FUNDAMENTAL STUDY OF SOLUTION PROCESSED INORGANIC HYBRID THIN
FILM SOLAR CELLS

by
Minlin Jiang
Bachelor of Science, Jiangxi Normal University, 2000
Master of Science, Shanghai Jiaotong University, 2009

Master of Science, South Dakota State University, 2012

Submitted to the Graduate Faculty of
Swanson School of Engineering in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2017



UNIVERSITY OF PITTSBURGH

SWANSON SCHOOL OF ENGINEERING

This dissertation was presented

by

Minlin Jiang

It was defended on
February 17, 2017
and approved by

William E Stanchina, PhD, Professor
Department of Electrical and Computer Engineering

Hong Koo Kim, PhD, Professor
Department of Electrical and Computer Engineering

Kevin Chen, PhD, Professor
Department of Electrical and Computer Engineering

Paul Leu, PhD, Associate Professor
Department of Industrial Engineering

Dissertation Director: Guangyong Li, PhD, Associate Professor
Department of Electrical and Computer Engineering



Copyright © by Minlin Jiang

2017
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Solar energy is inexhaustible. It’s effective and widespread utilization is the way to prevent the
Earth from being further polluted. Solar cell has been demonstrated to be the most promising
technology to produce electricity by absorbing sunlight, with crystal silicon (c-Si) solar cell
leading the market. However, significant amount of energy is required for manufacturing of crystal
silicon solar cells because of vacuum-based fabrication process and high consumption of raw
materials.

Solution processed thin film solar cells have been considered as promising alternatives to c-
Si solar cells because of the low-cost process and low consumption of raw materials. In this work,
two types of thin film solar cells (TFSCs), namely Cu2ZnSnS; (CZTS) and CH3NH3PbI3

(MAPDI3) have been explored with a focus on the fabrication and characterization. In the case of

iv



CZTS TFSCs, a promising efficiency of 6.2% has been obtained by modifying a water-based
process previously developed. In the case of MAPbIs TFSCs, an efficiency of 15.39% has been
achieved from a spin-coating process. By incorporating with Cl into MAPbI3z thin film, the
efficiency was significantly increased to 18.60%. To improve the stability of MAPblz TFSCs, a
device structure incorporating inorganic metal oxides as charge transport layers (CTLs) has been
developed. A promising result with a highly stable and a highly efficient perovskite solar cell was
obtained.

The mechanisms behind the improvement were revealed by open-circuit voltage decay
(OCVD) measurement, admittance spectroscopy (AS), temperature-dependent open-circuit
voltage (Voc), and Kelvin probe force microscopy (KPFM). By comparing the device properties
of CZTS solar cells and MAPbIz solar cells, it was found that the interfaces of these two types of
solar cells were crucial in improving their efficiencies. Therefore, interface engineering should be

prioritized to further improve the efficiencies of these two PV technologies.
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1.0 INTRODUCTION

Pollution of the earth and shortage of energy sources have been the bottleneck of survival and
development for human being since the start of the 21st century. Therefore, lowering energy
consumption and protecting the environment have gradually gained attention from all over the
world. To keep sustainable development, governments, research institutes, and industries have
been fighting for the problems caused by the shortage of available energy sources. It is well known
that the best way is to exploit renewable energy resources. Solar energy is considered as the most
economic and effective among all available renewable energy resources. Solar energy is
inexhaustible and it has already been theoretically and experimentally proved that the earth would
not be polluted at all if solar energy was utilized effectively. To encourage and to promote the
direct utilization of solar energy, developed countries have been legislating and deploying solar
initiatives.

Joint Research Centre (Europe) predicted that energy directly harvested from sunlight would
be 20% of total energy consumption in 2050, and this value could be over 50% in 2100. Solar
energy will be widely utilized in industries, agriculture and daily life. Photovoltaic (PV) systems

have gained tremendous development due to intrinsic advantages as follows:

. Directly translate sunlight into electrical energy;
. Movable parts are dispensable when constructing PV systems;
. Lifetime is over 20 years without any maintenance.



It was reported by Solarbuzz that 16.3 GW PV modules had been shipped to customers in
2010 with the lion’s share going to crystalline silicon (c-Si) technology (71%). However, market
share of thin film PV technologies has been increasing rapidly due to high cost and energy
consumption input in manufacturing c-Si PV of modules. There are three main thin film PV
technologies, CdTe, CulnxGai1xS(Se)2 (CIGS), and thin film Si, which has gained 14%, 9%, and
6% of PV market share in 2010, respectively (Fig.1.1) [1]. Nevertheless, thin film Si solar cell has
been relatively underdeveloped due to low efficiency and instability from the Staebler—Wronski
effect. For the other two thin film technologies, there are restriction on usage of heavy metals such
as cadmium, limitations in supply for indium and tellurium, and resultant wide fluctuation in prices
of indium and tellurium. These render the combined production capacity of the existing CdTe and
CIGS technologies to lower than 100 GW per year, a small fraction of energy consumption, which

is expected to be 27 TW by 2050 [1, 2].
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Figure 1.1 Market share of different PV technology.

Recently, quarternary compound Cu2ZnSnSs (CZTS) and methylammonium lead iodide
(CHsNHsPbls) (MAPDI3) have been intensively examined as alternative PV materials due to their
excellence in material properties and the relative easiness of fabrication process. Both CZTS and
MAPDI3 are excellent light absorbers with a high absorption coefficient (> 10* cm™) and a
desirable bandgap (~1.50 eV). Most importantly, the highest efficiencies obtained from these two
materials were achieved using solution-based processes, indicating low-cost, high-efficiency PV

technologies could be realized using these two PV technologies [3] [4].



1.1 SOLUTION-PROCESSED THIN FILM SOLAR CELLS

1.1.1 Cu2ZnSnSs (CZTS)

The first (I)2(IN)(IV)(V1)s solar cell was developed in 1977 by Wagner and Bridenbaugh [5]. A n-
type CdS thin film was evaporation-coated on vapor transportation-grown Cu>CdSnS4 single
crystal substrate to form the p-n junction. This device showed a short-circuit current density of 7.9
mA/cm?, an open-circuit voltage of 0.5 V, and a conversion efficiency of 1.6%. The authors
pointed out that a large series resistance limited the performance. In 1988, a heterojunction solar
cell with an open circuit voltage of 165 mV was achieved by depositing cadmium tin oxide on
CZTS thin film [6]. In 1997, the first CZTS TFSC with efficiency of 0.66% was realized by
Katagiri using electron beam deposition followed by sulfurization [7].

Most of the reported CZTS solar cells adopt a p-n junction consisting of two different
materials with different bandgap energies, which is defined as heterojunction. In the band diagram
of a heterojunction, there is a discontinuity in the conduction and valence band edges due to the
difference of band gap. As shown in Fig. 1.2, the conduction band offset between CdS and CZTS
is a spike where the conduction band edge of CdS lies above that of CZTS [8]. Photogenerated
electrons crossing the junction need to tunnel through the spike before they can be collected at the
front contact. The efficiency of collection is reduced, leading to increasing of recombination
current from tunneling of electrons to interface defects in the CdS. For CZTS solar cell, n-type
CdS and p-type CZTS are used to form p-n junction, where external dopants are not needed to
make n-type or p-type semiconductors for CZTS solar cell. The above-mentioned CdS and CZTS
show n-type conductivity and p-type conductivity, respectively, due to a process called self-

doping. For CdS thin film, n-type conductivity was caused by a donor level of 21 meV, which was



assigned to excess Cd [78]. Similarly, the commonly observed p-type conductivity in CZTS thin

films comes mainly from the Cuz, antisite defect [9].
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Figure 1.2 (a) Schematic structure of CZTS solar cell and (b) band diagram of the CdS/CZTS

heterojunction (adopted from [8]).

The highest efficiency obtained from CZTS is 12.6%, with a Jsc of 35.2 mA/cm?, a Voc of
0.51V, and a FF of 69.8% [3]. Compared to the record 21.7% CIGS solar cell with similar
bandgap, the biggest difference is the Voc [10]. The deficit of Voc, which is defined as the

difference between Eg/q and Voc, of the record CZTS solar cell is 0.62V, while that of the record



CIGS solar cell is 0.38V. Finding a way to improve the Voc of CZTS solar cells would
significantly increase the efficiency of CZTS solar cells.

The deficit of Voc is mainly affected by the recombination at interfaces of CdS/CZTS,
CZTS/Mo, and in the CZTS absorber layer. Polycrystalline CZTS thin film contains a large density
of intrinsic defects which is 1.0x10* cm, while that of CIGS is 1.3x10* cm™ [11]. The large
defect density increases the density of trap states and recombination centers, resulting in the
following consequence:

e Diffusion lengths are much shorter than that of silicon wafer-based solar cells. To
increase absorption, either a strong optical absorber or multiple junctions must be used.

In the case of amorphous silicon solar cell where diffusion lengths are extremely short, p-
i-n structure is employed to extend the built-in electric field to aid carrier collection. In
the case of organic solar cell where diffusion lengths are even shorter, nanostructure and
bulk junction are employed to facilitate carrier collection.

e The presence of defect states in the band gap can limit the built-in voltage due to Fermi
level pinning. Also, the presence of defect states will lead to high dependence of minority
carrier lifetime and diffusion constant on carrier density.

e The presence of grain boundaries and other intrinsic defects increases the resistivity of

CZTS thin films, making the conductivity highly dependent on carrier density.

1.1.2 CHsNHsPbls (MAPDI3)

The first MAPDI3 solar cell with an efficiency of 3.81% was reported by T. Miyaska in 2009 [12].
Due to the dissolution of MAPDIs in acetonitrile, the performance degraded quickly under

irradiation. Another nonpolar solvent, ethyl acetate, was adopted to prevent the dissolution in 2011



[13]. The performance of MAPbIs solar cell was improved to 6.54%. It was mentioned that the
stability of the MAPDIs solar cell under continued irradiation was approximately 10 min (about
80% degradation) because MAPbIs quantum dots tends to be dissolved gradually into the redox
electrolyte. A solid hole transporting material (HTM), 2,2°,7,7’-tetrakis(N,N-di-
pmethoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) was used to replace liquid
electrolyte in 2012 [14]. An efficiency of 9.7% was obtained. Furthermore, compared to the liquid
cell, the stability was remarkably improved. A sequential deposition method was developed to
deposit MAPbIs in 2013 and a remarkable efficiency of 15.0% was achieved [15]. In the same
year, an evaporation deposition method was applied to fabricate MAPDbI3 thin film [16]. The
efficiency was further improved to 15.4%. Since then, numerous groups have shifted their research
focuses to investigate MAPDIs solar cells. The efficiency of perovskite solar cells has been
surprisingly rapidly improved from 3.8 % in 2009 [12] to 20.1% in 2015 [4]. This great advance
is mainly attributed to the rigorous efforts that worldwide research groups have been taking to
deposit high quality perovskite thin films [17-19]. The tremendous improvement can also be
attributed to the two device structures developed for almost 20 years. One structure is based on
TiO> as electron transport layer (ETL) and spiro-OMeTAD as hole transport layer (HTL) (Fig. 1.3
(@) and (b)) [20]. The other structure is based on organic ETL such as PCBM and organic HTL
such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and poly(3-
hexylthiophene-2,5-diyl) (P3HT) (Fig. 1.3 (c) and (d)) [21]. The perovskite thin film is deposited
in between as absorber layer to fabricate perovskite solar cells. Due to the high sensitivity of these
organic materials to moisture and oxygen, a nitrogen glove box with strict control on the

concentration of moisture and oxygen was usually used to fabricate perovskite solar cells [17, 22-



25]. However, the perovskite solar cells reportedly degraded quickly once they were removed from

the nitrogen glove box and stored in ambient environment [26-28].
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Figure 1.3 (a,c) Schematic structure and (b,d) band diagram of the perovskite solar cells with different

structures (adopted from [20] [21]).



Although MAPbI; TFSCs have evolved from the dye sensitized solar cell (DSSC) and
adopted a device structure similar to bi-layer organic solar cells, it has been found recently that
they work differently from organic solar cells [29]. The strong and abroad absorption spectrum,
the long diffusion length of minority carriers, the large two-carrier recombination rate, and the
polycrystalline structure observed in MAPDIs thin films indicate that MAPbIs TFSCs function
more like inorganic polycrystalline solar cells such as Cu(In,Ga)Se> (CIGS) solar cells. The
diffusion length of CIGS thin film was estimated to be around 1um [30]. Passivation of grain
boundaries (GBs) by sodium incorporation in polycrystalline CIGS thin film is recognized to be
one of the mechanisms for increasing the diffusion length. Similarly, it was observed that the
diffusion length of MAPDI3 solar cell was significantly increased by doping MAPDI3 thin films
with negligible amount of Cl. However, the mechanisms behind this improvement are unclear.
Admittance spectroscopy (AS) has been successfully employed to study the defect density of CIGS
and CZTS thin films [31, 32]. As mentioned earlier, polycrystalline CZTS thin film contains a
large density of intrinsic defects which is 1.0x10% cm3, while that of CIGS is 1.3x10%cm™ [11].

Similar fundamental studies should be conducted on MAPDI; solar cells.

