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Abstract: In this paper, we demonstrate that the inverted CH3NH;3Pbl; (perovskite) solar cells
(PSCs) based on fullerene (Cgp) as an acceptor is fabricated by applying an improved poly(3,4-
ethlyenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) solution as a hole transport layer
(HTL). The power conversion efficiency (PCE) of inverted PSCs is increased by 37.5% with stable
values of open-circuit voltage (Voc) and fill factor (FF) because we enhance the viscosity of the
PEDOT:PSS solution, indicating the perfect effect on both external quantum efficiency (EQE) and
surface grain size. The characteristics of the PEDOT:PSS solution, which is being improved through
facile methods of obtaining excellent growth of PEDOT:PSS thin film, have a considerable impact on
carrier transport. A series of further processing fabrications, including reliable and feasible heating
and stirring techniques before the formation of the PEDOT:PSS thin film via spin-coating, not only
evaporate the excess moisture but also obviously increase the conductivity. The raised collection of
holes become the reason for the enhanced PCE of 3.0%—therefore, the stable performance of FF and
Voc are attributed to lower series resistance of devices and the high-quality film crystallization of
perovskite and organic acceptors, respectively.
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1. Introduction

One of the most important forms of renewable energy in the past decade has been solar energy.
In particular, solar cells based on hybrid organic-inorganic perovskite structures have developed
rapidly due to outstanding breakthroughs in the milestone of higher power conversion efficiency
(PCE), which has been researched and published from 3.8% to 22.7% over the past few years [1-7].
Perovskite solar cells (PSCs) have been regarded as a promising next-generation optoelectronic device
according to a series number of remarkable properties, including superior optical and electrical ability,
simple solution processing, and low-cost fabrication [1,2,8-10]. In addition, the organ-metallic halide
perovskite is suitable for many organic solvents, engineering with excellent solubility via fabricating
various volume ratios, including dimethyl sulfoxide (DMSO), N,N-Methylformamide (DMF), and
v-butyrolacton (GBL), etc. [11-13]. Moreover, the perovskite light-emitting diodes (PeLEDs) have
also improved in external quantum efficiency (EQE) values, such as for green emission of 9.3% and
near-infrared emission of 11.7% [8,14].

To date, the structure of PSCs have been classified into conventional and inverted categories.
Conventional PSCs generally obtain a high PCE but are not suitable for flexible future devices.
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Conventional PSCs contain a metal oxide as an electron transport layer (ETL), which is rigid and
requires high temperature processing for perfect electrical properties [15-19]. On the other hand,
inverted PSCs have a planar structure such as the following: glass substrate/indium tin oxide
(ITO)/poly(3,4-ethlyenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as a hole transport
layer, (HTL)/perovskite/fullerene (Cgp)/bathocuproine (BCP)/silver (Ag). It can be fabricated
by simple and low-temperature processing methods used in our previous research [13,20-22].
In general, the performance of PSCs mainly relies on the quality of the perovskite film composited of
methylammonium lead halide (CH3NH;3Pbls, MAI), particularly in the inverted structure, which does
not have a mesoscopic structure to control crystal growth in the film [3,7-9,13,15-17,23].

The PEDOT:PSS material is typically utilized as an HTL in organic and perovskite optoelectronic
devices as a solution for disadvantages in optical and electrical properties [11,24-26]. PEDOT:PSS is
considered to be a promising candidate due to its high flexibility, reasonably low material cost, and
ability to be deposited using a wide variety of coating processes. Its conductivity ranges between
an order of 1 and 107> S x cm™~!, depending on the ratio of PEDOT to PSS [25]. PEDOT:PSS has
good mechanical properties that are largely dependent on the amount of moisture available in its
environment. Although many metal oxides, such as molybdenum trioxide (MoO3) and tungsten
trioxide (WO3) are conventionally used as an HTL due to their excellent ease of deposition as a thin
film, both transmit at a visible wavelength range and surface roughness between HTL and the active
layer of the metal oxide films which are not perfect and suitable for inverted PSCs [3,5,7,13,20,21].
Recently, the conductivity and transparency of the PEDOT:PSS film has been highly enhanced and
extended to 4000 S/cm by various treatment processes and 97% at the visible range, respectively.
In other words, the PEDOT:PSS layer not only reduces the energy barrier between the highest occupied
molecular orbital (HOMO) of the active layer, but also improves the work function of the ITO electrode
to fluently transport the hole charge. The surface of the ITO also smoothens after spin-coating the
PEDOT:PSS solution, leading to favorable growth of the perovskite layer. The work function of
PEDOT:PSS can be tuned to better align with the valence band of the perovskite film [26], thereby
improving the holes collection and consequently enhancing device performance. In order to improve
the performance of inverted PSCs using PEDOT:PSS, the optimization of HTL is important. Thus,
a series of engineering improvements, including for the thin film, solution, and solvent, have been
explored and investigated to try and decrease costs during each fabrication process.

