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precursor solution irradiated with
an electron beam as the cathode interfacial layer in
inverted polymer solar cells†
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We demonstrate the possibility of irradiating sol–gel ZnO with an electron beam (EB-ZnO) to modify sol–

gel ZnO, and EB-ZnO is explored as a cathode interfacial layer for inverted polymer solar cells. We

investigate the effect of EB-ZnO on the surface, optical and electric properties of sol–gel ZnO films

through morphology, chemical composition, optical band gap shift, various defect excitations

(photoluminescence) and work function measurement. Oxygen vacancies and the formation of nitrogen

on the surface of EB-ZnO films contribute to the formation of n-type degenerated EB-ZnO films. The

electric properties of EB-ZnO strongly depend on the adsorbed dose, and EB-ZnO with a suitable dose

of 100 kGy improved the power conversion efficiency of inverted polymer solar cells based on PTB7-Th:

PC71BM from 8.05% for non-treated sol–gel ZnO to 9.36% for EB-ZnO with an enhanced fill factor.
Introduction

Polymer solar cells (PSCs) have attracted considerable attention
due to their low cost, light weight, exibility, environmentally
friendly energy sources.1–7 Various strategies (low band gap
donors,1,2 novel acceptors,3,4 new device congurations,5,6 and
interface engineering7,8) have been rapidly developed to
improve their power conversion efficiency (PCE). Recently, PSCs
with low band gap donors have achieved PCE greater than
10%.1,2 The inverted device conguration in polymer solar cells
(ITO/cathode interfacial layer/active layer/anode interfacial
layer/Ag) has been widely used due to its higher PCEs and longer
lifetimes than that of the conventional conguration.9

In inverted PSCs, a cathode interfacial layer (CIL) such as
metal oxide (ZnO, TiOx and Cs2CO3) and conjugated polymers is
required to change the polarity of ITO to a cathode.7,10,11 Among
them, sol–gel ZnO has been the most commonly used material
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as a CIL due to its (1) high transparency, (2) suitable energy level
(conduction band: �4.4 eV and valence band: �7.8 eV) for
electron collection and hole blocking, (3) good electron
mobility, and (4) easy solution processing.10–12 However, the
widely used sol–gel ZnO exhibits many surface defects/traps,
such as dangling bonds and adsorbed oxygen on its surface
due to low temperature solution processing.11 Such defects act
as recombination centers and lead to poor device performances
in PSCs. To overcome these problems, many approaches such as
control of morphology, modication of nanostructure, doping
and surface modication with self-assembly layer or polymers
bilayer have been developed for better electron collection.10–12

As a promising new approach, techniques based on various
types of ionizing radiation (alpha, electron beam, gamma rays,
X-rays, laser ablation, a-particles, neutrons, protons, and ion
beams) for the fabrication and synthesis of materials are
becoming useful.13,14 The high energy of electron beam leads to
the formation of radicals within a short time.14 Especially, the
effect of electron-beam irradiation on the electrical and optical
properties of ZnO was recently investigated. K. P. Sapnar et al.
synthesized ZnO nanoparticles (NPs) via microwave, and the
ZnO NPs powder was exposed to electron irradiation, which
resulted in an increase in their bandgap and reduction of the
NPs size.15 J. S. Bhat et al. observed an increase in sheet
resistance, blue shi in the absorption edge and decrease in
structural homogeneity and crystalline size aer sol–gel ZnO
and ZnO:Al lms were exposed to electron irradiation.16 The
results of such research indicate that electron beam irradia-
tion could induce defects and modify electronic and optical
properties, regardless of the phase of ZnO (lms or powder).
However, to the best of our knowledge, the application of ZnO
RSC Adv., 2017, 7, 26689–26696 | 26689
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Fig. 1 (a) Photograph of the Ref and EB-ZnO precursor solutions and
(b) AFM images of the Ref and EB-ZnO films with a size of 5 � 5 mm2.
The upper left value is the root-mean-square (RMS) in the AFM images.
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exposed to electron irradiation in solar cells has not yet been
reported.