1.2 MOTIVATION

Most of the reported CZTS TFSCs were fabricated either by highly expensive vacuum-based
methods, or by highly toxic and flammable solvent-based methods. Fabrication process based on
low-cost nonvacuum-based methods and environmentally friendly chemicals such water is needed.
For MAPDI3 TFSCs, due to the high sensitivity of the organic charge transport layers to moisture

and oxygen, the ultimate advancement in the device stability of perovskite solar cells has yet to be



realized. Device structure with inorganic charge transport layers should be developed to improve
the stability of MAPbI; TFSCs.

In addition, the research focus of CZTS and MAPbIz TFSCs has been on development of new
fabrication methods. The working mechanisms of the devices have been rarely addressed in
literatures. Considering the solution-based method used to achieve more than 20% MAPDbI3 solar
cells [4], it would be interesting to investigate the device properties of MAPbIs, such as carrier
lifetime and defect density. Not only fundamental studies on these fields are necessary to advance
the perovskite PV technologies, but also the results can be utilized as a guidance to improve the

performance of solution-processed CZTS solar cells.

1.3 CHARACTERIZATION METHODS

1.3.1 Open-Circuit Voltage Decay (OCVD)

The open-circuit voltage decay (OCVD) method was developed to measure the minority carrier
lifetime in solar cells [33]. This technique has certain advantages over frequency or steady-state-
based methods [33]. First, the lifetime as a function of Voc at high-voltage resolution can be
obtained continuously. Second, this technique does not require special treatment on samples,
which are kept undamaged during the measurement. Finally, the data processing is relatively
simple. To obtain minority carrier lifetime, only one first derivative is required.

The solar cell is initially under a constant illumination generated from a sunlight simulator
(Fig. 1.4). The Voc is continuously measured. Minority carriers are injected into the base region

during the illumination. Upon the blockage of the illumination, the Voc starts to decay due to the

10



recombination of minority carriers. To theoretically explain the mechanism, a p*-n junction, where
the conductivity of the p*-region is much greater than that of the n-region, is considered [34]. Let
pn be the hole density present in the n-region under thermal equilibrium conditions, and Ap be the
excess hole density injected due to the illumination in the n-region at the boundary of the junction
transition region. The total hole density at the junction boundary will be
p = pn + 4p. (2.1)
From the theory of the p-n junction, the hole density in the n-region at the junction boundary is
given by
p = pre?’/ (2.2)
where V is the junction voltage. Combing 2.1 and 2.2, the junction voltage V can be obtained:
V= ("q—T)ln(1 + (2—:)) (2.3)
Assuming the excess carrier concentration, Ap, decays exponentially according to a single
effective lifetime, ze, namely,
Ap = Apoe~/%e, (2.4)
where Ap, is the excess carrier density at the specific time when the illumination is blocked.

The junction voltage at t=0 (at the specific time when the illumination is blocked), Vo, is

Vy = ("q—T)ln(1 + (22, (2.5)

Dn.
Combing 2.3 and 2.2, and 2.5, the junction voltage, or the Voc, as a function of time, t, can

be obtained from:
Ve = (1 + (0047 — 1)) @9
Usually gV, » kT Eq. 2.6 can be simplified to

\4
Voo = (Din(1 + e /™), 27)
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Assuming —t /7, is small, Eq. 2.7 can be further simplified to

Voo = () (e = t/70).

Therefore, the effective carrier lifetime can be obtained as

Te = = X qWse

. — - - - -, 4— Steady-state Voc

I
! lllumination Vo

0 0.005 0.015  0.025 0.035
Time (s)

from [35]).
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(2.8)

Figure 1.4 lllumination from a sunlight simulator and measured values of Voc at different time (adopted



1.3.2 Admittance Spectroscopy (AS)

Admittance Spectroscopy is a technique which measures the sample capacitance, C, as a function
of applied AC frequency, f, and temperature, T. This technique can yield the thickness of the film,
the position of the Fermi energy in the bulk, the energetic position of dominant defect bands that
occur between the Fermi energy and mid-gap, and an estimate of the density of those states [36].
The diode capacitance is traditionally analyzed using the depletion approximation, which
assumes that that the depletion region is precisely defined, ends abruptly, and is fully depleted of
free carriers. In the depletion approximation, the depletion width will vary with applied bias, but
the charge density p(x) within the depleted region remains constant (where x is measured through
the depth of the film, with x=0 at the interface), while the bulk region remains neutral. Then, as
long as the free carrier relaxation time is short compared with the applied ac frequency, the
capacitance response originates from the depletion edge, giving
C = e AW , (2.9)
where W is the width of the depletion region, A is the area of the device, and ¢ is the semiconductor

dielectric constant.
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Figure 1.5 (a) Schematic of band bending with one deep trap state, (b) charge density variation through the
depletion region due to the trap state, and (c) in response to a changing bias, dV/dt, changes in space charge density

dp/dt can occur at both xr and W, as indicated (adopted from [37]).

When energy level, Et, with a density of Nt is present deeper in the band gap in the bulk, xt
as shown in Fig. 1.5, the depletion approximation no longer necessarily holds true, and carrier

capture and emission from these states must also be considered [37]. However, when the
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temperature of the sample is too low, or the frequency applied is too high, there is no time for
carriers in the bulk to drift in and out of the depletion edge in response to the applied AC voltage.
Under this circumstance, the capacitance response will be that of the bulk dielectric,

C =¢egyA/h, (2.10)
where h is the distance between the top and back contacts. Increasing the temperature, T, or
decreasing the frequency, f, the capacitance will be changed to that shown in Eq. 2.9. A step will
be observed in the C-f curves as shown in Fig. 1.6 (a). For electron traps, the electron emission
rate, en is given by

en = Y OnaT2exp(—72), (2.11)
where a,,, IS the capture cross section for electrons, E,,, is the activation energy of the trap state
referenced to the conduction band edge. The characteristic time of the capacitance measurement
is defined by the angular frequency of the applied ac voltage, w, such that states with emission

rates e, > w respond to the applied ac voltage. The cut-off energy, E, , can be derived from
w = yo,,T?exp(— f—;) . (2.12)
Only trap states with activation energy E,,, up to the cut-off energy E, will respond dynamically

to the applied ac voltage. For a specific defect energy level with activation energy E,,;, only w and

T are changeable in Eq. 2.12 which can be transformed into

1
ln;f)—z =In(yoy) — Eo - (2.13)
By taking first derivative of Eq. 2.13, we can get
dw @
TR (2.14)

ac - do & (2.15)

dEe dE, dw

Combining Eqgs. 2.14 and 2.15, we get
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Figure 1.6 (a) Raw data of Admittance Spectroscopy for a CIGS device, (b) The Admittance Spectroscopy

data after applying Eq. (2.11), showing the characteristic (peak) frequencies at each temperature, (c) Arrhenius plot

of each peak (circles) and the linear fitting (line), (d) DLCP data (circles) in comparison of admittance spectroscopy

data (-fdC/df) data (solid line) (adopted from [37]).
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By applying Eg. 2.16 to the admittance spectroscopy data shown in Fig. 2.3 (a), the

characteristic frequencies at each temperature can be obtained as shown in Fig. 1.6 (b). The (In %

%) data points from each peak can then be plotted on an Arrhenius plot as shown in Fig. 1.6 (c).

Using Eq. 2.13 to linearly fit the data, the slope then yields the activation energy E,,, while the
intercept can be used to derive the capture cross section o,,. The trap density, N, versus E. can

be obtained by rescaling the w axis to E. by the following equation:

— _YpidC o
Ny = qW dw kT ' (2'17)

where Vy; is the built-in voltage, W is the thickness of the intrinsic layer.
1.3.3 Temperature-Dependent Open-Circuit Voltage

As introduced earlier, both CZTS and MAPbIs thin films are polycrystalline. The corresponding
PV devices are considered heterojuction solar cells since the p-n junctions in these devices form
between two different semiconductors. One diode model has been developed to describe and
analyze the J-V behaviors of these thin film solar cells [38, 39].

The forward current density of the heterojunction under illumination, J, is described by
J =Joexp (5i7) = Jon (2.18)
where J, is the saturation current density of the diode, ], is the photocurrent, V is the applied
voltage, A is the ideality factor, and kq—T is the thermal voltage, a constant of 26 meV. J, is caused

by the recombination process, which is highly temperature dependent. Therefore, J, can be

described by

Jo = Jooexp(2) , (2.19)
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where J,, is the temperature dependent prefactor, while E, is the activation energy of the
recombination.

By combining Eq. 2.18 and 2.19, we get
J = Jooexp(72) exp(Em) = Jyn - (2.20)
When the illuminated solar cell is short-circuited, the forward current density J is named as short-
circuit current density, /., which is approximately equal to J,p:
Jsc = Jpn - (2.21)
When the illuminated solar cell is open-circuited, the forward current density J is zero, while the

voltage V is named as open-circuit voltage, V, ., which can be expressed as:

V,, = Aqﬂln(’;ﬂ) . (2.22)
0
By combining Eq. 2.21 and 2.22, we get
Ve ~ Aqﬂln(’;—C) . (2.23)
0
By combining Eq. 2.19 and 2.23, we get
Voo = =2 — 2 In(L2) | (2.24)

Assuming A, /., and J,, are independent of the temperature T, a plot of V. versus T should yield
a straight line and the extrapolation to T=0 K gives the activation energy Ea [40]. By comparing
the value of Ea with the bandgap energy of the absorber layer in the solar cell, Eg, the dominant
recombination process can be figured out. If the value of Ea equals to Eg, the recombination in the
bulk dominates. If the value of Ea is less than Eg, the recombination in the interface dominates

[40].
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Figure 1.7 Temperature dependence of the open circuit voltage (Voc) and its linear extrapolation line to 0
K for the 15.2% efficient CIGS device (dashed line) and the 10.1% efficient CZTS device (solid line), which helps

to elucidate the dominant recombination process in the two types of devices [40].

1.3.4 Kelvin Probe Force Microscopy (KPFM)

KPFM is an advanced mode of atomic force microscopy (AFM) that can simultaneously measure
the local topography and SP distribution of samples with a lateral resolution in nano scales. Its
applications are widely found in semiconductor devices especially in solar cells [41-44]. In the
characterization of cross-sectional surfaces of solar cells, one of the most commonly used
techniques is to bias the solar cell with different DC voltages [44, 45]. As pointed out by Chen et

al., SP distribution within a cell under illumination in an open-circuit condition is equivalent to
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the SP distribution within the cell when it is measured in dark while being forward biased at its
open circuit voltage [45]. This indicates that, by biasing a solar cell with different voltages in dark,
we can study the SP distribution of the cell at its operating condition. In this work, a single-path
scan KFPM, Agilent SPM 5500, was used in the characterization of planar perovskite solar cells.
All KPFM measurements were carried out in dark ambient condition with different DC biases
provide by a power supply. Shown in Figure 1 is the experimental set up and the working principle
of KPFM. Cathodes of planar perovskite solar cells were connected to the common ground of
KPFM and power supply while various DC bias voltages were applied to the anodes of perovskite
solar cells. In operation, KPFM system records the DC voltages biased to its conductive probe at
the point when the electrostatic force between probe and sample is nullified at the electrical
frequency. The corresponding DC values can then be further processed to acquire SP distribution

of the sample [46].
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Figure 1.8 Experimental set up and working principle of KPFM (amplitude modulation).
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2.0 EFFECTS OF SELENIUM VAPOR ANNEALING ON CZTS SOLAR CELLS

Kesterite Cu2ZnSn(S,Se)s, or CZTSSe, is one of the most promising materials for high-efficiency,
low-cost thin film solar cells. Efficiency of more than 12% has been reported for CZTSSe solar
cell using a hydrazine-based solution process [47]. Efficiency greater than 9% was also achieved
with CZTSSe solar cells using a coevaporation method [48]. Among various deposition techniques
for CZTSSe thin films, solution-based processes have attracted more attention than vacuum-based
methods because of their potential low cost. Significant progress has been achieved on CZTSSe
thin film solar cells using solution-based methods [49-53].

Yang et al. reported a CZTSSe solar cell, fabricated from a spin-coated hydrazine-based sol
gel, with an efficiency of 8.08% [53]. Here, a sol gel containing Cu.S, SnSz, Zn, and S was
prepared by mixing each constituent dissolved in hydrazine into final ratios of Zn/Sn = 1.2 and
Cu/(Zn + Sn) = 0.8. Additionally, Cao et al. reported a CZTSSe solar cell fabricated from a spin-
coated CZTSSe precursor ink, containing nanoparticles of CuzSs, ZnS, and SnS dispersed in
hexanethiol [54]. The device showed an efficiency of 8.5%. Ki et al. reported an efficiency of 4.1%
from a CZTSSe solar cell fabricated using CZTSSe precursor solution [55]. The clear, light yellow
CZTSSe precursor solution contained Cu(CHsCOO)2-H20, ZnCl,, SnCl;-2H-0, and thiourea
dissolved in dimethyl sulfoxide. Most of the reported solution-based methods rely on non-aqueous

solvents such as hydrazine and organic solvents. In the case of hydrazine, toxicity and flammability
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necessitates careful handling and extreme caution. For organic solvents, carbon is often left in the
CZTSSe thin film after annealing, a problem that degrades the solar cell’s performance.