The advantages of spin-coating are the simplicity and relative ease with which they can be set up,
coupled with the thin and uniform coating that can be achieved. Because of the ability to have high
spin speeds, the high airflow leads to fast drying times, which in turn results in high consistency at
both macroscopic and nano-length scales. Although the PCE of the standard inverted PSCs using
PEDOT:PSS is about 13% while PCE above 16% has been achieved with additives and modifications to
the PEDOT:PSS layer [5,26], the cost they consume as a whole does not match the principle of economic
efficiency. In this paper, we report a reliable and feasible method to improve the characteristics of
PEDOT:PSS and further increase the performance of inverted PSCs via spin-coated PEDOT:PSS film
as HTL. The optimized fullerene-based PSCs show a significantly enhanced PCE of 11% because of
different concentrations of diluted PEDOT:PSS solution via heating and stirring in the preparation of
the PEDOT:PSS solution.

2. Materials and Methods

2.1. Preparation of the PEDOT:PSS Solution

We took different amounts of poly(3,4-ethlyenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
solution for processing—1700, 1500, and 1300 pL (1.3-1.7 wt % from H. C. Starck Baytron P AI-4083,
purchased from Heraeus Co., Hanau, Germany). Each PEDOT:PSS solution was firstly filtered with a
polytetrafluoroethylene (PTFE) filter of pore size 0.45 before being stably stirred at 300 rpm at 90 °C for
20 min on a hotplate to further remove excess moisture and promote the quality of each PEDOT:PSS
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solution. At the same time, we sealed the beaker with dustless paper to absorb the water vapor from
the heating process. The temperature value was obtained from the reading on the hotplate instrument.

2.2. Fabrication of the PEDOT:PSS Thin Film

The glass substrate-coated indium tin oxide (ITO) (AimCore Technology, Hsinchu, Taiwan)
with a sheet resistance (Rs) of 7 (2/sq was firstly patterned and sequentially cleaned by performing
consecutive and ultrasonic treatment in acetone, methanol, and deionized water for 5 min each.
Moreover, pre-cleaned ITO-glass substrate was dried under a nitrogen blow. The oxygen (O,) plasma
treatment on the ITO-glass substrate was conducted using radio frequency (RF) power at 10 W for
2 min at a pressure of 0.45 torr to enhance the work function [26-28]. The prepared PEDOT:PSS
solution was spin-coated onto the prepared ITO-glass substrate following the two-step parameters
process (1500 rpm for 5 s for the first step, and 5000 rpm for 30 s for the second), and was annealed at
120 °C for 15 min afterwards to fabricate HTL.

2.3. Preparation and Fabrication of CH3NH3Pbl3 Precursor Solution

The CH3NH3I of 1.25 M (>98%, Dyesol, Queanbeyan, Australia) and Pbl, of 1.25 M (99.99%,
Alfa Aesar, Haverhill, MA, USA) were dissolved in the allocated solvent of 1 mL, in which the volume
ratio (v/v) of dimethyl sulfoxide (DMSO) to y-butyrolacton (GBL) was mixed 1:1, to prepare the
CH;3NH;3PbI; (perovskite) precursor solutions. Then, the perovskite precursor solution was stirred
for 24 h and filtered with the PTFE filter of pore size 0.45 to fabricate the perovskite layer, which was
deposited by using the solvent engineering technique [11,12,22,27].

