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Abstract

Perovskite solar cells (PSCs) is a hot research topic in recent years due to its high-speed
development in device performance. However, the power conversion efficiency (PCE) is still
lower than the theoretical limitation, and the stability is not satisfactory. These two issues are
crucial for the commercialization of this photovoltaic technology. This thesis is mainly focusing
on composition and interface engineering for achieving efficient and stable PSCs. Firstly, for
improving the device performance, TizCoTx, a kind of MXene, was introduced into the
CH3NH;3PbI; perovskite film. The interaction between the additive and the perovskite precursor
retards the perovskite crystal growth and results in larger crystals. The high conductivity of the
Ti3CoTx accelerates the charge transfer through the perovskite grain boundaries. The larger crystals
and the better charge transfer process lead to a higher performance of the PSCs. Secondly, a simple
surface passivation method using SnCl> solution for SnO; electron selective layer (ESL) was
developed. This method can effectively reduce the charge recombination at the interface of all-
inorganic CsPbIBr2 PSCs. The suppressed interfacial recombination leads to improved open-
circuit voltage (Vo) and enhanced device performance. Thirdly, for improving the stability of the
photoactive phase of all-inorganic CsPbI,Br, Nb>" ions were incorporated into the perovskite
materials. The Nb>* doping not only stabilizes the perovskite materials but also reduces the charge
recombination in the perovskite film, which enhances the device performance and results in

hysteresis-free properties.

In Chapter 1, the background of photovoltaic technologies and the current development,
composition modification, device structure and film preparation methods of PSCs were introduced.

Moreover, the challenges of the research in PSCs and the purposes of this thesis were presented.

In Chapter 2, the reagents and apparatus for the PSCs fabrication were listed. The basic
principle of the characterization techniques, such as XRD, SEM, UV-vis, PL, TRPL, and EIS, and
the related instruments were introduced. Furthermore, the method of photovoltaic performance

measurements for the PSCs were depicted.

In Chapter 3, for enhancing the efficiency of the solar cells, the high conductivity two-
dimensional Ti3C>Tx MXene was incorporated into the perovskite absorber layer. Results showed
that the termination groups of the Ti3C,Tx can retard the nucleation rate of the perovskite, thereby

increasing the crystal size of CH;NH3Pbls. The high electrical conductivity and mobility of MXene



can accelerate the charge transfer through the perovskite grain boundaries. After optimizing the
key parameters including Ti3C,Tx adding amount and the solvents for Ti3C>Tx, the champion PCE
of the device was improved from 15.54% to 17.41% and the average PCE was increased from

15.18% to 16.80% with 0.03 wt% amount of Ti3C,Tx additive.

In Chapter 4, for reducing the energy loss at the interface, a surface passivation process for
SnO, ESL employing SnCl; solution was introduced. This passivation process successfully
reduced the energy loss for high V. output and consequently improved the performance of the all-
inorganic CsPbIBr; PSCs. With the surface passivation, the PCE was enhanced from 4.73% to
7.00% and a high Vo of 1.31 V was achieved, which is one of the highest V. reported for the
inorganic Cs-based PSCs. The main reason is that the surface passivation caused higher
recombination resistance, resulting in suppressed recombination process at the interface between

the perovskite and the SnO,.

In Chapter 5, with the aim of stabilizing the photoactive phase of all-inorganic perovskite in
ambient conditions, we incorporated the niobium (Nb>") ions into the CsPbI,Br perovskite. Results
indicate that Nb>" incorporation effectively stabilized the photoactive a-CsPbl:Br phase by slight
substitution of Pb?". With carbon electrode, the all-inorganic perovskite solar cells achieved a
record-high PCE of 10.42% with 0.5% Nb doping, 15% higher than that of the control device. The
Nb>* incorporation reduces the charge recombination in the perovskite, leading to a champion Vo

of 1.27 V and negligible hysteresis effect.

Finally, the general conclusions of this thesis were summarized and future prospects were
proposed. The main issues for the PSCs still lie in the performance and stability. Some strategies
such as controlling the perovskite film growth for generating large crystals, optimizing the
interface for reducing the recombination and energy loss might be helpful to further improve the
device performance. As for the phase stability of all-inorganic PSCs, the effective methods can be
constructing a protection layer to prevent the humidity and metal doping to improve the tolerance
factor of the structure. The PSCs are very promising for commercialization or using as part of

tandem solar cells in practical application.
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Chapter 1 Introduction

1.1 Development of photovoltaic technology

1.1.1 History and classification of solar cells

Energy is a marking of the origin of human civilization and has always been an important
driving force for human progress. With the development of human society, energy is also
constantly being developed and utilized. At the end of the 19™ century, the use of coal greatly
promoted the development of the industrial economy and promoted the pace of social
modernization of human beings. At the 1960s, the extraction of oil and gas gradually replaced the
coal and finally acted as the main energy type, which brought us to the age of oil. However, the
fixed reserves of the fossil energies, including coal, oil and gas and the environment pollution
coming with using these energies aroused the attention of the society. It is significantly imperative
to exploit recyclable and environment-friendly new energies. Hence, the new energies including
water energy, wind energy, solar energy, biology energy, geothermal energy, tidal energy are being
developed and commercialized. Among these types, the solar energy is inexhaustible and the total
energy amount from the sun to the surface of the earth is equivalent to that of 130 trillion coal
burning. More importantly, solar energy environment-friendly and convenient to get, which is very
significant to the sustainable development of human society. Therefore, solar energy is very
promising energy for us and developing highly efficient solar cells with low cost is a hot topic in
energy research area.
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Figure 1 Classification of solar cell technologies by generations.



The solar cells are based on the photovoltaic effect of semiconductors, which can convert
the solar light energy to electric energy. According to the light absorption materials, the solar cells

can be divided into three generations, as shown in Figure 1:

(1) The first-generation is the silicon solar cells, which are mainly based on the
monocrystalline silicon, polysilicon and their composites solar cells.! The silicon solar cells, with
high photoelectric conversion efficiency (PCE), have been commercialized in human life for many
years. After the optimization of the fabrication technologies, the record PCE in the laboratory has

been improved to higher than 25% and the cost is also greatly reduced.?

(2) The second-generation are the multi-component thin film solar cells, including GaAs,?
InP,* copper indium gallium selenide (CIGS),’> CdTe solar cells.® These solar cells have high PCEs
and high device stabilities, at the same time thin absorber layer, which can reduce the raw materials
cost-effectively. While the solar cells contain rare elements or the toxic elements, which partly

restricts their mass production.

(3) The newly third-generation are the dye-sensitized solar cells,’” organic solar cells,®
quantum dots solar cells” and PSCs.!” This newly developed solar cell are still in their infancy
stage and most research is in the lab exploration, thus, there is a long way to go for the practical
application. The PSC is firstly reported in 2009 and are attracting tremendous attention worldwide,
with the PCE dramatically increased from 3.8% to over 23% in several years, which is amazing-
fast among the developments of solar cells.!! Together with their advantages of the simple
fabrication process and low cost, the PSCs are expected to be a game changer in the near future of

solar cells.
1.1.2 Working mechanism of solar cells

The typical structure of solar cells is a silicon based p-n junction. Specifically, the solar cells
are constructed of an n-type silicon contact with a p-type silicon, forming a p-n junction solar
cells.!> When a photon hits the silicon, there are three possible situations: one is that the low energy
photons will pass through the silicon; second is that the photons reflect off the surface of the silicon;
the third situation is that the photons are absorbed by the silicon. The last situation happens when
the photon energy is higher than the silicon band gap and its energy will give to an electron in the
silicon lattice. Then the electron is excited by the photon to move from the valence band to the

conduction band. A network of covalent bonds to which electrons are already bound. When a

2



missing covalent bond is present, the bonding electrons of adjacent atoms move into holes, leaving
other holes behind, thereby propagating holes throughout the lattice. Thus, photons absorbed by
the semiconductor produce electron-hole pairs. Then the generated electron-hole peers separate
under two forces. One is the drift of the electric field, which pushes electrons in one direction.
Another is carrier spread in the region of higher carrier concentration into the region of lower

carrier concentration.'?

1.2 Halide perovskite materials

The history of the applications of perovskite materials in photovoltaics can be traced to 1956
when the photocurrent was first detected in the BaTiO; perovskite material.'!> Then the
photoelectric effect was also found in some other perovskites such as LiNbO3.!* The photovoltaics
is related to the built-in electric field on the crystal surface formed by the space charge, meaning

ferroelectricity. But these perovskite oxides possessed low efficiency below 1%.

In 1978, methylamine cation (CH3NH3", MA™) was firstly introduced into the perovskite
crystals by Weber, forming three-dimensional organic-inorganic perovskite materials.!® In the
typical ABX3 organic-inorganic perovskite materials, the A site is commonly the organic amine
ions (MA, formamidinium (HC(NHz):", FA")), existing at the corners of a cubic unit cell. The B
site is the metal ions (Pb**, Sn**, etc.), at the body-centered position of the cell. The X represents
the halide ions such as I', Br’, CI, or the mixing of them and they occupy the face centers of the
cell. Due to their proper ion sizes, the eight BXs octahedrons form cubooctahedral voids, with
which the A site ions can match well and the nearly cubic crystallographic form can be obtained.
Different from the conventional hybrid materials, this kind of material is the composite in the
molecular scale and still keep the homogeneous property in macroscopic scale, which can combine

the advantages of organic and inorganic material perfectly.



Figure 2 Crystal structure of MAPbI3 organic-inorganic halide perovskite.

The most widely studied organic-inorganic halide perovskite is MAPbI; material with the
band gap of which is 1.5 eV. It can absorb the light with the wavelength smaller than 800 nm, a
whole range of visible light spectra. Moreover, the series of perovskite materials have very high
light absorption coefficient, thus very suitable for the light absorption. The organic group in the
materials makes the precursors have a solubility in organic solvents for film preparation. At the
same time, the properties of the perovskite materials can be easily modified via changing the size
or the composition of the organic groups.'® Therefore, the organic-inorganic perovskite materials
are very suitable for use as light absorption materials in photovoltaics. Under the effect ofthe
electric field, temperature and stress, the perovskite crystal structures can transform between the
tetragonal, cubic and orthorhombic crystal system.!” For example, MAPDI; is tetragonal at the
room temperature and will transit to orthorhombic crystal structure at the higher temperature and

become cubic structure at the temperature around 100 °C.

In 2009, the MAPbI; and MAPbBr3 were firstly used at the sensitizer in the dye-sensitized
solar cells (DSSC), achieving a PCE of around 4%.'° Then this kind of materials are prepared into
quantum dots and applied for DSSC with a higher PCE of 6%.'® While the perovskite in the liquid

DSSC is easily solute in the electrolyte, which resulting short lifetime of the solar cells.

In 2012, the perovskite solar cells based on the light absorber of MAPbI; and MAPbI3.xClx
achieved high PCE of 9.7% and 10.9%," respectively, which aroused wide readership of

researchers and was regarded as the milestone of research in PSCs. Only after one year, the PCE



of PSCs had reached to over 15%. Now the record high PCE has been promoted to over 23% after
only seven years from the first report of solid state PSC.

1.3 Perovskite composition modification

The perovskite materials are acting as the light absorber in the solar cells, therefore, their
optical-electrical characteristics are crucial for the performances of the device. The low band gap
with the absorption range from visible to the near-infrared region is necessary for the high current
and the high performance of the solar cells. While too low band gap will also result in small voltage
values. As a result, a proper band gap (around 1.4 eV) is very important for the perovskite light
absorbers. In the perovskite materials, the band gap of the materials can be modified by changing

the elements or the compositions.
1.3.1 A-site cation modification

In the Organic-inorganic PSCs, the A site is the organic ions, B site is the metal ions and the
X is the halide ions. The A site organic ions are mainly playing the role of charge compensation
and have a very small impact on the band structure of the perovskite materials. While the size of
A site ions will lead the expanding or shrinking of the crystal lattice, which will affect the length

of metal-halide and therefore exert an effect on the band gap of the materials.

The commonly used A site ions are the methylamine cation (MA"), formamidine cation
(MA™) and cesium (Cs").2*2! MA™ is the most widely used A site ion, which will results into
perovskite materials MAPbI; with a proper band gap of 1.55 eV and high light absorption
coefficient, promising for excellent absorption in the visible region by a thin film. Moreover,
because of the small exciton binding energy of MAPbI3 (2-56 meV), the exciton generated by the
light are easily split into electrons and holes.?? The bipolar charge transition properties of MAPbI3
are very helpful for the efficient charge transporting in the film. All of the above advantages are

the intrinsic reasons for the high performance of MAPbI; solar cells.

While the MAPbI; materials have some disadvantages, such as thermal stability and
humidity stability, which means that it is easy to decompose into Pbl> and CH3NH3I materials. For
solving these problems, the FA™ ions with larger size were used to replace the MA™ ions to form a
perovskite materials of FAPbI3, which has a better thermal stability than that of MAPbI3.> The
FAPDI; possesses a band gap of 1.43 eV, almost the same with the ideal band gap of 1.44 eV and



it can broaden the absorption spectra to 850 nm.?* Then the solar cells with the FAPbI; light
absorber layer have higher Js. than that of MAPbI; solar cells. But due to the smaller band gap, the
Voc of the devices becomes lower, leading comparable performance with that of MAPbIz. Gratzel
et al. prepared the mixed A site perovskite of MAo6FAg4Pbls,>> which combined the advantages
of two type perovskite materials and promised the high Js. and appreciable Vo and finally
improved the PCE of the devices. Snaith et al replaced the organic cations with smaller Cs" cation
and prepared the all-inorganic CsPbl; perovskite materials.2® Due to all-inorganic cations, this kind
of materials have amazing high thermal stability. While the bandgap of CsPbls is 1.73 eV, which
means that it could not wholly absorb the light in the visible region. Therefore its performance is
not comparable to those of the PSCs with organic cations, at the same time, the device has severe
hysteresis. Up to now, the most promising perovskite light absorber layer is the cesium-containing
triple cation perovskites, such as FAo7MAo.2Cso.1Pb(Is6Bri/)s because they can combine the high

performance and high device stability.* %’

1.3.2 B-site cation modification

In the most researches on PSCs, the Pb-contained perovskite materials are widely studied.
While the Pb element is toxic and not friendly to the environment, so it is very meaningful to
replace the Pb with some toxic-free elements. Actually, various kinds of metal elements have been
studied as a substitution of Pb elements, such as Ge, Sn, Cu, Sb, Bi, Cu, Zn, etc,?® among which
the Sn is the most promising and most widely studied.
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Hayase group firstly reported the substitution of Pb with Sn and prepared the film with 25%,
50% and 75% amount of Sn in the MAPb;xSnl3 perovskite.?” The structure of the devices is
FTO/c-TiO2/m-TiO2/perovskite/P3HT/Au, based on which, the champion PCE of 4.18% was
achieved when the Sn amount is 50%. This is because that when the 50% amount of Sn was added
into the perovskite, a balance between the series and shunt resistance was achieved. Moreover, the
Sn substitution will have an impact on the bond angle between the metal and halide because large
bong angle means a lower band gap. Thus partly replace the Pb with Sn will reduce the band gap
and broaden the light absorption region to near-infrared. In their research, they found that with 50%
Sn, the IPCE absorption edge reached to 1060 nm, which was the main reason for the improved

Jsc of the device.