We have recently developed a novel water-based, solution-processed method for CuZnSnSs
(CZTS) thin film solar cells [56-58]. In this method, commercially available metal chlorides and
thiourea are dissolved in water to create a CZTS precursor solution which can be easily deposited
on substrates by spin-coating. The efficiency of the water-based, solution-processed CZTS solar
cell was low but promising, considering its environmental safety and potential low cost. The
performance of the water-based, solution-processed CZTS solar cell has been significantly
improved by introducing Se vapor into the annealing chamber [59].

To investigate the mechanisms behind the significant improvement brought by the
introduction of Se vapor, CZTSSe thin films and solar cells were obtained from CZTS precursor
thin films. These were deposited by a water-based method and annealed with Se vapor for varied
durations. The morphological, structural, compositional, and optical properties of CZTSSe thin
films were examined. The correlation of CZTSSe solar cell performance with different processing

conditions was also investigated.

21 EXPERIMENTAL PROCEDURES

2.1.1 Materials

Copper(Il) chloride dihydrate (99.99%), zinc chloride (99.99%), tin(ll) chloride dihydrate

(99.99%), thiourea (99.0%), selenium powder (99.99%), and ethanol (99.5%) were purchased

22



from Sigma Aldrich and used directly without further purification. Deionized water (DI-water) (16

MQ) was produced in an in-house system.

2.1.2 CZTS Precursor Solution Preparation

The coating solution was prepared by dissolving copper(ll) chloride dihydrate (1.12 mmol), zinc
chloride (0.75 mmol), tin(1l) chloride dihydrate (0.75 mmol), and thiourea (6 mmol) into a mixture
solution containing DI-water (2 ml) and ethanol (1ml) at room temperature. A clear solution was

obtained after stirring at room temperature for 20 min.

2.1.3 CZTS Precursor Thin Film Preparation

The CZTS precursor solution was spin-coated on low alkaline glass substrates and Mo-coated low
alkaline glass substrates. The scanning electron microscopy (SEM) images, optical properties, and
Raman spectra of CZTS thin films were obtained from the samples deposited on low alkaline glass
substrates. X-ray diffraction (XRD) patterns and device fabrication were conducted using the
samples deposited on Mo-coated low alkaline glass substrates. Drying at 110 °C in air evaporated
the solvents in the as-coated films. Pre-annealing at 250 °C in a N2-filled tube furnace decomposed
CZTS precursors for generating metal sulfides (copper sulfide, zinc sulfide, and tin sulfide)
nanocrystals. The spin-coating and drying processes as well as pre-annealing were repeated several

times to deposit CZTS thin films with designated thickness.
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2.1.4 CZTS Thin Film Preparation

The pre-annealed CZTS precursor thin films were placed in a tube furnace. A ceramic box
containing Se powder was placed in a separate tube furnace to generate Se vapor; this vapor was
simultaneously transported by N> flow to the annealing tube furnace (Fig. 2.1(a)). The temperature
of the tube furnace was raised to 550 °C to grow CZTS polycrystalline thin films (Fig. 2.1(b)). The
growth was allowed for 30 min as determined by our optimization tests. The amounts of Se
incorporated into the CZTS thin films were controlled by changing the time of introducing Se
vapor (Sample-0: no Se vapor was applied, Sample-10: Se vapor was applied for 10 min, Sample-
20: Se vapor was applied for 20 min, Sample-30: Se vapor was applied for 30 min) (Fig. 2.1(c)).
After cooling under the protection of N2, CZTS samples were immediately transferred to a

vacuum-connected dessicator for later use.

24



Selenium powder  Ceramic boat

Quartz tube

Holder

Exhaust

Furnace—\

(a)

TC0)

550

0 30 60 120 t (min)

.
W= Samp|e_30
amim e Sample_20
-------------- Sample-10
=t R P S Sample-0
o]
N L T ..
O[T T
0 30 40 50 60 t (min)

(c)

Figure 2.1 Experimental setup and temperature profile of annealing.
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2.1.5 Device Fabrication

The CZTS devices were completed using a similar structure as conventional CIGS solar cells [60].
CdS, intrinsic ZnO (i-ZnO), indium-doped tin oxide (ITO), and Ag electrodes were sequentially
deposited on CZTS thin films. CdS was coated on the CZTS thin film by chemical bath deposition
(CBD). The CZTS samples were vertically inserted into a beaker containing aqueous solution of
Cdl2 (1.4 mM), CS(NH2)2 (0.14 M), and NH4OH (1 M). The solution was heated to 60 °C, and the
reaction was kept for 12 min. Samples were taken out and cleaned in DI-water. The coating
procedures needed to be repeated once to grow CdS thin film with a total thickness of 50 nm. RF
sputtering was then used to deposit 60 nm of i-ZnO and 200 nm of ITO. Electron beam evaporation
was applied to deposit the Ag electrode with a thickness of 200 nm through a shadow mask. Four

CZTS solar cells on each sample were fabricated after mechanical scribing.

2.2 RESULTS AND ANALYSIS

The growth mechanisms of CZTS thin films by the water-based, solution-processed method
employed in this paper are illustrated in Fig. 2.2 and summarized below. As demonstrated in Fig.
2.2 (), ions of Cu?* are reduced to Cu* in the solution of thiourea (tu) dissolved in water [61]. lons
of Cu* then react with thiourea to form [Cuz(tu)s]Cl2-2H20 complex [62]. Similarly, ions of Zn?*
and Sn?* react with thiourea to form ZnCla(tu), complex and Sn(Cl)a(tu)s-2H.O complex,

respectively [63]. These complexes are heated to 250 °C under the protection of N2 and decompose
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into volatile products such as COS, CSz, NH2CN, HNCS, NHz, HCN, HCI, SO2, and metal sulfide
nanoparticles. These volatile products are discharged from the samples with the flow of N>. Lastly,
samples mainly containing copper sulfide, zinc sulfide, and tin sulfide nanoparticles are annealed

at 550 °C in N2. These metal sulfide nanoparticles react to grow polycrystalline CZTS thin films

in the presence of Se vapor [64].

CUCIz"‘CS(N H2)2+Hzo —’[CU2(tU )6]C|2 *2H.O
ZnClL+CS(NH2). —> ZnCl:(tu).
SnC|2+CS(NH2)2+HZO_’Snzcla(tU)s’szO

Dissolved in H:O . ~

(a) sol gel

[Cux(tu)]CL: -2H.0 22K oatile products + Cu:S §

250°C in N2
Sn.Cli(tu):-2H.0 22 1Z \olatile products + ZnS
ZnCla(tu).+ H:0 222N X ojatile products + SnsS.

(b)

T MezTsse
550°C, in N2+ Se Vapor L

Glass

Cu:S+ZnS+SnS:+Se = CZTSSe

(c)

Figure 2.2 Growth mechanisms of CZTS thin films.
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Table 2.1 Chemical composition of the final CZTS thin film.

Sample Cu/(Zn+Sn)  Zn/Sn Se/(S+Se)
Pre-annealed 0.83 1.12 0
Sample-0 0.88 1.24 0
Sample-10 0.84 1.30 0.08
Sample-20 0.90 1.27 0.19
Sample-30 0.81 1.28 0.25

For the study on the influence of Se vapor feeding, four CZTS precursor thin film samples
(pre-annealed) were prepared. The compositions of the pre-annealed and annealed samples were
analyzed using EDX and summarized in Table 2.1. The elemental ratios in the pre-annealed sample
were carefully controlled by changing the concentrations of raw materials in the CZTS precursor
solution. Subsequently, the ratios of Cu/(Zn+Sn) and Zn/Sn were comparable to those reported in
highly performed CZTS solar cells [47, 48]. All annealed samples were copper-poor, zinc-rich,
which is beneficial to compress the formation of binary phases such as Cu.S, and to generate self-
doped p-type conductivity in CZTS thin films [65]. The ratios of Cu/(Zn+Sn) and Zn/Sn were
slightly increased compared to those of pre-annealed sample due to the loss of Sn. The depletion
of Sn was not severe because the annealing process was conducted in atmospheric pressure, which
helps to minimize the loss of Sn as suggested in literatures [66, 67]. The ratio of Se/(Se+S) was
increased by prolonging the Se vapor time during annealing, indicating more atoms of S were
replaced by those of Se in CZTS crystals grown with longer Se vapor introducing time. A generally
increasing trend in the loss of Sn was observed when the Se vapor introducing duration was
increased. This can be attributed to the increase of Se concentration as suggested by P. Salomé et
al. who reported that more Se incorporation into CZTS thin films promotes formation of Se

compounds and therefore promotes the evaporation of Sn over Zn [66].
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Figure 2.3 Surface (a~e) and cross section (f~j) SEM images of pre-annealed and annealed CZTS thin
films (a & f, Pre-annealed; b & g, Sample-0; ¢ & h, Sample-10; d & i, Sample-20; and e & j, Sample-30) (the scale

baris 1 pm).
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To suppress the loss of Sn, it was suggested that the deposition of CZTS thin films should be
conducted at temperatures below 550 °C and a following annealing step should be applied in an
inert gas atmosphere to improve crystal quality [68]. Also, introducing vapor of SnS; into the
annealing chamber was proven to be effective to reduce the loss of Sn [69]. However, it remains
unresolved to what extent the loss of Sn could be endured without detrimental effects on the
performance of CZTS solar cells, since CZTS solar cells with promising efficiency have been
successfully fabricated with a large variation of composition [70].

The SEM surface and cross section images of pre-annealed CZTS films are shown in Fig. 2.3
(@) and (f). The pre-annealed sample consisted of a mixture of nanoparticles of metal sulfides
(CuxS, ZnyS, and SnxS), which makes it extremely difficult to delineate the grain boundaries
because of the relatively low resolution of the SEM system. As seen in Fig. 2.3 (b) and (g), larger
CZTS crystals were produced after annealing at high temperatures. Cracks and voids are observed
in the pure CZTS thin films, common features in solution-based CZTS thin films due to volume
contraction caused by evaporation of raw materials [71, 72]. The thickness of the Sample-0 is less
than 1um, while the pre-annealed sample has a thickness greater than 1jum, indicating a significant
amount of material was evaporated during annealing. Fewer cracks and voids were formed in the
samples annealed with Se vapor as observed in the SEM surface and cross section images of Se-
incorporated CZTS films which are shown in Fig. 2.3 (c)~(e) and Fig. 2.3 (h)~(j), respectively.
Larger crystals and more compact CZTS thin films were obtained when the duration of Se feeding
process was extended. Two mechanisms contribute to this improvement of morphology. First, the
volume contraction caused by the loss of raw materials during annealing is possibly alleviated by
the incorporation of Se into the CZTS thin film. Some S atoms were substituted by larger Se atoms.

The unit cell of the crystal was expanded after selenization, which helps shrink the voids
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commonly encountered in solution-based deposition methods. Another explanation is that Se is a
better vapor-transport agent than S for this material system, which might have a more dramatic
effect on grain growth than the expansion of the unit cell. This hypothesis is supported by the
results reported by S. Riha et al. who deposited CZTS thin films by annealing pure CZTS
nanocrystals and Se-rich CZTS nanocrystals coated on substrates [73]. It was found that no
transport was observed during annealing for pure CZTS nanocrystal films; however, in some cases
of Se-rich CZTS films, material was completely transported off the substrate into the quartz tube.
These results indicate that introducing Se vapor into the annealing chamber helps enhance the

grain growth of CZTS thin films.
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Figure 2.4 XRD patterns of CZTS thin films. The standard XRD patterns for CZTSSe and CZTS are

shown above.

The XRD patterns of the samples together with the standard pattern of CZTSe (JCPDS 52-
0868) and CZTS (JCPDS 26-0575) are presented in Fig. 2.4. For sample-0, the diffraction peaks
can be indexed to those of kesterite CZTS which has a tetragonal structure with three major peaks
of (112), (204), and (312). The diffraction peaks of the samples annealed with Se vapor present
shift to lower values of 20 and move closer to those of CZTSe. As the Se vapor introducing

duration was extended, more S atoms (1.84 A) were replaced by larger Se atoms (1.98 A), leading

to an increase in the lattice constant.
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Figure 2.5 Raman spectra of pre-annealed and annealed CZTSSe thin films.

The Raman scattering spectra of pre-annealed samples and samples annealed with Se vapor
are plotted in Fig. 2.5. Pre-annealed samples exhibited a prominent peak at 318cm™ that was
assigned to SnS,. This pattern is highly similar to what was observed for a multilayer of
CuS/SnS2/ZnS deposited using atomic layer deposition, indicating that the pre-annealed sample
mainly consists of a mixture of nanoparticles of metal sulfides as observed in the SEM images
[74]. After annealing in N2 at 550 °C for 30 min without Se vapor, the main peak shifted to 337

cm?, and another peak at 287 cm™ was also observed. However, peaks of some secondary phases
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such as SnxS and CuxS were also observed as shown in Fig. 4.4 [75, 76]. A peak at 470 cm™ in
Sample-20 can be assigned to CuxS [77]. This is associated with the fact that Sample-20 had the
highest ratio of Cu/(Zn+Sn); a high concentration of Cu resulted in phase precipitation in the form
of CuxS. For the annealed samples with Se vapor, two main peaks originated from CZTS, shifted
towards each other and following the same trend as reported for CZTS with an intermediate S/Se
ratio [78].

