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Abstract   The  power  conversion  efficiency  (PCE)  of  polymer  solar  cells  (PSCs)  has  exceeded  19%  due  to  the  rapid  progress  of  photoactive

organic materials,  including conjugated polymer donors and the matched non-fullerene acceptors (NFAs).  Due to the high density of  oxygen

vacancies and the consequent photocatalytic reactivity of ZnO, structure inverted polymer solar cells with the ZnO electron transport layer (ETL)

usually  suffer  poor  device  photostability.  In  this  work,  the  eco-friendly  glucose  (Glu)  is  found  to  simultaneously  improve  the  efficiency  and

stability of polymer:NFA solar cells. Under the optimal conditions, we achieved improved PCEs from 14.77% to 15.86% for the PM6:Y6 solar cells.

Such a PCE improvement was attributed to the improvement in JSC and FF, which is ascribed to the smoother and more hydrophobic surface of

the ZnO/Glu surface, thereby enhancing the charge extraction efficiency and inhibiting charge recombination. Besides, UV-Vis absorption spectra

analysis revealed that glucose modification could significantly inhibit the photodegradation of Y6, resulting in a significant improvement in the

stability of the device with 92% of its initial PCE after aging for 1250 h. The application of natural interface materials in this work brings hope for

the commercial application of organic solar cells and provides new ideas for developing new interface materials.
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INTRODUCTION

Polymer  solar  cells  (PSCs)  are  expected  to  become  a  new
generation  of  photovoltaic  technology  owing  to  their
flexibility,[1] lightweight  and  solution  processability.[2,3] The
power conversion efficiency (PCE) of PSCs has exceeded 19%[4]

due  to  the  rapid  progress  of  the  photoactive  materials,
including wide bandgap conjugated polymer donors[5,6] and the
matched  non-fullerene  acceptors  (NFAs).[7−10] Especially  with
the emergence of the star molecules PM6[11] and Y6,[12] the PCE
of  the  PSC  has  started  a  rapid  improvement.[13,14] The  high-
efficiency  organic  solar  cells  are  composed  of  a  transparent
conductive  electrode,  the  photoactive  layer,  and  a  metal
electrode.[15] Generally,  the  hole  and  electron  transport  layers
(HTL  and  ETL)  are  used  to  obtain  a  better  ohmic  contact  with
the  corresponding  electrodes.[16,17] Zinc  oxide  (ZnO),  as  a  low
work function metal oxide, is the most popular ETL in PSCs[18−20]

owing  to  its  solution  processibility,  excellent  electron  mobility,

and medical compatibility. However, due to the high density of
oxygen  vacancies  as  electronic  traps,[21,22] surface  charge
recombination as  well  as  "light-soaking"  effect  inevitably  occur
in ZnO-based PSCs, leading to low PCEs.[23,24] Besides, the defect
states  on  the  surface  of  ZnO  can  induce  the  photocatalytic
degradation of the NFAs, leading to the rapid PCE decay of the
cells.[22,25,26] Therefore,  surface  modification  of  ZnO  layer  is
critical  for  non-fullerene  solar  cells.  Over  the  last  few  years,
various  organic  ligands  that  can  coordinate  to  Zn2+,  such  as
ethanedithiol (EDT),[27] polyethylenimine (PEI),[25] as well as Lewis
acid,[28] were used as the surface modification layer to improve
the performance and stability of PSCs.  Even though the device
performance  was  successfully  improved,  most  of  the  above-
mentioned  surface  modifiers  are  industrial  chemical  products
with potential environmental hazards. An environment-friendly
organic ligand that can effectively passivate the surface defects
of ZnO is therefore highly interesting to the PSC technology.

As a bio-activate small  molecule,  glucose (Glu)  is  the main
product of photosynthesis and exists widely in nature. In ad-
dition, the glucose molecule has several hydroxyl groups that
potentially  can  coordinate  to  Zn2+.  Therefore,  glucose  is  a
green  chemical  with  low  cost  and  biocompatibility  advan-
tages,  making it  highly  suitable  as  a  surface  modifier  of  ZnO
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layer in PSC. Lin et al. reported using glucose-based polymers,
including  chitosan,  methylcellulose,  and  dextrin,  as  the  ZnO
surface modifier in inverted PSC, where improved device per-
formance was achieved.[29] Except for  this,  no other  research
on  the  use  of  glucose  in  polymer  solar  cells  was  reported.
Herein,  we  report  the  application  of  glucose  as  ZnO  surface
modifier in inverted PSC. We found that the device based on
ZnO/Glu ETL exhibits an increased short-circuit current densi-
ty (JSC) and fill factor (FF), and the ultimate higher power con-
version efficiency was measured for the Glu-cooperated cells
when compared to the Glu-free reference cells.  Most import-
antly,  the  Glu-based  cells  also  showed  improved  perform-
ance stability in comparison with the Glu-free reference cells.
The  performance  and  stability  improvement  of  the  glucose
passivation effect was investigated.