Hence, sol–gel ZnO irradiated with an electron beam was
developed as a CIL in inverted polymer solar cells with a device
structure of ITO/electron-beam based sol–gel ZnO (EB-ZnO)/
PTB7-Th:PC71BM/MoO3/Ag. Herein, the application of EB-ZnO
as a cathode interfacial in PSCs is rst reported. We directly
irradiate the sol–gel ZnO precursor solution with an electron
beam as a function of adsorbed dose (100, 300 and 500 kGy),
and use ZnO lms spin-coated from the irradiated solution as
a CIL in inverted PSCs. This electron irradiation makes the sol–
gel ZnO n-type degenerated by inducing oxygen vacancies,
which can increase electron concentrations; and their surface
composition, morphology, photoluminescence, energy-level
diagram are investigated to understand the fundamentals of
the changed properties of EB-ZnO. The inverted PSCs with EB-
ZnO at 100 kGy exhibit the best power conversion efficiency
(PCE) of 9.36% due to the enhanced ll factor of 71.8%. In
addition, the device with EB-ZnO at 100 kGy exhibits the lowest
series resistance and dominant bimolecular recombination.

Experimental
Preparation of irradiated sol–gel ZnO with electron beam (EB-
ZnO)

Sol–gel ZnO was prepared according to a previous report.17 Next,
20 mL sol–gel ZnO in a glass vial was irradiated at room
temperature with electron-beam irradiation at a scan rate of 10
kGy min�1 created by 2.5 MeV UELV-10-10S electron accelerator
at the Korea Atomic Energy Research Institute (ex. 2.5 MeV � 5.8
mA � 10 m min�1 � 1 turn ¼ 10 kGy). The total absorbed doses
were 100, 300 and 500 kGy. The untreated sol–gel ZnO and sol–
gel ZnO irradiated with electron beam at 100, 300 and 500 kGy
are denoted as Ref, EB-Z100, EB-Z300 and EB-Z500, respectively.

Fabrication and characterization of inverted polymer solar
cells

To fabricate the device, ITO coated glass was cleaned with
acetone, DI water and IPA, dried in an oven, and UV-ozone
treated for 20 min. EB-ZnO was spin-coated onto ITO, at
a thickness of �60 nm, followed by drying at 150 �C for 30 min
under air. As the active layer, a blend solution lm of 12 mg of
PTB7-Th (1-material) and 18 mg of PC71BM (1-material) in 1 mL
of chlorobenzene with 5% (v/v) the additive DIO was then spin-
coated onto EB-ZnO at 2000 rpm for 60 s in an N2-lled glove
box. Under the vacuum of 10�6 torr, 3 nm MoO3 was thermally
evaporated onto the active layer, and then 80 nm-thick silver as
the anode electrode was thermally deposited onto MoO3

through a shadow mask with an area of 4.64 mm2. The photo-
current–voltage (J–V) characteristics of the devices were
measured using a Keithley 2400 instrument and solar simulator
(Oriel sol3A) under air.

Sample characterization

Atomic force microscopy (AFM) (Veeco, Digital Instruments
Nanoscope IIIA) in tapping mode was used to characterize the
26690 | RSC Adv., 2017, 7, 26689–26696
EB-ZnO lms spin-coated on Si wafers. X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoemission spectroscopy
(UPS) measurements (AXIS NOVA, Kratos) were carried out for
the EB-ZnO lms spin-coated on ITO substrates (mono-
chromatized Al Ka for XPS, and a He l (hn ¼ 21.2 eV) excitation
for UPS at a pressure of 5 � 10�8 torr). The UV-vis spectra of
spin-coated EB-ZnO lms spin-coated on glass substrates were
recorded using a spectrophotometer. Photoluminescence (PL)
spectra of EB-ZnO lms spin-coated on glass substrates were
measured via the 2nd harmonic generation (at 350 nm) of
a mode-locked Ti:Sapphire laser (Chameleon Ultra II coherent)
at 300 K. Transmission electron microscopy (TEM) was used to
investigate the crystalline size of EB-ZnO (Titan 80-300, FEI,
operated at 300 kV). For the characterization, the EB-ZnO lms
were prepared via the same procedures as that for device
fabrication.
Result and discussion
Surface properties

