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Abstract: We attempted surface modification in ZnO nanoparticles (NPs) synthesized by the sol-
gel process with polyvinyl pyrrolidone (PVP) applied to bulk-heterojunction polymer solar cells
(PSCs) as an electron transport layer (ETL). In general, ZnO NPs have trap sites due to oxygen
vacancies which capture electrons and degrade the performance of the PSCs. Devices with six
different PVP:Zn ratios (0.615 g, 1.230 g, 1.846 g, 2.460 g, 3.075 g, and 3.690 g) were fabricated for
surface modification, and the optimized PVP:Zn ratio (2.460 g) was found for PSCs based on
P3HT/PCBM. The power conversion efficiency (PCE) of the fabricated PSCs with PVP-capped ZnO
exhibited a significant increase of approximately 21% in PCE and excellent air-stability as compared
with the uncapped ZnO-based PSCs.

Keywords: polymer solar cells; bulk-heterojunction; ZnO; surface modulation; polyvinyl
pyrrolidone; PVP; oxygen

1. Introduction

Recently, bulk-heterojunction (BHJ) polymer solar cells (PSCs) have received considerable
attention due to their many merits, such as light weight, low-cost manufacture, flexibility, roll-to-roll
fabrication process compatibility, and bandgap tenability [1-3]. Since the first report on PSCs in 1986,
various studies have been conducted to improve their performance [4]. Significant efforts have been
made to improve the power conversion efficiency (PCE) through unconventional donor—acceptor
materials [5-8], advanced device architectures such as inverted structures of PSCs [9], new additives
and dopant materials [10-12], optimized interfaces [13], etc. In particular, inverted structures of PSCs
have been studied because of their superior device stability for high PCE [9]. In both conventional
and inverted devices, to overcome the drawbacks of fast degradation with acidic PEDOT:PSS and the
metal oxide layer [14], the active material simply performs the role of absorbing photons and
converting them into free charge carriers. However, to achieve good performance, a hole transport
layer (HTL) and electron transport layer (ETL) are required to improve the excellent transportability
of electron/hole carriers [15-21]. Litzov et al. reported that an excellent material should fulfill the
conditions for the ETL and HTL, which require transparency, good electrical properties, and chemical
stability [22]. Baglio et al. reported a dye-sensitized solar cell with titanium oxide (TiOx) as the ETL
[23]. Hadipour et al. presented a BH] device using TiOx at room temperature with the solution process
as the ETL [24]. Li et al. reported PSCs using Cs2COs in combination with V20s as the HTL [9].
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Wiranwetchayan et al. reported inverted-structure PSCs using Nb20s as the ETL [25]. In particular,
ZnO NPs are used for various optoelectronic devices due to their excellent environmental stability
and electron mobility [26]. The ZnO thin films have been grown by different techniques, such as
chemical vapor deposition, sputtering, sol-gel, pulsed laser deposition, and atomic layer deposition
(ALD). Recently, ALD is the preferred technology due to the possibility of a low-temperature process
[27]. Jan Gilot et al. demonstrated a PSC with ZnO as an optical spacer where the short-circuit current
density (Jsc) increased as a result of increased light absorption and redistribution of the electric field
inside the active layer [28]. These various attempts achieved significant improvements in results and
achieved a PCE in excess of 11% [29]. Recently, many studies have been conducted on the synthesis,
growth, and defect engineering of ZnO nanoparticles (NPs), especially those with oxygen vacancies
[30-32]. Among them, researchers have conducted studies on the surface modification of ZnO NPs
with various capping agents to reduce defects through encapsulation of the surface [33,34]. In
particular, we attempted surface modification in ZnO NPs with polyvinyl pyrrolidone (PVP) [35-37]
applied to PSCs as an ETL; surface modification improved the trap-induced defects due to oxygen
defects on the surface, thereby preventing the trapping of electrons and reduction of performance.
Devices with six different PVP:Zn ratios (0.615 g, 1.230 g, 1.846 g, 2.460 g, 3.075 g, and 3.690 g) were
fabricated, and the optimized PVP:Zn ratio (2.460 g) was found for PSCs based on P3HT/PCBM. The
PCE of the fabricated PSCs with PVP-capped ZnO exhibited a significant increase of approximately
21% in PCE compared with the uncapped ZnO-based PSCs.