EXPERIMENTAL

Materials
PM6  (PBDB-T-2F)  and  IT-4F,  Y6  and  N3  were  purchased  from
Solarmer  Materials  Inc,  Beijing.  Zn(OAc)2,  TMAH,  and  glucose
(Glu)  were purchased from J&K Scientific  Ltd.  1,8-Diiodooctane
(DIO)  and  1-chloronaphthalene  (CN)  were  purchased  from
Sigma-Aldrich.  Molybdenum(VI)  oxide  (MoO3)  was  purchased
from  Strem  Chemicals.  All  materials  were  used  as  received
without  further  purification.  ZnO  was  prepared  through  the
reaction between TMAH and Zn(OAc)2 in DMSO as reported by
Qian et al.[30]

Instruments and Measurement
The  ultraviolet-visible  (UV-Vis)  absorption  and  transmittance
spectra  of  ZnO  and  NFAs  films  were  measured  with  a
PerkinElmer  Lambada  750  at  room  temperature.  All  the  films
were spin-coated on the glass substrates and aged in glove box
under  white  LED  light.  ZnO  were  spin-coated  on  the  ITO
substrates and then were annealed on a hot plate in glove box.
Then  Glu  was  also  spin-coated  on  the  ZnO  and  was  annealed.
The surface roughness of  the samples was analyzed by atomic
force  microscopy  (AFM)  with  a  probe-type  Park  XE-120
microscope. The samples were put into a N2-filled chamber and
transferred to the vacuum chamber for XPS testing as careful as
possible to minimize the undesired contamination.

Fabrication of Polymer Solar Cells
ITO  substrates  were  sequentially  cleaned  by  detergent,
deionized  water,  acetone,  and  isopropanol  in  ultrasound
cleaner.  Before  using  them,  they  were  firstly  dried  by  N2 flow
and then treated in a UV-ozone oven for 30 min. First, ZnO NPs
(10 mg/mL in ethanol) was spin-coated on the ITO substrates at
2000 r/min for 60 s and then were annealed at 130 °C for 10 min.
Then,  the Glu (0.5mg/mL in methanol)  was spin-coated on the
top of the ZnO electron transportation layer at 3000 r/min for 30
s and then were annealed at 130 °C for 5 min on a hot plate in
glove  box  filled  with  N2.  The  mixed  solution  of  PM6:Y6  (N3)
together with 0.5 vol% CN was dissolved in chloroform (CF) with
concentrations of 7 and 8.4 mg/mL, respectively. The solution of
PM6:IT-4F  (10  mg/mL  for  each  compound)  blended  in
chlorobenzene (CB)  with  0.5  vol% DIO was  spin-coated on the
top of the ZnO electron transportation layer at 2000 r/min for 60
s and then were annealed at 130 °C for 10 min on a hot plate in
glove  box  filled  with  N2.  Finally,  MoO3 (20  nm)  as  the  hole-

extraction layer and Al (100 nm) as the anode were sequentially
vacuum  deposited  on  the  top  of  the  active  layer  respectively.
The  effective  photovoltaic  area,  defined  by  the  geometrical
overlap  between  the  bottom  cathode  electrode  and  the  top
anode, was 0.09 cm2.

PV Parameters of Polymer Solar Cells
The  PV  parameters  of  the  cells  including  open-circuit  voltage
(VOC), JSC and  FF  were  measured  using  a  Keithley  2400  source
meter  under  illumination  with  simulated  AM  1.5G  sunlight
(Zolix,  Sirius-SS150A) in a glove box filled with N2.  The external
quantum efficiency (EQE) spectra were recorded by EQE system
which was built  in  home and the light  from a 150 W tungsten
halogen lamp (Osram 64610) was used as a probe light and was
modulated with a mechanical chopper before passing through
the  monochromator  (Zolix,  Omni-k300)  to  select  the
wavelength. The response was recorded as the voltage by an I-V
converter (D&R-IV Converter, Suzhou D&R Instruments), using a
lock-in  amplifier  (Stanford  Research  Systems  SR  830).  With  a
stand silicon cell as the reference before testing the devices.