Snaith et al. firstly used the Sn for totally replacing the Pb in the perovskite and a higher
PCE of 6.4% was achieved with a device -configuration of FTO/c-TiOz/m-
TiOx/perovskite/P3HT/Au.* It should be noted that the high Ve 0f 0.88 V was achieved. The main
reasons for the low performance of Sn containing PSCs can be attributed to two aspects. The first
one is that the Sn*" ions are easy to be oxidized to Sn**, forming the self-doping effect, which will
generate more amount of p-type charges and restrict the diffusion length of chargers. The second
one is because of the quick reaction between the Snl> and the MAI, the crystallization process is

very difficult to control, resulting in the film with low coverage and non-uniform.

The crystal lattice of Sn contained perovskite is not very stable because the smaller size of
Sn than Pb, therefore, the crystal structure stability is a crucial issue. On the other hand, the
commonly used Sn*" is very easy to be oxidized to Sn*', as a result, the device is very sensitive to
air. In most research on Sn-based solar cells, the fabrication and testing process is always
conducted in the N> or Ar glove box. Thus there are more and more research is carrying out on
replacing Pb with other kinds of metal ions for achieving highly stable, efficient and environment-

friendly PSCs.
1.3.3 X-site anion modification

Increasing the size of X elements can improve the crystal constants of the perovskite
materials because the larger ion size can reduce the acting force with Pb ions. In addition, by
adjusting the ratio between the I-Br and CI-Br, the light absorption edge can be continuously
modified. The MAPbI; perovskite has a band gap of 1.55 eV and can absorb the light with the



wavelength smaller than 800 nm. The diffusion length of 100 nm for MAPbI3; can be largely
improved to 1 um when CI” was introduced to the materials.’! But the CI has little effect on the
absorption ability of the materials, which means that the main role of CI" is to control the
crystallization process, affect the film morphology and reduce the defects in the film, rather than

occupying the I sites because Cl easily escape the crystal lattice during the heating process.

By adjusting the ratio of halide element in the perovskite, we can get a series of materials
with different band gaps.*? Usually, the band gap increases with increasing the amount of Br™ or
CI" for replacing I', which is not good for the light absorption.*® On the other hand, increasing the
amount of Br™ is helpful to enhance the phase stability of the materials. Recently, the modification
of the halide elements in the all-inorganic perovskite has been widely studied. When introducing
the Br™ into the CsPbls, the band gap will be enlarged: 1.73 eV for CsPbls, 1.92 eV for CsPblLBr
and 2.05 eV for CsPbIBr2.*** Though the enlarged band gap is not favorable for the light
absorption, the phase stability is greatly enhanced. This is because that Br™ replacing I" will greatly
increase the tolerance factor the perovskite materials and partly prevent the room temperature
phase transition from photoactive black phase to photo non-active yellow phase.*> A trade-off

should be achieved between the stability and light absorption ability for perovskite materials.
1.4 Perovskite solar cells device structure

The PSCs device contains five parts, as shown in Figure 5, the FTO/glass substrate, ESL,
light absorber, hole transporting material (HTM) and Au.%3” The ESL is for collecting electrons
and blocking holes, while the HTM has the role of transporting holes and blocking electrons from
the perovskite. The perovskite light absorber, with the formula of ABX3 (A=CH3NH3 (abbreviated
as MA), HC(NH,): (abbreviated as FA), Cs; B=Pb, Sn; X=Cl, Br, I), is the core of the PSCs.*® The
most widely used HTM is the organic p-type semiconductor of 2,2'.7,7'-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-MeOTAD). In addition, some other p-type
materials, such as Poly(3-hexylthiophene-2,5-diyl) (P3HT), NiO, CuSCN, and CuGaO., have also

been utilized as efficient HTLs.>®



ESL

FTO/glass

Figure 4 Device structure of perovskite solar cells.

In the structure of the PSCs, the perovskite material can absorb the light and convert the light
into carriers.** The photogenerated electrons and holes coexist in the perovskite layer due to its
unique ambipolar property.*'*> Then the electrons can be injected into the n-type ESL (with
subsequent electron transport to the FTO electrode) and holes can be transferred to the p-type HTM
(with subsequent transport to the Au electrode. Additionally, the ESL performs as an electron
blocking layer to prevent the holes from the perovskite and HTM from reaching the FTO electrode
due to its valance band position is lower than that of the perovskite materials. Meanwhile, the
HTM blocks the electrons from the perovskite and ESL due to its higher conduction band position
than that of the perovskite materials. Therefore, the effective charge transportation and blocking
mechanism can avoid the short circuit in the device. The uniform films including the ESL, the

perovskite layer and the HTM, and the optimized interfaces are important to the PSCs performance.

Ti0; is a typical ESL for the PSCs. Despite the excellent PCEs, high temperature (around
500 °C) post-treatment of the TiO: layer is needed for receiving high film quality.** The high
temperature hinders the simple and low-cost mass production of PSCs due to the complex and
energy intensive annealing step. Moreover, PSCs based on TiO are suffering from UV-light
instability due to the high photocatalytic activity of the TiO2, which can damage the perovskite
materials and impede the reproducibility of the devices.*** Another drawback of the TiO; is that
the electron mobility (1 cm?V-!s™!) is much lower than that of the perovskite layer (24.8 1 cm?V-
Is'1), resulting in a mode of unbalanced charge transport.*® The imperfect alignment between the
conduction bands of TiO> and the perovskite layer, resulting in hysteresis of the J-V characteristic,
might be another disadvantage. Therefore, considerable attention has been devoted to modifying

the conventional TiO2 ESL in order to overcome the aforementioned disadvantages. The general
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strategies are preparing low-temperature processable amorphous TiOx film,*’ constructing TiOz

48-49

composite film with other compounds, morphology controlling of the TiO2 film,*° and metals

doping within the TiO> film.>!">* For instance, Ta-doped TiO» ESL based PSCs exhibited a

remarkable improvement in PCE, as compared to those with un-doped TiO, .52

Flexible PSCs are fabricated on flexible substrates.*>’ These flexible PSCs have great
potential of being used in wearable electrical devices because they can maintain a high
performance even after being bent for thousands of times during use.>> Meanwhile, these flexible
substrates are low-cost and lightweight, benefiting for the commercialization of wearable
electronics. However, different from the rigid substrates including glass/FTO and glass/ITO, these
flexible substrates are not able to withstand high temperatures. Therefore, low-temperature
processable ESLs are urgently required for manufacturing high-performance flexible PSCs, which
will promote the industrial printing processes with roll-to-roll technology and reducing the

production costs of wearable electronics.

Inspired by the low-temperature fabrication of the perovskite layer and the HTM, it is crucial
to develop efficient and low-temperature processable ESLs to reduce the production costs, simplify
the process, meet the requirement for flexible PSCs fabrication, and realize the all-low-temperature
mass manufacturing of the PSCs. In our experiments, we use the low-temperature SnO; as the ESL,
which needs only a simple preparation process, low-temperature annealing, and low cost but

promises for high performance.
1.5 Perovskite film preparation method

There are several methods for perovskite preparation. The methods can be divided mainly
two types: solution process and vapor deposition process. The solution process contains one-step,
two-step spin-coating process and immersing process, which has a low request for the devices.
While the vapor deposition process is always conducted in the vacuum environment, which has a
high demand for the equipment but promises high film quality. Here we mainly introduce the

solution processes (one-step and two-step process) that are used in our experiments.
1.5.1 One-step preparation method

The widely used fabrication methods of the PSCs are a one-step method and two-step method,

etc., among which the one-step process is the simplest one.’® In this process, firstly the raw
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materials of lead halide and organic halide are dissolved in the organic solvents such as
Dimethylformamide (DMF), Dimethyl sulfoxide (DMSO), N-Methyl-2-pyrrolidone (NMP) and
gamma-Butyrolactone (GBL) to form the perovskite precursor solution.***%" Then the precursor is
deposited on the substrate and spun coated for obtaining a thin precursor film. During the heating
process, the solvents evaporate and the perovskite crystal film forms. In many types of research,
the anti-solvent of chlorobenzene (CB) and ethyl acetate (EA) is used to form a uniform and high-
quality film. This is because of the mutual solubility between the solvent and anti-solvent while
low solubility of perovskite precursor in the anti-solvent. When the anti-solvent is dripped on the
rotating film, it will bring the solvent of the perovskite away and the crystal nuclei will generate
due to the low solubility of perovskite in the anti-solvent. The one-step fabrication process is highly
affected by the annealing temperature, concentration of the precursor, ratio of raw materials and

the type of solvents, which determine the film morphology and quality.®!
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Figure S One-step anti-solvent perovskite film preparation process.

1.5.2 Two-step preparation method

The two-step spin-coating process contains two steps: firstly spin-coating the Pbl layer and
low-temperature heating for solvent evaporation, and the second step is to spin-coating the organic
halide MALS? Through the annealing process, the two kinds material will mutual diffuse and react,
generating the perovskite phase. It can precisely control the compositions of the perovskite
compositions. The Pbl is usually dissolved in the DMF solvent by forming the weak coordination
within the two molecules. When the MAI is spin-coated on the Pbl> film, the Pbl; reacts with the
iodide ions to form the Pbl;™ ions. Then the MA™ replace the DMF solvent to form the intermediate
phase.®*** During the annealing process, the DMF evaporates and the intermediate phase
transforms to the perovskite phase. This method also has some disadvantages. The first one is that
this method is easier to form the Pbl; residuals under the perovskite layer, especially in the planar

structural device, because of the incomplete reaction between the MAI and the underlying Pbl>



materials.®> The second one that this process needs longer time and higher temperature than that

for the one-step process because of the relatively slow reaction between the two raw materials.
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Figure 6 Two-step perovskite film preparation process.

Park group compared the morphologies of the films fabricated by the two-step and one-step
spin-coating process using the mesoporous device structure.’® They found that the one-step process
easily results in aggregation and non-uniformity of the crystals, moreover, the film has low
coverage on the TiO: film. While the two-step can obtain a uniform film with high reproducibility.
They also found that changing the concentration of MAI can effectively control the crystal size of

the perovskite film.

Similar to the two-step process, the sequential dipping method is also commonly used for
film preparation because of its high controllability and reproducibility. The first step is to spin-
coat the Pblz film on the mesoporous TiO; film makes form nanocrystals in the framework of TiO-.
Then immerse the dried Pbl: film into the MAI solution for one minute, during with the Pbl, will
react with MAI to form the perovskite materials. The excessive MAI can be washed out by IPA
solvent.®® This method can well control the film morphology and the uniformity, which is
promising for the high-performance devices. While the biggest negative is that this method is only
suitable for the mesoporous device rather than a planar device. Research has proved that in the
planar device, the thickness of the prepared film can only reach to 200 nm. When increasing the
thickness of Pbl, it will be difficult for the MAI to diffuse through the Pbl> and Pbl> will not

wholely react with the MAI, resulting into Pbl, residue, similar with the two-step method.

Another method is the vapor deposition process, which was firstly proposed by Snaith.%” In
their experiment, they mixing evaporated the PbCl, and the MAI in the vacuum conditions and
obtained a very uniform perovskite film and achieved a high PCE of 15.4%. While this method
must be operated in the vacuum conditions and only suitable for the planar devices, which is hardly

be used for large-scale device fabrication.
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With the development of the fabrication methods, the unsatisfactory morphology of
perovskite film obtained by the one-step process has been overcome by precisely controlling the
dripping process of anti-solvent and proper annealing optimization. Therefore, together with their
advantages including simple operations, the one-step process is becoming widely used in

fabricating high-quality perovskite films.
1.6 Challenges and Research topics

The PSC is a very promising photovoltaic technology due to the advantages including simple
fabrication process, high efficiency, low-cost, etc. While there are still several challenges lie in the
way towards commercialization process. The first one is the further enhancement in PCE. It has
been predicted that the limitation in PCE is 30~33 %°® and the record PCE now is lower than 24%,
thus there still a space for the efficiency improvement. The PCE can be further improved in several
ways. The essential one is to control the perovskite crystal growth for obtaining large crystals with
fewer amount of grain boundaries, where the charge will recombine.® Improve the conductivity
and charge mobility of the perovskite film can accelerate the charge transformation and enhance
the efficiency. The interface modification is also efficient because this is helpful for reducing the

charge recombination during transformation through the interface.”

The second challenge is energy loss, especially in the all-inorganic PSCs. The energy loss is
defined as the difference between the band gap of the light absorber and the eVoc.”! The energy
loss for all-inorganic PSCs is usually large than 0.8 eV, meaning unsatisfied Vo, which will result
in not very high performance. There are two resolutions for these problems. The first one is to
reduce the trap states in the perovskite layer because these trap states are responsible for the
radiative recombination of the photo-generated charges.”' The other one is to reduce the interface

recombination by interface passivation, which will obviously increase the Vo for the device.”?

The third problem is the phase stability of the photoactive perovskite phase. It is well known
that the organic-inorganic hybrid PSCs are very sensitive to the humidity and heat. Researchers
try to solve the thermal stability issue by replacing the MA with Cs at the A site of perovskite.
While the phase stability of the Cs based perovskite is very poor because it trends to transform to
photo non-active phase at room temperature.”> The strategies such as constructing a protection

layer for preventing humidity and metal doping for higher structural stability are promising
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solutions for the phase stability of the perovskite materials.”*”> Inspired by these challenges in the

research of PSCs, several works were carried out to trying to solve the issues.

Firstly, for further enhancing device performance, the two-dimensional high-conductivity
Ti3CoTx MXene was combined with CH3NH;3PbIz perovskite film for the first time. The TizCoTx
nanosheets were dispersed in different solvents and then were added into the perovskite precursor.
By characterizing the resultant film, it was found that this additive retards the nucleation process
of the perovskite, resulting in larger grain size because of the interaction between the MXene and
the elements in perovskite. Moreover, the additive with high conductivity and mobility is highly
beneficial to accelerate the electron transfer through the grain boundary. After optimizing key
parameters, we found that 0.03 wt% is the optimal amount and DMF is the most proper solvent
for MXene additive. Accordingly, the highest PCE is improved from 15.54% to 17.41% and the
average PCE is increased from 15.18% to 16.80%.

Secondly, in order to reduce the energy loss of the all-inorganic PSCs, a simple interface
engineering process for SnO2 ESL surface passivation employing SnCl, was developed. This
interface engineering successfully reduced the energy loss for high V. output and consequently
improved the performance of the all-inorganic CsPbIBr, PSCs. It was found that the surface
passivation can effectively suppress the recombination process at the interface between the
perovskite and the SnO> due to higher recombination resistance. The shorter PL decay time
indicates more efficient electron extraction process from the perovskite film. After optimizing the
surface passivation, the PCE was enhanced from 4.73% to 7.00% and a high Vo of 1.31 V was
achieved, which is one of the highest Vo reported for the inorganic Cs-based PSCs. More
importantly, the passivated SnO: based device retains 95.5% of its initial performance at 90 °C in

the air without encapsulation for 80 h.

