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Abstract: In this work, electron transport layers (ETLs)with high charge transfer
ability was fabricated by doping ZnO nanoparticles with different concentrations of
cadmium. The performance for an inverted polymer solar cell based on PTB7-Th:
PC7:BM with 5% cadmium doping of zinc oxide nanoparticles (CZO) ETL is better
than pure ZnO,which can enhance the short-circuit current (Jsc), from 16.30 mA/cm?
to 17.15 mA/cm?, the fill factor (FF) from 64.45% to 69.38%, power conversion
efficiency (PCE) from 8.09% to 9.28%. It's consequence of performance stems from
curbing interfacial charge recombination and effective charge extraction. Meanwhile,
Taking a series of characterization methods, such as atomic force microscopy (AFM),
the space charge limited current (SCLC), transmittance, the charge dissociation
probabilities (P(E,T)), photo-electrochemical impedance spectroscopy (EIS). The
results indicate that the electrical conductivity and transmittance of the films are
improved by incorporation of Cd in the ZnO film, restrained surface charge
recombination and enhanced the electron-transport capability. Therefore, the ETL of

Cd-doped will be an ideal candidate for future optoelectronic devices.

Keywords: inverted polymer solar cells; ZnO nanoparticles; cadmium doping;

transmittance, electrical conductivity

1.Introduction

Polymer solar cells (PSCs) have gained a lot of attention in the last few decades



because of its solution processable, inexpensive and convenience and extensive
roll-to-roll manufacturing [1-10]. Most of them are developing rapidly, with PCE
exceeding 14% of single solar cells [11], and of 17% with tandem PSCs [12]. There
are two main types of PSCs: conventional and inverted structures. Numbers of

conventional structures, poly(3,4-ethylenedioxithiophene):poly-(styrenesulfonate)

(PEDOT:PSS) as a kind of hole transport layer ( HTL ) to gather holes, the cathode of

a low work-function metal just like aluminum (Al) as electron transport layer ( ETL )

to collect electrons. However, PEDOT: PSS is susceptible to moisture and oxygen of
the air, causes interface instability through ITO and permeates into the active layer,
erosion the ITO finally, the top low work-function (Al) is also particularly susceptible
to oxidize in the air, leading to poor durability under ambient environment. [9]
Therefore, employing an inverted device which exists the propensity of more stable,
has an edge in PCE. At the same time, finding out an appropriate ETL between the
ITO and the active layer not only can improve the extraction of photogenerated charge
carriers, but inhibit most charge recombination, thereby increasing the PCE of iPSCs.
[9-10]. For this reason, kinds of ETLs tend to include conjugated polymers [11-13],
transition metal oxides [14] and hybrid materials [15]. Therefore, solution-processed
ZnO is applied as ETL, due to it shows low temperature processability and high
mobility, low work function (WF), high transparency and offers a convenience,
simple device fabrication method [14-20]. However, many defects on the surface of
ZnO nanoparticles prepared by sol-gel method are unavoidable, leading to the
recombination of electron-hole pairs [18]. Internal doping of ZnO nanoparticles is
better choice, both restraining surface charge recombination and improving electron
extraction. And CdO nanoparticles possess higher conductivity and carrier mobility,
which is result of intrinsic drawback of oxygen vacancies and cadmium [20]. And it
also has a higher transparency within the scope of visible among the diverse metal
oxide nanoparticles [19-21], thus comprehensively select cadmium-doped ZnO
(termed hereafter CZO) by mole ratio as a fantastic ETL in solar cell applications is

well option.