2.4. Fabrication and Characteristics of Perovskite Solar Cells

Figure 1a presents the configuration of the inverted perovskite solar cells (PSCs) as glass substrate/
indium tin oxide (ITO)/PEDOT:PSS/perovskite/fullerene (Cgp)/bathocuproine (BCP)/silver (Ag).
At the same time, the relative energy level of PSCs presents directly how the electron and hole move
to anode and cathode in Figure 1b. The fabrication of HTL (PEDOT:PSS) was as the above statement
(2.2) and the substrate was then transferred into a glove box filled with pure N,. Next, the perovskite
precursor solution was spin-coated onto the PEDOT:PSS layer via the consecutive two-step method
at 1000 rpm and 5000 rpm for 10 s and 20 s, respectively, to form a perovskite layer [11]. During the
spin-coating process at 5000 rpm, the toluene solution of 150 uL was dripped onto the wet and spinning
film and annealed on a hotplate at 90 °C for 15 min afterwards. The organic materials of Cgp and
BCP were used as an electron acceptor and an ETL, respectively. The organic materials and Ag were
deposited via vacuum thermal evaporation under a pressure of 4.8 x 10~ torr. The deposited rate of
organic materials was approximately between 0.02 nm/s and 0.04 nm/s, and the Ag was deposited
through a particular shadow mask, yielding an active area of 0.2 cm? at a deposition rate of 0.1 nm/s.
The deposited rate and film thicknesses were monitored using a quartz crystal oscillator. There were at
least 12 samples per type, which allowed for the simultaneous comparison of the reproducibility and
stability of the photoelectric properties. In addition, we designed each batch of experimental processes
to successfully set up four devices that could operate independently of each other.

The current density-voltage (J-V) characteristics of PSCs were measured using a power source
meter (Keithley 2400, Keithley, Cleveland, AL, USA) under an illumination of 100 mW/ cm? produced
by an AM1.5G sun simulator (Oriel 96,000 150 W Xe lamp, Newport, Taipei, Taiwan). The light
intensity was calibrated using a reference solar cell and meter (Oriel 91150, Newport, Taipei, Taiwan).
All the devices were encapsulated, and the active area was masked with a metal mask (area of 6 mm?)
before the measurement of ]-V characteristics was executed to ensure the reliability and accuracy of
parameters. However, the scanning speed of the voltage was 0.02 V /s and the direction of scanning
was from the negative voltage (—1 V) to the positive voltage (+1 V) in the measurement of J-V
characteristics. For the atomic force microscope (AFM) measurement (XE-70, Park Systems, Suwon,
Korea), the surface morphologies were determined in noncontact mode in air. The absorption spectra
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of the films were measured using a UV-vis-NIR spectrophotometer (UV-3900, Hitachi, Tokyo, Japan)
in the 400-850 nm wavelength range. The external quantum efficiency (EQE) measurements were
performed using the Solar Cell QE/IPCE measurement system (QE-3000, Titan Electro-Optics, Taipei,
Taiwan). The EQE spectra were performed with a SR830 lock-in amplifier (Stanford Research System,
Titan Electro-Optics, Taipei, Taiwan) under monochromatic illumination at a chopping frequency of
185 Hz. The X-ray diffraction (XRD) data were measured by an Ultima IV X-ray diffractometer (Rigaku,
Tokyo, Japan).
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Figure 1. The (a) structure and (b) energy level of each material used for perovskite solar cells (PSCs)
in this study.