Secondary phases in CZTS thin films are detrimental to the performance of CZTS solar cells.
Firstly, secondary phases such as ZnS have a much larger band gap than CZTS. The large
difference in band gap will lead to a mismatch in energy levels of the valence band and conduction
band. Internal barriers between secondary phases and CZTS will be formed, which is expected to
degrade the performance of the PV device. Secondly, the density of grain boundaries will be
increased due to the segregation of secondary phases from the CZTS phase in the polycrystalline
thin film absorber layer. The recombination occurring at the grain boundaries is consequently
intensified, leading to degraded PV device parameters, such as short-circuit current density (Jsc)
and fill factor (FF). Lastly, the presence of CuxS in CZTS thin films will facilitate the formation
of shorting paths in the absorber layer between the front contact and the back contact due to the
commonly observed high conductivity of CuxS [79]. As a result, the Jsc will be significantly
decreased. Strategies have been proposed to eliminate secondary phases in CZTS thin films. The
first proposal is to strictly control the CZTS thin film composition. One study conducted on the
phase diagram of the Cu,S-ZnS-SnS; system by I. Olekseyuk et al. revealed that CZTS only
existed in this system as a single phase over a very narrow range of composition varying no more
than £1.5 % absolute from the stoichiometric values for each element [80]. Any large deviation

from the stoichiometric values will result in formation of secondary phases. This gives an
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explanation to why the secondary phases were widely detected in CZTS thin films grown by
different methods. Since the elimination of secondary phases during growth of CZTS thin film is
extremely difficult, chemical routes have been developed to remove secondary phases after the
deposition of CZTS thin films. M. Bar et al. reported that the surface composition of CZTS thin
films was significantly altered after KCN etching was applied [79]. This alteration in composition
mainly comes from a preferred etching of Cu and, to a lesser degree, Sn. A less toxic chemical
approach based on HCI was developed to selectively etch Zn-rich secondary phases on the surface
of CZTS thin films [81]. This etching process demonstrated a significant impact on the
performance of the solar cells by increasing the Jsc and decreasing the series resistance, Rs. Similar
approaches are being explored for the CZTS thin films deposited using the same process as

reported in this work. Results will be reported elsewhere.
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Figure 2.6 (ahv)? of the annealed CZTS thin films as a function of hv.

The bandgaps were determined by linearly extrapolating (ahv)? versus photon energy (hv)
(Fig. 2.6). Sample-0 had a bandgap of 1.47 eV, a value close to those reported in literatures
concerning pure CZTS thin films [82]. For three Se-included CZTS samples, the band gaps were
1.42,1.34, and 1.28eV, respectively, showing a decreasing trend as the Se vapor introducing time
was lengthened. The narrowing of the bandgap partly originated from the enhancement of crystal
size when more Se atoms were incorporated into the CZTS thin film to facilitate the growth of
crystal. Nevertheless, to a large extent, the decrease of the bandgap was a result of the unit cell

expansion due to the substitution of S atoms in CZTS by Se atoms. Although no definite conclusion
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has been made in literature about the effects of Se inclusion on the optical bandgap of CZTS thin
films and nanoparticles as presented earlier, further increasing the concentration of Se is expected
to reduce the bandgap of CZTS thin film. A value of ~1.5 eV has been reported on the bandgap of
pure CZTS thin films deposited by different methods. While discrepancies on the bandgap of pure
CZTSe thin films exist in literature, a value of ~1.0 eV has been widely recognized on the bandgap
of pure CZTSe thin films deposited by different methods [82, 83]. It was suggested that the
existence of some secondary phases such as ZnSe were the possible reason for the difference in
overall bandgap of CZTSe thin films. A simple model to determine the relationship between the
ratio of Se/(Se+S) and the bandgap of CZTS nanoparticle was adopted by H. Wei et al. from the
model developed by M. Bér et al. to derive the optical bandgap for penternary
Cu(Ini—xGax)(SySei-y)2 (CIGSSe) alloys from its Ga/(Ga+In) ratio as well as from its S/(S+S) ratio
[84, 85]. The model is extended to determine the optical bandgaps for penternary CZTSSe alloys,
EG#TS%¢ from its Se/(Se+S) ratio using the linear approximation between the bandgap of the pure
CZTS, EG?"™S, and the bandgap of the pure CZTSe, ES%75¢:

EG#TSSe(x) = (1 — x)ES#TS + xEG#TS¢ — bx(1 — x), (4.1)
which is corrected by the alloy specific “optical bowing constant” b. Assumption of a band gap
value of 1.5eV for CZTS and 1.0eV for CZTSe was applied in the calculation. The bandgaps
derived from the transmittance data were used to calculate the constant b which varied from 0.4 to
0.5. Therefore, different values of b (0.4 and 0.5) were applied in the calculation of the bandgaps

for CZTS with a Se/(Se+S) ratio changing from 0 to 1.
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Figure 2.7 Experimental and calculated band gap energy versus Se/(S + Se) ratio.

As shown in Fig. 2.7, the bandgap of CZTS thin films decreases with the increasing of Se
concentration nonlinearly. High efficiencies have been obtained from solution-based CZTS thin
film absorber layers where the bandgap was determined to be around 1.1 eV from the external
quantum efficiency (EQE) data [86]. This value indicates a high level of substitution of S by Se
during annealing. The authors reported that around 90% of S atoms were replaced by Se atoms,
while a substitution level of 60% was derived from the model based on our results. Regardless of
which is more accurate, compared to the highest substitution level of 25% obtained in Sample-30,

the ratio of Se/(Se+S) in the reported solution-based high-performance CZTS solar cells was
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undoubtedly higher, indicating that further incorporation of Se can be achieved by adjusting the
annealing process. The bandgap of CZTS thin films can be conveniently tuned, and the growth of

CZTS crystals will be enhanced, which is expected to improve the performance of CZTS thin film

solar cells.
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Figure 2.8 I-V parameters of CZTSSe solar cells.
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Table 2.2 Averaged I-V parameters of CZTSSe solar cells.

Sample Voc (V)  Jsc (MA/cm?)  FF (%) n (%)
Sample-0  0.53+£0.03 6.58+1.80 50.51+6.56 1.75+0.51
Sample-10 0.53+0.02 10.13+1.69  49.30+£9.79 2.64+0.72
Sample-20  0.52+0.02 15.46£0.16  54.23£3.80 4.37+£0.41
Sample-30 0.52+0.01 20.07£0.59  53.99+4.98 5.57+0.44

Fig. 2.8 displays the variation of the PV parameters of completed devices, corresponding to
CZTS absorber layers grown under Se vapor with varied durations. The averaged PV parameters
of CZTS solar cells are also summarized in Table 2.2. While general nonuniformity of open-circuit
voltages (Voc) existed in all samples, the highest Voc of each sample decreased as the Se vapor
feeding time was increased, which can be attributed to the decreasing trend in the bandgap. The
deficits in Voc (defined as difference between the optical band gap and the highest Voc for each
sample) for the four samples are 0.91, 0.88, 0.80, and 0.76 V, respectively. These values are much
higher than the 0.5 VV commonly observed for CIGS solar cells, indicating the recombination at
the interfaces such as CZTS/CdS and Mo/CZTS is possibly dominant [77]. Modification of the
interfaces between the active layer with the buffer layer and the back metal electrode is expected
to increase the Voc. The Voc obtained from the four samples were higher than those reported on
CZTS thin film solar cells. This can be mainly attributed to the comparably lower S substitution
levels obtained in the Se vapor feeding process, leading to a higher bandgap, a major impact factor
for Voc in inorganic solar cells. Further extending the Se vapor feeding duration is expected to
decrease the Voc.

Significant enhancement was achieved on Jsc of CZTS solar cells with longer Se vapor
feeding duration. The Jsc was increased from around 8 mA/cm? in CZTS solar cells fabricated

without Se vapor present to more than 20 mA/cm? in Sample-30, which was annealed under Se
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vapor for 30 min. Although the red shift of the onset wavelength and the higher absorption
coefficients seen in the absorbance of Sample-30 contributed to the increase of Jsc, the
improvement on the optical properties alone is not likely to significantly boost the Jsc. The
enhancement in crystal size and the passivation of the grain boundaries by Se-rich surfaces are
most likely the two critical driving forces for Jsc. The former helps improve Jsc in a way that the
recombination is reduced due to lower the density of grain boundaries associated with large grain
domains. The latter leads to a lower bandgap surface layer where the potential barriers are removed
for grain-grain carrier transport. Similar to the nonuniformity in Voc, the FF was also widely
distributed. This was partly caused by the nonuniformity of CdS deposited on CZTS thin film. The
size of the samples used in this work was 1"x1", while the volume of the solution where CdS was
deposited was 150 ml. Upgrading of the CBD setup is expected to fabricate CZTS solar cells with
more uniform PV parameters. The highest FF of each sample increased with greater Se introducing
times. This is partly related to the series and shunting resistances since the electrical properties of
the CZTS thin films are highly dependent on the ratio of Se/(Se+S). Mainly due to the significant
improvement of Jsc, the CZTS solar cells obtained from the CZTS thin films annealed with Se

vapor showed remarkably improved efficiencies.
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Figure 2.9 J-V curves of the solar cells with the highest efficiency in each sample.

The J-V curves of the highest efficiency obtained from each sample are shown in Fig. 2.9.
The best CZTS solar cell, Sample-30, exhibited an efficiency (1) of 6.16% with a Voc of 0.50V, a
Jsc of 20.06mA/cm?, and a FF of 61.37%. Compared to the pure CZTS solar cells without Se
inclusion, the performance of the CZTS thin film solar cell is impressive, signifying that the
selenization step is necessary to achieve high performance for solution-based CZTS solar cells.
However, compared to other solution-based CZTS solar cells such as IBM's hybrid slurry method

(11.1%) and Dupont's nanocrystal dispersion (8.5%), there is much room to improve the efficiency
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[54, 86]. Three more issues could be readily addressed to further improve the efficiency of the
water-based, solution-processed CZTS solar cell. Firstly, diffusion of sodium from soda lime glass
was also found to profoundly affect grain size, crystal texture, and conductivity of CZTS thin films.
Replacing the low alkaline glass substrates used in this work with soda lime glass substrates may
further improve the performance of CZTS solar cells [87]. Secondly, the layers of CdS and ZnO
were prepared using process parameters optimized for CIGS solar cells [60]. Optimization of these
layers will possibly further improve the performance of CZTS solar cells. Lastly, while further
extending the Se vapor feeding duration could enhance the incorporation of Se into CZTS thin
films and presumably lead to higher efficiency, it is difficult to be realized at this stage because
the total annealing time of 30 min is the presently optimized. This must be done in conjunction
with the modification of other process parameters, such as lowering the annealing temperature and
increasing the Se vapor pressure. Corresponding experiments are under way and expected to

fabricate CZTS thin film solar cells with higher efficiencies.
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3.0 EFFECTS OF CHLORINE DOPING ON MAPBI3; SOLAR CELL

Methylammonium lead halide perovskites have emerged as promising photovoltaic (PV) materials
because of their excellent optical properties such as high absorption coefficients for a broad range
of sunlight absorption. Also, the abundance of raw materials and the ability of being solution
processed make methylammonium lead halide perovskites more suitable for low cost PV
technologies. High power conversion efficiencies of more than 15% have been reported from both
mesoporous structure devices and planar structure devices. The planar structure devices are more
advantageous than the mesoporous structure devices because high temperature annealing
necessary for mesorporous structure is not required for planar structure devices. Thus, low
temperature processing, which is suitable for plastic solar cells, can be applied to fabricate
methylammonium lead halide perovskite solar cells. Conversion efficiency overl0% has been
reported for methylammonium lead halide perovskite solar cell fabricated on plastic substrates.
So far, two processes have been developed to fabricate planar perovskite solar cells. The
first process is called one-step process where metal halide is mixed with methylammonium iodide
and the as-synthesized methylammonium lead halide perovskite is spin-coated on substrates. The
other process is called two-step process where metal halide is spin-coated on substrates and
methylammonium lead halide perovskite is formed by inserting the substrates into
methylammonium iodide solution. In one-step process, two metal halides, lead iodide (Pbl2) and

lead chloride (PbCl,), have been commonly used to synthesize methylammonium lead halide
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perovskites which are denoted as MAPDbIz and MAPD(1,Cl)3, respectively, with MAPb(1,Cl)3 solar
cells leading the performance due to its long diffusion length of carriers. Nevertheless, it is
extremely difficult to control the morphology of perovskite thin films because it is significantly
affected by the environment of one-step process. In two-step process, the morphology of
perovskite thin film is very uniform. However, Pbl> has been exclusively used because the
solubility of PbCI> is extremely low. Therefore, the advantages associated with CI incorporation

cannot be taken.