In view of previous discussion and research, we demonstrated a study based on a
structure of inverted device is ITO/ETL/active layer/HTL/metal cathode in this paper,
the Cd-doped ZnO nanoparticles of different concentrations (2.5%, 5%, 10%) by a
facile wet chemistry synthetic protocol as ETL. The internal doping of metal ions in
ZnO is a method, which can effectively reduce surface charge recombination and
improve electron extraction. And 5% molar ratio (named after 5%) CZO can achieve

the short-circuit current (Jsc) of from 16.30 mA/cm? to 17.15 mA/cm?, the fill factor
(FF) from 64.45% to 69.38%, power conversion efficiency ( PCE ) from 8.09% to

9.28%. Which significantly improves performance to supersede only ZnO
nanoparticles. Meanwhile, the morphology of the ETL were characterized by atomic
force microscopy (AFM), photo-electrochemical impedance spectroscopy (EIS),
transmittance, the space charge limited current (SCLC), the charge dissociation
probabilities (P(E,T)), which indicate that CZO can obviously improve transparency
and morphology, and enhance conductivity. Therefore, the solution-processed of CZO
nanoparticles, plays a momentous role in interfacial materials in PSCs or other
devices domains requiring HTLs and paves the way for this material to be used in

other optoelectronic and photovoltaic applications and beyond [20-26].

2. Experimental Section
2.1 Organic synthesis:Cd-Doped ZnO (CZO)

In simple terms, the synthesis process of doping disparate mole ratio
(2.5%,5%,10%) Cd into ZnO nanoparticles was performed with a reasonable method.
It’s made of zinc acetate dihydrate (Zn (Ac)2-2H20, 0.0042mol) and cadmium acetate
dihydrate (Cd (Ac)2:2H20, 0.0042mol) and then added into methanol (42mL) in a
three-necked, round-bottomed flask. With these two reactants dissolved and mixed
completely. Dissolving in potassium hydroxide (KOH, 0.0042mol) of methanol
alcohol (CH30OH, 20ml) was placed into the ongoing reaction within 5min, dropwise.
The reaction mixtures were slowly stirred without pause 4 hours at 70°C roughly.
Next, the solution washed twice with methanol followed by centrifugation. Which

was dispersed in chloroform of appropriate volume, in the end, the solution was
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diluted with n-butanol (CH3CH2CH2CH.OH) to 20mg/ml and ZnO nanoparticles were

obtained [27].

2.2 Device Fabrication

PTB7-Th and PC7:BM were obtained from Calos and Sigma-Aldrich, respectively.

Zinc acetate dihydrate (Zn (Ac)2:2H20, 0.0042mol) and cadmium acetate dihydrate

(Cd (Ac)2:2H20, 0.0042mol) were purchased from Alfa Aesar, J&K Chemical Ltd.,

respectively, in the meanwhile, the method of device fabrication and characterization

are same as this paper [27]. Measurements of AFM, EIS, (P(E, T) are same as this

paper [28].
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Figure. 1. (a) the structure of device of iPSCs. (b) Chemical material structure of PTB7-Th and

PCz:BM.

3.Results and Discussion
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Fig. 2. (a) The J-V. (b) EQE curves of pure ZnO and various concentrations CZO as ETL

under 100 mW/cm? simulated solar irradiation.



Table. 1. Performance parameters of inverted structure of various CZO as the ETL

ETL Voc (V) Jsc(mA/cm?)  FF (%) PCE (%) Rs(Q-em?) Ry (Q-cm?)
PureZnO  0.77 16.30 6445  8.09%  3.93 854.93
25%CZ0  0.77 16.19 66.66  8.31%  4.38 1078.75

5% CZO 0.78 17.15 69.38  9.28%  4.06 2702.70
10% CZO  0.77 16.12 6485  8.05%  4.73 883.86

& Averaged values of 10 devices.

To research the effects of CZO ETLs on iPSCs. Fig.1. shows the structure of
inverted device, active materials. Both J-V characteristics of diverse concentrations
CZO of iPSCs in Fig.2. (a) and Tablel show the device performance, 5% CZO has
comparatively high parameter, yielding PCE of 8.86%, Voc of 0.78V, Jsc of 16.95
mA/cm2, FF of 67.03%. However, the inferior performances of devices have
connection with smaller series resistance (Rs, 4.28 Q-cm?2) and larger shunt resistance
(Rsh, 1257.92 Q-cm2) of solar cell, which are able to reduce the injection barrier and
the charge recombination rate. [29] It is worth mentioning that in this paper, the ETL
of 5% CZO carries the highest PCE of PSCs, which can give rise to electron transport

and extraction effectively.