Degradation of Polymer Solar Cells under White Light
The  long-term  stability  of  un-encapsulated  devices  was
conducted  by  multi-channel  solar  cell  performance  decay  test
system (PVLT-G8001M, Suzhou D&R Instruments Co., Ltd.) under
a  testing  condition  in  accordance  with  ISOS-L-1  in  the  glove
box. The cells were put inside a glove box filled with N2 (H2O<10
ppm, O2<10 ppm) and continuously illuminated with white LED
light  (D&R  Light,  L-W5300KA-150,  Suzhou  D&R  Instruments).
The illumination light intensity was initially set so the output JSC

is  as  same  as  that  measured  under  standard  conditions  by
AM1.5G. For monitoring changes in illumination light intensity,
it  was monitored by a photodiode (Hamamtsu S1336-8BQ). J-V
characters  of  the  devices  were  checked  periodically,  and  the
photovoltaic  performances  data  (VOC, JSC,  FF  and  PCE)  were
calculated automatically  according to the J-V curves.  When J-V
was  tested,  an  external  load  matching  the  maximum  power
output point (Rmpp = Vmax/Imax), was attached to the cell. So, the
performance  of  devices  can  be  recorded  automatically  with
time  to  monitor  the J-V curves.  Because  external  load  can  be
changed with the J-V results, the measured performance decay
curves mean the performance decay behavior of cells under real
operation.  It  is  obvious  that  the  results  fully  achieved  the
highest  level  of  ISOS-L3.[31] The  temperature  of  the  cells  is
thermostatically  controlled  at  room  temperature  25  °C  by
temperature control equipment.

RESULTS AND DISCUSSION

Photovoltaic Performance of Cells with Glucose
Modified ZnO ETL
Glucose  molecule  has  five  hydroxyl  groups  and  one  aldehyde
group,  which  can  be  transferred  to  a  six-member  ring
hemiacetal by a ring-chain tautomerism reaction (Fig. S1 in the
electronic  supplementary  information,  ESI).  Therefore,  it  is
expected  that  glucose  should  be  able  to  passivate  the  surface
defects  of  ZnO.  Structure  inverted  PM6:Y6  solar  cells  using
glucose  modified  ZnO  (ZnO-Glu)  as  ETL  were  fabricated  and
tested (see Fig.  1a for  the device structure).  The reference cells
using  pristine  ZnO  were  also  invested  for  comparison.  The
current  density-voltage  (J-V)  characteristics  of  the  PSCs  under
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simulated AM 1.5G solar illumination are shown in Fig. 1(b). The
photovoltaic  performance  data  are  listed  in Table  1.  As  seen
here,  these  control  cells  without  glucose  modification  layer
show  an  averaged  PCE  of  14.66%  with  a  champion  PCE  of
14.77%.  In  contrast,  the  ZnO/Glu-based  cells  show  a  higher
average and best  PCE of  15.72% and 15.86%, respectively.  The
JSC increased from 24.99 mA/cm2 to 26.08 mA/cm2,  and the FF
increased  from  70.26%  to  72.16%  after  surface  modification
with  glucose,  which  are  the  main  factors  for  the  PCE
improvement.  Comparison  of  the  cells'  external  quantum

efficiency  (EQE)  spectra  revealed  that,  although  EQE  improves
over  the  entire  absorption  range  of  the  cells,  more  significant
improvement  was  found  over  400−550  nm  (Fig.  1c).  The
calculated JSC from  the  integration  of  the  EQE  curves  is  24.74
mA/cm2 (pristine ZnO) and 26.21 mA/cm2 (ZnO/Glu), which is a
less  than  5%  mismatch  than  that  of  the JSC value  from  the J-V
curves.  Fig.  S2  in  ESI  shows  the  transmittance  spectra  and
absorbance  spectra  of  the  glass/ZnO  and  glass/ZnO/Glu  films
prepared by the identical  method for  solar  cells  fabrication.  As
seen  there,  there  is  no  obvious  transmittance  and  absorbance

Table 1    Performance parameters of the PM6:Y6, PM6:N3 and PM6:IT-4F inverted solar cells with pristine ZnO, and Glu-treated ZnO films as ETLs. a

ETL ATL VOC (V) JSC (mA/cm2) FF (%) PCE (%) PCEmax b (%)

ZnO PM6:Y6 0.836±0.002 24.99±0.01 70.26±0.00 14.66±0.114 14.77
ZnO/Glu PM6:Y6 0.837±0.002 26.08±0.16 72.16±0.00 15.72±0.126 15.86

ZnO PM6:N3 0.836±0.003 25.01±0.23 71.04±0.00 14.92±0.101 15.03
ZnO/Glu PM6:N3 0.836±0.003 25.88±0.14 72.15±0.01 15.61±0.134 15.84

ZnO PM6:IT-4F 0.829±0.003 19.13±0.04 70.27±0.00 11.14±0.012 11.16
ZnO/Glu PM6:IT-4F 0.826±0.002 20.09±0.10 71.87±0.00 11.82±0.099 11.95

a Calculated from 8 individual devices; b Maximum PCE of the best cell.