3.1 EXPERIMENTAL PROCEDURES

3.1.1 Synthesis of CHsNHsl (MAI) and CH3NHsCI (MACI)

MAI and MACI were synthesized according to a reported procedure [88]. MAI was synthesized
by reacting 30 mL of methylamine (40 % in methanol, TCI) and 32.3 mL of hydroiodic acid (57
wt% in water, Aldrich) in an ice bath for 2 h with stirring. The precipitate was collected through
removing the solvents by a rotary evaporator. The as-obtained product was washed three times
with diethyl ether, and then recrystallized from a mixed solvent of diethyl ether and ethanol. After
filtration, the final MAI was collected and dried at 60 °C in a vacuum oven for 24 h. MACI was
synthesized by reacting 30 mL of methylamine (40 % in methanol, TCI) and 20.4 mL of
hydrochloric acid (37 wt% in water, Aldrich) in an ice bath for 2 h with stirring. The precipitation

and collection of MACI was carried out using as same procedures as used for MAI.
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3.1.2 Fabrication of MAPDbIs Solar Cells

Planar perovskite solar cells were fabricated in air with a structure of FTO/TiO/perovskite/spiro-
MeOTAD/Au. A modified one-step process capable of incorporating Cl is used to grow the
perovskite thin films [89]. The experimental procedures for this process are briefly shown in Fig.
3.2. First, MAI (159mg), Pbl2(461mg), DMSO(78mg), and DMF(600mg) were mixed at room
temperature and stirred for 1h. The completely dissolved solution was spin-coated on the TiO2
layer at 4000 rpm for 30 s. 8 s after the start of the rotation, 0.5 ml of diethyl ether was quickly
dropped on the rotating substrate in 1 sec before the surface changed to be turbid caused by rapid
vaporization of DMF. The transparent film was heated at 100°C on hotplate in air for 10 min to
obtain a dense MAPDIsz film. These samples were denoted as MAPbIs. To deposit Cl-doped
MAPDI3 film, 8mg of MACI was added to the precursor solution. These samples were named as
MAPDB(I,Cl)s. A layer of electron blocking material based on spiro-OMeTAD (80 mg spiro-
OMeTAD, 29 uL tBP and 18 uL Li-TFSI solution (520 mg Li-TFSI in 1 mL acetonitrile) all
dissolved in 1 mL chlorobenzene) was deposited on perovskite thin film by spin-coating at 4000
RPM for 30 s. Please note all the processes mentioned above were carried out in air. Finally, a
gold layer with a thickness of 100 nm was deposited by electron beam evaporation. A mask was
used during the gold deposition to define the active area of perovskite solar cells. The active area

of each cell was 4 mm?2.

46



MAI(MACI)
PblI2

DMSO diethyl ether
DMF

8s later '30s later )
loe—"r——=x3 [e—r——=3
- ) |
100°C
10min

Spiro 4

Perovskite 4 Y

Figure 3.1 Schematic growth process for perovskite thin films using mixed halide sources and method

adopted from [89].

3.1.3 Characterization

A UV-visible spectrometer (Agilent 8453) was used to obtain the transmittance (T) of CZTS and
MAPDI3 thin films. SEM surface and cross section images of CZTS and MAPDbIz samples were
taken from a scanning electron microscope (Philips XL30-FEG). An electron beam with high
energy (10 keV~15 keV) was used on the CZTS samples and MAPDI3 thin films. The compositions
of the films were analyzed by an energy-dispersive X-ray (EDX) spectroscope (eumex
Instrumentebau GmbH SphinX 130), which attached to the SEM system. The energy of the

electron beam was raised to 30keV when recording EDX data captured by a Si(Li) detector. X-ray
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diffraction (XRD) spectra were taken from an XRD system (PANalytical X Pert Pro MRD)
equipped with a CuK,; X-ray generator. The Raman spectra were recorded by a self-assembled
Raman spectrometer with a laser power of 150 mW at 532 nm. The monochromator (Acton
SP2500) had a 0.5nm single-pass spectrometer. The photon counter (Princeton Instruments Spec-
10) had a Nz-cooled CCD array. Current—voltage responses were measured using an Agilent
4155C semiconductor parameter analyzer under airmass 1.5 global (AM1.5G) 1 sun (100
mW/cm?.) illumination which was calibrated using a light intensity meter. The voltage was swept
from-0.1Vto 1.1V atarate of 10 mV/s with a step of 10 mV/step. For the hysteresis investigation,
the voltage was swept from either from -0.1 V to 1.1 V (forward bias) or from 1.1 V to -0.1 V
(reverse bias) at a rate of 10 mV/s with a step of 10 mV/step. KPFM measurement was carried out
using Agilent 5500 AFM with MAC Il mode. The conductive AFM tip (Veeco SCM-PIT, k=2.8
N/m, coated with Pt/Ir) was simultaneously excited by mechanical drive at its resonant frequency

(75 kHz), and by electrical drive around 10 kHz.

3.2 RESULTS AND ANALYSIS

The content of CI has been checked by energy-dispersive X-ray spectroscopy (EDS). The EDS
spectra of MAPb(1,Cl)3 and MAPDIs thin films are shown in Fig. 3.2. The weight ratios of Pb, I,
and CI derived from the EDS spectra are summarized in Table 3.1. The weight ratios of Cl in
MAPD(I,Cl)3s and MAPbI3 thin films are same. This indicates that the concentration of Cl in
MAPD(I,Cl)3 should be lower than the detection limit of the EDS system because no CI has been

intentionally added to the so-called MAPDIs thin film.
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Figure 3.2 EDS spectra of the perovskite thin films.
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Table 3.1 Elemental ratios of the perovskite solar cells.

Pb (Wt%) | (Wt%) CI (wit%)
MAPbI3 38.95 60.06 0.99
MAPb(I,Cl)s  38.36 60.65 0.99

The SEM images of the surfaces of MAPDbI3z and MAPb(I,Cl)3 thin films are shown in Fig.
3.3. the deposited perovskite thin films are homogeneous and densely packed. This demonstrates
the advantage of the modified one-step process for preparing perovskite thin films, comparing to
other one-step processes which usually lead to incomplete coverage of substrate [90]. In the case
of MAPD(I,Cl)s thin film that was prepared using mixed halide source, no difference is observed
in the morphology, indicating the addition of MACI does not affect the growth of perovskite thin

film and the interaction between the substrate and the perovskite thin film.
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Figure 3.3 Top-view SEM images of MAPbIl3; and MAPb(I,Cl)3 thin films.
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The typical XRD patterns of the MAPbIz and MAPD(1,Cl)3 thin films deposited in this work
are shown in Fig. 3.4 (a). No obvious difference is observed. The three major peaks at 14.09°,
28.44° and 31.87° can be indexed to the MAPbIs phase, corresponding to the lattice planes of
(110), (220), and (310) [91]. No MAPDCI; peaks are found in MAPDb(I,Cl)s thin film because of
the small quantity of CI source added. The peak located at 12.06°, which can be ascribed to Pbl
phase, is observed with both the MAPDbIz and MAPD(I,Cl)s thin films [89]. It is due to the excess
Pbl, in perovskite precursor solution, which is reported to boost the performance of perovskite
solar cells [92]. The magnified XRD patterns peaking at 14.09° from lattice plane (110) of both
samples are shown in Fig. 3.4 (b). Full width at half maximum (FWHM) of this peak is used to
calculate the crystal size of perovskite thin films according to Scherrer equation. The average
crystal sizes of MAPDbIz and MAPDb(I,Cl)3 thin films are 102 nm and 106 nm, respectively. This
confirms what has been observed in SEM images of MAPbIs and MAPD(I,Cl)3 thin films. The
effects caused by difference in morphologies crystal structures can be excluded. The results

obtained from other characterization methods would be more reliable.
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Figure 3.4 XRD patterns of MAPbI; and MAPb(1,Cl)s solar cells: (a) full range, (b) major peak at (110) to

calculate the crystal size.

The typical I-V characteristics of MAPDbIz and MAPb(1,Cl)s solar cells are shown in Fig. 3.5.
A general trend of enhancement of efficiency in MAPDb(I,Cl)3 solar cells can be observed from the
comparison with MAPbI3 solar cells as shown in the inset of Fig. 3.5. Not only has the
enhancement in efficiency been observed but also in short-circuit current density (Jsc), fill factor
(FF) (not shown), and open circuit voltage (Voc) (not shown). The best MAPDbIz solar cell
produced a Jsc of 22.47 mA/cm?, a Voc of 1.04 V and a FF of 65.90%, while the most efficient

MAPD(I,C1)s solar cell had a Jsc of 24.10 mA/cm?, a Voc of 1.08 V and a FF of 71.50%. As a
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result, the efficiency of MAPD(I,Cl)s solar cell was significantly improved from 15.39% to
18.60%. The reasons of the enhancement of photovoltaic parameters were investigated and

discussed below. The best I-V parameters are summarized in Table 3.2.
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Figure 3.5 I-V curves and parameters of MAPbI; and MAPb(I,Cl); solar cells (the inset is the efficiency
distributions of 16 devices for each sample) measured at around 25°Cunder simulated sunlight of 100 m\W/cm?

(AML.5G).
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Table 3.2 I-V parameters of the best perovskite solar cells.

Voc (V) Jsc(mA/cm?) FF(%) (%)
MAPbI3 1.04 22.47 65.90 15.39
MAPb(1,Cl)3 1.08 24.10 71.50 18.60

To investigate the mechanisms behind the significant improvement in the performance of
MAPb(1,Cl)3 solar cells, the surface potential (SP) distributions of both materials were mapped
using KPFM [42]. As shown in Fig. 3.6, the dark regions around grain boundaries indicate the
band bending that favour electron accumulation. KPFM measurement of MAPbI3 shows a uniform
distribution of SP among grain bodies and grain boundaries indicating a narrower and smaller band
bending, while KPFM measurement of MAPb(I,Cl)s shows a large variation of SP among grain

bodies and grain boundaries indicating a deeper and wider band bending at the grain boundaries .
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Figure 3.6 Topography AFM images (a and b), SP (c and d), and profiles of SP (e and f) of MAPbI; (a, c,

and e) and MAPb(I,Cl); (b, d, and f) thin films on ITO.
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MAPbI3; was found to be a p-type material [93], thus a single p-n heterojunction should be
formed at the cathode side of the device (Fig. 3.7 (a)). For this single p-n heterojunction, an
electron blocking layer is needed on the anode side. The charge collection efficiency is higher on
the junction side (cathode) but lower on the anode side because only diffusion contributes to the
charger transport on the anode side. The observation of wider and deeper band bending at the
grain boundaries of MAPDb(I,Cl)z from KPFM measurements indicates that electron accumulation
is enhanced at the grain boundaries thus bring the Fermi level closer to the center band to make
MAPb(1,Cl)3 less p-type. Such Fermi level shift results in a p-i-n heterojunction in the device (Fig.
3.7 (b)), first speculated in mesoporous MAPD(1,Cl)3 solar cells [94] and later observed in planar
MAPb(1,Cl)3 solar cells by electron beam-induced current study [95]. The p-i-n heterojunction
facilitates the charge collection on both sides because both drift and diffusion contribute to the
charge transport. In addition, the junction on the anode side provides a blocking barrier to prevent

electrons reaching the anode, thus to reduce recombination loss.
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Figure 3.7 Band alignment of devices for (a) MAPbls;and (b))MAPb(1,Cl)s,
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KPFM was employed to study the GBs of MAPbIz and MAPb(1,Cl)s thin films. Fig. 3.8 shows
the surface morphology images and the surface potential (SP) images of MAPblz and MAPb(1,Cl)3
thin films. The topography images were used to identify the location of GBs and the SP images
were used to derive the difference of work functions of the GBs and the bulk crystals. In KPFM
measurement, two separate oscillation frequencies are applied to AFM cantilever to detect the
topography and the SP simultaneously, cross-talk of signals from topography and SP cannot be
completely eliminated. The line profiles were then used to check the existence of cross-talk. The
line profiles in Fig. 3.8 indicate the SP does not follow the topography. By checking the line
profiles in Fig. 3.8 (a), it was revealed most of the GBs (G1, G2, G3, G6, G7) in MAPbI3 thin film
demonstrated a higher potential than the center of the grain surface. Conversely, it was shown in
Fig. 3.8 (b), most of the GBs (G1, G2, G3, G5, G8, G9) in MAPb(I,Cl); demonstrated a lower
potential than the center of the grain surface. This indicates that upward band bending around the
GB dominates in the MAPbI3 thin film and downward band bending around the GB dominates in
the MAPD(I,Cl)s thin film. Upward band bending around the GB in the MAPDI3 thin film has
been reported [95]. To our knowledge, this is the first time that downward band bending around

the GB in the MAPD(1,Cl)3 thin film is reported.
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Figure 3.8 AFM images, KPFM images, and the profiles along the lines in (a) MAPbI; and (b)




The band diagrams around the GB in MAPbIz and MAPD(1,Cl)3 thin films are plotted in Fig.
3.9 with an assumption that the GB and the grain have same bandgap values. It has been reported
MAPbI3 thin film shows p-type conductivity [96]. The incorporation of a small amount of Cl atoms
into MAPDI3 thin film does not likely reverse the conductivity type because Cl and | belong to the
same halogen group. Therefore, the transport behavior of electrons (minority carriers) in MAPDI3
and MAPDb(1,CI)3 thin films significantly affects the performance of perovskite solar cells. The
potential barrier due to the upward band bending at GB in MAPDI3 thin film repels electrons and
attracts holes. The electrons will have to be transported to the cathode through the grain bulk where
majority holes (majority carriers) have a high concentration, resulting in higher recombination
rate. On the contrary, the potential barrier due to the downward band bending at GB in
MAPb(1,Cl)3 thin film repels holes and attracts electrons. The electrons will be transported to the
cathode through both the grain bulk and GB where majority holes (majority carriers) are depleted,
resulting in a higher collection area and a lower recombination rate. This will again benefit the
diffusion length and the performance of solar cells such as Voc and FF. Considering the low
concentration of Cl allowed to be incorporated into MAPDIs thin film, the properties of bulk grains
should not change significantly. As observed in the KPFM measurement, the properties of the GBs
in MAPbI3 thin film have been significantly affected, which could be attributed to the
accumulation of Cl atoms in the GBs as sodium atoms do in CIGS thin films[97]. This would be
verified by high definition element mapping technique such as TEM, which is ongoing in our

research.
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Figure 3.9 Band diagrams around the GB in MAPbI3; and MAPb(I,Cl); thin films.