Therefore, it has been confirmed that it is very important to reduce trap-related states due to
oxygen deficiency for efficient electron transportation.

2. Experimental

The PSC device structure consists of an anode (ITO), an HTL, an active layer (P3HT:PCBM,
Luminescence Technology Corp., Hsin Chu, Taiwan), an ETL (PVP (Sigma-Aldrich, Saint Louis, MO,
USA)-capped ZnO), and a cathode (aluminum), as shown Figure 1. The patterned ITO glasses were
cleaned with acetone, methanol, and isopropyl alcohol for 10 min in an ultrasonic bath, followed by
UV-ozone curing for 15 min. The HIL was formed wusing PEDOT:PSS
(poly(ethylenedioxythiophene):polystyrene sulfonate, Baytron P AI 4083, H. C. Starck, Newton, MA,
USA) on patterned ITO with spin-coating and thermal annealing treatment at 150 °C for 10 min.
Thereafter, the active layer was formed using the mixing of the blend components where P3HT and
PCBM (1:1 wt %) were dissolved in 1,2-Dichlorobenzene (Sigma-Aldrich). Subsequently, the PVP-
capped ZnO NP solution was coated to form the ETL and thermally annealed under vacuum
conditions. Finally, a top cathode of Al was evaporated at a pressure of 10-¢ Torr. The active area of
the fabricated PSCs was 9 mm? (defined by the shadow mask of the vertical overlap of ITO and Al,
electrodes). A modified and optimized sol-gel method was used for the synthesis of ZnO NPs. A
total of 2.46 g Zinc acetate dihydrate (Sigma-Aldrich) was dissolved in 110 mL of methanol, and 0.96
g of potassium hydroxide was dissolved in 50 mL of methanol. PVP (Sigma-Aldrich) was dissolved
in methanol. The KOH solution and PVP solution were added dropwise into a 200 mL flask filled
with the Zn(AC)2-2H20 solution and stirred at 60 °C for 1 hour. Then, isopropanol and hexane were
added to the mixture overnight. The PVP-capped ZnO NPs were gathered by centrifuging and
washed twice to purify the prepared PVP-capped ZnO and re-dispersed in ethanol (10 mg/mL). The
schematic of the device structure and band diagram are shown in Figure 1. The PV performance
measurements were performed on Agilent 4155C semiconductor parameter (Agilent, Santa Clara,
CA, USA) analyzer integrated with a Newport xenon lamp as a solar simulator (AM 1.5). A National
Renewable Energy Laboratory (NREL) calibrated silicon photodetector was used to calibrate the light
source with a light intensity of 100 mW-cm?2.

Photoluminescence (PL, QE65000, Ocean Optics, Largo, FL, USA) characteristics were assessed
by a spectrum analyzer to measure the excitation and bandgap of PVP-capped ZnO NPs. To verify
the coordination of ZnO with PVP molecules, Fourier transform infrared (FT-IR) spectra were
obtained from FT-IR spectroscopy (Frontier, PerkinElmer, Waltham, MA, USA). UV-visible
absorption characteristics were examined with a UV-visible spectrophotometer (UV-1601, Shimadzu
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Corp., Kyoto, Japan). External quantum efficiency (EQE) spectra were measured using a measuring
kit (Quantx-300 system, Newport, Irvine, CA, USA). Field emission-scanning electron microscopy
(FE-SEM, SU8220, Hitachi, Tokyo, Japan) was used to evaluate the thickness of the cross-sectional
image of BHJ-PSCs with uncapped ZnO NPs and PVP-capped ZnO NPs. The morphological
modifications, such as two-dimensional (2D) and three-dimensional (3D) atomic force microscopy
(AFM) images of the surface of uncapped ZnO NPs and PVP-capped ZnO NPs as the ETL, were
obtained with an AFM microscope (5500 Agilent Technologies, Santa Clara, CA, USA).
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Figure 1. Schematic diagram of fabricated bulk-heterojunction (BHJ) polymer solar cells (PSCs). (a)
Energy band diagram. (b) Structure and films state of uncapped-ZnO nanoparticles (NPs) and
polyvinyl pyrrolidone (PVP)-capped ZnO NPs.