 
Fig.  1    (a)  Solar  cell  device structure and molecule  structures  of  active layer  materials;  (b) J-V curves  and (c)  EQE spectra  of  ZnO and
ZnO/Glu cells.
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difference  for  these  two  films.  Therefore,  the  increased  EQE
should  not  be  attributed  to  the  optical  effect  but  to  the
improved  charge  injection  and  collection  efficiency  after
coating  the  glucose  layer.  The  more  significant  EQE
enhancement  at  the  short  wavelength  range  implies  the
enhanced  charge  injection  and  collection  efficiency  mostly  at
the cathode side.

To further understand the interaction between glucose and
ZnO, X-ray photoelectron spectroscopy (XPS) of ITO/ZnO and
ITO/ZnO/Glu  films  were  performed.  The  full  XPS  spectra  are
shown in Fig. S3 (in ESI), whereas the high-resolution C1s, Zn
2p3/2 and O1s are shown in Fig. 2. The C1s peaks for both films
were measured to be broad, which can be divided into C＝O
(288.5 eV),  C―O (286.4 eV) and C―C (284.8 eV).  The propor-
tion  of  C―O  bonds  on  the  surface  of  Glu-treated  ZnO  in-
creased significantly from 24.72% to 47.36%. Since glucose is
a  polyhydroxy  molecular,  the  increase  of  C―O  ratio  on  sur-
face  of  ZnO  proves  that  a  certain  amount  of  glucose  is  at-
tached to the ZnO surface. The XPS peaks of Zn 2p3/2 for the
ZnO/Glu film were measured at  1021.43 eV,  which is  0.45 eV
shifted to the high binding energy when compared to that of
the pristine ZnO film,  suggesting that  glucose molecules  are
intensively coordinated to Zn2+.[32] The O1s core levels of ZnO
film  were  deconvoluted  into  two  different  oxygen  peaks  at
529.61 and 531.20 eV (Fig. 2d), which can be assigned to oxy-
gen in the oxide lattice (oxygen bonded to metal atoms) and
surface-absorbed  oxygen,  such  as  hydroxy  groups,  respec-
tively.[33] The position of the peaks of O 1s core levels for the

ZnO/Glu  films  with  0.44  eV  shifted  to  the  high  binding  en-
ergy  can  also  confirm  the  glucose  molecules  are  intensively
coordinated  to  Zn2+.  Besides,  the  proportion  of  the  surface-
absorbed  oxygen  in  the  glucose  treated  sample  increased
from  44.3%  to  49.0%,  indicating  the  intensive  interaction  of
glucose with ZnO surface. PL was also characterized to clarify
the  passivation  effect  of  the  glucose  and  the  results  were
shown in Fig. S4 (in ESI). The pristine ZnO film shows a broad-
band emission centered around 530 nm which has been well
known as evidence of the presence of defect states (e.g., oxy-
gen  vacancy)  in  ZnO.[34,35] After  modified  by  glucose,  the  in-
tensity  of  broadband  defect  emission  was  significantly  re-
duced,  confirming  that  the  defect  states  were  effectively  re-
covered by glucose.

Influence of the Glucose Layer on the Interface
between ZnO/PM6:Y6
Knowing that surface energy has a significant influence on the
thin  film  formation  on  it,  we  measured  the  contact  angle  of
water and CH2I2 on bare ZnO and ZnO/Glu film. As can be seen
in Fig.  3(a),  the  contact  angles  of  water  on  ZnO  and  ZnO/Glu
films  are  31.5°  and  38.6°,  respectively.  In  comparison,  CH2I2
showed  Cas  of  51.0°  and  40.9°  on  ZnO  and  ZnO/Glu,
respectively.  The  surface  free  energy γs of  ZnO and ZnO/Glu  is
then calculated to be 62.7 and 56.8 mN/m (Fig. S5 and Table S1
in ESI), respectively, according to the Owens-Wendt method.[36]

These  results  indicate  that  glucose  modification  increases  the
hydrophobic  feature  of  the  ZnO/Glu  film.  Such  an  increased
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Fig. 2    C 1s XPS spectra of (a) ZnO and (b) ZnO/Glu; (c) XPS spectra of Zn 2p3/2 of ZnO and ZnO/Glu; (d) O1s XPS spectra of ZnO/Glu.