The measurement of electron lifetime can be applied to quantify the extent of electron

recombination in perovskite solar cells [33]. The dependence of electron lifetime on the Voc for

planar perovskite solar cells fabricated with single and mixed halide source is shown in Fig. 3.10.

It clearly demonstrates that the electron lifetime of the MAPb(1,Cl)3 solar cells is longer than that

of the MAPDI3 solar cell. This suggests that the electrons in MAPb(I,Cl)3 thin film can survive

longer and demonstrate a longer diffusion length as reported in literatures [98, 99].
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The longer electron lifetime in MAPDb(I,Cl)3 solar cells, indicating a reduced recombination,
can also be explained by the KPFM observation. The lack of SP difference at grain boundaries and
grain bulk of MAPbIs may render free carriers generated during illumination to easily recombine,
thus shorten carrier lifetime. On the contrary, the large variation of SP between grain boundary
and grain bulk means abundant potential wells are formed at the grain boundaries to accommodate
electrons, which physically separate electrons from holes preventing the carrier recombination. In

addition, the locally formed junctions between the grain bodies and grain boundaries enhance the
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dissociation of excitons and further suppress recombination. As a result, carrier life time is greatly
improved in MAPDb(I,Cl)3 solar cells.

The AS technique has been well established to investigate the defect levels of thin film
solar cells such as CIGS and CdTe [100-102]. It has been rarely applied to perovskite solar cells.
So far, only two groups have addressed the defect density of MAPDIz solar cells using AS
technique. In 2014, Dalal et al. found two defect levels in MAPbIs solar cell. One is 0.24 eV and
the other is 0.65 eV above the valence band with a peak density value of 3x10%/(cm?®.eV) [103].
In the same year, Yang et al. revealed a deep defect state of 0.17 eV above the valence band with
a peak density value of 2x10'7/(cm®3-eV) [104]. The cause of the difference in defect levels and
densities is not clear. They might be attributed to the difference in MAPDI3 thin films because the
deposition method for MAPbIs thin film used by one group is different from the method used by
the other group. To investigate the mechanisms behind the significant improvement in the
MAPD(I,Cl)s solar cell, we applied the AS method to MAPbIz and MAPb(I,Cl)s solar cells
fabricated by the exactly same procedures. As discussed earlier, the resultant MAPbIs and
MAPD(1,Cl)3 thin films were highly similar in morphology and crystal structure. The results
obtained from AS method, as shown in Fig. 3.11, should be more reliable to reveal the origin of
the significant performance improvement observed in MAPD(1,Cl)s solar cells. The defect levels
of MAPDIz and MAPDb(I,Cl)s solar cells derived from Arrhenius plot, as shown in Fig. 3.11 (a), are
0.214 eV and 0.208 eV, respectively. The difference of 6 meV could come from the measurement
error. The energy distributions of the defects are shown in Fig. 3.11 (b). For MAPDIs solar cell,
the defect density peaks at 7.2x10%"/(cm?®-eV), while the peak defect density of MAPb(I,Cl)s solar
cell is reduced to 3.8x10/(cm®-eV). The spans of defect states can be fitted as a Gaussian

distribution (the solid lines). The integrated defect density of MAPDI; solar cell is 4.68x10% cm3
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and that of MAPb(I,Cl)3 solar cell is reduced to 2.34x10* cm=. A reduced defect density has been
experimentally observed in MAPD(I,Cl)s solar cells. The result is in good agreement with what has
been proposed in the electron lifetime measurement: Cl helps to passivate the defects in
MAPD(1,Cl)s solar cells, leading to a lower defect density and higher electron lifetime. Thus,
OCVD and AS jointly demonstrate that Cl plays an extremely important role in suppressing the
defect in perovskite devices. Further investigation is required and under way to understand the
origin of this defect and why CI is able to suppress the formation of defect when depositing

perovskite thin films.
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Figure 3.11 Admittance spectroscopy of MAPbI; and MAPD(1,Cl); solar cells: (a) Arrhenius plot of the transition

frequencies to derive the defect energy levels, (b) the distributions of the density of the defects.
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4.0 CHLORINE-ASSISTED RECOVERY OF PERFORMANCE LOSS IN MAPBI3

PEROVSKITE SOLAR CELL MADE FROM LOW PURITY PBI2

High purity (9~11N) silicon has been required to manufacture integrated circuits and was
traditionally used to fabricate photovoltaic (PV) devices [105, 106]. Due to the nature of low
density of sunlight, large area of PV devices is needed to generate applicable electricity [107]. The
high cost and shortage of high purity silicon, however, limit the deployment of PV devices.
Comparatively low purity silicon such as solar-grade (5~6N) silicon has been developed and
currently widely used in the PV industry [108]. Nevertheless, the impurities in low purity silicon
are known to reduce minority carrier diffusion length in silicon-based PV devices [109, 110],
leading to degraded solar-to-electricity conversion efficiency [111-113]. Several methods, such as
external and internal gettering, have been approved to be capable of improving the quality of low

purity silicon, especially for minority carrier lifetime [105, 114, 115].

Organic-inorganic hybrid perovskite solar cell has recently become an intensively explored
topic in PV field because of its high performance and potentially low manufacturing cost.
Significant efforts have been focused on developing high quality perovskite thin films and
improving the stability of perovskite solar cells. To this date, lead sources such Pbl, and PbCl>
with a purity of 99.999% (5N), have been widely in fabricating highly efficient perovskite solar
cells [116], which is the major concern regarding the mass deployment of perovskite solar cells,

not to mention the high cost and the adverse impact on the environment associated with the
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purifying process [117]. Recently, the purity of raw materials, which is known to significantly
affect the performance of both organic [118] and inorganic [119] solar cells, as well as silicon-
based solar cells, has been investigated for perovskite solar cells [120]. It was found that perovskite
solar cells using highly pure (5N) Pbl, showed an efficiency of 16.4%, which was higher than that
of perovskite solar cells with low purity (2N) Pbl. by 30-40%, indicating highly pure Pbl; is

indispensable for highly efficient perovskite solar cells.

41 EXPERIMENTAL PROCEDURES

4.1.1 Fabrication of MAPDI3 Solar Cells using Pbl2 with different purtities

Planar perovskite solar cells were fabricated in air with a structure of FTO/TiO/perovskite/spiro-
MeOTAD/Au. A modified one-step process capable of incorporating Cl is used to grow the
perovskite thin films [89]. Pbl> with different purities (99% and 99.999%) were purchased from
Sigma Aldrich and were used without further processing. The experimental procedures described

in 3.1.2 were employed to deposit MAPDI3 thin films and fabricate MAPDI3 solar cells.

42  RESULTS AND ANALYSIS

In this work, the effects of Cl on perovskite solar cells fabricated using high and low purity Pbl.
were investigated. The averaged |-V curves of these devices fabricated using the same

experimental procedures are shown in Fig. 4.1. As shown in the inserted table in Fig. 4.1, the
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averaged performance parameters, including Voc, Jsc, FF, and efficiency (Eff.), are significantly
affected by the purity of Pblo. The perovskite solar cell with high purity Pbl> exhibited a high
efficiency of 16.39 % with a Jsc of 23.46 mA/cm?, Voc of 1.07 V, and FF of 65.31%, while that
with low purity Pbl, had a comparatively low efficiency of 14.16% with a Jsc of 21.94 mA/cm?,
Voc 0f 1.04 V, and FF of 62.07 %. This agrees well with what has been reported in literature [120].
Excitingly, the efficiency of perovskite solar cell with low purity Pbl, was significantly boosted to
16.58% after a small amount of Cl source was added. The lost efficiency in low purity perovskite
solar cells is fully recovered when Cl is added. The resulted efficiency is even slightly higher than
that obtained from high purity perovskite solar cells. This indicates that, besides the costly way of
increasing the purity of raw materials, Cl doping could provide a cost-effective way to further

improve the performance of perovskite solar cells.

68



10

—a—99.999%
L ——99%

—A—99%+ClI
é’ y .
< 99.999%[ 99% | 99%+cl
= EFf. (%) 16.39 | 14.16 | 16.58
= Jsc (mA/em?)| 23.46 | 21.94 | 23.35
s 0 p Voc (V) 107 | 104 | 1.04
; FF (%) 65.31 | 62.07 | 68.29
g
-
o

-01 00 01 02 03 04 05 06 07 08 09 10 11
Voltage (V)

Figure 4.1 Averaged I-V curves and parameters of perovskite solar cells (10 devices for each sample).

To investigate the mechanisms behind the significantly improved performance of low purity
perovskite solar cells brought by CI, the morphology of the perovskite thin films was checked by
SEM. The SEM images are shown in Fig. 4.2. The average crystal size of the high purity thin film
is slightly smaller compared to the low purity thin film. This is contrary to what has been reported
by J. Chang et al. who found that the average crystal size of the high purity perovskite thin film
was 20 nm larger compared to the low purity thin film [120]. The contradiction in this aspect could

be caused by the different solvents used for perovskite precursors, which are known to significantly
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affect the morphology of perovskite thin films. No obvious difference can be observed once Cl is

added.

Figure 4.2 SEM images of perovskite thin films deposited utilizing different purities of Pbl,. (a) 99.999%,

(b) 99%, and (c) 99%+Cl. (The scale bar is 1um).

This result is consistent with the XRD results (Fig. 4.3 (a-b)). Further investigation of the
transmittance spectra (Fig. 4.3 (c)) and optical bandgap (Fig. 4.3 (d)) of these films is not able to
reveal the mechanisms behind the recovery of performance loss by Cl because no distinct
difference can be observed. Most of the studies regarding the effects of Cl on perovskite solar cells
found that the morphology is improved and crystallinity is enhanced, which is caused by the
relatively high concentration of Cl source in perovskite precursor solution, even though the amount
of Cl in the final perovskite thin film is negligible [121-123]. The concentration of the Cl source
used in this work was deliberately controlled to be extremely low so that the addition of Cl would

not obviously affect the morphology and structure of perovskite thin films, which is able to exclude
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the effects of morphology and structure when investigating the mechanisms behind the Cl-assisted

recovery of performance loss in low purity MAPbI3 solar cells.
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perovskite thin films utilizing different purities of Pbl,.
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The measurement of electron lifetime using OCVD method can be applied to quantify the
extent of electron recombination in perovskite solar cells [116]. The dependence of the electron
lifetime on the Voc for perovskite solar cells fabricated with different purities of Pbl; is shown in
Fig. 4.4. It clearly demonstrates that the electron lifetime of the low purity perovskite solar cells is

the lowest and it is significantly improved once Cl is added.
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Figure 4.4 The electron lifetime derived from OCVD method as a function of Voc.
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It is well known that low purity absorber materials in solar cells usually demonstrate high
defect density caused by the high impurity concentration, leading to a decreased carrier lifetime,
and therefore reduced conversion efficiency [124-127]. Admittance spectroscopy (AS) is widely
applied to derive the distribution of defect density and the energy levels of the defects in the
bandgap by measuring the capacitance of the solar cell at different temperatures [103, 128, 129].
Fig. 4.5 (a) shows the capacitance spectra of perovskite solar cell fabricated using low purity Pbl
with Cl (99%+Cl) obtained at different temperatures (T=150 K to 296 K) in the dark with the
frequency ranging from 102 to 108 Hz. Steps are observed in each capacitance spectrum at different
temperatures. The transition frequency, where the capacitance step lies, can be found by taking the
derivative of the capacitance spectra as shown in Fig. 4.5 (b). The energy levels of the defects can
be obtained by linearly fitting the Arrhenius plot of the transition frequencies as illustrated in Fig.
4.5 (c). The energy level of the defect in perovskite solar cell fabricated using low purity Pbl, with
Cl is fitted to be 208.48 meV above the valence band, which is close to the energy levels of the
defects in other samples (Fig. 4.6). The defect levels revealed in this work are different from the
defect level of 167 meV found by Duan et al., which can be ascribed to the iodine interstitials [104,
130]. Samiee et al. found a defect level of 240 meV [103]. The origin of these two defects is not
clear, which could be the impurities of the raw materials of perovskite thin films. The defect
densities as a function of energy at different temperatures can be deduced from the differentiated

capacitance spectra as shown in Fig. 4.5 (d).
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Figure 4.5 Admittance spectroscopy of perovskite solar cell fabricated using low purity Pbl, with CI. (a)

Capacitance spectra at different temperatures. (b) The derivative of the capacitance spectra which show the

transition frequency at each temperature. (c) Arrhenius plot of the transition frequencies to derive the defect energy

level. (d) The distribution of the density of the defect.