Fig. 1a shows a photograph of the actual solutions of Ref, EB-
Z100, EB-Z300 and EB-Z500. With an increase in the adsorbed
dose from 100 to 500 kGy, the color of the EB-ZnO solution
changed from transparent to orange-red. To observe the
differences in surface properties between all the samples, as
shown in Fig. 1b, the morphologies of the Ref and EB-ZnO
samples were investigated via atomic force microscopy (AFM).
All the samples exhibit at surfaces without a ripple type
morphology, which is probably due to the low-temperature
annealing. EB-Z100 a slightly reduced surface roughness
compared with that of Ref; whereas EB-Z500 shows a rough
surface with a random distribution of particles. The increase in
surface roughness suggests that electrons cannot be collected
benecially to the cathode. To observe the change in the crys-
talline size of EB-ZnO, the EB-ZnO samples were characterized
using TEM. Unexpectedly, there was no signicant change in all
the samples (crystalline size: about 0.23 nm in Fig. S1†).

In order to obtain information about the surface of EB-ZnO,
XPS analysis was carried out on EB-ZnO. The binding energies
were calibrated with respect to the C 1s peak at 258.0 eV. As
This journal is © The Royal Society of Chemistry 2017
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shown in Fig. 2, the O 1s peaks can be deconvoluted into three
Gaussian components (Oa: O

2� ions in the ZnO lattice, Ob: O
2�

ions in the oxygen vacancy of ZnO and Oc: chemisorbed oxygen
species on the surface of ZnO).18 For better comparison, the
content and peak positions of each O 1s component are shown
in Fig. 2. The O 1s peaks of Ref are centered at 530.6 eV (Oa:
63.8%), 531.5 eV (Ob: 7.7%) and 531.9 eV (Oc: 28.5%). With the
increase in the irradiation dose, the O 1s peaks broaden and
shi toward lower binding energies by 0.4, 0.9 and 0.7 eV, and
the content of Ob increases to 43.3%, 80.1% and 58.0% for EB-
Z100, EB-Z300 and EB-Z500, respectively. It is known that such
oxygen vacancy can act as donors, which lead to degenerate ZnO
by increasing the electron carrier density in the conduction
band (CB) of ZnO. Moreover, the content of Oc decreases to
12.0%, 1.3% and 1.9% for EB-Z100, EB-Z300 and EB-Z500,
respectively. The surface hydroxyl groups trap photoinduced
electrons and holes, thus enhancing the photocatalytic degra-
dation process. It is noted that electron beam irradiation can
induce oxygen vacancies and reduce surface hydroxyl groups of
sol–gel ZnO.34

For all samples, Zn 2p has doublet peaks (for the non-treated
ZnO, Zn 2p3/2: 1021.6 eV and Zn 2p1/2: 1044.7 eV). The Zn 2p
peak shis toward a lower binding energy by 0.4, 0.7 and 0.8 eV
for EB-Z100, EB-Z300 and EB-Z500, respectively, similarly to the
shi of the O 1s peak. FWHM (full width at half maximum) can
be an indicator of chemical state changes and physical inu-
ence. With the increase in irradiation dose, Zn 2p FWHM
broadening occurs (Ref: 1.456, EB-Z100: 1.497, EB-Z300: 1.551
and EB-Z500: 1.776), and additional peaks are also observed at
higher biding energies (the shaded area of the insets in Fig. 2).
This result can be attributed to the presence of zinc interstitial
(Zni).19 It is reported that Zni can degenerate ZnO by acting as
donors and can interact with adjacent active layers with respect
to the stability of polymer solar cells.35
Fig. 2 Zn 2p, O 1s, and N 1s XPS spectra of Ref, EB-Z100, EB-Z300 and E
calculated from O 1s fitting spectra).