  Liu, B. W. et al. / Chinese J. Polym. Sci. 2022, 40, 1594–1603 1597

 
https://doi.org/10.1007/s10118-022-2819-9

 

https://doi.org/10.1007/s10118-022-2819-9


hydrophobic nature of the ZnO/Glu surface should be beneficial
for the deposition of the photoactive layer,[37] since the organic
semiconductors  are  usually  dissolved  in  the  organic  solvent,
which is more compatible with the hydrophobic organic active
layer.

Surface  morphologies  of  the  ZnO  and  ZnO/Glu  films  were
then characterized by atomic force microscopy (AFM). The to-
pographic  images are  shown in Fig.  3(b),  and the root  mean
square  (RMS)  roughness  was  measured  to  be  2.63  and  2.38
nm for the pristine ZnO and ZnO/Glu films, respectively, sug-
gesting that glucose coating is able to smoothen the surface
of ZnO film. The smoother surface of the ITO/ZnO/Glu film is
beneficial for contacting the PM6:Y6 film. Fig. 3(b) also shows
the  surface  morphology  of  ITO/ZnO/PM6:Y6  and  ITO/ZnO/
Glu/PM6:Y6  films.  The  RMS  roughness  of  ZnO/BHJ  and
ZnO/Glu/PM6:Y6  was  measured  to  be  2.22  and  1.36  nm,  re-
spectively.  Again,  surface  modification  of  ZnO  with  glucose
smoothened the surface morphology of the photoactive lay-
er. Besides, the conductivities of ZnO and ZnO/Glu films were
estimated  by  measuring  the  current-voltage  (I-V)  curves  of
the ITO/ETL/Al  devices  in  the dark.  As  seen in  Fig.  S6  (in  ESI)
the  ZnO/Glu  ETL  shows  a  typical  diode  characteristic,  giving
an  improved  conductivity  than  ZnO  ETL.  The  improved  con-
ductivity can improve charge transport  properties which will
be beneficial  to obtain reduced charge recombination at the
interface.  Then,  ultraviolet  photoelectron spectroscopy (UPS)
measurements  before  and  after  the  glucose  modified  were
carried out (Fig. S7 in ESI). As seen here, the ZnO and ZnO/Glu
exhibit  a  similar  work  function  (WF)  of  4.03  and  4.02  eV,  re-
spectively,  indicating  there  is  almost  no  change  in  the  WF.
Furthermore,  the position of  the valence band edge with re-
spect  to  the surface Fermi  level  was determined by extrapo-
lating  the  leading  edge  of  the  valence  band  photoemission
spectra  to  the  intersection  with  the  background  level  to  ac-
count for the finite resolution of the spectrometer (Fig. S7c in
ESI).  It  is  observed  that  the  valence  band  edge  of  ZnO  and
ZnO/Glu are almost no change (3.22 and 3.18 eV respectively).

Figs. 4(a) and 4(b) show the dependence of VOC and JSC on
the  light  intensity  for  these  two  cells.  For  an  ideal  p-n  junc-
tion  solar  cell, VOC can  be  calculated  by  the  following  Eq.
(1):[38]

VOC =
nkBT
q ln ( Jph

J0
+ 1) (1)

where n is the ideality factor, kB is the Boltzmann constant, T is

∝

the absolute temperature, q is the fundamental charge, Jph is the
photon-generated  current,  and J0 is  the  dark-state  reverse
saturation  current. Jph as  a  photon-generated  current  is
positively  related  to  light  intensity.  Thus, VOC is  positively
correlated  with  the  logarithm  of  the  light  intensity,  and  the
slope is equal to nKBT/q. According to Fig. 4(a), the slopes of the
ZnO  and  ZnO/Glu  device  were  calculated  to  be  1.24kBT/q and
1.21kBT/q, respectively. Compared to ZnO cell, a smaller ideality
factor  (n)  for  the  ZnO/Glu  cell  indicates  a  lower  trap  assisted
charge  recombination  (also  named  Shockley-Read-Hall  (SRH)
recombination) for the ZnO/Glu cell,  which is  beneficial  for  the
charge  transport  and  extraction.[39] Next,  the  inhibition  of
recombination  was  conducted  through  the  dependence  of JSC

on the light intensity. The relationship between JSC and Plight can
be described by Jsc Plight