In the third part, with the aim of stabilizing the photoactive phase of all-inorganic perovskite
materials, for the first time, we report the incorporation of niobium (Nb>*) ions into the CsPbl>Br
perovskite. Results indicate that Nb>" incorporation effectively stabilizes the photoactive a-
CsPbL,Br phase by slight substitution of Pb?*. With carbon electrode, the all-inorganic perovskite
solar cells achieved a record-high PCE of 10.42% with 0.5% Nb>" doping, 15% higher than that
of the control device. The Nb°" incorporation has reduced the charge recombination in the

perovskite, leading to a champion Voc of 1.27 V with negligible hysteresis effect.
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Chapter 2. Experimental section of the general methods

and characterization techniques

In our research, during the preparation of the materials, device fabrication and

characterization, the raw materials were used and the several characterization techniques were

involved. Here the related materials, instruments and methodologies were introduced.

2.1 Reagents and apparatus

2.1.1 Reagents

The reagents used in our experiments are listed in the following table. In our experiments,

all the reagents including solvents and powders were utilized directly without any purification.

Table 1. Chemical reagents employed in this thesis.

Reagent Purity Company
1 Ti3AlC, 90% Beijing Lianli Co.
2 Tetrabutyl titanate AR Sigma-Aldrich
_ Great Cell Solar (Dyesol)
3 Meso-TiO; paste 18NRD paste
LTD.
4 ITO glass glass OPV Tech.
Tokyo Chemical Industry Co.,
5 Pbl> 98%
LTD.
Wako Pure Chemical
6 CH3NH;I 99% .
Industries
7 Li-TFSI 99.99% Macklin Co., LTD.
8 Co-TFSI 99.99% Macklin Co., LTD.
9 Spiro-MeOTAD 99.5% Macklin Co., LTD.
Tokyo Chemical Industry Co.,
10 PbBr 98%
LTD.
Wako Pure Chemical
11 100%
SnCl12 Industries
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Xi’an Polymer Light

12
CsBr 99.9% Technology Corp.
3 Wako Pure Chemical
NbCls 99% Industries
Conductive carbon
14 N/A
paste Ningbo Borun Co., Ltd.
Wako Pure Chemical
15 Ethanol 99.90% )
Industries
16 Chlorobenzene 99.9% Sigma-Aldrich
N, N- : .
17 ) ) 99.9% Sigma-Aldrich
dimethylformamide
18 Dimethyl sulfoxide 99.9% Sigma-Aldrich
19 4-tert-butylpyridine 99.9% OPV Tech.
Wako Pure Chemical
20 2-Propanol 99.90% )
Industries
Wako Pure Chemical
21 Acetonitrile 99.99%
Industries
- Wako Pure Chemical
Hydrofluoric Acid 50% Industries
23 ethyl acetate 99.8% Sigma-Aldrich
24 SnO; colloid 15% in H20 Alfa Aesar,

2.1.2 Apparatus

During the preparation of the materials, fabrication of the photovoltaic devices and device
performance testing, many apparatus and instruments were utilized. The following table is the

apparatus and testing instruments employed in this thesis.
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Table 2. Laboratory apparatus employed in this thesis.

Apparatus

MODEL

Company

O 0 9 &N »n b~ W

11
12

13

14

15

16

17

18

FElectronic Balance
Muffle Furnace

Oven
Spin coater
Hot plate
Vacuum oven
ASU cleaner
Tabletop centrifuge

Glove box
Digital meter

Solar simulator
Standard solar cell
Monochromatic
illumination
X-ray diffractometer
Electrochemical
impedance
spectroscopy
UV-visible
spectrometer
Ionization energy
measuring device
X-ray photoelectron

spectroscopy

XFR-205DR
FO300

SDN/W-27
SC-150
C-MAG HS7
SVD-30
ASU-6
EX0800-A000
Super(1220/750/900)

Keithley 2450

CEP-2000
BS-520BK

G250 monochromator

Rigaku

1255B

V-670

KV205-HK

AXIS-HS

Shinko Denshi Co., Ltd.
Yamato Scientific Co., Ltd.,
Japan
Sansyo Co., Ltd., Japan
Oshigane Co., Ltd., Japan
IKA Co., Ltd., Germany
Sansyo Co., Ltd., Japan
As one Co., Ltd., Japan
Kubota Co., Ltd., Japan
MIKROUNA Co., Ltd., China
Teltronix, INC. Co., Ltd.,
USA
Bunkou Keiki Co., Ltd., Japan
Bunkou Keiki Co., Ltd., Japan

Nikon

Rigaku Co., Ltd, Japan

Solartron Analytical

JASSCO Co. Ltd., USA

Bunkoukeiki Co., Ltd, Japan

KRATOS Co., Ltd., Japan
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Field emission-
19 scanning electron JSM-6701F JEOL Co., Ltd, Japan

microscope

2.2 Characterization methods

2.2.1 X-ray diffraction crystallography (XRD)

In our experiments, we use the XRD to identify the crystal structure of the perovskite
materials and confirm if there are impurities. In the XRD measurements, the X-rays incidence can
lead the atoms scatter the X-ray waves through the electrons of the atoms. During the scattering
process, some waves cancel one another out in some directions via destructive interference process,
while in some specific directions the waves are constructively added. These processes are

determined by Bragg's law:
2dsin@ = nA (2-1)

In the equation, the d represents the space between the crystal plane of the certain crystal
facet group, 0 is the incident angle, n is an integer, and A is the wavelength of the measuring beam.
Through this characterization method, we can confirm if the prepared perovskite film is the
expected phase and if there are some impurities such as unreacted Pblo. Moreover, from the relative
intensities of the peaks, we can know the crystal orientation of materials. In the researches of metal
doping of perovskite materials, the variation of the irradiation peak positions is evidence for the
lattice expansion or shrinking. In our measurements, the Rigaku Corp. device with Cu Ka

irradiation (A = 1.54056 A) was used and the scanning rate is 5°/min.
2.2.2 Field emission scanning electron microscopy (FE-SEM)

FE-SEM is a type of electron microscopy technique can characterize the surfaces properties
with a focused beam of electrons. The electron beam reaching to the surface can interact with
atoms of different depth, generating various signals providing morphology information. We use
the FE-SEM to characterized the morphologies of the perovskite films and confirm if there are
pin-holes on the film surface. Specifically, the crystal size is the main character of the
morphologies, which is significant to the light absorption ability and charge transfer properties.
The pin-holes in the perovskite film is another main character of the morphologies and film quality,

which determines the charge transfer through the layers and the recombination process due to the
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contact of ESL and HTM. In our experiments, the FE-SEM characterizations were carried out on

the JEOL JSM-6701F device with the working voltage of 5 -10 kV and working current of 15 pA.
2.2.3 Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis is absorption or reflection spectroscopy of a sample (in powder, liquid and film form)
in the UV-visible spectral range. The color of the involved chemicals highly affect the absorption
or reflectance spectra. When measuring the absorption properties of perovskite films, we use a
UV-is spectrophotometer. The measured intensity (/) of the light through the sample is compared
with the intensity (/o) of that before passing the sample. The ratio of /1y is defined as transmittance,
which is expressed as a type of percentage (%T). In our research of the perovskite materials, we
would like to evaluate the light absorbing ability of the material from the absorbance profile,
moreover from which we can evaluate the bandgap of the material by constructing a Tauc plot. In
our research, the UV-VIS-NIR spectrophotometer (V-670, JASSCO Co. Ltd., USA) was applied

to characterize the optical properties of the samples by the absorption spectra.
2.2.4 Photoluminescence (PL) and Time-Resolved Photoluminescence (TRPL)

Photoluminescence (PL) is a light emitted when photoexcitation media decrease from one
energy level to another. The energy of a specific luminescence transition depends on the initial
states of the energy states. These states are bound to localized impurity or defect states, continuum
levels in the conduction or valence band, exciton states (electron-hole pairs bound together by

Coulomb attraction) and impurities or defects It can be in the excited exciton state.!

The structure and function of a device highly determines the dynamics of semiconductor
charge carriers. Thus an accurate measurement of charge carrier lifetime is available only when
characterize the device systems. For certain types of semiconductors, the lifetime of the carrier is
determined by the properties of the materials involved and the interface. In addition, the surface
effects of the sensitizer, passivation effect, the energy transfer property, and the presence
impurities and defects can lead to significant fluctuations in the measured results. The general
methodology and peripheral techniques of time-resolved photoluminescence (TRPL) via time-
correlated single photon counting are highly relevant to the analysis of that phenomenon. Suitable

for Determine the dynamics of fast charge carriers in semiconductors.
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2.2.5 Electrochemical impedance spectrum (EIS)

EIS is a stechnique to analyze the impedance, resistance and charge transfer processes in
PSC. Generally, in the high frequency range, the EIS spectrum is adapted to the parallel resistor
and the capacitor circuit. This is related to the space charge layer of the light absorber film. At low
frequency, the Nyquist plot always transits into a linear region, showing additional diffuse
component to the total capacitance being recorded.? Generally, the high-frequency arc represents
the charge transport process including the resistance and chemical capacitance of charge transport
process, which are relating to the charge transporting from the conductive substrate to back
electrode. While the arc at the low-frequency region represents the recombination resistance (Ryec)
and the chemical capacitance (Crc) belonging to the interface of perovskite/ESL and

perovskite/HTM. In our research, the EIS was measured by the Solartron Analytical 1255B.
2.2.6 Photovoltaic performance measurement

The main feature of solar cells is the ability to convert light into electricity, which can be
expressed as PCE, the ratio of output power to incident power. For determining the PCE, current-
voltage (J-V) measurements are performed on the solar cell device. During the measurement, a
series of voltages are applied to the solar cell under the illumination. The output voltage is
measured at each voltage step, and as shown in Figure 1, a characteristic J-V curve can be obtained
that can determine some important characteristics from the J-V curve. In general, current density

(/) 1s used instead of current because the area of the cell affects the magnitude of the output current.

The PCE can be calculated by the following equation:

_ Pout __ Jsc*Voc*FF
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Figure 1 A typical J-V curve of PSCs.
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Jsc 1s the photogenerated current density of the cell without applied bias. The Js value is
affected by the light absorption, charge generation and extraction efficiencies of the light
absoprtion layer. V. is the voltage at which the electric field is used. The V. is determined by the
energy level of the photoactive material, the working function of the electrode material, and the
charge carrier recombination rate at the photoactive layer or interface. FF is the ratio of the cell's
actual power to the actual power without the series and shunt resistance.> The FF value can be

calculated via the equation:

FF = Ltmax (2-3)

Jsc*Voc

The device performance of the PSCs were measured using Keithley 2450 and a xenon lamp
at 100 mW cm under AM 1.5G conditions. The cell area was fixed to be 0.08 cm? with a black

mask.
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Chapter 3. Enhancing the performance by MXene

additive

3.1 Introduction

The perovskite solar cells (PSCs) have attracted large attention because of its high-speed
development in photoconversion efficiency (PCE) in the past years.!"> Though the highest certified
PCE of 23.2% have been achieved,* there is still a long journey to go to achieve its theoretical
efficiency limit of 30~33%.> Among the components of the PSCs device, the perovskite layer for
light absorption and carrier transfer is always the central part that determines the device
performance.®® While the crystal size is the most important parameter for perovskite film. The
larger crystal size promises higher charge carrier transformation efficiency and better performance

because of less amount of grain boundaries.’!

With the aim of enlarging the particle size of perovskite crystals, researchers have proposed
various kinds of strategies, such as antisolvent optimizing,'! post-treatment'?> and additive
engineering.!*!* Among which additive engineering is very promising and easy to operate. For
instance, Wang et al. added water into the perovskite precursor and they found that the water
additive can enhance the crystallization and surface coverage.'®> Gratzel group applied poly(methyl
methacrylate) to control the crystal growth process, consequently, a high PCE of over 21% was
achieved.'® Han and co-workers used methylammonium acetate and thio-semicarbazide as
additives have resulted in high crystalline quality of the perovskite, leading to enhanced PCE and
durability of PSCs.!® Moreover, except for the aforementioned soluble additive, some 2D
nanomaterials with unique properties have also been used as additives in recent years. For example,
Hagfeldt et al. introduced nitrogen-doped graphene into the perovskite layer and all the
photovoltaic parameters were improved.!” The graphene not only enlarged the grain size but also
passivated the perovskite surface and reduced the charge recombination. More recently, another
2D compound, g-C3N4, was doped into the perovskite layer.'® The g-C3N4 dopant improved grain
size, reduced the intrinsic defect and more importantly, it increased the film conductivity of the
perovskite layer. In addition, other 2D materials such as WS»,'” M0S,* and black phosphorus®!

have also been used as an additive or buffer layer to enhance the device performance. Therefore,
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the 2D layered nanomaterials, featuring unique morphology and excellent properties, are very

promising additives for PSCs efficiency improvement.

MXene, a newly emerging class of 2D materials with the general formula of Mn+1XnTy, is
obtainedd by selectively etching the A (Al Sn, etc.) layer of MAX phase by hydrofluoric acid (HF)
or in-situ generated HF. Ti3C>Tx (Tx represents the termination group), a typical MXene, has many
outstanding properties including high electronic conductivity (2.0x10* S cm™), high mobility (1

cm?V-!S!) and charge carrier density (3.8%10?? cm™).2?

More importantly, TizC>Tx can be tuned
by suitable modification of their surface chemistry, which substantially render controllable and
extraordinary properties.???> The aforementioned excellent properties ensure the wide applications

of MXenes in supercapacitors, transparent electrodes, and ion batteries.?? 267

Herein, we used a typical MXene material, Ti3C2Tx, as an additive into the perovskite
absorber layer. We found that the TizCoTx termination groups will retard the crystallization rate,
increase the grain size of the perovskite layer, and its excellent electrical properties of MXene
favor the charge transfer of PSCs. After optimization, a 12% PCE enhancement of PSCs can be
obtained with 0.03 wt% amount of MXene additive.