The EQE spectrum Fig. 2(b). more hints that 5% CZO dominantly appeared at the
extent of 550-750nm, where active layer has a distinct strong absorption, while the
peak of the solar spectrum is coincidentally around 600 nm, which is beneficial to get
sunlight and resulting in a higher Jsc in PSCs. Therefore, the higher EQE values of the
device with a 5% CZO in the absorption region affirm that it more efficiently extracts
tons of electrons from active layer, thus successfully reduces the recombination of
carriers between the CZO of 5% content and the active layer.

In order to elucidate the peculiarity of exciton dissociation and charge collection,
using the relationship between photocurrent density (Jpn) and effective voltage (Vesr),
Jph = Ji-Jp, Jo and Jp stand for the current density in darkness and illumination,
respectively. And effective voltage (Vetr = Vo-Vappi), Vo is the voltage (Jpn = 0), and

Vappi  represents the applied voltage [28-30]. Fig. 3 (a) shows that Jpn increased with



Vesr in the low effective voltage range, indicating that the photocarriers dissociate into
free charges, which are eventually collected at their respective electrodes [30]. Since
the more efficient carrier transport directly causes increase in Jsa, the maximum
exciton generation rate (Gmax) is calculated by the formula Jsat = qLG max, Jsat is the
saturated photocurrent, g is the basic charge, and L is the activity layer thickness
(100nm) [30]. Table 2 shows that a remarkable enhancement in Gmax occurs after
incorporating 5% Cd into the ETL of device, from the device with pure ZnO
1.10x1028 m3.s? (Jor = 17.61 mA/cm?) to the best performance 1.16x10%8 m3.s1
(Jsa=18.57 mA/cm?) with 5% Cd. Since the value of Gmax shows the maximum
number of photons absorbed. Therefore, the 5% CZO achieves a saturated region
(18.57 mA/cm?) among the devices, almost all of photoinduced holes and electrons
are transported into the individual electrodes, and the probability of generating
recombination becomes very small. Generally speaking, for iPSCs, the excitons
generated by light are only partially dissociated into free carriers, Jpn/Jsat could
estimate the (P(E,T)), under short-circuit circumstance, which is presented in Figure 3
(b), the values of the pure ZnO and other three different concentration CZO ETL in
devices are 93.27%, 94.66%, 96.29%, 96.40%, respectively. We corroborate from the
description above that the trend of 5% Cd into ETL tend to cause highly efficient

excitons dissociation and charges collection.

To verify the exist of CZO improving the device performance, therefore, Fig. 3 ()
shows under AM 1.5G 1000 W/m? irradiation (ITO/ZnO with Cd or without Cd/Al),
the 1-V data for these devices further show the 5% CZO-based device obviously
exerts higher photo-generated conductivity than the basic of pure ZnO devices,
producing high photoconductivity in favor of the photoinduced electron transfers from
active layer to ETL. Therefore, major photo-conduct is to the benefit of restraining
charge recombination and prompting electron to extract in PSCs. Thus, it is important
for improving conductivity to restrain interfacial charges recombination and enhance

charges extraction, electron/hole-transporting ability [32-33].
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Figure. 3. (a) The Jpn Vs Verr. (b) P(E,T) vs Verr. () -V curves of the electron-only devices in the
dark. (d) Electron mobility of ETL with different concentration CZO.

Table. 2. Gmax and corresponding Jpn /Jsat Values of various Cd-doped concentrations (molar
ratio)

ETL P(E T) Gmax(M™3-s7)
Pure ZnO 93.27% 1.10x10%8
Cd-doped 2.5% 94.66% 1.07x10%
Cd-doped 5% 96.29% 1.16x10%8
Cd-doped 10% 96.40% 1.04x10%

The following discussion further confirmes that CZO acts as ETL, accounting for
the theory of FF enhancement in doped system. The J-V curves of electron-only (pe )
devices along with individual Cd-doped ratios are shown in Fig (d), we elucidate the
carrier mobilities of ETL by adopting the space-charge limited current (SCLC)
model[33-37]. Electron-only devices were manufactured (ITO/CZO/PTB7-Th:
PC71.BM/PDINO/AI). The electron mobility of the electron-only device takes
advantage of the Mott—Gurney law. Which is described as:

9 (Vappl _Vbi)z

J= ggog, o
Jo is the current density, o is the permittivity of free space (8.85x10°22F/m), & is
the relative permittivity of the material(=3.00), pe and V are the zero-field mobility,

the effective voltage, respectively. L is the thickness of the active layer (100nm).