This journal is © The Royal Society of Chemistry 2017
Interestingly, we also observed N 1s spectra in the EB-ZnO
samples, but not in Ref. The N 1s of EB-Z100 can be deconvo-
luted into two peaks at 398.1 and 399.7 eV, which are attributed
to –C]N– and –NH–C or N–(C)3, respectively.20 Given the
content of Ob for the EB-ZnO samples, it is expected that N
atoms do not occupy the O sites in our study (i.e., N–Zn bonds is
not observed). The two peaks of EB-Z300 and EB-Z500 slightly
shi toward lower binding energies, which contributes to the
enhanced electron concentration of the modied EB-ZnO
surface by the interaction between different types of amines and
ZnO. Although the origin of N formation on the EB-ZnO surface
is not clear, it can originate from the byproduct (NH4

+) related
to the degradation of ethanolamine21 or unstable intermediate
products such as OHc and Hc radicals by electron beam irradi-
ation.13 It can be suggested that the byproducts, unstable
intermediate products and reactants from the ZnO precursor
solution, which are not volatile at 150 �C, are adsorbed on the
surface of ZnO.
Optical properties

The optical properties of the samples were investigated, as
shown in Fig. 3a and b. The band gaps (Eg) of EB-ZnO were
estimated from the (ahn)2 vs. hn plot (Tauc plot extrapolation).
The band gap is estimated to be 3.33, 3.36, 3.38 and 3.37 eV for
Ref, EB-Z100, EB-Z300 and EB-Z500, respectively (refer to Table
2 and Fig. 2a). The absorption spectra of samples are presented
in Fig. 2b. All the EB-ZnO samples show UV absorption and
transparency in the visible region and with the increase in
absorption dose, their band gaps increase. The EB-Z500 sample
is signicantly blue shied compared to the other samples. The
band gap widening of the EB-ZnO samples is probably due to
the well-known Burstein–Moss effect (BM effect), which is
related to heavily doped/degenerated semiconductors. The BM
B-Z500 (inset in the O 1s XPS spectra is the content of oxygen species

RSC Adv., 2017, 7, 26689–26696 | 26691
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Fig. 3 (a) Tauc plot, (b) UV-vis spectra and (c) normalized photoluminescence (PL) spectra of Ref, EB-Z100, EB-Z300 and EB-Z500. PL spectra
were deconvoluted into Gaussian peaks (a to f correspond to Table 1 and Scheme 1).

Table 1 The spectral locations of the deconvoluted peaks and their possible emission mechanism

Related defects

Interband (nm, eV)

Zni, VZn, Oi (nm, eV) VO ðV*
OÞ OZn Oi, VO

Color Violet Blue Sky blue Green

Ref 370.2, 3.35 416.1, 2.98 521.5, 2.38
384.0, 3.23

EB-Z100 — 423.9, 2.93 491.9, 2.52
EB-Z300 — 413.8, 3.00 445.2, 2.78 493.7, 2.51 545.6, 2.27
EB-Z500 — 408.6, 3.03 440, 2.81 493.4, 2.51 549.0, 2.26

Possible
mechanism

(a) (b) (c) (d) (e) (f)
FX / VB CB / VZn ex-Zni / VB V*

O/VB CB / OZn CB / Oi

CB / VB Zni / VB CB / VO

CB / Oi

Table 2 The bandgap, valence band, conduction band and work
function of values Ref, EB-Z100, EB-Z300 and EB-Z500

Eg (eV) V.B (eV) C.B (eV) W.F (eV)

Ref 3.33 7.56 4.23 4.12
EB-Z100 3.35 7.54 4.19 3.75
EB-Z300 3.38 7.44 4.06 3.55
EB-Z500 3.37 7.44 4.07 2.99
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effect is the phenomenon in which doping causes a Fermi level
(Ef) shi above the conduction band, i.e. since electrons ll up
all the states below Ef, the optical band gap increases.22,23

In addition, for the characterization of EB-ZnO defects, the
photoluminescence (PL) spectra of samples are shown in
Fig. 3c. The Ref sample shows both UV emission and visible
emission and EB-Z100 slightly shows UV emission, whereas the
other EB-ZnO samples did not show UV emission (red-shied
PL) despite their blue-shied UV-vis spectra. Such red-shied
PL spectra of EB-ZnO result from the fact that absorption
occurs from the valance band to the Ef or the conduction band
(CB), whereas luminescence occurs from the impurity-donor
band to the valance band (VB) or acceptor-like state.24 Since
PL spectra are suitable tools for the characterization of the
defects, the PL spectra were deconvoluted into several Gaussian
subpeaks. Generally, there are a number of defect states within
the bandgap of ZnO (donor defects: zinc interstitial, Zni, and
oxygen vacancy, VO, acceptor defects: zinc vacancy, VZn, oxygen
26692 | RSC Adv., 2017, 7, 26689–26696
interstitial, Oi and oxygen antisite, OZn). It is known that the
relative content of donor and acceptors inuences the semi-
conductor properties of ZnO.25