3.2 Experimental Section

3.2.1 Preparation of TizC2Tx

The Ti3AIC, was purchased from Beijing Lianli New Materials Corporation. Firstly, the
purchased sample was screened with 325 mesh sifter and manual grinding for 30 min. Then 1 g
Ti3AlC> was slowly mixed with 15 ml, hydrochloric acid (HF) and then stirred at 300 rpm for 24
h, during which the temperature was kept around 35 °C. After 24 h, the residue was washed water
under the centrifugation at 3500 rpm for 5 min and this was repeated for several times until the pH
reached to 6. The remaining sediment was collected and dried in the vacuum oven for one night
and Ti3C,Tx sample was obtained. The etched powder was mixed with DMSO and stirred for 24
h. Then the obtained solution was centrifuged to separate the solid from the excess DMSO. Then
the sample was mixed with 30 mL water and ice-bath sonicated for 3 h with argon bubbling. In
order to obtain small particles, the dispersion was centrifuged for 1 h at 6000 rpm. The dark
supernatant was obtained and it can be used directly when the Ti3C,Tx-water acted as the additive

for perovskite precursor. For redispersing in other organic solvents, the dark supernatant was
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filtered using a polypropylene membrane, and then dried in a vacuum oven. Finally, the dried
Ti3C,Tx sample with a form of film was dispersed into the organic solvents, followed by sonication

for fully dispersing. The concentration of Ti3C,Tx was kept at 0.5 mg ml™.
3.2.2 Precursor Preparation and Device Fabrication

1.38 M perovskite solution was prepared using MAI and Pbl, (Tokyo Chemical Industry)
with the solvents of DMF and DMSO (volume ratio of 4:1). The Ti3C>Tx was dispersed in different
solvent with the concentration of 0.5 mg ml™!. Different amount of Ti3C>Tx solution was added
into the perovskite precursor, always keeping the original concentration of the perovskite and
solvent ratio by reducing the original volume of DMF or DMSO. The SnO; colloid precursor (Alfa
Aesar) was diluted to 2.67% and was spin coated on ITO substrate at 2000 rpm for 30 s, and then
baked 150 °C for 0.5 h. Subsequently, in the argon-filled glove box, the perovskite precursor
solution was deposited on the SnO» layer via the spin-coating program at 4000 rpm for 30 s. At
the 5" second, 150 pl ethyl acetate (EA) was dropped onto the substrate and finally, a transparent
perovskite film was obtained. A dark perovskite film was generated after annealed at 100 °C for
10 min. Then, 75 pl Spiro-OMeTAD (Sigma) solution was deposited on the perovskite layer at

4000 rpm for 30 s. Finally, an Au electrode was formed by evaporation at a pressure of 4x107 torr.
3.2.3 Characterizations

The characterization methods including XRD, SEM, UV-Vis spectra, EIS and J-V curve
were introduced in Chapter 2. In addition, EDX was conducted by the Hitachi S-3400N. The IPCE
was measured by monochromatic illumination (A 300 W Xenon arc lamp through Nikon G250

monochromator equipped).
3.3 Results and Discussion

As a very typical MAX phase, M (Ti element) layers of Ti3AlC; are interleaved with the A
(Al element) layers, with the X (C element) atoms filling the octahedral sites between the former.?8
When Ti3AlC, materials are treated in HF solution, the Al layers can be selectively removed from
the interlayers by disconnecting the metallic bonds between Al and Ti, resulting into 2D MXene,
as schematically depicted in Figure 1a. From the SEM images, it can be found that the TizAlC>
displays an irregular morphology, with the size of several micrometers as shown in Figure 1b.

Upon HF etching, the morphology altered drastically and very uniform micron-sized multilayers
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were obtained (Figure 1c¢). The multilayers present loosely packed accordion-like morphology,

and the layers were obviously separated from each other, which is similar to the lamellar graphite.
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Figure 1 (a) Schematic illustration of TizAlC: etching and TizC:Tx exfoliation and SEM
images of (b) TizAlC2 raw materials, (¢) Ti3C2Tx multilayers sample after HF etching, (d)

Ti3C2Tx nanoflakes dispersing in DMF (the inset is the solution under the laser radiation)

In order to confirm the phase variation brought by HF etching, the samples were tested by
X-ray diffraction (XRD) and the patterns are shown in Figure 3. It can be found that the peaks of
Ti3AlC; phase disappear after HF etching. The presence of TizCoTx main phase indicates the
successful etching of the Al layer.”® The peaks at 36.0° and 41.6° are attributed to the impurity of
TiC, which is used as raw materials for Ti3AIC: synthesis and is difficult to be removed during HF
etching. The irradiation peaks at 8.9°, 18.3° and 27.7° correspond to the (002), (006), (008) facet
of TisCyTx, respectively.’’3° In order to further confirm the element distribution, X-ray
photoelectron spectroscopy (XPS) was conducted for the TisC>Tx multilayers. From the survey
region (Figure 3b), the signals belonging to the element of C, Ti, O, F were clearly detected without
signals for Al, which indicates fully etching of Al layer in MAX phase, in accordance with the
XRD results. In the high-resolution XPS spectrum of the Ti 2p (Figure 3c), the components
centered at 455.0, 455.7, 457.1 and 460.7 eV are assigned as Ti, Ti**, Ti*" and TiO»+Fx,
respectively. For the C 1s spectrum, the curve can be fitted by four components centered at 282.1,
282.0, 284.6, and 285.6 eV, which are attributed to C-Ti-O, C-Ti, C-C, and C-O, respectively. We
also analyzed the O 1s spectrum and results displayed that the peaks can be fitted by two peaks at
530.0 and 531.7 eV for Ti-O and O-H, respectively. The existence of Ti-O, O-H, and Ti-F indicates
the termination group, Tx, are O, OH, and F, which is in agreement with the previous reports.>!-*

Therefore, the Ti3C,Tx multilayers were successfully obtained by HF etching.
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Figure 2 SEM image TizC:Tx after exfoliation in water.

The Ti3C,Tx multilayers, similar to other 2D materials, can be exfoliated easily due to weak
interlayer van der Waals force.’>=® Aiming at getting the smaller size and fewer layers, the TizC2Tx
multilayers were exfoliated in water under the sonication with Ar bubbling to avoid oxidation.
Then the sample was centrifuged at the speed of 6000 rpm to remove the un-exfoliated multilayers
and the impurity of TiC. SEM image of supernatants is shown in Figure 2 and comparing with the
Ti3C,Tx multilayers, the size and the number of layers are greatly reduced after sonication. The
nanoflakes with the size of ~200 nm are interconnecting with each other, which is due to the
incompletely split of large Ti3C>Tx layers during the sonication process. Subsequently, the Ti3C2Tx
nanoflakes were dispersed in DMF.?” As shown in Figure 1d, Ti3C,Tx was separated from each
other and the size was also further reduced. This can be attributed to the further sonication in a
proper solvent, which promotes the splitting of interconnected nanoflakes into independent
nanoflakes. At the same time, the dispersing solution displays the Tyndall effect under the

irradiation of the laser, implying well-dispersion of Ti3C2Tx nanoflakes in DMF solvent.
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Figure 3 (a) XRD patterns of TizAlC2 raw materials (black line) and sample after HF etching
(red line), (b) XPS spectra of Ti3C2Tix sample and the high-resolution spectra of (¢) Ti 2p, (d)
C 1s and (e) O 1s.

To apply in PSCs, the Ti3C2Tx nanoflakes dispersing in DMF solvent were introduced as the
additive into the perovskite layer. Figure 4 shows the photograph of the perovskite precursor,
where the solvent is DMF/DMSO mixed solvents. After introducing the Ti3C>Tx into the precursor
solution, it can be seen that the color changed from luminous yellow to dark yellow since the
Ti3C,Tx dispersing in solvents display as a black solution. The n-i-p planar structure of PSCs was
fabricated to investigate the effect of Ti3C,Tx additive on the device performance. The
configuration of the devices is ITO/SnOx/perovskite: Ti3CoTx/Spiro-OMeTAD/Au, as shown in
Figure 4.

ITO
glass

Figure 4 Photographs of (a) perovskite precursor and (b) perovskite precursor with TizC2Tx
additive, (c) the device configuration of CH3NH3PblIs: Ti3C:Tx based planar PSCs with n-i-p

structure.
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Figure 5 XRD patterns of the perovskite film with different amount of TizC>Tx additive: (a)
0 wt%, (b) 0.01 wt%, (¢) 0.02 wt%, (d) 0.03 wt%, (e) 0.05 wt%, (f) 0.1 wt% and the enlarged
XRD patterns in the range from 13.5° to 14.5°.

Figure 5 displays the XRD patterns of samples with a different amount of Ti3C,Tx additive
relative to the weight of the perovskite precursor, from 0 to 0.1 wt%. All the samples present a
cubic perovskite phase with a very weak peak belonging to the Pbl, phase and the main peak at
around 14.1° corresponds to (110) crystal plane of CH3NH3Pbl3 phase. We enlarged the main peak
at around 14.1° and it can be found that the peak was slightly shifted towards lower angle while
keeping the positions of the other peaks the same. Therefore, the peak shift is attributed to the
stress brought by Ti3C2Tx additive, suggesting the perovskite crystals experienced homogenous
strain during the growing process.*® We further improved the amount of additive to 0.25 wt% and
the obtained sample (Figure 6) displays a similar XRD profile while the main peak at around 14.1°

was shifted to a lower angle, as compared to other samples.
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Figure 6 (a) XRD pattern of the perovskite film with 0.25 wt% TizC.Tx-DMF additive and
(b) the enlarged XRD patterns of different perovskite films in the range from 13.5° to 14.5°.
(from the bottom up: 0 to 0.25 wt%)

In order to further examine the perovskite film quality either with or without additive, the
films were characterized by SEM, as shown in Figure 7. All the samples are in uniform
morphology with no obvious pin-holes, which promises for high device performance. Comparing
with the pristine film, the films with MXene additive show larger crystal size, especially 0.03 wt%
Ti3CoTx.

To accurately measure the crystal size of the perovskite films, the specific crystal size

distributions were plotted and the results were shown in Figure 8. Clearly, the average grain size
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of the perovskite was increased from 150 to 358 nm after the introduction of 0.03 wt% amount of
additive, comparing with that of the sample without an additive. Moreover, all the perovskite films
with Ti3C,Tx additive possess a larger grain size than that of the perovskite layer without the
additive. Generally, the larger grain size of perovskite means less amount of grain boundaries,
thereby favoring the carrier transformation through the boundaries. This suggests that the addition

of Ti3C,Tx additive enable the growth of larger perovskite grain size.

Figure 7 SEM images of the perovskite film with different amount of Ti3C:Tx-DMF additive:
(a) 0 wt%, (b) 0.01 wt%, (c) 0.02 wt%, (d) 0.03 wt%, (e) 0.05 wt% and (f) 0.1 wt%.
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Figure 8 Statistical distributions of the perovskite film with different amount of TizC2Tx-
DMF additive: (a) 0 wt%, (b) 0.01 wt%, (c) 0.02 wt%, (d) 0.03 wt%, (e) 0.05 wt% and (f) 0.1

wt% and the average size of different samples.

SEM images reveal that Ti3C,Tx 1s non-detectable from the perovskite films at low weight

ratio (0.01-0.1 wt%) loading. In order to investigate the location of TizC>Tx additive, we then
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increased the amount of the additive to 0.25 wt%, as shown in Figure 9. Sheet-like particles were
on the surface and the boundary of the perovskite film, respectively. To further confirm their
composition, we carried out the EDX measurement for the samples, as shown in Figure 10. Several
peaks attributed to titanium element are observed through EDX spectrum, which indicates the

t.3° Through the element mapping analysis, it shows that the

existence of the titanium elemen
titanium element is homogeneously distributed. The slightly low signal of the titanium element is
due to the usage of very low concentration. Therefore, when a small amount of Ti3C,Tx additive
was introduced into the perovskite film, the sheet particles only existed in the grain boundary. This
may then induce mechanical stress to the perovskite crystals and result in the shift of the main
irradiation peak, which is consistent with the XRD results. Whereas, when a larger amount of
Ti3C,Tx additive was introduced into the film, the excess additive would be extruded to the surface

of the film (Figure 9). In our previous research using Spiro-OMeTAD as the additive to modify

the perovskite film, the excess additive was also extruded to the surface from the grain boundary.*

Figure 9 SEM image of the perovskite film with 0.25 wt% TizC:Tx-DMF additive.
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Figure 10 EDX spectrum of the perovskite film with 0.25 wt% TizC2Tx-DMF additive and
element mapping of I, Pb and Ti.

On the basis of the discussion above, we propose a nucleation and growth route of perovskite
film with the Ti3C,Tx additive, as shown in Figure 11. Firstly, the perovskite precursor with or
without additive was spin coated on the SnO» surface and ethyl acetate was used as anti-solvent.
As depicted in the Figure, the Ti3C,Tx possesses abundant termination groups of O, OH, and F on
its surface. In the research of Hagfeldt et al, they used N-doped graphene as an additive. The basic
sites on N-doped graphene could interact with the hydrogen atoms of the [HC(NH2)2] (FA), which
retards the crystallization process and leads to large perovskite grains.!” The similar situation was
also been reported by Liao et al when they used g-C3N4 as an additive because protonation occurs
at the most basic centers.'® In our case, the basic fluorine on the surface of Ti3C2Tx can make the
protonation occur with hydrogen atoms of the MA, thus forming the interaction between fluorine
and CH3NH; (MA). Moreover, Wang et al*! found that when N, N'-bis-[2-(ethanoic acid sodium)]-
1,4,5,8-naphthalene diimide modified graphene was used as the interface layer between electron
selective layer, N-H~'I" van der Waals interaction formed between the modified graphene and MAL
Therefore, in our case, the OH groups are hypothesized to have interaction with MAI, forming O-
HT van der Waals interaction. Due to the interaction between the additive and MAI, during the
anti-solvent dripping, the nucleus generates around the additive and the number of the nucleus is
suppressed, implies retardation in the nucleation process.*” While without additive, more nucleus
will be generated uniformly on the SnO; layer. The additive disperses well in the DMF solvent,
then the perovskite precursor may experience a homogeneous nucleation process. Finally, the
perovskite film was annealed on the hot plate, during which the film was transformed into a dense
perovskite phase. Since the film with additive generates lesser nuclei, the crystal growth is slower
than that of the pristine film. After the transformation process, larger perovskite crystals could be
obtained in the presence of Ti3C2Tx as an additive. Therefore, using Ti3C2Tx as an additive can

effectively increase the grain size of the perovskite film.
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The light absorption ability of different perovskite films deposited on SnO/ITO substrates
was investigated by UV-vis spectra and the results are presented in Figure 12a. All the perovskite
films show an absorption onset lying at 800 nm together with a spectrally broad absorption feature
in the region. By comparing the absorption curves, the perovskite films with TizC2Tx additive
display an enhancement of light absorption abilities. This phenomenon was attributed to the role
of the Ti3C,Tx present in the perovskite grain crystals. The particle size of the grains deeply
influence the scattering behavior of the incident light and the larger grain size can enhance the
light scattering.*>*** Therefore, the perovskite film with 0.03 wt% additive incorporation rendered

the largest crystal size, hence displayed the highest light absorption ability.

Figure 12b and Table 1 display the performance of the devices with and without additive
modification. The devices with 0.01, 0.02 and 0.03 wt% of additives show better PCE than the
pristine device. The highest PCE of 17.41% for the 0.03 wt% additive based device was achieved
with Js, Voe, and FF of 22.26 mA/cm?, 1.03 V, and 0.76, respectively in the reverse scan, while
15.54%, 20.67 mA/cm?, 1.00 V, and 0.75 for the pristine device.