The obtained defect energy distributions of perovskite solar cells are shown in Fig. 4.7. The

defect states can be fitted as Gaussian distributions (solid lines). The integrated defect density of

high purity perovskite solar cell is 2.79x10'® cm™. As expected, the defect density of low purity
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sample is higher (4.68x10® cm). Surprisingly, the defect density is reduced to 2.34x10® cm™
once Cl is added to low purity sample. Besides the effects of ClI on morphology and crystal
structure as mentioned above, another reported effect is the longer carrier lifetime in CI-
incorporated perovskite thin film revealed by photoluminescence (PL) spectroscopy [121, 131]. It
is often assumed that this longer carrier lifetime is attributed to reduced defect density [132], which
has never been experimentally approved for perovskite solar cells. This is the first time that
reduced defect density is experimentally observed in Cl-incorporated perovskite solar cells. The
result is in good agreement with what has been observed in the electron lifetime measurement: ClI
helps to passivate the defects in low purity perovskite solar cells, leading to a lower defect density

and higher electron lifetime.
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Figure 4.6 Arrhenius plots of the transition frequencies to derive the defect energy levels in perovskite

solar cells utilizing different purities of Pbl,,
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5.0 IMPROVED STABILITY OF MAPBI3 SOLAR CELLS USING ALL INORGANIC

CHARGE TRANSPORT LAYERS (CTLYS)

Methylammonium lead halide perovskites (abbreviated as perovskite) have been proved as
promising photovoltaic (PV) materials due to their excellent photoelectric properties [93].
Moreover, the abundant raw materials and the solution process capability make perovskite suitable
for low cost PV technologies similarly as Cu(In,Ga)(S,Se)2 (CIGS) and Cu2ZnSn(S,Se)s (CZTS)
for low cost PV technologies [57, 59, 87, 133]. The efficiency of perovskite solar cells has been
rapidly improved from 3.8 % in 2009 [12] to 20.1% in 2015 [1]. This great advancement is mainly
attributed to the numerous efforts that have been taken to deposit high quality perovskite thin films
by many research groups [17-19]. The tremendous improvement can also be attributed to the two
photovoltaic (PV) device structures developed for almost 20 years. One structure is based on TiO>
as an electron transport layer (ETL) and 2,20,7,70-tetrakis(N,N-di-4-methoxyphenylamino)-9,90-
spirobifluorene (spiro-OMeTAD) as a hole transport layer (HTL). The other structure is based on
the organic ETL such as PCBM and organic HTL such as poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) and poly(3-hexylthiophene-2,5-diyl) (P3HT). The perovskite
thin film is deposited as an absorber layer to fabricate perovskite solar cells. Due to the high
sensitivity of these organic materials to moisture and oxygen, a nitrogen glove box with a strict

control of the moisture and oxygen levels was usually used to fabricate perovskite solar cells [17,
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22-25]. However, the perovskite solar cells degrade rapidly once they are removed from the
nitrogen glove box and stored in ambient environment [26-28].

It was reported that perovskite thin films were comparatively stable in ambient
environment with low humidity [134]. The rapid degradation of perovskite solar cells was mainly
caused by the instability of the organic charge transport layers (CTLs) [135, 136]. Encapsulation
of perovskite solar cells was reported to be able to improve the stability of perovskite solar cells
[137]. However, encapsulation is usually a final process step for fabrication of perovskite solar
cells. The perovskite solar cell could have already degraded before being encapsulated. Another
reported approach to improve the stability of perovskite solar cells was to use NiOx thin film as
HTL to replace those organic ones [138, 139]. Nevertheless, the remained organic ETL such as
PCBM still significantly affect the stability of perovskite solar cells [135, 136]. The ultimate
advancement in the device stability of perovskite solar cells has yet to be realized.

Here, solution-processed inorganic thin films, lithium (Li)-doped NiOy (Li:NiOx) and ZnO
nanoparticles (NPs), were deposited as the HTL and ETL, respectively, to fabricate highly stable,
highly performed planar perovskite solar cells. The devices were intentionally kept and tested in
ambient environment without encapsulation to focus on the efficiency and stability. The
employment of all inorganic thin films as CTLs has significantly improved the stability of
perovskite solar cells compared to that of conventional perovskite solar cell structure with TiO as
the ETL and spiro-MeOTAD as the HTL. This study provides an excellent device structure for

making highly stable and efficient perovskite solar cells.
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5.1 EXPERIMENTAL PROCEDURES

5.1.1 Synthesis of ZnO Nanoparticles (NPs)

ZnO NPs were synthesized according to a reported procedure [140]. Zinc acetate dihydrate
(molecular weight: 219.51) (2.95 g, 13.4 mmol) was dissolved in 125 ml methanol with stirring at
65 C. A solution of potassium hydroxide (molecular weight: 56.11) (1.48 g, 23 mmol) in 65 ml
methanol was then added dropwise over a period of 15 min to the zinc acetate dehydrate solution.
The reaction mixture was stirred for 2.5h at 65 C. After cooling to room temperature, the
supernatant was decanted and the precipitate was washed twice with methanol (20 ml). n-butanol
(70 ml), methanol (5 ml) and chloroform (5 ml) were added to disperse the precipitate and produce
a ZnO NPs solution with a concentration of 6 mg/ml. Before use, the ZnO NPs solution was filtered

through a 0.45 um PVDF syringe filter.

5.1.2 Preparation of Li-doped NiOx (Li:NiOx) sol-gel

Li:NiOx sol-gel solution was prepared according to a reported procedure [141]. Nickel acetate
tetrahydrate (Ni(COOCHj3)2-4H-0, 746.52mg) was dissolved in 2-methoxyethanol (2ME) (10 ml),
and 0.1 ml hydrochloric acid (HCI) was added as catalyst. Lithium acetate monohydrate
(LiCH3COO-H20, 29.94 mg) was used as the dopant. The solution was stirred in water bath at 60

‘Cfor 1 h and then aged for 24 h at room temperature.
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5.1.3 Fabrication of MAPbIs solar cell with all inorganic CTLs

The perovskite solar cell device structures studied in this work include: conventional structure,
fluorine doped tin oxide (FTO) glass/TiOz/perovskite/spiro-OMeTAD/Ag (Fig. 5.1 (a)), and the
structure with all inorganic CTLs, FTO glass/Li:NiOx/perovskite/ZnO NPs/Ag (Fig. 5.1 (b)). The
perovskite thin films were deposited using the solvent-solvent extraction (SSE) method developed
by Zhou et al. [142]. Li:NiOx thin film was spin-coated using modified procedures reported in
literature [143]. ZnO NPs were synthesized as reported and the coating procedures were optimized

[144].

Li:NiOx
FTO FTO

(a) (b)

Figure 5.1 Schematic device structures of (a) conventional, and (b) all inorganic CTLs perovskite solar

cells.
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52  RESULTS AND ANALYSIS

The morphologies of the Li:NiOx thin film, perovskite thin film, and ZnO NPs were investigated
by atomic force microscopy (AFM). To avoid the effects of the roughness of substrates, polished
silicon wafers were used as substrates for AFM measurement. As shown in Fig. 5.2, no obvious
voids can be observed in these films. The roughness of the Li:NiOy, the ZnO NPs, the perovskite
thin film is 0.49 nm, 2.32 nm, and 8.54 nm, respectively, indicating all films are smooth. These
films are suitable for planar perovskite solar cells where the underlying layer is conveniently and

fully covered by the upper layer. Direct shorting pathways are avoided.
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Figure 5.2 AFM images of the surface of (a) Li:NiOx thin film, (b) ZnO NPs, and (c)perovskite thin film.

Based on these results, perovskite solar cells were fabricated using the Li:NiOy thin film as
HTL, and ZnO NPs as ETL. The thickness of Li:NiOx thin film was controlled to be around 25 nm

(Fig. 5.3 (a) and (b)), while the thickness of ZnO NPs was approximately 10 nm (Fig. 5.3 (c) and
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(d)) because its comparatively low conductivity [145]. The thickness of perovskite thin film was

kept at 350 nm which has been widely adopted in literatures [146, 147]. As an effort to improve

the quality of the interface between the ZnO NPs and the perovskite thin film, half of the devices

were annealed at 90 °C for 10 min before Ag contact was deposited.
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Figure 5.3 Thickness of (a) and (b) Li:NiOx thin film, (c) and (d) ZnO NPs deposited with 10 times

coating.

The J-V characteristics of these perovskite solar cells under illumination were obtained. For

comparison, perovskite solar cells with conventional structure of FTO/TiOz/perovskite/spiro-
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OMeTAD/Ag were also fabricated and characterized. It is worth nothing that all devices were
fabricated and characterized in ambient environment. Ag was deposited using a high vacuum
electron beam (EB) evaporation system. The J-V curves of the champion solar cell of each sample
are shown in Fig. 5.4 and the J-V parameters are summarized in Table 5.1. The highest power
conversion efficiency obtained from device with conventional structure of TiO2/perovskite/spiro-
OMeTAD was 14.8% with a Jsc of 22.3 mA/cm?, a Voc of 1.07 V, and a FF of 61.9 %. These
parameters are comparable to those of the high-performance planar perovskite solar cells reported
so far [17-19]. This is attributed to the high quality compact and smooth perovskite thin films

which were deposited using SSE method [142].
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Figure 5.4 J-V curves of the champion perovskite solar cell with different device structures.
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Table 5.1 I-V parameters the champion perovskite solar cell with different device structures.

TiO2/spiro- Li:NiOx/Unanneal  Li:NiOy/Anneale

OMeTAD ed ZnO NPs d ZnO NPs
Eff. (%) 14.8 4.8 12.0
Jsc (MA/cm?) 22.3 22.4 21.8
Voc (V) 1.07 0.89 0.80
FF (%) 61.9 24.3 68.8

An efficiency of 12.0 % was achieved from the device with a structure of
Li:NiOx/perovskite/annealed ZnO NPs. Compared with the conventional perovskite solar cell, the
efficiency is still low mainly due to the comparatively low Voc. However, the efficiency of the
device with structure of Li:NiOx/perovskite/unannealed ZnO NPs is unexpectedly low. The main
reason for low efficiency is its extremely low FF. The FF was significantly improved after an
annealing step was applied before Ag was deposited. This annealing step probably improved the
quality of the interface between the perovskite thin film and the ZnO NPs. The Voc of the
perovskite solar cell with annealed ZnO NPs is slightly lower than the unannealed one. To reveal
the mechanism, the energy band diagrams of the three samples are shown in Fig. 5.5. All the values
of the energy levels are obtained from literatures [148, 149]. The band gap of ZnO NPs with size
of 5 nm is found to be 3.63 eV [150] and the band gap of annealed ZnO NPs is 3.54 eV [151].
Assuming the valence band keeps constant, the conduction band of the annealed ZnO NPs is
lowered by 0.11 eV. This will bring two effects. First, the potential between the perovskite thin
film and the ZnO NPs is increased, which will facilitate the transport of electrons from perovskite
thin film to ZnO NPs, leading to higher FF and efficiency. Second, to a large extent, the Voc in

organic solar cell depends on the difference between the highest occupied molecular orbital
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(HOMO) of HTL and the lowest unoccupied molecular orbital (LUMO) of ETL [152]. This could
also be true for perovskite solar cells. When the conduction band of ZnO NPs is lowered, it will

be closer to the valence band of Li:NiOx. The difference between the HOMO of HTL and the

LUMO of ETL is reduced, leading to a lower Voc.
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Figure 5.5 Energy band diagrams of perovskite solar cells with different device structures of (a)

TiO2/spiro-OMeTAD, (b) Li:NiOx/unannealed ZnO NPs, (c) Li:NiOx/annealed ZnO NPs.

To demonstrate the robustness and repeatability of the process for fabricating perovskite solar
cells with all inorganic CTLs developed in this work, 28 perovskite solar cells with device structure
of Li:NiOx/perovskite/annealed ZnO NPs were fabricated and tested. The distributions of J-V
parameters are plotted in Fig. 5.6. An average efficiency of 7.7 % was achieved. Higher average

efficiency is expected with further optimization of process. [153].
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Figure 5.6 Distributions of 1-V parameters obtained from 28 perovskite solar cells with device structure of

Li:NiOy/annealed ZnO NPs.