3. Results and Discussion

Figure 2a shows the photoluminescence (PL) of uncapped ZnO (Ref-ZnO) NPs and PVP-capped
ZnO (PVP-ZnO) NPs with various PVP:Zn ratios. The PL peak near 550 nm is the visible light
emission from the trap induced by oxygen deficiency at the surface of the ZnO NPs, and the PL peak
near 370 nm is the radiation from the ZnO NP direct bandgap. The UV radiations increased
dramatically by approximately 6.5 times, from 0.615 to 2.460 g, from PVP-ZnO NPs, and visible light
emissions were weakened. However, in Ref-ZnO NPs, the UV radiation was extremely weak and the
visible light emission was somewhat strong. Interestingly, the UV radiations decreased slightly
beyond 2.460 g of PVP-ZnO NPs, from 3.075 to 3.690 g of PVP-ZnO NPs, and visible light emissions
were also weaker than 2.460 g of the PVP-ZnO NPs [35]. These results show that the visible light
emission was due to the deep trap state at the surface of the ZnO NPs. Consequently, when capped
with the proper ratios of PVP:Zn, the deep trap state can be eliminated. Figure 2b shows the Fourier
transform infrared spectroscopy (FT-IR) of Ref-ZnO NPs and PVP-ZnO NPs (2.460 g and 3.075 g,
respectively). Through the FT-IR results of Ref-ZnO, we can observe the peaks by number located at
3372, 1567, and 451 cm are assigned to the O-H stretching vibration, symmetric C=O stretching of
zinc acetate dehydrate, and ZnO stretching vibrations, respectively. In the spectrum of PVP-ZnO, the
band at 1655 cm is assigned to the stretching vibration of the C=O in the PVP. We can observe a peak
at 1,288 cm! for PVP-ZnO NPs, which is believed to be due to the chemical reaction between PVP
and ZnO NPs [36].
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Figure 2. (a) Photoluminescence (PL) spectra of PVP-ZnO NPs (0.615 g, 1.230 g, 1.845 g, 2.460 g, 3.075
g, and 3.690 g) and Ref-ZnO, (b) FT-IR spectra of PVP-ZnO NPs (2.460 g and 3.075 g) and Ref-ZnO.

Figure 3 shows the UV-visible absorption spectra of Ref-ZnO NPs and PVP-ZnO NPs with three
different PVP:Zn ratios (1.845 g, 2.460 g, and 3.075 g). To confirm the size of particles according to
surface modification, the average particle size of nanoparticles was estimated using the effective mass
approximation formula [38,39] proposed by Meulenkamp [31] as follows:

1240 b ¢

n, “TDETD

where Ai2 = the wavelength of 1/2 the value of the maximum peak (nm), D = the radius of particle (A),
and g, b, and ¢ = the constants of 3.556, 799.9, and 22.64, respectively. The particle size values obtained
from the formula proposed by Meulenkamp for the three different PVP:Zn ratios are listed in Table
1. The particle size values are 3.06, 3.15, 3.23, and 3.39 nm for Ref-ZnO, PVP-ZnO (1.845 g), PVP-ZnO
(2.460 g), and PVP-ZnO (3.075 g), respectively. Using the Tauc plot, the values of optical bandgap
energy from the absorption data are listed in Figure 3 and Table 1. It was observed that as we
increased the capping agent concentration, the particle size increased and the bandgap reduced [40].
The size distribution of individual particles ranged from 3.06 to 3.39 nm, and particle sizes increased
slightly upon PVP surface modification. The red shifts of UV-visible absorption peaks occurred in
response to the increased aging time accompanying the growth of ZnO NPs.
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Figure 3. UV-visible absorption spectra of PVP-ZnO NPs (1.845 g, 2.460 g, 3.075 g) and Ref-ZnO NPs.
Insert showing bandgap energy using Tauc plot from UV-visible absorption spectra.
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Table 1. Average particle size and bandgap variation of ZnO nanoparticles with PVP:Zn ratios.