The enhancement of Js. in 0.03 wt% additive incorporated device is in agreement with the
IPCE in Figure 13a. A photocurrent of 21.60 mA/cm? is slightly lower (with the difference of
2.96%) when compared to the Jsc of 22.26 mA/cm? obtained from J-V curves. This should be
attributed to the lower illumination intensity in the IPCE measurement, in which the recombination
process is more prominent since the existance of trap states and space charge effects.* In order to
check the stability of the additive incorporated device, the steady-state photocurrent and efficiency

were measured at the maximum power point of 0.848 V (Figure 13b). After continuous irradiation
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for 180 s, the current density and PCE are stabilized at 20.08 mA/cm? and 17.03%, respectively,
which is well agreed with PCE obtained from the J-V curve. The improvement in Jsc for the 0.03
wt% additive based device should be attributed to the large average crystal size and the reduction
of small grains (Figure 8a and d) between larger grains. While further increasing the amount of
the additive leads to decrement in PCE of the devices. The striking reduction lies in FF and Vi,
which should be attributed to the perovskite-Spiro interface variation with the increasing amount
of the additive. This is because when excess TizC>Tx additive was added to the perovskite film,
they would aggregate on the surface of the film, which might act as the carrier recombination

centers.*®
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Figure 12 (a) UV-Vis spectra of the perovskite film and (b) J-V curves of PSCs with

different amount of TizC2Tx.

Table 1 Performance of PSCs with different amount of TisC:Tx-DMF additive.

Amount/Parameter V,/V J./mA cm? FF PCE/%
0 wt% 1.00 20.67 0.75 15.54
0.01 wt% 1.03 20.96 0.76 16.54
0.02 wt% 1.02 21.36 0.76 16.68
0.03 wt% 1.03 22.26 0.76 17.41
0.05 wt% 1.01 21.17 0.68 14.49
0.1 wt% 0.98 21.07 0.65 13.49
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Figure 13 (a) Incident photon-to-electron conversion efficiency (IPCE) curve (black line) of
the 0.03 wt% TisC2Tx additive based device and the integrated photocurrent (red line)
calculated from the overlap integral of the IPCE spectrum. (b) Maximal steady-state
photocurrent output at the maximum power point of 0.848 V for 0.03 wt% additive based

device and their corresponding power output.

In order to verify the reproducibility of the high efficiencies for the additive incorporated
device, we fabricated more cells and the detailed statistics of the photovoltaic parameters for the
devices were presented in Figure 14 and Table 2. The results clearly show that all the parameters
were enhanced when the optimum amount of additive was added into the perovskite film. The
improvement in FF is ascribed to the larger grains because less amount of total grain boundaries
will promote the charge transporting.** Besides the larger crystal size, the increase in Vo can be
ascribed to the perovskite surface-passivation by Ti3sCyTx nanoflakes, which is helpful for

improving the hole selectivity and reducing the hole recombination at interface.*’
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Figure 14 Photovoltaic statistics for 0 wt% and 0.03 wt% TizC>Tx additive based device (18
cells for either type): (a) PCE, (b) Vo, (¢) Jsc and (d) FF.

Table 2 Photovoltaic parameters for 0 wt% and 0.03 wt% TizC2Tx additive based device
(18 cells for either type)

Amount/Parameter V, IV J./mA cm? FF PCE/%
0 wt% Ti;C,T, 1.00+0.02 20.98+0.37 0.72+0.02 | 15.18+0.50
0.03 wt% Ti;C, T, 1.03+£0.02 21.31+0.51 0.76+0.01 16.80+£0.35

It has been reported that by reducing the internal resistance of the device, the Js. will be

increased because higher conductivity can promote the electron transfer process.*® Therefore, we
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used the EIS to characterize the device conductivity, as shown in Figure 15. The series resistance
(Rs) and the charge transfer resistance (Rct) can be depicted using the equivalent circuit consisting
of Rs, Rer and a parallel capacitor C.'* As a result, it is obvious that the Rer is also reduced from
7000 to 1800 Q, which means that the conductivity of the perovskite film is increased. Therefore,
the high electrical conductivity and mobility of Ti3C,Tx additive are beneficial to reduce the Rer

and promote the charge transfer process, consequently enhance the Jsc.

3000
Rer
7000 R
6000 - ﬂ_ﬂ
0wt% Ti,C,T, C
5000 4 0.03 wt% Ti,C, T
G 21
& 4000
e
3000 et R
P ha
2000 - /' \
F4 -
1000 .,.,\ i
0

0 1000 2000 3000 4000 5000 6000 7000 8000
Qe

Figure 15 (a) Nyquist plots of 0 wt% and 0.03 wt% TizC:Tx additive based device measured
in the dark with a bias of 0.7 V.
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Figure 16 (a) Steady-state PL spectra and (b) time-resolved PL spectra of the perovskite
film with and without TizC:Tx additive.

Figure 16a gives the PL spectra of perovskite film with and without Ti3C,Tx additive on bare
glass substrates. The PL intensity of the sample with the additive is obviously weaker than that of
the pristine perovskite film, meaning enhanced charge extraction process and the suppressed
charge recombination process.'® ¥ This might be attributed to the better conductivity after

introducing high conductivity additive, which is in accordance with the EIS results. Moreover, we
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measured the time-resolved PL (TRPL) spectra of the film with and without the additive, as shown
in Figure 16b. PL lifetime parameters obtained from a biexponential fitting are listed in the Table
inserted in Figure 16b. We can find that the PL decay is nearly two times slower for perovskite
film containing additive (t1=12.35 ns) when comparing with the pristine film (11=6.32 ns). The
longer lifetimes can be attributed to the reduced non-radiative recombination due to the presence
of the additive.!” ® The TRPL is in consistance with that of the PL intensity. Therefore,

introducing the high conductivity Ti3C,Tx additive can result in superior carrier transport behavior

of the perovskite film and better device performance.
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Figure 17 J-V curves of (a) 0 wt% and (b) 0.03 wt% TizC:Tx additive based device by

forward and reverse scan.

We also studied the effect of the additive on the device hysteresis, as shown in Figure 17.
The pristine device displays PCE of 12.46 % (forward scan) and 15.54 % (reverse scan) with a
difference of 19.8 %. According to the literature, when the mesoporous structure was employed,
the device possesses greatly reduced hysteresis, therefore, the difference between the performance
of forward and reverse scans should be attributed to the planar PSCs configuration in our
research.’!>> When the additive was incorporated within the perovskite film, the hysteresis, to
some extent, was reduced to PCE of 15.03 % (forward scan) and 17.41 % (reverse san) with the
difference of 13.7 %. The main reason here is that the enlarged grains reduce the presence of trap
states at the grain boundary, resulting in suppressed carrier recombination.> Therefore, Ti3C2Tx
dispersing in DMF is an effective additive to enhance the performance of the PSCs. Besides the

DMF, we also used water and DMSO as the solvent for Ti3C,Tx additive and the results are shown

and discussed in the supporting information.

43



Besides DMF, we also used water and DMSO as the solvent for Ti3C,Tx additive. As for
water, we fabricated the PSCs with the additive amount of 0.01, 0.03 and 0.05 wt%. However, the
PCEs are lower than that of the pristine device, especially in the Js, as shown in Figure 18 and
Table 3. The SEM image of the perovskite film with 0.03 wt% amount of Ti3C,Tx additive was
shown in Figure 19. We observe that there are many pin-holes in the film, which may lead to direct
contact of Spiro and SnO; layer, resulting in reduced Js.. There are two reasons for this phenomena.
The first one is that a little more water was added into the precursor comparing to the optimized
volume ratio when water was added as an additive, which gives rise to a negative effect on the
film quality. The second one should be the dispersing quality of Ti3C2Tx in water. As shown in
Figure 2, the interconnected Ti3C2Tx nanoflakes dispersed in water are larger in size than that of

the sample in DMF, thus the additive cannot play adequate roles in enhancing the performance.
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Figure 18 J-V curves of PSCs with TizC2Tx-water additive.

Table 3 Performance of PSCs with TizC2Tx-water additive.

Amount/parameter Vo'V J,/mA cm? FF PCE/%
0.01 wt% 0.92 20.52 0.52 9.90
0.03 wt% 0.99 17.83 0.67 11.91
0.05 wt% 0.96 10.27 0.61 6.01
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Figure 19 SEM image of the perovskite film with 0.03 wt% amount of TizC2Tx-water

additive.

The results for DMSO were shown in Figure 20 and Table 4. The PCEs of the devices are
almost the same as that of the pristine device. Figure 21 shows the SEM image of the TizC2Tx
dispersing in DMSO, in which we can find that the exfoliated nanoflakes are aggregated. We
suppose that the aggregation of the additive will be avoided during the spin-coating process.
Therefore, the additive seems to have no effect on device performance. Therefore, selecting a
proper solvent is significantly important to improve the dispersing quality of Ti3C2Tx nanoflakes
and their applications. It has been reported that when the polarity of the solvent is somewhat similar
to the polar termination groups presenting on the surface of TizCoTx nanoflakes, it will be able to
disperse Ti3C2Tx well. The polarity sequence of solvents is water > DMSO > DMF. Thus DMF
with the smallest polarity, similar to that of the termination groups, is favorable for Ti3C2Tx

dispersion.
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Figure 20 J-V curves of PSCs with TizC2Tx-DMSO additive.

Table 4 Performance of PSCs with TizC2Tx-DMSO additive.
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Amount/parameter Vo'V J/mA cm? FF PCE/%
0.01 wt% 1.02 21.09 0.74 15.98
0.03 wt% 1.00 21.37 0.74 15.80
0.05 wt% 1.01 20.86 0.72 15:12

Figure 21 SEM image of TizC2Tx nanoflakes dispersing in DMSO.

3.4 Conclusions

In summary, we have demonstrated a novel strategy to modify the perovskite layer by
introducing a 2D layered TizC>Tx MXene into the perovskite precursor. The additive can retard
the nucleation process of the perovskite, resulting in larger grain size. Moreover, the additive with
high conductivity and mobility is highly beneficial to accelerate the electron transfer through the
grain boundary. After optimizing key parameters, we found that 0.03 wt% is the optimal amount
and DMF is the most proper solvent for MXene additive. Accordingly, the highest PCE is
improved from 15.54% to 17.41% and the average PCE is increased from 15.18% to 16.80%. This
finding opens a new pathway to other kinds of MXene materials that are viable for PSCs

application, typically for film modification and interface passivation between the perovskite layer

and hole transfer layer.
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Chapter 4. Reducing the energy loss by interface

passivation

4.1 Introduction

Perovskite solar cells (PSCs) have been attracting large attention in the recent years, leading
to an achievable high efficiency of 23.3%.!> The perovskite light absorber, in most highly
efficiency PSCs, is composed of the organic cations (e.g., MA and FA) hybridizing with the lead
halide frameworks, which promises perfect band gap and strong light absorption ability.?"
However, the thermal stability of these hybrid PSCs is an important issue to be addressed owing
to the irreversible decomposition of the perovskite phase to lead iodide and organic molecules
when exposure to heat stress at low temperature (80 °C).® Mixing the inorganic Caesium (Cs) with
the MA and FA can improve the composition and structural tolerability to higher temperature
(100 °C).” While the fundamental solution for the thermal endurance is to entirely replace the
organic cations with a Cs cation. The inorganic PSCs with the formula of CsPbX3 (X=I, Br) are
attracting great attention due to their outstanding thermal stability (stable over 400 °C) and high-

speed progression in their performance.®!!

Among the family of CsPbX3, the CsPbBr3 is the most stable one, but its large band gap
(2.30 eV) leads to poor light absorbing ability.!? The narrowest band gap CsPbls possesses good
light absorbing property but easily transforms to non-photoactive orthorhombic phase (yellow
phase) at room temperature in air.'® 13-4 Therefore, for balancing the band gap and the phase
stability of CsPbX3 perovskite materials, mixing I and Br is one of the best choices.!! For example,
CsPbIBr; 1s a good light absorber with a proper band gap of 2.0 eV and better phase stability at
room temperature. However, the performance of the CsPbIBr2 based PSCs is still low. One crucial
factor is the open-circuit voltage (Voc) owing to large energy losses (Eioss), which is defined as the
energy loss between the bandgap of the perovskite materials and the device Vo (Eioss= Eg-€Voc).?
For example, Yabing Qi et al. fabricated the all-inorganic CsPbIBr; based PSCs with carbon
electrode and the V. is only 0.96 V (PCE=6.14%) with the Eioss of larger than 1.0 eV, which is
much larger than that of the organic-inorganic PSCs (less than 0.5 eV).!> Zhong Jin and co-workers
also fabricated a similar device structure with the Vo of 1.08 V.!¢ Higher V. for CsPbIBr, based
device of 1.227 V was achieved by Yibing Cheng et al., in which they utilized Spiro-OMeTAD
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hole transporting materials (HTM) and Au electrode, and achieved a PCE of 8.02%.!” Thus the
Eloss must be reduced in order to further improve the performance of the inorganic PSCs. It has
been proven that non-radiative recombination at the interface between the perovskite film and the
electron selective layer (ESL) or HTM, is one of the major factors that induce Ejoss of the device.®
For instance, Qifan Xue et al. constructed SnO»/ZnO bilayered ESL for CsPbl,Br, which has
successfully suppressed interfacial trap-assisted recombination and contributed to a high Vo of
1.23 V and PCE of 14.6%.% Alex K.-Y. Jen and co-workers modified the SnO, film by C60 and
the resultant Vo and PCE of CsPbIBr; are 1.18 V and 7.34%, respectively.'® Therefore, interface

engineering is a very promising method to reduce the Eioss, and to increase Vo for further

enhancement of all-inorganic PSCs’s performances.

Here we propose a simple interface engineering process for SnO> ESL surface passivation
employing SnCl; solution. It shows that surface passivation leads to faster carrier transformation
through the interface and larger charge recombination resistance for the CsPbIBr> PSCs. By
employing the passivated SnO2 ESL, a high Vo of 1.31 V was recorded for the CsPbIBr. PSCs
using the carbon as the counter electrode. The PCE was enhanced from 4.73 to 7.00 % after the
passivation process. Our results indicate that surface passivation is a very promising method to

reduce the Ejqss for the all-inorganic PSCs.
4.2 Experimental Section

4.2.1 Device Fabrication

The 1.0 M CsPbIBr; perovskite solution was fromed by dissolving the Csl and PbBr; in
DMSO with the mole ratio of 1/1, then stirring at 60 °C until the clear solution was obtained. The
washing of ITO glass and the prepration of SnO> film is the same with that in Chapter 3. For
passivation, the SnCl; solution (the concentration varies from 0.05 M to 0.15 M) was deposited on
the SnO> nanoparticles film (NPs) and baked at 100 °C for 10min and 180 °C for 1 hour.
Subsequently, in the nitrogen-filled glove box, the perovskite precursor solution was deposited on
the SnO- layer via a spin-coating program at 1000 rpm for 10s and then 3000 rpm for 30 s. After
the spin-coating process, the obtained film was placed for 5 min and then annealed at 160 °C for
10 min on a hot plate in the glove box. For completing the device, the carbon electrode was

deposited on the top of the CsPbIBr; film by doctor-blading technology using scotch tape to control
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the electrode thickness. Then the cells were heated treated at 100 °C for 10 min in ambient

conditions to promote evaporation of residual solvents.
4.2.2 Characterizations

The characterization methods including XRD, SEM, UV-Vis spectra, EIS and J-V curve
were introduced in Chapter 2. In addition, the AFM images were measured by Surface Probe

Microscopy (SPM, JSPM-5200, JEOL).