3. Results

The CH3NH;3Pbl; (perovskite) solar cells (PSCs) had been accomplished by inverted structure
and three improved poly(3,4-ethlyenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) thin films
in the Figure 2a, which were controlled under three extractions of 1700, 1500, and 1300 pL strictly.
Both current density-voltage (J-V) curves and external quantum efficiency (EQE) results of the inverted
PSCs, fabricated with 100 nm cathode (silver, Ag), are shown, respectively, in Figure 2 to intuitively
showcase the device performance. After the program calculation, the maximum rectangular area under
the J-V curve can be preliminarily determined regarding which device has excellent performance
(red curve), indicating the higher PCE. It is also obviously found that the inverted PSC with an
extraction of 1500 pL attained the largest area, going upward slowly and smoothly as the voltage rises
steadily, as an alternative to other devices in Figure 2a. In Figure 2b, the trend of EQE spectra regarding
inverted PSCs with an extraction of 1500 pL has the same performance as that of an extraction level of
1700 uL between 300 and 420 nm, which is higher than that of the lowest extraction level of 1300 uL.
From 420 to 800 nm of EQE spectra, however, the light transformation for the electron is much better
than that of inverted PSCs with an extraction level of 1300 and 1700 pL, by integrating the area
under the EQE curve. Therefore, the superb performance and most effective photoelectron conversion
efficiency can be accomplished and obtained respectively from the inverted PSCs with PEDOT:PSS
extraction of 1500 pL by the EQE spectra in Figure 2b.
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Figure 2. The (a) ]-V curve and (b) external quantum efficiency (EQE) results for inverted PSCs,
fabricated with 100 nm cathode and controlled under three extractions of 1700, 1500, and 1300 uL strictly.

In order to explore each device performance in detail, Table 1 also presents the various parameters
of photovoltaic performance for inverted PSCs with 100 nm Ag, including short-current density
(Jsc), open-circuit voltage (Voc), fill factor (FF), series resistance (Rg), shunt resistance (Rq), and
power conversion efficiency (PCE). The V¢ of all inverted PSCs is converging steadily on ~0.8 V,
and the inverted PSCs with an extraction of 1500 pL performs better in Jsc, FF, PCE, and Rg for
17.39 mA /cm?, 0.64, 72.42 Q) x cm?, and 9.71%, respectively. At the same time, the PCE of the inverted
PSCs with extraction levels of 1300 and 1700 uL are 8.21 and 8.00% because of the lower Jgc of 13.38
and 13.91 mA/cm?, respectively. The FF can also directly decide the device performance. The lower
value of Rg of 61.1 Q) x cm? is achieved by the inverted PSCs with an extraction of 1500 uL, and
the higher value of Ry, of 9760 Q x cm? is accomplished by the inverted PSCs with an extraction of
1300 uL. It also reflects the maximum values of Jsc and Voc. However, the Voc and FF of all inverted
PSCs converge steadily on ~0.8 V and 0.7, respectively. The device which has improved PEDOT:PSS
with an extraction of 1500 uL has a perfect PCE of 11.0%, which is the highest score out of all other
devices. The maximum Jsc and Ry}, are achieved at about 18.6 mA /cm? and 9760 Q x cm?, respectively.
In order to understand what changes have arisen from electron transport under the fabrication of three
parameters, we measured the surface roughness via the AFM instrument.

Table 1. The photovoltaic performance of the inverted PSCs ! fabricated using three extractions of
PEDOT:PSS solution of 1700, 1500, and 1300 pL, and the 100 nm Ag.

Extraction of PEDOT:PSS Jsc Rs Rgn o
Solution (uL) (mA/cm?) Voe V) FF (Q X cm?)  (Q X cm?) PCE (%)
1700 13.38 £ 0.14 0.85 £+ 0.04 0.72 £ 0.12 79.0 £ 3.5 8074 + 45 8.21 £0.12
1500 18.60 £ 0.09 0.84 £+ 0.04 0.71 +0.14 61.1 +2.6 9760 + 37 11.00 £ 0.07
1300 1391 £ 0.15 0.87 + 0.02 0.66 +0.13 723 +42 9049 + 28 8.00 + 0.12

1 The structure of PSCs: Glass/ITO/PEDOT:PSS/Perovskite/Cg/BCP/ Ag (100 nm).

Figure 3 shows the surface morphologies and microscope images of each improved PEDOT:PSS
of 1700, 1500, and 1300 pL. From the microscope images of improved PEDOT:PSS of 1700 and 1300 uL,
can be directly seen that the difference between the highest and lowest point is immense through the
color difference in Figure 3a,c. However, Figure 3b shows a surface morphology with an island shape
with a lesser difference in color. Table 2 also explores in detail the surface roughness values of 1.19,
1.513, and 1.502 nm for each improved PEDOT:PSS of 1700, 1500, and 1300 pL, respectively. These
results explain why the PCE of the device with an extraction level of 1500 puL is relatively higher than
other devices. Further AFM measurement results with detailed measure parameters have been added
in the Figure S2a—c.
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Figure 3. The surface roughness and grain size of improved PEDOT:PSS with three extractions of
(a) 1700, (b) 1500, and (c) 1300 pL from an atomic force microscope (AFM) measurement.