α, where Plight is the light intensity and
α is  the  exponential  factor.  Values  of α for  ZnO  and  ZnO/Glu
devices  are  similar,  0.95  and  0.96,  respectively,  which  indicate
that  Glu  modification  will  slightly  suppress  the  bimolecular
recombination.[40] Then we measured the photocurrent density
(Jph)  versus  effective  voltage  (Veff)  curves  to  explore  the
enhancement  of  photovoltaic  performance  (Fig.  4c). Jph is  the
difference  between the  current  densities  under  light  and dark.
Veff is  the  difference  between  applied  voltage  (Vappl)  and V0,
where V0 is the voltage when Jph is zero.[41,42] We calculated the
exciton dissociation probability by Pdiss = Jph/Jsat where Jsat is the
saturation photocurrent density when the value of Veff was close
to  2.0  V.  Under  short-circuit  conditions, Pdiss of  the  ZnO/Glu
device is  97.9%,  obviously  higher  than that  of  ZnO with 95.7%
(Table  S2  in  ESI),  demonstrating  a  more  effective  exciton
dissociation  and  charge  collection  for  the  ZnO/Glu  device.
Besides, dark J-V characteristic was also tested, which provided
some important information for the changes of these interface
layers.  As  seen  in  Fig.  S8  (in  ESI)  that  the  leakage  current  of
ZnO/Glu  layer  devices  is  reduced  in  the  forward-biased  and
reverse-biased  regions,  while  the  ZnO-based  devices  show
higher leakage current than that of Glu modified one, indicating
that the introduction of Glu can effectively optimize the charge
injection  process.[43] In  the  high  voltage  regime,  the  series
resistance depends on the dark current. Fig. 4(d) gives the plots
of dV/dJ versus (J − JSC)−1 and the linear fitting curves according
to Eq. (2):[44]

dV
dJ

=
nkBT
q ( 1

J − JSC
) + RS (2)

ITO/ZnO 31.5° ITO/ZnO/Glu 38.6°a

b 9.6 nm
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0.0
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ZnO
Rq=2.63 nm
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Fig. 3    (a)  Contact angle of water on ITO/ZnO and ITO/ZnO/Glu surfaces;  (b) AFM topographic images of ZnO, ZnO/Glu,  ZnO/PM6:Y6
and ZnO/Glu/PM6:Y6 surfaces coated on ITO captured in tapping mode.
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The  ideality  factor  (n)  and  series  resistance  (RS)  of  the  cell
are  derived from the slope and intercept  of  the linear  fitting
results, as shown in Table S3 (in ESI). For ZnO device, the n is
1.35 and the RS is 2.84 ohm/cm2, while for ZnO/Glu device n is
1.30 and the RS is 2.43 ohm/cm2. The smaller ideality factor (n)
for  the  ZnO/Glu  cell  indicates  a  lower  SRH  recombination
which is consistent with the light intensity dependence result.
Besides, the higher FF of ZnO/Glu device can be attributed to
the smaller RS. Fig. 4(e) gives the plots of ln(J – JSC) versus V –
JRS and the linear fitting curves according to Eq. (3):[44]

ln(J − JSC) = q (V − JRS)
nkBT

+ lnJ0 (3)

The ideality factor and reverse saturated current density are
also  derived  from  the  linear  fitting  results,  as  in  Table  S3  (in
ESI).  For  ZnO  and  ZnO/Glu  devices, n are  1.36  and  1.31,  re-
spectively,  which  is  very  close  to  that  derived  from  plots  of
dV/dJ versus  (J − JSC)−1 in Fig.  4(d).  Compared  to  the  ZnO
device,  the J0 of  the  ZnO/Glu  device  decreased  from
4.06×10−13 mA/cm2 to 1.74×10−13 mA/cm2,  which means the
lower  recombination.  Therefore,  the  electron  transport  and
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Fig. 4    (a) VOC and (b) JSC versus light intensity plot; (c) Photocurrent density versus effective voltage curves of PM6:Y6 solar cells with
ZnO, ZnO/Glu as ETL; (d) Plots of dV/dJ versus (J − JSC)−1 and the linear fitting curves; (e) Plots of ln(J − JSC) against V − RJ and the linear
fitting curves; (f) Nyquist plot of the devices based on ZnO and ZnO/Glu as ETL and the equivalent-circuit model employed for EIS fitting.
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collection were enhanced at the electrode and active layer in-
terface.[45] As  shown in  the  inserted image of Fig.  4(f),  impe-
dance  spectra  of  ZnO,  ZnO/Glu  were  fitted  with  the  equiva-
lent  circuit  model  that  comprised  of  two  resistances RSH