4.3 Results and discussion

i. Spin-coating CePbIBr, - Doctor-bladimn; g
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Figure 1 Fabrication process of all-inorganic PSCs with bare or passivated SnO2 ESL.
Figure 1 shows the fabrication process of the all-inorganic PSCs where the bare and
passivated SnO> were used as the ESL (The details are depicted in Experiment Section in
supplementary information). Firstly, we spin-coated the SnO- colloid (tin (IV) oxide) solution to

form the SnO; film. The ultra-thin passivation SnO2 layer was prepared by spin-coating 0.1 M
SnCl; precursor on the prepared SnO- at 6000 rpm followed by an annealing process at 180 °C for

1 h.
d. o =t

oom

Figure 2 Top-view SEM images of (a) bare and (c) passivated SnO: films; AFM images of
the (b) bare and (d) passivated SnO: films.
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Figure 2 shows the SEM images and AFM images of the SnO; film before and after
passivation. From Figure 2a and ¢, we can confirm that the introduction of ultra-thin passivation
SnO; layer induces a significant difference in the film morphology. Several prominent holes are
observed from the SnO: film (red-circled), implying an imperfect coverage property, which will
lead to severe recombination during the charge extraction from the perovskite film. While, with
an ultra-thin passivation SnO» layer, the holes are filled; this forms a hole-free ESL. We also
compared them by AFM images as shown in Figure 2b and d. The SnO: film becomes much
smoother after passivated by SnCl. Specifically, the root-square-roughness (Rq) is dramatically
decreased from 7.05 nm to 4.21 nm, which implies the effect of passivation.
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Figure 3 Transmission spectra of different SnO: films on ITO substrate.

0.00m

Figure 4 (a) SEM and (b) AFM image of SnO: film passivated with 0.15 M SnCl: solution.

The effect of passivated or non-passivated is also presented in Figure 3, as observed through
their transmittance properties. Comparing with the bare SnO> film, the films passivated by SnCl,
with different concentrations display higher transmittance properties in the visible light region.
This phenomenon is attributed to the formation of the smoother surface, which leads to lower
reflectivity and higher transmittance.!® The SnO, film passivated with 0.15 M SnCl, has the

highest transmittance because of its smoother surface and lower Rq of 2.99 nm (Figure 4). The
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smoother surface is resulted from the passivation effect rather than annealing at a higher

temperature of 180 °C, as shown in Figure 5.

Figure 5 SEM images of SnO: nanocrystal films: (a) annealed at 150 °C for 30 min, (b)
annealed at 150 °C for 30 min and then 180 °C for 1 h, (¢) annealed at 180 °C for 1 h; and (d)
SnCl: passivated film annealed at 180 °C for 1 h.

We conducted the control experiments to confirm the effect of 180 °C annealing on the
roughness of the resultant SnO» nanocrystal films. The spin-coated SnO> nanocrystal films with
different annealing processes are shown in Figure 5. We can find that there is no obvious difference
for annealing at 180 °C for 1 h after annealing at 150 °C for 30 min. While directly annealing the
spin-coated SnO; nanocrystal film at 180 °C for 1 h results a rougher film, which might be
attributed to that higher annealing temperature will lead to aggregation of the nanocrystals. While
after passivation using SnClz-ethanol solution, a much smoother film can be obtained (Figure 5d).

So the 180 °C annealing is not the decisive factor for getting smooth SnO- film.

In order to investigate the effect of SnO; film passivation on the performance of the devices,
we fabricated an inorganic CsPbIBr; perovskite film on bare and passivated SnO> film,
respectively. The fabrication process is shown in Figure 1 and what should be noted is that the
inorganic CsPbIBr; film was annealed at a relatively low temperature of 160 °C, rather than the

widely used temperature of around 300 °C in previous publications.
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Figure 6 XRD patterns of CsPbIBr: perovskite film deposited on bare or passivated SnO2
ESL. Inset: photographs of the respective perovskite film.

Figure 7 SEM images of CsPbIBr: film deposited on bare or passivated SnOz ESL.

Figure 6 shows the X-ray diffraction (XRD) patterns of the CsPbIBr; films on different ESLs
and the insets illustrate the photographs of the prepared CsPbIBr; film. From the XRD patterns,
we found that both the films show similar strong peaks at 14.7°, 20.9°, 29.9°, corresponding to
(100), (110), and (200) crystal planes of the CsPbIBr cubic perovskite structure, respectively.20-22
Moreover, as shown in Figure 7, both the CsPbIBr» films display similar surface morphologies,
but the film on passivated SnO seems a little denser with higher coverage owing to the smoother
surface of ESL, which is a beneficial criterion to form a high-quality perovskite layer.>* The effects
of SnO; passivation on the cell performance are further investigated by fabricating PSCs with the
architecture of ITO/ESL/CsPbIBry/Carbon, as depicted in Figure 1, in which the ESL is bare SnO»

or passivated SnO> film.
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Figure 8 (a) Cross-section SEM image and (b) energy diagram of the components of the all-

inorganic CsPbIBr2 PSCs.

Figure 8a shows the cross-section SEM image with passivated SnO2 ESL and the thickness
of the perovskite layer is about 260 nm, which is similar to those of previous reports.'>-16- 18
Therefore, we confirm that through the processes depicted in Figure 1, the above architecture
was successfully fabricated. Moreover, the band alignment diagram of the components (Figure
8b), determined from Figure 9, illustrates that the light-generated electrons and holes can be
effectively transferred from the perovskite absorber to the ESL and the HTM, respectively,

implying perfect matching in energy levels for this device configuration.
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Figure 9 (a) The photoelectron yield spectroscopy, (b) UV-vis spectrum of CsPbIBr: film and

(c) the energy levels of the components.

From Figure 9a, we can see that the valence band of CsPbIBr» is -5.90 eV. Figure 9b indicates
that the absorption band edge is about 598 nm, thus the band gap of CsPbIBr; is 2.07 eV. From
these two spectra, the energy level of the perovskite material can be depicted as Figure 9¢, where

the SnO2 ESL can effectively transfer the photo-generated electrons and block the holes.
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Figure 10 (a) J-V curves of the champion PSCs based on bare or passivated SnO2 ESL (inset
table is the photovoltaic parameters); (b) Voc distributions of two type PSCs (20 cells for

each).

Figure 10a displays the J-V curves of the champion CsPbIBr; PSCs with different ESLs and
their parameters are shown as the inset in Figure 10a. Obviously, the passivated SnO; based device
is outperforming the bare SnO,. The Vo, Jsc and FF of the passivated SnO» based device are 1.23
V, 8.50 mA cm™ and 0.67, respectively, resulting a high PCE of 7.00 %, with 0.16 V and 48.6%
enhancement in Vo and PCE when comparing with the bare SnO; based device (1.07 V and

4.73 %).
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Figure 11 IPCE spectra of CsPbIBr2 PSCs based on bare or passivated SnOz2 ESL.

All the measured Js. in our experiments well matches the photocurrent density calculated
from the IPCE spectra (Figure 11). The higher Jsc might be partly attributed to the denser light
absorber layer because of its stronger light absorption ability. While the bare SnO» based PSC has
a little higher EQE values than those of the passivated one in the range of 300-400 nm, which is
because of the better transmittance property of the bare SnO> film in this range, as shown in the

transmittance spectra of different SnO» films (Figure 3).
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Figure 12 Stability of output of CsPbIBr2 PSCs based on bare or passivated SnOz2 ESL.

The stability output of the champion cells is measured in ambient air, in which the bias

voltage is set at their respective maximum power points. As displayed in Figure 12, the stabilized

PCE of the passivated SnO> based device is estimated to be 6.45% after 130s continuous

measurement, which is higher than that of the bare SnO, based device of 3.91%. At the same time,

the passivated SnO, based device has a slight increase in PCE, while a slight decrease for the bare

SnO> based device. This indicates the better output stability for the device with passivated SnO»

as ESL. We summarized the performances of the CsPbIBr, based PSCs with carbon or Au

electrode reported to date, as shown in Table 1. We found that the champion PCE (7.00 %)

obtained for a passivated SnO; based solar cell in this work is comparable to those of the literature.

Table 1 Summary of Voc and PCE values for reported CsPbIBr2-based solar cells under the

reverse scanning direction.

Method
One-step spin-coating

Spray-Assisted Deposition
Thermal Evaporation
Two-step dipping

Two-step dipping
Two-step dipping
One-step spin-coating
One-step spin-coating
One-step spin-coating
One-step spin-coating

One-step spin-coating

Temperature/

°C
160

300
250
135

350

350

320

160

100

150

280

Device structure
FTO/Sn0,/CsPbIBr,/Carbon

FTO/c-TiO,/m-TiO,/CsPbIBr,/Spiro-
OMeTAD/Au
FTO/c-TiO,/CsPbIBr,/Au
FTO/NiO/CsPbIBry/ZnO/Al

FTO/e-TiOy/m-TiO,/CsPbIBr,/Carbon

FTO/c-TiO,/m-TiO,/CsPbIBr,/Carbon

FTO/c-TiO,/CsPbIBr,/Spiro-OMeTAD/Au

FTO/NiO,/CsPbIB1,/MoO,/Au

FTO/e-TiO,/CsPbIBr,/Carbon

FTO/Sn0,/C60/CsPbIBr,/Spiro-
OMeTAD/Au

FTO/e-TiO,/CsPbIBr,/Carbon

‘Champion

A\
131

1.13
0.96
1.01

0.96

1.08

1.23
0.85

1.14

118

1.245

Champion
PCE/%

7.00

6.30
4.70
5.57

6.14

8.25

8.02

5.52

6.55

7.34

9.16

Ref.
This work

10

In order to verify the reproducibility of the high-performance passivated SnO> based PSCs,

we fabricated 20 pieces of bare SnO» and passivated SnO, ESL-based solar cells, respectively, as
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listed in Table 2. We found that the PCEs of the most passivated SnO, based devices are in the
range of 5.27 to 7.00 %, while all the bare SnO, based cells show PCEs lower than 4.71 %. Whilst,
all the V. of the passivated SnO- based cells is above 1.20 V while the V. of the bare SnO> based
devices distributed in the range from 0.85 to 1.07 V. The V. distributions of the PSCs on bare and
passivated SnO; are shown in Figure 10b. We can see that our passivation method is highly
reproducible in achieving high V... More importantly, the highest Vo of 1.31 V was achieved after
SnO> surface passivation, which is higher than other reported CsPbIBr> PSCs (Table 1) and is one
of the highest Vo obtained for inorganic CsPbX3; PSCs. Therefore, we can conclude that the
passivation of SnO; ESL with the ultra-thin SnO> film is a promising approach to reduce Eioss for

CsPbIBr; PSCs.

Table 2 Performances of 20 devices based on bare or passivated SnO2 ESL under reverse

scanning direction.

Sno, SnO, after passivation
Sample No.| V. (V) | J_(mA/cm?) | FF | Eff/% Sample No.| V. (V) | I _(mA/cm?) FF Eff/%
1 1.07 7.55 0.58 | 471 21 1.23 8.50 0.67 7.00
2 1.07 7.57 0.52 | 421 22 1.22 8.61 0.66 6.95
3 1.06 7.58 0.52 | 4.14 23 1.22 8.66 0.65 6.87
4 1.01 8.07 0.51 | 413 24 1.22 8.64 0.65 6.87
5 1.06 7.59 0.51 | 4.10 25 1.21 8.80 0.63 6.72
6 1.01 7.51 0.54 | 407 26 1.21 8.60 0.64 6.62
7 1.00 8.07 0.50 | 4.07 27 1.22 8.62 0.63 6.61
8 0.99 8.09 0.50 | 4.03 28 1.22 8.39 0.65 6.61
9 1.03 7.53 0.51 | 3.99 29 1.21 8.49 0.63 6.46
10 1.03 7.55 0.50 | 3.89 30 1.22 8.70 0.62 6.58
11 1.02 7.92 0.48 | 3.88 31 1.22 8.36 0.61 6.24
12 0.98 7.96 0.48 | 3.76 32 1.20 8.18 0.63 6.21
13 0.91 7.48 0.50 | 342 33 1.22 7.51 0.62 5.68
14 0.95 7.04 0.50 | 3.35 34 1.25 743 0.60 5.59
15 0.94 7.09 0.49 | 327 35 1.23 7.44 0.61 5.55
16 0.89 7.65 043 | 293 36 1.22 7.45 0.58 5.27
17 0.88 7.71 0.42 | 2.86 37 1.27 6.87 0.44 3.87
18 0.89 7.38 041 | 2.73 38 1.26 6.29 0.38 3.01
19 0.89 7.34 041 | 2.71 39 131 6.86 0.33 3.00
20 0.85 7.71 0.40 | 2.63 40 131 5.70 0.28 2.06

To completely understand the passivation effect of the SnO; film, the various concentration
of SnCl; solution were studied. It shows that too low concentration of SnCl is ineffective in
passivating the SnO» film as proven through its non-obvious enhancement in the performance
(Figure 13 and Table 3). In contrast, a thicker SnO; passivation layer (high concentration)
increases the series resistance of the device. We also prepared a single SnO> layer on ITO using
0.1 M SnCl; precursor with the spin-coating speed of 2000 rpm. We found that its performance is
compromised, as compared to the bare SnO> ESL based device (Figure 13 and Table 3). Thus, the
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reason for the reduced Eioss and enhanced performance of the passivated SnO» based solar cells

lies in the interface modification, rather than the difference between the SnO, films prepared from

8,27-28

SnO: colloid solution or SnCl precursor.
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Figure 13 J-V curves of the PSCs based on different SnO2 ESLs.

Table 3 Photovoltaic parameters of PSCs based on different SnO2 ESLs.

Device Voc(V) Jse(mA/cm?) FF PCE/%
0.1 M SnC1,-2000 rpm 1.12 6.47 0.59 4.30
Sno, 1.07 7.55 0.58 4.71
$n0,+0.05 M SnCl, 1.19 8.11 0.51 4.97
$n0,+0.1 M SnCl, 1.23 8.50 0.67 7.00
$n0,+0.15 M SnCl, 1.21 8.20 0.53 5.29
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Figure 14 Nyquist plots of PSCs based on bare or passivated SnO: in dark condition at a
voltage of Voc. Inset: the equivalent circuit, the enlarged high-frequency region, and table of

simulated results.
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The EIS measurements were made to investigate the interfacial charge transfer properties in
the PSCs with SnO; ESL with or without passivation, as shown in Figure 14. Generally, the high-
frequency arc is related to the charge transporting and the arc at the low-frequency region
represents the recombination resistance at perovskite/SnO, and perovskite/carbon interface.?82° It
is clear that the device with passivated SnO> ESL shows larger Rrec (60572 Q) than that of bare
SnO, ESL based device (21055 Q), which means that the recombination in the former device is
highly suppressed. Simultaneously, the former has a larger series resistance (Rs) than that of the

latter owing to its thicker SnO> film.

