6
light absorber-based cells, a champion efficiency of 18.03% was
obtained, which is >11% higher than that of the reference cell
(16.15%). Impressive enhancements (>11%) were also observed
in different fullerene and non-fullerene blend light absorber
(PTB7-Th:PC71BM, PTB7-Th:ITIC, and P3HT:PC61BM)-based
cells, which proved the general applicability of ZnO/Gl(X) as
ETLs. A novel strategy by applying Gl on top of ZnO was
demonstrated to design highly efficient ETLs for OSCs.
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