Spiro-OMeTAD was initially developed as a HTL in solid-state dye-sensitized solar cells
(SSDSSCs) [154]. It has been widely used in highly efficient planar and mesoporous perovskite
solar cells [15, 155]. The stability of perovskite solar cells with spiro-OMeTAD as the HTL has
been much improved and is superior to that of perovskite solar cells that use other organic materials
as HTLs [156]. So far, the device structure of TiO2/perovskite/spiro-OMeTAD has been

demonstrated to be one of the most stable perovskite solar cells. In order to demonstrate the
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advantages of the all inorganic CTL perovskite solar cells developed in this work, the perovskite
solar cells with the conventional device structure of TiOJ/perovskite/spiro-OMeTAD and the
device structure of Li:NiOx/perovskite/ZnO NP were stored without encapsulation and tested in
ambient environment at 22 °C with a relative humidity of 48.5 %. Fig. 5.7 shows the evolution of
J-V parameters for typical devices from each device structure, which were stored in dark for 300
h. For each device structure, the J-V parameters were obtained from 8 solar cells with efficiencies
ranging from 10 % to 5%. As shown in Fig. 4.32 (a), the efficiency of Li:NiOx/ZnO NP structure
was preserved 95 % of the initial performance, while the efficiency of TiO2/spiro-OMeTAD
structure rapidly decreased to 33 % after 100 h storage in dark. Remarkably, the Jsc of the
Li:NiO«/ZnO NP device improved during the first 50 h, while the Voc and FF relatively
unchanged. For devices with the TiOJ/spiro-OMeTAD structure, the Jsc and Voc decreased
rapidly, while the FF fluctuated. Unexpectedly, the efficiency of TiO2/spiro-OMeTAD device was
degraded to less than 1 % of its initial efficiency after 170 h. This was mainly caused by the severe
degradation of Voc which only preserved 3 % of its initial value. At this point, the efficiency of
Li:NiOx/ZnO NP device preserved 92 % mainly caused by the slight degradation of Jsc. The
stability test of Li:NiOx/ZnO NP device was continued to 300 h, while that of TiO2/spiro-
OMEeTAD device was stopped at 170 h. At the end of the test, the values of Voc and FF were
comparable to their initial values. The Jsc slowly degraded to 62 %. As a result, the efficiency of

Li:NiOx/ZnO NP device was preserved 61 % of the initial value.
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Figure 5.7 Variation of the normalized I-V parameters of the perovskite solar cells with time stored in air at

room temperature without encapsulation.

For the TiO2/spiro-OMeTAD device, both the spiro-OMeTAD and the perovskite thin film
could degrade due to moisture. The junction between the spiro-OMeTAD and the perovskite was
possibly damaged after exposure to high humidity, leading to rapid degradation of the device. For
the Li:NiOx/ZnO NP device, all other materials are stable on exposure to moisture except for the

perovskite thin film which decomposes into MAI and Pbl,. The decomposed perovskite will no
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longer contribute to the photocurrent, resulting to lower Jsc. Nevertheless, moisture is more likely
to damage the bulk perovskite through grain boundaries, leaving a large part of the surface of the
perovskite thin film intact. Therefore, the junction between the perovskite thin film and the ZnO
NP thin film has a chance to preserve its quality, resulting in a negligible degradation of Voc and
FF even if the devices were kept in air with a relative humidity of 48.5 % for 300 h. There are two
possible solutions to improve the stability of perovskite solar cells. First, a process capable of
depositing perovskite thin film with larger crystal size needs to be developed to reduce the number
of paths through which the moisture gets to the bulk perovskite. Second, the metal oxides with
decent ambient stability have obvious advantages over those organic CTLs. Their properties
should be further investigated and developed for perovskite solar cells.

As mentioned earlier, the conventional perovskite solar cell adopted a device structure which
have been developed for almost 20 years, while the device structure with all inorganic CTLs
proposed in this work is new. It is reasonable to expect that its performance would be significantly
improved with further optimization. As a hint, spiro-OMeTAD used in this work was doped with
a lithium salt, which is a common procedure to increase the conductivity of spiro-OMeTAD,
leading to higher performance of solid-state dye-sensitized solar cells (SSDSSCs) and perovskite
solar cells [157]. Doping of ZnO NPs, which will increase the conductivity of ZnO NPs [158],
could be a strategy to improve the efficiency of perovskite solar cells with the device structure

developed in this work.
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6.0 FUTURE WORK AND CONCLUSION

6.1 FUTURE WORK

6.1.1 Interface Engineering of CZTS Solar Cells

As discussed earlier, while the defect density in perovskite solar cell is as high as 2.79x10% cm3,
more than 18% efficiency can still be obtained. Conversely, while the defect density in CZTS solar
cell is lower than what is observed in perovskite solar cell (1x10® cm=), the highest efficiency
obtained is less than 13%. This indicates that the quality of the CZTS absorber layer is not the
major factor which limits the performance of CZTS solar cell. The low quality of the interfaces,
including the interface between CdS and CZTS and the interface between CZTS and Mo, could be
the origins of the poor performance in CZTS solar cells.

The employment of CdS in CZTS solar cells was based on the experiences in developing
CIGS solar cells. Although CdS is reportedly to be the best n-type semiconductor to form p-n
junction in CZTS solar cells, it has yet to be optimized. Recently, it has been found that the built-
in homogeneous p-n junction observed in CIGS solar cell due to the diffusion of Cd into CIGS
thin film does not exist in CZTS solar cell [159, 160]. This indicates that the photo-excited
electrons and holes in CZTS must be separated by the heterogeneous p-n junction formed by CdS

and CZTS, leading to higher possibility to be recombined. The quality of the interface of
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CdS/CZTS should be improved by using alternative n-type semiconductors or by developing
alternative coating processes for CdS thin films.

Similarly, the employment of Mo back contact in CZTS solar cells was also based on the
experiences in developing CIGS solar cells. However, it has been found that the coating procedures
which have worked pretty well with CIGS solar cell would resulted into formation of extremely
thick MoSe> thin film, leading to high series resistance and deteriorated the device efficiency
[161]. Materials such as TiN and TiB2 have been deposited between the Mo and the CZTS to partly
or completely suppress the formation of MoSe; thin film [162-164]. Other materials which will
sufficiently suppress the formation of MoSe2 and effectively facilitate the transport of charges

need to be explored.

6.1.2 Interface Engineering of MAPbIs Solar Cells

Li doping has been applied to enhance the conductivity of organic HTLs such as spiro-OMeTAD
and P3HT, which greatly enhances the device efficiency of perovskite solar cells [157, 165]. For
inorganic HTL such as NiOx, Cu doping was reported to enhance its conductivity, leading to higher
efficiency of perovskite solar cells [166]. Al doping is well known to improve the conductivity of
ZnO thin films, ZnO nanorods, and ZnO nanoparticles [167-169]. The efficiency of solar cells was
improved by using these doped materials [168]. As addressed in 4.3, the application of ZnO NPs
as ETL has greatly improved the stability of perovskite solar cells. However, the efficiency lags
behind. This is probably caused by the extremely low conductivity of ZnO NPs. Therefore,
application of Al-doped ZnO NPs as ETL in perovskite solar cell can possibly improve both the

efficiency and the stability of perovskite solar cells.
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The J-V curves of the champion solar cell of each sample are shown in Fig. 6.1 and
corresponding 1-V parameters, namely, the conversion efficiency (Eff.), short-circuit current
density (Jsc), fill factor (FF), and open circuit voltage (Voc), which are derived from Fig. 4.38, are
summarized in the table inserted in Fig. 4.38. The best perovskite solar cell without Al-doped ZnO
NPs produced a Jsc of 18.37 mA/cm?, a Voc of 0.81 V and a FF of 63.2 %, while the most efficient
perovskite solar cell with Al-doped ZnO solar cell had a Jsc of 21.52 mA/cm?, a Voc of 0.91 V and
a FF of 55.99 %. As a result, the efficiency of perovskite solar cell was improved from 9.41 % to
10.95 %. The reasons of the enhancement of photovoltaic parameters were investigated and

discussed below.

Voltage (V)
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Figure 6.1 J-V curves of the champion perovskite solar cells with and without Al-doped ZnO NPs.
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The noticeable improvement of the perovskite solar cell with Al-doped ZnO NPs is the
increased Jsc and enhanced Voc, while the FF is slightly degraded. For FF, the affecting
mechanisms are more complex than those of Jsc and Voc. For Jsc and Voc, the major factor is the
recombination processes, either in the bulk, or at the interfaces. For the perovskite solar cells with
and without Al-doped ZnO NPs, the only difference is the interface between ZnO NPs and the Ag
contact. With a layer of Al-doped ZnO NPs, the interface between ZnO NPs and Ag contact could
be improved, as what was observed in CIGS solar cells, leading to higher Jsc and Voc. As clearly
demonstrated in Fig. 6.2, which shows the statistical distributions of the Voc of perovskite solar
cells with and without Al-doped ZnO NPs, the inclusion of Al-doped ZnO NPs between the ZnO
NPs and the Ag contact definitely improved the Voc of perovskite solar cells, indicating the

recombination at the interface between the ZnO NPs and the Ag contact was suppressed.
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Figure 6.2 The statistical distributions of the Voc of perovskite solar cells with and without Al-doped ZnO NPs.

The temperature dependence of Voc of perovskite solar cells with and without Al-doped ZnO
NPs are shown in Fig. 6.3. The intercept of the Voc versus T plot at OK for perovskite solar cells
without Al-doped ZnO NPs yields the Ea of 1.31eV, which is significantly lower than the band
gap of the absorber layer, while that of perovskite solar cells with Al-doped ZnO NPs is 1.57 eV,
which is the same as the band gap of the absorber layer. This indicates that the dominant
recombination process occurs in the charge transport layer-absorber interfaces for perovskite solar
cells without Al-doped ZnO NPs, while the dominant recombination process occurs in the space

charge region for perovskite solar cells with Al-doped ZnO NPs. The inclusion of Al-doped ZnO
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NPs between the ZnO NPs and the Ag contact can improve the interface by suppressing the

interfacial recombination, leading to higher performance.
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Figure 6.3 Temperature dependence of the Voc and its linear extrapolation line to 0 K for perovskite solar
cells with and without Al-doped ZnO NPs, which helps to elucidate the dominant recombination process in the two

types of devices.

While the utilization of Al-doped ZnO NPs can enhance the VVoc of perovskite solar cells and
therefore increase the performance of perovskite solar cells, the efficiency obtained so far is still

lower than what has been obtained from perovskite solar cells with conventional structures.
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Investigation on the cross section of the device using KPFM can possibly reveal how the charges

are transported and where the improvement could be achieved.

6.1.3 Effects of impurities in MAPDbIs Solar Cells

Cl doping has been demonstrated to be capable of effectively improve the performance of
perovskite solar cells. Furthermore, introduction of negligible amount of Cl into low purity
MAPbDIs solar cell can significantly boost the performance. Therefore, the concentration of Cl in
perovskite thin film will be investigated. Also, how and where Cl lies in perovskite thin film will
also be studied. Furthermore, the impurities in Pbl, will be revealed and their effects on the
performance of perovskite solar cells will be investigated. By combining theoretical calculations
with experimental results, the mechanisms behind the Cl doping-associated improvement of
performance of perovskite solar cells made from low purity Pbl, will be revealed. Doping of
perovskite thin films with alternative materials with expectation to enhance device performance
will be explored. The alternative doping procedures are expected to neutralize the impurities in

Pbly, passivate the grain boundaries of perovskite thin film, and improve the lifetime of the carriers.

6.2 CONCLUSION

The properties of the CZTS thin films deposited by the water-based method are greatly affected
by the Se feeding time. Varying the time from 0 to 30 min resulted in CZTS thin films with ratios
of Se/(Se+S) varying from 0 to 25%. The extension of Se vapor feeding time increases the

bandgap, slightly increases the lattice parameters, and significantly improves the morphologies of
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the CZTS thin films. A remarkable enhancement of performance was achieved from the CZTS
solar cells with longer Se vapor feeding times compared to those without Se vapor feeding.

The mixed halide source method proposed in this work can be applied to combine the
advantages of a modified one-step process and CI incorporation. A larger band bending at grain
boundaries with CI incorporation, revealed by KPFM measurement, suggest that a p-i-n type of
heterojunction junction is formed in the devices with Cl incorporation. The p-i-n junction
facilitates the charge carrier collection and reduces recombination. Planar perovskite solar cells
with uniform morphology can be fabricated by the two-step solution process and the performance
can be improved by the Cl incorporation. This technique can be easily combined with other highly
efficient growth methods. Higher performance could be expected for solution-processed, planar
perovskite solar cells.

Additionally, we have successfully prepared inorganic metal oxides which can be used as
CTLs in highly performed perovskite solar cells. The stability of the perovskite solar cells has been
significantly enhanced due to the stability of these inorganic metal oxides in ambient environment.
The slow degradation observed in corresponding perovskite solar cells was suggested to be mainly
caused by the moisture infiltrated into the perovskite thin film through grain boundaries, while the
rapid loss of performance observed in the conventional perovskite solar cell with device structure
of TiO2/spiro-OMeTAD resulted from the degradation of the perovskite thin film and the junction.
This study provides an excellent device structure for making highly stable and efficient perovskite
solar cells.

Finally, the defect density of CZTS solar cell is reported to be 1x10'® cm, while that of
perovskite solar cell is found to be more than 2x10% cm™. Although the defect density in

perovskite solar cell is higher than that in CZTS solar cell, the efficiency obtained so far from
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perovskite solar cell is much higher than that obtained from CZTS solar cell. This indicates that
the quality of the interfaces in CZTS solar cell is much worse than that of perovskite solar cell,

and should be prioritized in the future work.
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