400
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Figure 15 (a) Nyquist plots and (b) enlarged high-frequency region of PSCs different SnO:
ESLs in dark condition at a voltage of Voc. Inset: the equivalent circuit and table of simulated

results.

We also measured the EIS of other devices with different ESLs, as shown in Figure S15. We
found that after passivation, the devices possess larger Ryec than that of the bare SnO> based device
and the 0.1 M SnCl; passivation leads to highest R (summarized in the table inset in Figure 15),
thus contributed for the best performance. While the device using SnO2 ESL prepared by spin-
coating 0.1 M SnCl, at 2000 rpm shows the smallest Rrec. In brief, this surface passivation
decreases the recombination process at the interface between the perovskite and the ESL, which

significantly improves the Vo and PCE of the devices.
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Figure 16 (a) Steady-state photoluminescence (PL) spectra and (b) normalized transient PL

decay profiles for CsPbIBr2, bare SnO2/CsPbIBr2, and passivated SnO2/CsPbIBr:.

Then the PL and TRPL measurements of the perovskite film on different substrates were
conducted. Figure 16a shows the PL spectra of ITO/CsPbIBrz, ITO/SnO,/CsPbIBr, and
ITO/passivated SnO>/CsPbIBr> samples. The ITO/CsPbIBr; displays high PL intensity, which
implies serious carrier recombination.® The ITO/ passivated SnO2 /CsPbIBr2 sample shows lower
PL intensity than that of the ITO/SnO2/CsPbIBr; sample, indicating stronger electron extraction
ability from the perovskite film and lower recombination possibility.*° Figure 16b shows the TRPL
spectra and the corresponding decay time is calculated via the exponential fits of the spectra. The
parameters are listed in the table inserted in Figure 16b. As shown in the table, when the CsPbIBr;
is deposited on the bare ITO substrate, the PL decay times are 5.24 and 17.40 ns for 11 and 1o,
respectively. While the ITO/SnO,/CsPbIBr, sample possesses the reduced PL decay time of 3.24
and 12.09 ns for 11 and 12, respectively. When the passivated SnO, ESL was used for the perovskite
film deposition, both the 11 and 12 are further reduced to 2.77 and 8.88 ns, respectively. Moreover,
the CsPbIBr» film on the passivated SnO> ESL has the smallest average decay time among the
three samples. Thus the passivation of SnO2 ESL can accelerate the electron injection process from
the light absorber film and suppress the carrier recombination at the perovskite/ESL interface,

leading to higher V. and better performance.
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Figure 17 J-V curves with the reverse and forward scanning direction for the PSCs based on

(a) bare and (b) passivated SnO2 ESL.

Table 4 Photovoltaic parameters of J-V curves with the reverse and forward scanning

direction for the PSCs based on bare and passivated SnO2 ESL.
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Scanning ; 2 o Hysteresis
ESL rpe VoeV) | Jo(mA/em?) | FF |PCE/%| | 07
10, Forward 0.98 8.04 0.34 2.66 43.0%
Reverse 1.07 7.65 0.57 4.67
Passivated Forward 1.23 7.96 0.37 3.60 42 3%
S5n0; Reverse 1.22 8.36 061 | 624

Figure 17 and Table 4 displays the hysteresis properties of both SnO; and passivated SnO>
based CsPbIBr> PSCs. We found that both kinds of devices have severe hysteresis if compare with
the organic-inorganic hybrid PSCs. The hysteresis index for the SnO> and passivated SnO; based
device are 43% and 42.3%, respectively. Yibing Cheng and co-workers have explained this
phenomenon by pointing out that there is iodide-rich phase segregation, mainly existing at the
grain boundaries, forming clusters in CsPbIBr, film, which heavily affects the ion migration.!”
This phenomenon exacerbates the hysteresis in CsPbIBr. PSCs. On the other hand, the relative

small grains size with a large number of grain boundaries and compositional defects accompanying

with one-step solution fabrication method might be other reasons for the severe hysteresis

properties.” 3!
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Figure 18 Normalized photovoltaic parameters of the (a) bare and (b) passivated SnO2 ESL
based unencapsulated CsPbIBr: PSCs under continuously heating at 90 °C in air with the
humility of 60-70%. Inset are the photographs of the two kinds of PSCs after heating for 80

hours.

It has been widely accepted that the degradation of perovskite occurs at the interface between
the ESL and the perovskite materials.3* In order to investigate the effect of SnO, surface
passivation on the device stability, we measured the thermal stability of the unencapsulated solar
cells at 90 °C in the air with the relative humidity of 60-70 %. The time-dependent normalized Vo,
Jse, FF, and PCE of the two type devices are shown in Figure 18. It shows that the passivated SnO»
based device has better durability than that of the bare SnO- based device. All the parameters of
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the two solar cells increase over the first one hour, which is recognized as interfacial ripening
process with better charge transferability and improved crystallinity of the perovskite materials.'®
34 During the subsequent tens of hours, the FF of the passivated SnO. based device kept at a higher
level than the initial value, while the Js decreases obviously relative to the initial value. After 80
hours, the passivated device could still maintain 95.5% of its initial performance, which is much
higher than that of the bare SnO; based device (58.3%). Moreover, we found that after long hours
of light exposure, the appearance of the active area of the bare SnO» changes when viewing from
the back side, as shown in Figure 18a (inset), while this phenomenon was not observable for the
passivated SnO: based device. Thus there should be some undesired photochemical reactions at
the bare SnO2/perovskite interface, such as the light and interface defects-induced halide migration
in the CsPbIBr; film, that impede the high performance.’*~*® Hence the SnO> surface modification

can help to avoid the photochemical reactions and improve the thermal stability of inorganic PSCs.

Re-heating

E__JI I J\JM
] ___.J.J...,\.L.LA 40 min

0 min

60 min 70 min 80 min Re-heating in air

20 30
2 Theta/degree

10

0 min 30 min 40 min

50 min

Figure 19 Time-dependent XRD patterns and photographs of the passivated SnO: based
CsPbIBr: film when exposed to air at 25 °C with the humidity of 65%.

Moreover, we studied the room-temperature phase stability of the CsPbIBr2 perovskite
materials. The measurements were carried out at 25 °C in the air at a relative humidity of 65 %.
The results of the CsPbIBr> deposited on the passivated SnO> film are shown in Figure 19. It shows
that CsPbIBr; is very unstable where the film changed from red to transparent quickly within 80
min. From the time-dependent XRD patterns of the sample, we observed that the phase changes
from the photo-active o phase to non-photoactive & phase after 80 min.!® There is no obvious
difference in phase stability for the perovskite film deposited on SnO> ESL with or without

passivation at room temperature because the phase transition is mainly caused by water. While
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after the re-heating process in air, the transparent film re-transformed to red color film, meaning
reversible phase transition property, which is in accordance with Peidong Yang’s research.?
Therefore, the room-temperature phase stability of CsPbX3 perovskite materials, especially for the

halide-rich phases, is one of the most important aspects that require prompt addresses.
4.4 Conclusions

In conclusion, our work has demonstrated an efficient interface engineering method of SnO»
ESL passivation, which aims to reduce the energy loss of the all-inorganic Cs-based PSCs. We
found that the passivation of SnO> not merely effectively decreases the recombination process at
the interface between the CsPbIBr> perovskite and the SnO», but also accelerates the electron
extraction efficiency from the perovskite film. After passivation, the performance was improved
and a high V. of 1.31 V was obtained. The thermal stability of the passivated SnO; based devices
highly outperformed the bare SnO; based solar cells. This work has proven that energy loss
occurred in all-inorganic PSCs can be overcome through interface engineering. We believe that

this method is highly applicable to other PSCs for decreasing the Eioss.
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Chapter 5. Improving phase stability by metal doping

5.1 Introduction

Perovskite solar cells (PSCs) have been attracting tremendous attentions and have
experienced high-speed development in performance recently.!? The organic molecules, including
MA and FA, are very favorable in forming high-quality perovskite films with high PCEs.* While
the MA™ and FA™ are volatile at the temperature of 80 and 100 °C,*> respectively, which cause the
perovskites thermal unstable and consequently reduce the lifetime of the PSCs. Incorporating Cs*
or completely replacing MA™ and FA™ with Cs" is regarded as a promising approach to solve the
thermal stability issue because Cs based perovskite materials are extremely stable at high
temperatures.® However, the Cs based perovskites possess an inevitable disadvantage where the
photo-active black a-phase is unstable at room-temperature and very easily transforms to photo-
non-active yellow 3-phase.’”® Therefore, it is an important topic to stabilize the photoactive phase

in ambient conditions. Apart from reducing the crystal size and increasing the crystal strain etc.,’"

19 there are two main strategies to stabilize the black phase.

One approach is to incorporating Br™ into the perovskite structure because Br™ has a smaller
ionic radius of 1.96 A than I of 2.20 A.!!' When Br" is used as X ion in ABX3 perovskite, the size
of [BXs]* octahedral and the formed cubooctahedral voids for the Cs cation will be reduced, which
promises larger Goldschmidt tolerance factor (t) and more stable cubic perovskite phase.'
However, Br™ incorporation will simultaneously enlarge the band gap of the perovskite, which is
undesirable for light absorption. For balancing the photovoltaic performance and the structure
stability, CsPbl>Br is a fine choice due to its proper band gap (1.90 eV) and higher phase stability
than that of CsPbls."

The other way is to substituting (doping and alloying) Pb>" ions with other metal ions owing
to the reduction of [BXe] size will ensure the Cs" matches well with the cubooctahedral voids,
forming stable perovskite structure. Up to now, various kinds of metals have been introduced into
the perovskite materials, such as divalent ions Ca**, Mn?*, Sn?*, Sr**, Zn?" and trivalent ions Sb*",
Bi**, Eu** and some other lanthanide ions.!?"'* These foreign ions have been proved to be efficient
in increasing the stability of the black a-phase and enhancing/maintaining the performance of the

resultant devices. While the possibility of incorporating metals ions with higher valences into the
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perovskite is still unknown. Niobium (Nb) is a widely used element for doping conventional
perovskite oxides (BaTiOs, BiFeOs etc.) in modifying the microstructure, ferroelectric and
piezoelectric properties, in which the Nb>* ions will partly replace the B site atoms of perovskite. !>
While the ferroelectricity of the halide perovskite is regarded as one of the main origins for
hysteresis phenomenon of PSCs.!® Therefore, it is worth trying to incorporate Nb into the inorganic
halide lead perovskite and to study its effect on the perovskite phase stability and the device

performance.

In this paper, we incorporated Nb>* into the CsPbl,Br perovskite and investigated its effect
on the perovskite phase stability and photovoltaic performances. Results indicate that the
introduction of Nb>* can effectively stabilize the black o-phase of the CsPbl,Br perovskite at room-
temperature in ambient condition, and higher Nb>* concentration leads to a longer lifetime of black
a-phase. Moreover, the Nb>* doping enhances the performance and reduces the hysteresis of the
all-inorganic PSCs. The theoretical calculation was also adopted to realize the impact of Nb doping
on the electronic properties of the perovskite. We believe that this first work on pentavalent ion
doping into the all-inorganic perovskite will bring deeper understanding of the mechanism of
foreign metal ion incorporation in perovskite and unlock more opportunities for perovskite

modification.
5.2 Experimental Section

5.2.1 Device Fabrication

The washing of ITO glass and the preparation of passivated SnO2 film is the same with that
in Chapter 3 and Chapter, respectively. 1.0 M CsPblbBr perovskite precursor was formed by
dissolving the CsBr and Pbl, (mole ratio of 1/1) in DMSO/DMF (v/v=9/1), then stirred at room
temperature until the clear solution was obtained. The 0.2 M NbCls stock solution was prepared
by dissolving NbCls into DMSO/DMF mixed solvent (v/v=9/1). A certain amount of NbCls
solution was added into the CsPbl>Br perovskite precursor and stirred for several hours, forming
precursors with different amount of Nb>* (from 0.5 to 4 mol% versus Pb). In the nitrogen-filled
glove box, the perovskite precursor solution was spin-coated at 1000 rpm for 10s and then 3000
rpm for 30 s. Then the film was annealed at 40 °C for 4 min and then 160 °C for 10 min. The
carbon electrode was deposited on the top of the CsPbI;Br film by doctor-blading technology using
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scotch tape to control the electrode thickness. Then the cells were heated treated at 100 °C for 10

min to promote evaporation of residual solvents.
5.2.2 DFT Calculations

We performed DFT calculations using the Quantum ESPRESSO software package based on
the planewave/pseudopotential method. The generalized gradient approximation (GGA) was
chosed to form the exchange-correlation functional. The energy cutoff 40 Ry for the plane wave
basis was set. The Brillouin zone integrals were performed using a 4x4x4 Monkhorst-Pack k-mesh
grid. Calculations were done with the 2x2x2 supercell of CsPbl>Br, and one Pb substituted by Nb
yields the CsPbo.g75sNbo.12512Br.

5.2.3 Characterizations

The characterization methods including XRD, SEM, UV-Vis spectra, EIS and J-V curve
were introduced in Chapter 2. EDX was conducted by the Hitachi S-3400N. Photoelectron yield
spectroscopy (PYS) was measured using a Bunkoukeiki KV205-HK with a applied voltage of -5.0

V under vacuum of 10 Pa.

5.3 Results and discussion

Different amount of Nb>* (0.25 to 4 mol%) were introduced into the CsPbl,Br by adding a
certain amount of 0.2 M NbCls stock solution into 1.0 M CsBr and Pbl; solution (check specific
details in the supporting information). The obtained solutions after mixing for several hours are
shown in Figure 1. It is interesting that the color of the perovskite precursors turns into darker
brown with increasing the amount of NbCls, though the NbCls and CsPbl:Br solution are
transparent and yellow in color, respectively. The color change is hypothesized to be attributed to
the interaction between Nb>" and the perovskite precursor, rather than the Cl- from NbCls.” 7

Moreover, there was no precipitate formed for Nb>* containing solutions even stored for longer

than one month, indicating homogeneous and stable properties.

74



. e S N

NbClg 0 % 0.25% 0.5% 1% 2% 4%

Figure 1 Photographs of perovskite precursors with different amount of Nb adding.

The precursor was spin-coated on the passivated SnO» film,'® followed by a two-step
annealing process. Specifically, the film was annealed at 40 °C for several minutes to make the
film vary from transparent to light brown and then 160 °C to get the dark brown film. The first
low-temperature annealing is for the mild solvent evaporation and the phase transition (from
amorphous to main black a-phase).'®2° In our experiments, for the control CsPbL,Br film, the
optimized annealing time at 40 °C is 4 min since longer time will form blurry film and shorter
annealing time will result in a low coverage film due to inefficient mass transfer. In addition, it
should be noted that the optimal 40 °C annealing time for the Nb incorporated films decreases with
higher Nb incorporation. For example, the proper annealing time at 40 °C for the perovskite film
with 0.5 mol% Nb’" is 3 min. This might because the solutions with Nb have lower viscosity, and

the Nb ions promote the nucleation and the phase transition process.?!
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Figure 2 XRD patterns of CsPbI:Br films with different amount of Nb.