Scheme 1 and Table 1 show the various defects level emis-
sions for the deconvoluted peaks (a to f) of the PL spectra
(Fig. 3c). The origin of the PL spectra is complicated, which is
due to the fact that PL is mostly related to VO and/or Zni. As
mentioned above, the Ref and EB-Z100 samples only exhibit UV
emission (peak a), which is due to that free excitons (FX, 0.06 eV
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02415k


Scheme 1 Schematic diagram of the energy band structures of EB-
ZnO and photoluminescence mechanism of EB-ZnO corresponding
to the data in Table 1.
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below the CB) recombine with holes in the VB.26 With an
increase in the absorption dose, the PL spectra display visible
region broadening. The violet emission (peak b) displayed in all
the samples is probably attributed to (1) Zni (about 0.22 eV
below the CB) / VB transition or (2) CB / single ionized VZn

(about 0.3 eV above the VB) or (3) CB / Oi (about 0.4 eV above
the VB).25–27 The blue emission (peak c) of EB-Z300 and EB-Z500
is due to ex-Zni, which is the extended states of Zni from 0.54 to
0.64 eV below the CB.26,27 This can be correlated to the addi-
tional Zn 1p peaks of EB-Z300 and EB-Z500 (the shaded area,
inset Fig. 2), where the shaded area of EB-Z500 is signicant
(inset Fig. 2). For the EB-ZnO samples, the sky blue emission
(peak d) results from the process (V*

O/Vþ
O þ e�, below the CB)

in the grain boundary.26 The increase in the content of Ob for
the EB-ZnO samples is evidence of this emission. For only the
Ref sample, electron transition from the CB to OZn occurs (peak
e).28 The green emission (peak f) of EB-Z300 and EB-500 is due to
two possibilities: (1) CB/Oi (about 1.09 eV above the VB) or (2)
Fig. 4 (a) UPS data and (b) corresponding energy diagram of Ref, EB-Z1

This journal is © The Royal Society of Chemistry 2017
trap state emissions attributed to the single ionized VO (about
0.90 eV above the VB).27 The PL spectra of EB-Z100 includes two
subpeaks (b and d) related to donor defects (Zni and V*

O),
whereas that of EB-Z300 and EB-Z500 signicantly include
additional contents (lines d and f) related to both donor and
acceptor defects (VZn, Oi and VO). The origin of the PL emission
does not seem to clearly correlate with the intrinsic or extrinsic
defects due to the extremely complicated defect energy level.
However, the presence of ex-Zni and VO is supported by the XPS
results, which indicates that oxygen vacancies and Zn intersti-
tial are dependent on the irradiation dose.
Electronic properties

To observe the change in energy levels of the EB-ZnO samples,
we carried out ultraviolet photoelectron spectroscopy (UPS)
measurements (Fig. 4a). Fig. 4b and Table 2 exhibit the energy
levels extracted from the UPS results. The work function (W.F,
4) is determined by the distance between the secondary electron
edge at high binding energy and HeI energy ¼ 21.2 eV (the le
panel in Fig. 4a). The valence band maximum (VBM) was
calculated from the onset to the Ef at the low binding energy
region (the right panel in Fig. 4a). The conduction band
minimum (CBM) was estimated from the VBM and Eg (extracted
from the Tauc plot). The Ref samples show a W.F of about
4.12 eV, which is similar with that of previously reported sol–gel
ZnO,29 but an Ef slightly above the CB is observed in our study.
With the increase in irradiation dose from 100, 300 to 500 kGy,
the W.F decreases from 3.75, 3.55 to 2.99 eV, respectively. As
mentioned for the bandgap widening of the EB-ZnO samples,
the Ef of EB-ZnO samples shis above the CB (i.e., the EB-ZnO
samples are degenerated) from the UPS data. Given both optical
properties (the red shi of PL spectra and bandgap broadening)
and UPS data, the EB-ZnO samples seem to be heavily n-type
doped ZnO. Although N-doped ZnO with N–Zn bonds is
known as p-type, in our study, n-type doping of EB-ZnO can be
explained by (1) the zinc interstitial and oxygen vacancy as the
donor result in band tails, which merge with the CB and cause
band broadening,23 or (2) N–C bonds, such as amine groups,
00, EB-Z300 and EB-Z500.