(sheet  resistance), RCT (charge  transport  resistance)  and  one
capacitances  (C).  The RSH is  mainly  determined  by  the  elec-
trodes and the RCT is  related to the active layer/electrode in-
terfaces  and  the  active  layers.[46] The  fitting  parameters  are
summarized in  Table  S4 (in  ESI).  For  the pristine ZnO device,
RSH, RCT, C were 32.9 ohm, 330.0 ohm and 1.6×10−9 F, respec-
tively.  Compared  with  the  pristine  ZnO  device,  the  devices
with the Glu-treated ZnO ETL displayed similar RSH (32.1 ohm)
but  smaller RCT (99.7  ohm)  indicating  the  improved  electron
transfer  and  collection  in  these  OSCs.  This  reveals  that  gluc-
ose  layer  has  played  a  decisive  role  to  improve  the  charge
transfer and collection, which is in line with the reduced prop-
erties of  the dark J-V characteristics.  In general,  the improve-
ment in JSC and FF we observed in the ZnO/Glu device should
be  attributed  to  the  improved  electron  transfer  and  collec-
tion  as  well  as  lower  trap  assisted  charge  recombination,
which may be related to improved interface compatibility, in-
cluding smaller γs and RMS.[47,48]

Generality of Glucose Passivation in PSCs
To check the generality of glucose passivation of ZnO surface in
improving  device  performance,  we  fabricated  and  tested  the
photovoltaic  performance  of  polymer  solar  cells  using  PM6  as
the  polymer  donor  and  N3/IT-4F  as  the  electron  acceptor  (Fig.
S9 in ESI for the chemical structure of N3/IT-4F).  The J-V curves
and EQE spectra of the cells are shown in Fig. 5, and the device
performance data are summarized in Table 1. The control device
based on the neat ZnO electron transport layer for PM6:N3 BHJ
layers yields an average PCE of 14.92 (the maximum of 15.03%),
consistent  with  the  reported  value  in  the  literature.[49] As
expected,  the  device  with  ZnO/Glu  shows  an  enhancement  in
JSC (from 25.01 mA/cm2 to 25.88 mA/cm2) and FF (from 71.04%
to  72.15%),  and  the  resultant  PCE  reached  15.61%  (15.84%).
Similarly, for the PM6:IT-4F cells, the use of ZnO/Glu ETL showed
an  improved  PCE  of  11.82%  (11.95%)  when  compared  to  the

corresponding cells with ZnO ETL, where JSC of 19.13 mA/cm2, a
VOC of 0.829 V and a FF of 70.27% while the glucose containing
device  exhibited  an  increased JSC from 19.13  mA/cm2 to  20.09
mA/cm2 and FF from 70.27% to 71.87% (Table 1). The higher JSC

and FF can be correlated to the interfacial  passivation effect of
glucose,  which  originated  from  the  hydrophobic  and  smooth
surface of  ZnO/Glu,  leading to efficient electron extraction and
better contact with the photoactive layer, as mentioned above.
We can also observe a clear enhancement in the PCE of different
BHJ  systems  with  and  without  the  Glu  layer,  as  shown  in Fig.
4(e).

Stability Improvement of the Cells by Glucose
Modification
We  then  compared  the  stability  of  the  cells  under  light
illumination. All these cells were aged inside the glovebox (with
H2O<10  ppm,  O2<10  ppm)  with  continuous  light  illumination.
Fig.  6(a)  depicts  the  PCE  decay  curves  of  these  cells.  The
complete decay traces of the photovoltaic performance of these
cells are shown in Fig. S10 in ESI. As seen here, the ZnO/PM6:Y6
cells under light illumination were reduced to 31% of their initial
values  over  500  h  (60%  for VOC,  63%  for JSC and  72%  for  FF),
while the PCE of the ZnO/Glu based cells still maintained 92% of
their initial values after aged for 1250 h (98% for VOC, 99% for JSC

and  95%  for  FF),  indicating  excellent  stability  for  this  cell.
Especially,  there  is  almost  no JSC decay  measured  of  the  cells,
indicating  that  the  interfacial  decomposition  of  NFA  on  ZnO
surface was dramatically reduced with the surface passivation of
glucose. To quantitatively analyze the degradation processes of
cells,  the  PCE  decays  were  numerically  fitted  to  a  stretched
exponential model according to the Eq. (4):[26,50]

PCE (t) = PCE (∞) + α × exp(− t
τ )β (4)