In the original device, the average electron mobility is calculated to be 8.33x107

cm?-v1.s’t, Duing to the electron mobility decreases gradually, 2.5% CZO (1.49x10™
cm?vtst), 5% CZO (2.86x10* cm?v?ts-1), 10% CZO (5.31x10° cm?v?ts?), so

photogenerated carriers loss are relatively low, which are able to well shed light on
the enhancement FF. Therefore, the electron mobility increases and improves

conductivity significantly, achieving high performance polymer solar cells in binary

systems.
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Figure. 4. Transmittance spectra of ETL under Cd-doped different concentration.

Through transmittance of the ETL investigated by UV-Vis spectroscopy, we
measured the transmission characteristic of the ETLs, carrying different
concentrations CZO in Fig. 4. The pure ZnO as a sample, prompting us to discover all
the CZO films show quite fine light transmittance, making sure the high absorption
and photocurrent generation. Particularly in the scope of 600-800 nm, it evidently
implicates that 5% CZO ETL can be perfectly used as an interface modification layer
of ITO glass. Therefore, the visible light can effectively transport from the active
layer to ITO/ETL the with little apparent absorption loss.

In order to further evaluate the essential impact of the ETL properties between
electrode and active layer on device performance. As shown in Fig.5. Atomic force
microscopy (AFM) studies indicate that the root-mean-square (RMS) surface

roughness of the pure ZnO and CZO film decreases from 3.08 to 2.12 nm ((a)-(b)).
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Although the surface morphology of all CZO look alike but the roughness of 5% is
the smallest, which means properly 5% CZO might higher improve the contact at the
CZOlactive blend. Thus, we believe that smoother surfaces of these films are
consistent with higher FF, which facilitate uniform, intimate contact with the
PTB7-Th: PC7:BM photoactive layer. Therefore, with 5% CZO nanocomposite thin
films as an ETL regards as a better select compared with only ZnO devices, and

achieving high performance polymer solar cells.
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Fig. 5. AFM phase images of the ETL with different Cd concentration (a) ZnO (b) 2.5% (c) 5%
(d) 10%. (5%5 um scan size)

We further investigate the dynamics of carrier transport through the photoelectron
(EIS). Which confirms the interfacial charge extraction and recombination on the
interface between the active layer and ETL. The equivalent circuit includes a
resistance Rs in series with a resistance Ry and a constant phase element (CPE) in
parallel. Rs, Ri represent resistive losses, photoactive layer resistance in this
equivalent circuit, respectively. the CPE indicates non-uniform interface causes a
non-ideal capacitor. CPE, including CPE-T and CPE-P two parameters. CPE-T

represents a value of capacitance and CPE-P is a factor relative to an ideal capacitor.

9



When CPE-P is equal tol, the CPE is considered to be an ideal capacitor without
defects and/or grain boundaries. In Fig. 6. shows the Nyquist plot of the devices with
and without Cd-doped buffer layer, which was measured in dark condition, 5% CZO
ETL significantly lower than other devices, indicating more efficient electron

extraction and reducing interfacial charge recombination at interface [38-42].
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Fig. 6. Nyquist plot of the PSCs with pure ZnO and different Cd-doped concentration

4. Conclusions

In summary, the electron transport layers of different concentrations CZO were
characterized by AFM, SCLC, transmittance, P(E,T), EIS etc. The experimental and
theoretical results show strategy that CZO of various concentration can supersede
only ZnO as ETL, Therefore, synthesized CZO as ETL has many advantages, such as
high  photovoltaic  performance, simple and low-temperature (70°C)
solution-processed, especially 5% concentration, which not only provides a PCE of
9.28%, but optimizes solar cell performance, improve conductivity and have
relatively high optical transmittance of thin films contributing to enhance photovoltaic
performance. And it will be a potential interface material for transport layer in future
PSCs.
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