RSC Adv., 2017, 7, 26689–26696 | 26693
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adsorbed on the surface can inuence the reduction of W.F due
to the interfacial dipole, similarly to the previously reported
result.30 Unfortunately, in our study, the electron mobility and
hole measurement of the Ref and EB-ZnO samples could not be
measured probably due to the highly resistive lms.
Photovoltaic properties

The photovoltaic properties of the samples were investigated
with the device structure of ITO/EB-ZnO/PTB7-Th:PC71BM/
MoO3/Ag. The J–V characteristic in a single batch and the
average of photovoltaic performance parameters are shown in
Fig. 5a–c and Table 3. For the Ref samples, the open circuit
voltage (Voc), short circuit current density (Jsc), ll factor (FF)
and PCE values were 0.79 V, 15.92 mA cm�2, 64.3% and 8.05%,
respectively. When EB-Z100 and EB-Z300 were used, the PCE
was signicantly enhanced, and the device with EB-Z100 shows
the best performance with an FF of 71.8% and PCE of 9.36%
(increase of 13%). From the modied W.F, we expected that EB-
Z500 would show the best results because the W.F of the
samples decreases with the increase in irradiation dose. Inter-
estingly, EB-Z500 shows the lowest PCE and widest distribution
of PCE. The external quantum efficiency (EQE) of the same
devices is shown in Fig. 5d. The measured Jsc is less than the
Fig. 5 (a) J–V curve, (b) variation in FF and PCE, (c) variation in Voc and Js
Plight for the PSCs based on ITO/Ref and EB-ZnO/PTB7-Th:PC71BM/MoO

Table 3 The photovoltaic parameters of the devices shown in Fig.
EB-ZnO/PTB7-Th:PC71BM/MoO3/Ag

Sample Voc (V) Jsc (mA cm�2) FF (%)

Ref 0.79 (0.78 � 0.02) 15.92 (16.69 � 0.6) 64.3 (61.8 � 2.4)
EB-Z100 0.80 (0.79 � 0.01) 16.35 (16.49 � 0.2) 71.8 (69.1 � 2.4)
EB-Z300 0.79 (0.78 � 0.01) 16.67 (16.36 � 1.3) 65.2 (62.0 � 3.0)
EB-Z500 0.80 (0.78 � 0.03) 16.27 (16.17 � 0.7) 61.2 (61.1 � 5.4)

26694 | RSC Adv., 2017, 7, 26689–26696
value calculated from the EQE data (the error is less than 10%).
This discrepancy can be due to the difference in illumination
conditions.31

Given the average performance parameters, there is no
difference in Voc, whereas the tendency of FF is the same as that
of PCE. The Voc is mainly determined by the energy level
difference between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular
orbital (LUMO) of the acceptor and the work function difference
of two metals. However, our result shows that the Voc does not
change, which is because the band bending between the low
conductivity ZnO and organic layers may not be signicant.
From Table 3 and Fig. 5e, the series resistance (Rs) for the
devices with Ref and EB-Z100 is similar, whereas Rs for the
device with EB-Z300 and EB-Z500 increases, and the shunt
resistance (Rsh) for the device with EB-Z100 increases, whereas
Rsh for the devices with EB-Z300 and EB-Z500 decreases; and for
all the samples, there is a difference in Rsh but it is not signif-
icantly large because it is not one order of magnitude, except for
EB-Z100. The reduction in Rs and increase in Rsh for EB-Z100
may reduce the leakage current and charge transport barrier
and suppress the charge recombination,32 thus resulting in high
FF and PCEs.
c, (d) corresponding EQE data, (e) Rs and Rsh, and (f) Voc dependence on

3/Ag.