ETL PVP Volume Particle Size Bandgap (Eg)
(nm) (eV)
REF-ZnO - 3.06 3.63
PVP-ZnO (1.845g) 1.845¢ 3.15 3.61
PVP-ZnO (2.460g) 2.460g 3.23 3.59
PVP-ZnO (3.075g) 3.075g 3.39 3.55

Figure 4a shows the cross-sectional image of the BHJ-PSCs fabricated with Ref-ZnO NPs. The
thickness of the Ref-ZnO thin films was estimated to be 28-30 nm. Figure 4b shows the cross-sectional
image of the BHJ-PSCs fabricated with PVP-ZnO NPs. The thickness of the PVP-ZnO thin films was
estimated to be 28-30 nm. The ZnO layer thicknesses of the two samples were similar regardless of
PVP capping.
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Figure 4. FE-SEM cross-sectional images of (a) BHJ-PSCs fabricated with bare ZnO NPs (b) and BHJ-
PSCs fabricated with PVP-capped ZnO NPs.

To investigate how the inclusion of PVP-ZnO NPs influences the ETL morphology, the surface
morphology was examined by AFM, and the results are shown in Figure 5. The Ref-ZnO thin film
shows a root mean square (RMS) roughness value of 3.5 nm, and the PVP-ZnO thin film shows a
slightly higher RMS roughness value of 5.0 nm. The Ref-ZnO thin films on the active layer exhibit a
flat island morphology with a height of 42.1 nm and a diameter of 1.25 pm. In the case of PVP-ZnO
thin films on the active layer, the island shape was scattered with a height of 63.3 nm and a diameter
of 1.36 pm. This shows that ZnO formation is dispersed and provides an additional path for electron
transfer. When aluminum was deposited on top of the small, swollen island of the surface, the contact
area increased to promote efficient electron transfer to the metal electrode.
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Figure 5. Atomic force microscopy (AFM) images of Ref-ZnO NPs and PVP-ZnO NPs on top of
P3HT/PCBM photoactive layers: (a) Ref-ZnO film, (b) PVP-ZnO film. 3D AFM images of Ref-ZnO
NPs and PVP-ZnO NPs on top of P3BHT/PCBM photoactive layers: (c) Ref-ZnO film, (d) PVP-ZnO
film.

Table 2. Photovoltaic performance parameters of BHJ-PSCs fabricated with ZnO and PVP-capped
ZnO in different PVP:Zn ratios. PCE* and PCEP are best and average power conversion efficiencies
(PCEs) of devices.

ETL Voc (V) Jsc (mA/cm?) Rs(ohm) FF PCE2 (%) PCE® (%)

REF-ZnO 0.593 £0.012 6.327 +0.002 139£3.1  0.645+0.034 249 2.46 +0.008
PVP-ZnO (0.615g) 0.609 + 0.004  6.840 + 0.003 171£29  0.580 +£0.049 2.58 242 +0.024
PVP-ZnO (1.230g) 0.616 + 0.008  6.666 + 0.004 159+£5.0 0.616 £0.056 2.59 2.53+0.015
PVP-ZnO (1.845g) 0.622 +0.004  6.132 + 0.009 159+8.1  0.629 +£0.104 2.85 2.62+0.073
PVP-ZnO (2.460g) 0.617 +0.004  7.423 + 0.004 138 +5.7  0.652 +0.072 3.08 2.98 +0.024
PVP-ZnO (3.075g) 0.611 +0.004  7.277 +0.001 128+1.2  0.662+0.017 2.98 2.94 +0.008
PVP-ZnO (3.690g) 0.614 + 0.001  7.051 + 0.003 164+50 0.641+0.044 2.85 2.78 +0.014