Table 2. The surface roughness (Rq) values about improved PEDOT:PSS with three extractions of 1700,
1500, and 1300 pL, which were coated on the glass substrate.

Extraction of PEDOT:PSS Solution (uL) Rq (nm)
1700 1.190
1500 1.513
1300 1.502

4. Discussion

The growth of CH3NH;3Pbl; (perovskite) thin film depend on the surface morphologies of
poly(3,4-ethlyenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) thin film. That is to say, one of
the most important factors for high power conversion efficiency (PCE) in inverted PSCs is the quality
of the growth of perovskite thin film, which is deposited on a PEDOT:PSS thin film. The absorption
spectrum of perovskite and fullerene (Cgp) material, which is an active layer in the inverted PSCs,
is also presented from 400-850 nm in the Figure S1. The wavelength range of light absorption is roughly
concentrated from 400-650 nm, which corresponds to the result of EQE measurement in Figure 2b.
Therefore, it is found that the short-current density (Jsc) of inverted PSCs, which is fabricated by
improved PEDOT:PSS solution, is improved respectively from 13.38 to 18.60 mA/cm? in Table 1.
On the other hand, the fill factor (FF) and open-circuit voltage (Voc) are also maintained stably at
~0.70 and 0.80 V. Further improvements can be seen from the external quantum efficiency (EQE) results
in Figures 2b and 3b. The EQE can be interpreted as the following equation [13,15]:

NEQE = NA X MED X NcT X Nee 1)

where 1, is the absorption efficiency of incident photons, ngp is the efficiency of photo-generated
excitons that diffuse to the heterojunction interface, ncr is the charge transfer efficiency, and ncc is
the charge collection efficiency. In this great performance of Jsc, the EQE spectrum of the devices is
associated with the np and net. According to the area integration of the EQE curve from 300 to 800 nm,
the nct presents the amount of photos converted to electrons and explains why the enhancement of
Jsc has as a percentage of 26.375% under the average condition.

At the same time, the steady Voc of ~0.8 V and low series resistance (Rg) of 61.1 Q) x cm? are
the second factor for the enhanced PCE from 8.00 to 11.00%. In Figure 1b, it is clear that the Voc,
which is associated with the energy level difference between the highest occupied molecular orbital of
the donor (HOMOp) and the lowest unoccupied molecular orbital of the acceptor (LUMO,), can be
sustained at a steady state because the donor and acceptor materials have not been changed. More

detailed information about Vo is related to the following equation:
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Voc = é(LUMOA — HOMOp — A) — K?T ln(n;%h> @)
where ne and ny, are the electron and hole densities in the C¢y and the donor at open circuit, K is the
Boltzmann constant, A is the energy shift, T is the Kelvin scale, and N¢ is the density of conduction
states at the band edge of C¢p and donor (assumed to be equal here). The commonly accepted value,
Voc = (LUMO, — HOMOYp), is obtained from the above equation only at T = 0 K. The validity of the
first term in the equation has been verified for a number of 0.3 V of previously unknown origin [20-22].
At finite T, because of the fundamental statistics of Fermions, the quasi-Fermi levels move away from
LUMO, and HOMOp, respectively, and into the gap above the polymer HOMO energy level and
LUMO energy level. The resulting reduction in Voc is given by the second term in the equation and is
the origin of the “missing 0.3 V” [29]. In general, the Rg of the device would also present an upward
trend when the thickness of the electrode (anode and cathode) increases gradually. But the thickness of
the whole device should also be carefully considered, which reflects on the value of FF. To characterize
a solar cell, three important parameters are usually considered; Voc, Jsc, and FF [29-31]. The FF not
only depends on the recombination and extraction of free charges, but also gives insight into why the
FF changes so much with light intensity, thickness, and material properties in the bulk-heterojunction
solar cells. The definition of FF can be expressed as the following equation:

Jmpp Vvpp
FF = —/——— 3
JscVoc ©)

where the Jypp and Vyipp are the current density and voltage at the maximum power point (MPP),
respectively. It is amazing that the magnitude of the increase has been expressed remarkably as a
percentage of 37.5% in PCE when the Voc value is at a steady state of ~0.8 V.