5a and measurements from 8 PSC devices based on ITO/Ref and

PCE (%) EQE Jsc (mA cm�2) Rs (U cm2) Rsh (U cm2)

8.05 (7.93 � 0.3) 17.50 1.35 � 0.15 878 � 54
9.36 (8.93 � 0.3) 18.03 1.33 � 0.06 1018 � 33
8.62 (8.16 � 0.5) 17.24 2.53 � 0.77 851 � 60
7.93 (7.47 � 0.9) 18.23 8.00 � 0.95 806 � 0.2

This journal is © The Royal Society of Chemistry 2017
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The results for EB-Z100 can be ascribed to (1) energetically
favorable electron transporting29 from PC71BM to EB-Z100 due
to the energy level offset between the LUMO of PC71BM (about
3.9 eV) and up shied Ef (W.F ¼ 3.75 eV), which is attributed to
Zni and VO, (2) smoother surface (root mean square (RMS):
0.698 nm), which enables good contact with the active layer, and
(3) reduced surface hydroxyl groups, which can trap electrons
and holes. Although EB-Z300 shows a lower Rsh and higher Rs,
its PCE and FF is better, compared with that of the Ref sample,
and its results are complicated due to its lower work function,
slightly rough surface (rms: 0.943 nm) and various defects. EB-
Z500 shows the worst result with the largest Rs and lowest Rsh

which can result from its roughest surface (rms: 3.939 nm)
inducing bad contacts with the active layer. Despite the reduced
surface hydroxyl groups of EB-Z500, another reason for its poor
results can be that it is too heavily doped ZnO due to the
increase in Zni, which leads to an increase in charge recombi-
nation. In our study, Zni and VO resulted in appropriately
degenerated (doped) ZnO for better energy transfer in solar cells
below 500 kGy. The correlation between defects and device
performance is very complicated due to simultaneous presence
of various defects.

To understand the nature of charge carrier recombination,
we investigated the light intensity (Plight) dependence of Voc,
which enables bimolecular and trap-assisted recombination32,33

to be distinguished in Fig. 5d. The slope (S) of Voc versus the
logarithm of Plight indicates the presence of trap-assist recom-
bination; and the S value is 1.89, 1.21, 1.56 and 2.65 kT q�1 for
Ref, EB-Z100, EB-Z300 and EB-Z500, respectively. This trend is
not exactly matched to the trend of Rsh; however, the lowest S of
EB-Z100 (S nearly equal to kT q�1) is consistent with the lowest
Rs and this result contributes to the dominant bimolecular
recombination, whereas the highest S of EB-Z500 is also
consistent with the highest Rsh, thus trap-assisted recombina-
tion is expected to be dominant. Although the trend of resis-
tance (Rs and Rsh) of EB-Z300 is not matched to the FF and PCEs,
its smaller S, which indicates the reduction of charge recom-
bination, can explain the PCE value. Therefore, EB-ZnO as a CIL
is benecial to reduce charge recombination in polymer solar
cells.

Conclusions

In conclusion, we demonstrated an efficient and simple method
to obtain modied sol–gel ZnO lms by irradiating the sol–gel
ZnO precursor solution with an electron beam. The photovol-
taic performance of the device based on EB-ZnO is dependent
on irradiation dose. The enhancement in the photovoltaic
performance of the device based on EB-ZnO is mainly due to (1)
lower work function, which is attributed to degenerated n-type
ZnO by donors such as Zni and VO, (2) reduced surface
hydroxyl groups, and (3) smooth surface, which lead to efficient
electron transfer and low leakage current. As a result, the PCE of
the device with EB-Z100 achieved 9.36% with a 16% increment,
compared with 8.05% for Ref. Most importantly, we demon-
strate the feasibility of enhancing the efficiency of inverted
polymer solar cells by using modied sol–gel ZnO lms, which
This journal is © The Royal Society of Chemistry 2017
are obtained by irradiating sol–gel ZnO solutions with an elec-
tron beam, and that this approach can be a simple method for
manufacturing modied sol–gel ZnO.
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