In Table 2, the BHJ PSCs with uncapped ZnO NPs (Ref-PSCs) fabricated as a reference exhibited
an open-circuit voltage (Voc) 0of 0.593 V, a short-circuit current density (Jsc) of 6.327 mA/cm?, a fill factor
(FF) of 0.645, and a maximum PCE of 2.49%. In contrast, in the best BH] PSCs with PVP-capped ZnO
NPs (PVP-PSCs), Jsc and PCE were significantly increased by more 17% and 21%, respectively. The
improved PCE is mainly attributed to the improved Js. In Figure 6, the increase of J« is consistent
with EQE spectra. The EQE spectrum obtained for the PVP-PSCs is broad over a wide range (360~630
nm). The reason for this is that, in the synthesis of ZnO NPs, the oxygen vacancy defect present on
the surface of ZnO NPs captured electrons. This caused charge imbalance, which impeded efficient
charge transport in the PSCs. However, when PVP is capped by electrostatic interactions on the
surface of ZnO NPs, inner defects and surface traps can be reduced [41]. Additionally, an increase in
concentration of more than 2.460 g of PVP adversely affects the photovoltaic performance of the
device due to the [« decrease. Relatively moderate PVP particle concentration in the range of
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2.460~3.075 g was found to significantly enhance the Jsc of BH] PSCs based on PVP-ZnO NPs [42]. The
electron mobilities of uncapped ZnO and PVP-capped ZnO films could be calculated through space
charge limited current (SCLC) model, following the Mott-Gurney SCLC equation [43]:

] 0 E.E Va
where L, €, €, Vi, and d are the charge carrier mobility, the vacuum dielectric constant (€0 = 8.85 x
102 F/m), the dielectric constant of PSHT:PCBM (€: = 3) [44], the applied voltage, and the thickness
of the active layer (confirmed by SEM image, d = 185 nm), respectively. The measured electron
mobility was 1.43-104 cm?VS (uncapped ZnO), 4.94:10#* cm?/VS (PVP-capped ZnO), and it was
confirmed that the electron mobility was 3.5 times improved by decreasing oxygen vacancy due to
PVP-capping.
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Figure 6. External quantum efficiency characteristics of (a) Ref-ZnO NP-based BHJ PSCs and (b) PVP-
ZnO NP-based BHJ PSCs.

Stability is very important for BHJ PSCs. To gain more insight into device stability, we examined
the stability of BHJ PSCs based on PVP-ZnO NPs and Ref-ZnO NPs under dark ambient atmosphere
and different oxygen and water conditions at room temperature (about 25 + 3 °C) for 360 hours. The
results showed that the PCE of PVP-PSCs significantly improved by about 21%. Moreover, the
stability of PVP-PSCs was considerably improved, more than that of Ref-PSCs, which was
significantly degraded when exposed to air, and they retained only 53% of their initial PCE after 360
hours. However, for PVP-capped ZnO NPs-based BH] PSCs, the PCE decreased to about 74% of the
initial values, manifesting the vast potential of ZnO surface modification using PVP molecules for
stable, scalable solar cells. The use of PVP-ZnO NPs as the ETL for BH] PSCs effectively suppressed
the light soaking of the conventional PSCs through the passivation of surface-absorbed oxygen
defects.

In summary, PVP-ZnO NPs reduced oxygen vacancies from lattice defects and trapping sites,
which allowed effective electron transfer in BH] PSCs, resulting in an increase in Jsc and PCE.
Moreover, as the surface traps and inner defects could be reduced, the device with PVP-PSCs
exhibited excellent air stability and current density-voltage (J-V) curves after 360 h compared with
the Ref-PSCs, as shown in Figure 7 and 8.
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Figure 7. Normalized air-stability characteristics of (a) Ref-ZnO NP-based BHJ PSCs and (b) PVP-
ZnO NP-based BHJ PSCs.
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Figure 8. ]-V characteristics of Ref-ZnO NP-based BHJ PSCs and PVP-ZnO NP-based BH] PSCs at (a)
0h and (b) 360 h.

4. Conclusion

In conclusion, in this work, we fabricated and appropriately characterized PVP-capped ZnO
NPs as an effective ETL in PSCs fabricated to enhance charge balance and performance. It was shown
that the PVP-capped ZnO NPs were very effective in reducing charge-trapping sites and oxygen
vacancies from the cathode. The proposed BHJ PSCs with PVP-capped ZnO NPs as the ETL showed
significantly enhanced PCE, current density, and air stability due to the reduced trap sites on the
surface of ZnO NPs. Consequently, we confirmed that the BH] PSC performance was improved due
to effective electron transportation by reducing the defects of oxygen vacancies.