∞where τ, α,  and  PCE( )  represent  the  mean  lifetime,  pre-
exponential  factor  (degradation amplitudes),  and the intercept
(the  saturated  PCE  over  a  long  time  aging),  respectively.  The
stretching exponent β is in the range 0<β≤1, which indicates the
complexity of the decay process.  As seen in Fig.  S11 and Table
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Fig. 5    Current density versus voltage (J-V) characteristics of (a) PM6:N3, (b) PM6:IT-4F solar cells under AM1.5G solar irradiation based
on  ZnO  and  ZnO/Glu  electron  transport  layers;  EQE  characteristics  of  (c)  PM6:N3,  (d)  PM6:IT-4F  solar  cells;  (e)  Comparison  of  PCEs  in
different BHJ systems with and without Glu layers.
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∞
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S5 (in ESI), the ZnO devices have a mean lifetime (τ) of 224 h and
a PCE( ) of 0.25. As for ZnO/Glu device, the mean lifetime is 973
h  which  is  higher  than  ZnO  cells,  suggesting  much  higher
stability for the ZnO/Glu based cell, whereas the high PCE( ) of
0.88  suggests  that  the  cell  should  keep  88%  of  its  initial
efficiency over long time aging if the decay of the cell following
an  exponential  decay.  After  glucose  modification,  the  slight
decays of VOC and FF were also measured for these cells, which
may  be  attributed  to  the  interfacial  degradation  at  the
polymer/MoO3 interface.[51,52] To  further  prove  that  surface
treatment of the ZnO layer improves the stability of the devices
by suppressing the interfacial photochemical reaction, we then
check  the  photon  bleaching  off  thin  films  with  a  structure  of
ITO/ZnO/Y6 and ITO/ZnO/Glu/Y6. The UV-Vis absorption spectra
of  films  were  then  recorded,  and  the  results  are  shown  in Fig.
6(b). Compared with the ZnO/Y6 film, the absorption changes in
ZnO/Glu/Y6  film  have  slowed  down  clearly  after  the  surface
treatment,  corresponding  well  to  the  device  stability
improvement  results.  In  our  previous  work,  photon-generated
hydroxyl  radical  on  the  ZnO  surface  is  the  chemically  reactive
species that causes the breaking of the C＝C bonds of NFAs has
been proved.[22,26] Due to the polyhydroxylation of glucose, we
believe that the hydrogen atoms of glucose can combine with
the  hydroxyl  groups  on  the  surface  of  ZnO  to  inhibit  the
generation of hydroxyl radicals in ZnO. Besides, the stabilities of
the cells in the air and dark environment without encapsulation
were  also  compared.  All  these  cells  were  stored  in  an  air

environment  (relative  humidity  30%−35%,  temperature  20−25
°C)  without  illumination.  The  complete  decay  traces  of  the
photovoltaic performance of these cells are shown in Fig. S12 in
ESI. As seen here, the ZnO/PM6:Y6 cells were reduced to 34% of
their initial PCE over 45 h (51% for VOC, 95% for JSC and 69% for
FF).  On the contrary,  the PCE of  the ZnO/Glu based cells  show
better  stability  maintaining  76%  of  their  initial  values  (86%  for
VOC,  98%  for JSC and  89%  for  FF)  over  45  h,  which  should  be
attributed to the passivation of glucose.

CONCLUSIONS

In  summary,  environmentally  friendly  glucose  was  used  as  a
modified layer of ZnO to simultaneously improve the efficiency
and  stability  of  high-performance  polymer:non-fullerene  solar
cells.  X-ray  photoelectron  spectroscopy  (XPS)  measurements
reveal  that  glucose  is  successfully  attached  to  ZnO  and  the
intensive interaction passivate the oxygen vacancies. Under the
optimal  conditions,  we improved PCEs from 14.77% to 15.86%
based  on  PM6:Y6  BHJs,  due  to  a  concurrently  increased  short-
circuit  current  and  fill  factor.  The  homogeneous  surface
morphology  with  relatively  lower  hydrophilicity  and  the
smoother  surface  of  the  ITO/ZnO/Glu  film  are  beneficial  to
contact the active layer at the interface. The dependence of VOC

and JSC on  the  light  intensity  and  dark J-V reveal  that  the
modification of glucose on ZnO can effectively promote exciton
dissociation  and  play  a  key  role  in  inhibiting  charge
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Fig.  6    (a)  Evolution of  device performance of  ZnO/PM6:Y6 and ZnO/Glu/PM6:Y6 cells;  (b)  UV-Vis  absorption changes of  ZnO/Y6 and
ZnO/Glu/Y6 under white light illumination.
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recombination for improved photovoltaic performances. UV-Vis
absorption  reveal  Glu  modification  can  significantly  inhibit  the
photodegradation  of  Y6  acceptors,  resulting  in  a  significant
improvement  in  the  stability  of  the  device.  Finally,  the  Glu-
modified device still maintains 92% of its initial PCE after being
aged for 1250 h. The application of natural interface materials in
this work brings hope for the commercial application of organic
solar cells and provides new ideas for the development of new
interface materials.
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