The interface engineering between the active layer and electrode is gradually an immense issue
of PSCs. Both the hole transport layer (HTL) and electron transport layer (ETL) play an unyielding
role in effectively transporting electrons and holes. Thus, we can clearly find and compare that the
inverted PSCs with an improved PEDOT:PSS thin film of 1500 uL extraction has a greater grain size
than that of another devices shown in Figure 3b. The collection of holes is affected by the grain
size of PEDOT:PSS thin film, although the surface roughness (Rq) is close for each device in Table 2.
The surface morphology of PEDOT:PSS thin film has a clear island shape in Figure 3b, leading to
the rise in Jgc. The purpose of optimizing the viscosity or concentration of the PEDOT:PSS solution
via removing excess water is to fabricate the superb thin film. The evaporation of excess moisture
in the PEDOT:PSS solution, which was treated through the hotplate before the fabrication of HTL,
is the main reason for the PCE increase of about 2.0%. We used a sophisticated electronic balance to
measure the total weight before heating as well as the weight loss from the evaporated moisture after
heating. The weight of the total PEDOT:PSS solution and evaporated moisture were about 22.8337 g
and 0.4812 g. The viscosity of the PEDOT:PSS solution has been improved successfully by removing
excess moisture to increase the conductivity of the PEDOT:PSS solution. On the other hand, we also
found that the optimized PEDOT:PSS thin film will make the growth of perovskite film more efficient
after a series of solution preprocessing with heating and stirring. How the maximum values of FF
and Jsc can be achieved under the condition of optimized Rg will be serious topics for study in the
future. The thickness and characteristics of used materials, especially the HTL, ETL, and perovskite
layer, will be key factors affecting the PCE of the PSCs. Non-fullerene and the cascade concept needs
to be further investigated and applied to PSCs.

5. Conclusions

The inverted CH3NH;3Pbl; (perovskite) solar cells (PSCs) with an optimized hole transport layer
(HTL) and electrode thickness have been fabricated, and significant power conversion efficiency (PCE)
has been accomplished from 8.00 to 11.0%. We found a significant increase in viscosity when excess
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moisture was removed in the poly(3,4-ethlyenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
solution as an HTL through using an effective and simple method. Both the improved conductivity
and surface morphology of the island shape from PEDOT:PSS helped the collection and transport
of the hole. Besides, optimization of the viscosity or concentration of the PEDOT:PSS solution via
removing excess water was in order to fabricate the superb thin film. The fabrication process, including
the heating and stirring, was found to increase the viscosity and collection of electrons—however,
the trend of series resistance (Rs) decreased from 79.2 to 61.1 Q x cm?. Three important parameters in
the PSCs showed an abundant improvement—39.01% for short-current density (Jsc) and 1.35 times for
PCE, under a steady-state value of open-circuit voltage (Voc) of ~0.8 V, and a fill factor (FF) of 0.70.
Therefore, the stable performance of FF and Vo are attributed respectively to a lower series resistance
of the device and high-quality film crystallization of the perovskite and organic acceptor. Further
investigation and improvement of the non-fullerene and cascade concept is expected by growing a
water-resistive coating or ion doping onto each thin film in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/8/9/358/
s1, Figure S1: The normalized absorbance spectrum of active layer, the perovskite material (red curve) and
fullerene material (Cgp, blue curve), in the inverted perovskite solar cells from 400-850 nm, Figure S2: The AFM
measurement result for the PSCs with specific tilt angle (X-Y-Z of —40° —30° —30°) and scan area (5 x 5 um),
which is fabricated through improved PEDOT:PSS solution of: (a) 1700 uL, (b) 1500 uL, and (c) 1300 uL as HTL.
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