Author Contributions: O.K,, ] K., and S.K. (SaeWan Kim) carried out the experiments collecting the data and
drafted the manuscript. O.K,, J.K., S.K. (SaeWan Kim), B.X., K.S., C.P. and W.D. fabricated the devices and
performed the measurements. J.B. participated in the discussion about the method and contributed to the
analysis of the results. S.K. (ShinWon Kang) made significant contributions to the revision of the experiment
designs and manuscript editing, guiding the entire study.

Funding: This research received no external funding.

Acknowledgments: This work was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korea Government (MSIP) (No. NRF 2017R1D1A3B03032042) and the BK21 Plus project funded by the
Ministry of Education, Korea (21A20131600011) and Samsung Electronics.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2019, 11, 1818 9 of 10

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hoth, C.N.; Schilinsky, P.; Choulis, S.A.; Brabec, C.J. Printing highly efficient organic solar cells. Nano Lett.
2008, 8, 2806-2813.

Liang, Y.; Xu, Z.; Xia, J.; Tsai, S.T.; Wu, Y.; Li, G. For the bright future—bulk heterojunction polymer solar
cells with power conversion efficiency of 7.4%. Adv. Mater. 2010, 22, 135-138.

Li, L,; Li, Z,; Feng, K.; Xu, X.; Wang, L. Development of large band-gap conjugated copolymers for efficient
regular single and tandem organic solar cells. . Am. Chem. Soc. 2013, 135, 13549-13557.

Tang, C.W. Two-layer organic photovoltaic cell. Appl. Phys. Lett.1985, 48, 183-185.

Cheng, Y.J.; Yang, S.H.; Hsu, C.S. Synthesis of conjugated polymers for organic solar cell applications.
Chem. Rev. 2009, 109, 5868-5923.

Singh, S.P.; Sharma, G.D. Near Infrared Organic Semiconducting Materials for Bulk Heterojunction and
Dye-Sensitized Solar Cells. Chem. Rec. 2014, 14, 419-481.

Gopalan, S.-A.; Gopalan, A.-I; Vinu, A.; Lee, K.P.; Kang, S.W. A new optical-electrical integrated buffer
layer design based on gold nanoparticles tethered thiol containing sulfonated polyaniline towards
enhancement of solar cell performance. Sol. Energy Mater. Sol. Cells 2018, 174, 112-123.

Nemnes, G.A,; Iftimie, S.; Palici, A.; Nicolaev, A.; Mitran, T.L.; Radu, A.; Antohe, S. Optimization of the
structural configuration of ICBA/P3HT photovoltaic cells. Appl. Surf. Sci. 2017, 424, 264-268.

Li, G.; Chu, C.W.; shrotriva, V.; Huang, J.; Yang, Y. Efficient inverted polymer solar cells. Appl. Phys. Lett.
2006, 88, 253503.

Hoven, G.V.; Dang, D.X,; Coffin, R.C.; Peet, J.; Nguyen, T.Q.; Bazan, G.C. Improved performance of
polymer bulk heterojunction solar cells through the reduction of phase separation via solvent additives.
Adv. Mater. 2010, 22, E63-E66.

Su, MS,; Kuo, CY.,; Yuan, M.C; Jeng, U,; Su, CJ; Wei, KH. Improving device efficiency of
polymer/fullerene bulk heterojunction solar cells through enhanced crystallinity and reduced grain
boundaries induced by solvent additives. Adv. Mater. 2011, 23, 3315-3319.

Jacobs, LE.; Wang, F.; Valdez, Z.1.B.; Oviedo, A.N.A,; Bilsky, D.J.; Moulé, A.J. Photoinduced degradation
from trace 1, 8-diiodooctane in organic photovoltaics. J. Mater. Chem. C 2018, 6, 219-225.

Steim, R.; Kogler, F.R.; Brabec, C.J. Interface materials for organic solar cells. ]. Mater. Chem. 2010, 20, 2499—
2512.

de Jong, M.P.; van Jjzendoorn, L.J.; de Voigt, M.J.A. Stability of the interface between indium-tin-oxide and
poly (3, 4-ethylenedioxythiophene)/poly (styrenesulfonate) in polymer light-emitting diodes. Appl. Phys.
Lett. 2000, 77, 2255-2257.

Chen, L.; Wang, P.; Li, F; Yu, S; Chen, Y. Efficient bulk heterojunction polymer solar cells using
PEDOT/PSS doped with solution-processed MoO3 as anode buffer layer. Sol. Energy Master. Sol. Cells. 2012,
102, 66-70.

Ratcliff, E.L.; Meyer, J.; Steirer, K.X.; Armstrong, N.R.; Olson, D.; Kahn, A. Energy level alignment in
PCDTBT: PC70BM solar cells: Solution processed NiOx for improved hole collection and efficiency. Org.
Electron. 2012, 13, 744-749.

Chang, Y.M.; Leu, C.Y. Solvent extraction induced nano-porous zinc oxide as an electron transport layer
for inverted polymer solar cells. Org. Electron. 2012, 12, 2991-2996.

Yang, P.; Zhou, X.; Cao, G.; Luscombe, C.K. P3HT: PCBM polymer solar cells with TiO:2 nanotube
aggregates in the active layer. J. Mater. Chem. 2010, 20, 2612-2616.

Sun, Y.; Seo, ].H.; Takacs, C.J.; Seifter, J.; Heeger, A.J. Inverted polymer solar cells integrated with a low-
temperature-annealed sol-gel-derived ZnO film as an electron transport layer. Adv. Mater. 2011, 23, 1679-
1683.

Lee, Y.I; Youn, J.H; Ryu, M.S; Kim, J.; Moon, H.T.; Jang, ]. Highly efficient inverted poly (3-
hexylthiophene): Methano-fullerene [6,6]-phenyl C71-butyric acid methyl ester bulk heterojunction solar
cell with Cs2COs and MoOs. Org. Electron. 2011, 12, 353-357.

Huang, X.; Yu, H,; Shi, S.; Huang, C. Improving the performance of inverted polymer solar cells by the
efficiently doping and modification of electron transport layer-ZnO. Org. Electron. 2019, 65, 311-320.
Litzov, L; Brabec, C.J. Development of efficient and stable inverted bulk heterojunction (BH]J) solar cells
using different metal oxide interfaces. Materials 2013, 6, 5796-5820.

Baglio, V.; Girolamo, M.; Antonucci, V.; Arico, A.S. Influence of TiO2 film thickness on the electrochemical
behaviour of dye-sensitized solar cells. Int. |. Electrochem. Sci. 2011, 6, 3375-3384.



Polymers 2019, 11, 1818 10 of 10

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hadipour, A.; Maller, R.; Heremans, P. Room temperature solution-processed electron transport layer for
organic solar cells. Org. Electron. 2013, 14, 2379-2386.

Wiranwetchayan, O.; Liang, Z.; Zhang, Q.; Cao, G.; Singjai, P. The role of oxide thin layer in inverted. Mater.
Sci. Appl. 2011, 2, 1697-1701.

Jagadamma, L.K.; Abdelsamie, M.; Labban, A.; Aresu, E.; Ndjawa, G.O.N.; Anjum, D.H.; Cha, D.K;
Beaujuge, P.M.; Amassian, A. Efficient inverted bulk-heterojunction solar cells from low-temperature
processing of amorphous ZnO bulffer layers. ]. Mater. Chem. A 2014, 2, 13321-13331.

Iwan, A.; Palewicz, M.; Tazbir, I.; Boharewicz, B.; Pietruszka, R.; Filapek, M.; Wojtkiewicz, J.; Witkowski,
B.S.; Granek, F.; Godlewski, M. Influence of ZnO: Al, MoOs and PEDOT: PSS on efficiency in standard and
inverted polymer solar cells based on polyazomethine and poly (3-hexylthiophene). Electrochim. Acta 2016,
191, 784-794.

Gilot, J.; Barbu, I.; Wienk, M.M.; Janssen, R.A.J. The use of ZnO as optical spacer in polymer solar cells:
theoretical and experimental study. Appl. Phys. Lett. 2007, 91, 113520.

Liu, C,;Yi, C.; Wang, K,; Yang, Y.; Bhatta, R.S.; Tsige, M.; Xiao, S.; Gong, X. Single-junction polymer solar
cells with over 10% efficiency by a novel two-dimensional donor-acceptor conjugated copolymer. Appl.
Mater. Interfaces 2015, 7, 4928-4935.

Janotti, A.; van de Walle, C.G. Oxygen vacancies in ZnO. Appl. Phys. Lett. 2005, 87, 122102.

Meulenkamp, E.A. Synthesis and growth of ZnO nanoparticles. J. Phys. Chem. B 1998, 102, 5566-5572.
Kavitha, M.K.; Jinesh, K.B.; Philip, R.; Gopinath, P.; John, H. Defect engineering in ZnO nanocones for
visible photoconductivity and nonlinear absorption. Phys. Chem. Chem. Phys. 2014, 16, 25093-25100.

Singh, AK. viswanath, V.; Janu, V.C. Synthesis, effect of capping agents, structural, optical and
photoluminescence properties of ZnO nanoparticles. J. Lumin. 2009, 129, 874-878.

Tachikara, S.; Noguchi, A.; Tsuge, T.; Hara, M.; Odawara, O.; Wada, H. Optical properties of ZnO
nanoparticles capped with polymers. Materials 2011, 4, 1132-1143.

Xiong, H.-M. Photoluminescent ZnO nanoparticles modified by polymers. J. Mater. Chem. 2010, 20, 4251—
4262.

Gutul, T.; Rusu, E.; Condur, N.; Ursaki, V.; Goncearenco, E.; Vlazan, P. Preparation of poly (N-
vinylpyrrolidone)-stabilized ZnO colloid nanoparticles. Beilstein |. Nanotechnol. 2014, 5, 402—406.

Kamari, H.; Al-Hada, N.; Saion, E.; Shaari, A.; Talib, Z.; Flaifel, M.; Ahmed, A. Calcined solution-based PVP
influence on ZnO semiconductor nanoparticle properties. Crystals 2017, 7, 2.

Bawendi, M.G.; Steigerwald, M.L.; Brus, L.E. The quantum mechanics of larger semiconductor clusters
(quantum dots). Annu. Rev. Phys. Chem. 1990, 41, 477-496.

Quang, N.H,; Truc, N.T.; Niquet, Y.M. Tight-binding versus effective mass approximation calculation of
electronic structures of semiconductor nanocrystals and nanowires. Comput. Mater. Sci. 2008, 44, 21-25.
Tahir, N.; Hassain, S.T.; Usman, M.; Hasanain, S.K.; Mumtaz, A. Effect of vanadium doping on structural,
magnetic and optical properties of ZnO nanoparticles. Appl. Surf. Sci. 2009, 255, 8506-8510.

Sui, X.; Liu, Y.; Shao, C.; Liu, Y.; Xu, C. Structural and photoluminescent properties of ZnO hexagonal
nanoprisms synthesized by microemulsion with polyvinyl pyrrolidone served as surfactant and passivant.
Chem. Phys. Lett. 2006, 424, 340-344.

llegbusi, O.; Trakhtenberg, L. Synthesis and Conductometric Property of Sol-Gel-Derived ZnO/PVP Nano
Hybrid Films. . Mater. Eng. Perform. 2013, 22, 911-915.

Bak, G.W.; Lipinski, A. space charge-limited currents in thin film solid dielectrics with non-uniform deep-
trap distributions: numerical solutions. Thin Solid Films 1994, 238, 290-294.

Han, B.; Gopalan, S.-A.; Lee, K.D.; Kang, B.H.; Lee, SW.; Lee, ].S.; Kwon, D.H.; Lee, S.H.; Kang, SW.
Preheated solvent exposure on P3HT:PCBM thin film: A facile strategy to enhance performance in bulk
heterojunction photovoltaic cells. Curr. Appl. Phys. 2014, 12, 1443-1450.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