The XRD patterns of the samples after 160 °C annealing for 10 min are shown in Figure 2.
The XRD peaks at 14.6°, 20.8°, and 29.5° are assigned to (100), (110), and (200) face of CsPbIBr,
respectively, which indicate that all the as-prepared samples are pure CsPbloBr black perovskite
phase without any impurity.??
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Table 1 Parameters derived from the XRD patterns of CsPbI2Br films with different

amount of Nb>*.

Main peak FWHM
Nb content (%) | position (°) (main peak) | d-spacing (nm) | Lattice constant (nm) | Lattice strain (%)
0 29.44 0.164 0.3031 0.6062 0.080
0.25 29.48 0.214 0.3028 0.6056 0.085
0.5 29.49 0.247 0.3027 0.6054 0.098
1 29.55 0.253 0.3021 0.6041 0.140
2 29.61 0.266 0.3014 0.6029 0.210
4 29.70 0.643 0.3006 0.6012 0.287

While there are some differences between the samples. Firstly, the main peak at around 29.5°
shifts to higher angle with increasing the amount of Nb>*. The peak positions and the d spacing
values are summarized in Table 1. Clearly, the d spacing reduces when the amount of Nb>*
increases. Secondly, the peak intensities reduce and the FWHM values enlarge with the Nb>*
adding amount increasing, meaning lower crystallinity. Therefore, the foreign Nb ions have a great

effect on the crystallization process of the perovskite film.
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Figure 3 XPS spectra of pure (black line) and 4% incorporated (red line) CsPbL>Br films: (a)
survey spectra; (b) Nb 3d; (¢) Cs 3d; (d) Pb 4f (e) I 3d; (f) Br 3d.
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Figure 4 XPS spectrum of C1s for pure and 4% Nb incorporated CsPbI:Br film.

Figure 3 shows the XPS spectra of the pure CsPbl>Br and 4% Nb incorporated CsPbl,Br
films. The presence of Nb>* is evidenced through the explication of two binding energy peaks at
around 200 eV, attributing to the Nb 3d core levels, which are not found in the pure sample (Figure
3a). Specifically, the two binding energy peaks at 209.9 and 207.2 eV (Figure 3b) are
corresponding to Nb 3ds» and Nb 3d s, respectively.”> Thus we can confirm that the Nb>* was
introduced into the perovskite film. Figure 3c-f show the XPS spectra of the Cs, Pb, I and Br
elements, respectively. Notably, all the peaks of the Nb incorporated CsPbloBr shift obviously
compared with the pure film without Nb. The C1s peaks of the two samples (Figure 4) are at almost
the same positions, indicative of the same measurement conditions. So the shift of the elements
should be attributed to the effect of Nb>* introduction rather than test error. The Nb should be
located within the perovskite lattice because simple physical mixing of the elements could not lead
to any remarkable chemical state change and shift of the XPS peaks.?! *>> The theoretical study
predicted that niobium trend to occupy the B site of the halide perovskite.?® If so, partial replacing
Pb>" (1.19 A) with the smaller Nb>* (0.64 A) will lead to the contraction of [BX,] and the changes
in chemical bonding properties, which is reflected by the shift of XPS peaks for all the elements.?*
Moreover, the EDX elemental maps in Figure 5 indicate that Nb is uniformly distributed in the

sample.
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Figure S EDX element mapping of 1% Nb-doped CsPbI:Br film.

The lattice constants obtained from the XRD patterns are shown in Table 1. We can find that
the lattice constant decreases with increasing Nb amount. Previous publications reported that the
lattice increases if the foreign ions exist at the interstitial positions,! which is different from that
of ours. Therefore, based on the variations including the reduction in lattice constants, shifts of
XPS and XRD peaks and uniform Nb element dispersion, we can confirm that the Nb ions occupy

the Pb positions.

Figure 6 SEM images of CsPbI:Br films with different amount of Nb doping: (a) 0%; (b)
0.25%; (c) 0.5%; (d) 1%:; (e) 2% (f) 4%.

The SEM images of the samples with different amount of Nb are shown in Figure 6. The
control perovskite film obtained by the two-step annealing process has a dense morphology
without pinholes, which is promising for suppressing recombination of charges. The grain
boundaries are not very clear because the anti-solvent was not used in our film preparation process,
consistent with the other reports.>’?® There are several branches on the film surface, meaning a

non-uniform morphology, similar with that of the previous report.?* When 0.25% amount Nb was
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introduced into the perovskite, there are no obvious changes except that the branches disappeared.
With 0.5% amount Nb incorporation, the film grew smoother and the crystal size became smaller
and more uniform than that of the film without Nb. This might be attributed to the lower viscosity
of the solution with Nb for better mass transfer and the role of Nb in promoting the nucleation
process. The smaller crystal size means low crystallinity, in accordance with the XRD peak

intensity reduction and FWHM enlargement.
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Figure 7 AFM images of (a) (b) 0 % and (c) (d) 0.5% Nb-doped CsPbI:Br film.

We further investigated the morphological surface of the pure and 0.5% Nb incorporated
samples using atomic force microscope (AFM), as shown in Figure 7. Consistent with the SEM
images, the film with 0.5% Nb doping exhibited a much smoother surface than that of the control
film, with dramatically decreased root-square-roughness (Rq) from 4.54 nm to 0.89 nm. The
smoother surface is beneficial for the contact between the perovskite and the carbon electrode.?
While further increasing the amount of Nb doping makes the films rougher and non-uniform. For
example, the film of 2% Nb has a rough surface with pinholes. The film with 4% Nb shows some
independent white particles, which could be the segregation of excess NbCls out of the perovskite
grains.” To some extent, these segregated particles hinder the perovskite crystal growth and result
in low-crystallinity films. Therefore, the film with 4% Nb has the lowest crystallinity and the
lowest XRD peaks.
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Figure 8 (a) UV-vis spectra, (b) tauc plots and (c) PYS spectra and (d) the resultant energy
band structure of CsPbI:Br films with different amount of Nb doping, and the energy

alignment for the components of the device.

It is accepted that the light absorption properties of the film are highly dependent on the film
feature. From the UV-vis spectra (Figure 8a), we can find that the samples with low doping amount
(less than 1%) have almost the same light absorption ability with that of the control sample, except
a slight blue-shifting on the absorption edge. Obvious differences are observed when the doping
amount is further improved to 2% and 4%: where the absorbance intensities become stronger and
the absorption edges shift to longer wavelength. The band gaps of the materials were calculated
by the tauc plots transformed from the UV-vis absorption spectra (Figure 8b). The corresponding
values were summarized in the Table inserted in Figure 8b, where we can see that with Nb doping,
the band gaps of the films become a little larger than that of the pure perovskite film. In addition,
the band structure of the samples was investigated through the photoelectron yield spectroscopy
(PYS), as shown in Figure 8c. The valence band maximum (VBM) from the PYS results and the
corresponding conduction band minimum (CBM) calculated by combining the VBM and the band
gaps are shown in Figure 8d. We can find that the minute amount of Nb doping has no effect on
the band structure, while the VBM and CBM plunge when more than 1% amount of Nb is
incorporated. The 4% Nb doping results the most obvious change with the lowest VBM and CBM

positions. Thus, the band structure changes more obviously with increasing Nb concentration.
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Figure 9 Partial density of states for (a) CsPbI2Br and (b) CsPbo.s75Nbo.12512Br calculated by

GGA method. The Fermi energy level was set to zero.

To investigate the electronic properties of Nb-doped CsPblxBr, we calculated the partial
density of states, which is shown in Figure 9. For the case of CsPbl:Br, the valence bands
maximum (VBM) is composed of [ and Br p-orbitals with a small contribution from Pb 6s-orbitals,
and the conduction bands minimum (CBM) mainly consists of the Pb 6p-orbitals. For the
CsPbo.g75sNbo.12512Br, the VBM exhibit similar electronic properties with CsPblBr. After Nb
substitution, the Nb 4d-orbitals split in different energy ranges respectively. Partial 4d-electrons
of Nb localized on conduction bands at about 1.5 eV above the Fermi level in the spin-down
channel. While in the spin-up channel, the interaction between Nb 44 with I and Br p-orbitals
forms intermediate bands slightly below the Fermi energy level. Due to the Nb 44 electrons, the
Fermi level shifts up to the CBM, resulting in the n-type semiconductor feature of
CsPby.s75Nbo.1251,Br, which is similar to the Sb for n-type doping.*
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Figure 10 (a) Color variations of CsPbI:Br films with different amount of Nb doping. (test
condition: ambient, 23 °C, RH=55% ), and UV-vis spectra variation of (b) pure and (c) 4%
Nb-doped CsPblI:Br film. (test condition: ambient, 21 °C, RH=30% ).
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Figure 10a shows the photographs of CsPbl>Br films stored in ambient at the temperature of
23 °C and relative humidity (RH) of 55%. As observed, the color of the control sample faded in
the first 15 min and the black a-phase wholly changed to yellow d-phase in the first one hour, as

depicted by the XRD variations in Figure 11.
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Figure 11 Time-dependent phase transition of pure CsPbl:Br film from black phase to the
yellow phase.

When the Nb was doped into the perovskite, the black a-phase lasted for a longer time than
that of the control one. For example, the film color of the 4% Nb-doped perovskite remains the
same even after 24 hours. We recorded the variations of the control and the 4% Nb incorporated
film by UV-vis spectra, as shown in Figure 10b and c. When the films were stored in ambient at
21 °C with the RH of 30%, the characteristic absorption edge of the a-CsPbl:Br film completely
disappeared after 6 h, while the 4% Nb-doped film has no changes even after 96 h. As a result, we
concluded that the Nb can stabilize the a-CsPblBr at room-temperature and the lifetime prolongs

with increasing Nb amount.

When Nb occupies the B site of the CsPbl>Br crystal structure, its smaller size and more
electron charge will decrease the [BX¢] size and shrink the lattice, which makes the Cs match well
with the cubooctahedral voids, thus stabilize the perovskite structure. This can be verified by the

variation in Goldschmidt’s tolerance factor (t) as Equation (1):*!

_ Ra+Rx _
"~ V2(Rp+Ry) (-1
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The Ra, Rp, and Rx represent the ionic radius of A-site cation, B-site cation, and X-site anion,
respectively. The perovskite will form an orthorhombic structure when t < 0.8, cubic structure
when 0.8 <t <1, and hexagonal structure when t > 1. Therefore, the bromine-based perovskite
with smaller [BXs] octahedral size and larger tolerance factor, possesses better phase stability than
the iodide perovskites (1=0.807 for CsPblz and 0.815 for CsPbBr3). As for the mixed A-site, B-
site, and mixed halide perovskite, the 1 is calculated using effective ion size. For example, the

effective halide size of CsPblBrs« can be calculated by Equation (2):!
3_
Reffective = ERI‘ + TxRBr‘ (5-2)

As a result, the effective size of halide in CsPbl:Br is 2.12 A and the t is 0.810. Similarly,
the effective size of B-site ion in Nb-doped CsNbxPbix[>Br can be calculated by Equation (3):

Reffective = xRyps+ + (1 — X)Rpp2+ (5-3)

Table 2 Tolerance factor of CsPbI2Br materials with different amount of Nb>* doping.

Nb content (%) | Ry, (A) | Tolerance factor(7)
0 1.190 0.8098
0.25 1.189 0.8101
0.5 1.187 0.8104
1 1.185 0.8111
2 1.179 0.8125
4 1.168 0.8152

According to the above equations, we calculated and listed the t of different amount Nb-
doped perovskite materials in Table 2. When 4% Nb was incorporated into the perovskite, the
effective cation size of mixed Nb and Pb is 1.168 A, resulting in a t value of 0.815. Therefore, the
perovskite with 4% Nb doping possesses the highest stability. In addition, the lattice strain
promotes the phase stability by causing distortion of cubic structure.” !” We analyzed the lattice
strain by refining the XRD patterns and the results are shown in Table 1. We found that the lattice

strain increases with increasing the amount of Nb, which agrees with the stability gradient.
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Figure 12 (a) Cross-sectional SEM image of carbon electrode based CsPbI:Br perovskite

device and (b) J-V curves of the devices with different amount of Nb doping.

Table 3 Photovoltaic parameters of CsPbI:Br perovskite solar cells with different amount of

Nb>* doping.

Sample VooV Joe/mA cm™ FF PCE/%
0% Nb 121 11.95 0.63 9.05
0.25% Nb 1.18 1222 0.69 9.94
0.5% Nb 120 12.06 0.72 10.42
1% Nb 122 11.63 0.69 9.84
2% Nb 121 10.73 0.52 6.69
4% Nb 1.00 8.42 0.40 341

Using Nb doped perovskite as absorber, we fabricated a carbon electrode based HTM-free
device, as depicted by the cross-sectional SEM image of the solar cells (Figure 12a). Figure 12b
shows the champion J-V curves of the devices based on CsPblBr with different Nb doping
concentration and parameters are listed in Table 3. The device based on CsPbl,Br without dopant
achieved a PCE of 9.05%, which is much higher than that of the literature (4.75%) with the same
fabrication process, components and device structure.?’ For the Nb-doped PSCs, the device gave
the highest PCE of 10.42% when 0.5% Nb was added, high than ever-reported carbon-based all-
inorganic CsPblBr PSCs.!* The Js value matches well with the calculated value from the IPCE
spectra (Figure 13a). The stability of output (SOP) of the reference and 0.5% Nb-based device is
shown in Figure 13b and c. We observed that both the devices maintain high performances under
continuous measurements for 120 s. The low Jsc of the devices with 2% and 4% amount Nb should
be attributed to their lower film qualities. The obvious increasing in FF was achieved with less

than 2% Nb doping, which is the main reason for the device performance enhancement.
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Figure 13 (a) IPCE for 0.5% Nb-doped CsPbl:Br based device, stability of output (SOP) of
(b) pure and (c¢) 0.5% Nb-doped CsPbI:Br based device.
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Figure 14 Photovoltaic statistics for 0 % and 0.5% Nb-doped CsPbL:Br solar cells with
carbon electrode (18 cells for either type): (a) Voc; (b) Jsc; (¢) FF; (d) PCE.

Table 4 Photovoltaic statistics parameters for 0 % and 0.5% Nb doped CsPbI2Br solar cells

with carbon electrode.

Device Voo IV Jsc/mA em= FF PCE/%
0% Nb 1.20+0.03 11.74£0.37 0.60=0.03 8.56+0.57
0.5 % Nb 1.22+0.03 11.81+£0.15 0.70+0.03 10.06+0.23

In order to verify the reproducibility of the device performances, we fabricated 18 cells for
the reference and 0.5% Nb-based PSCs and the detailed statistics of the photovoltaic parameters
for the devices are presented in Figure 14 and summarized in Table 4. Results indicate that the Js

values are very similar owing to their same optical properties. The average FF was enhanced from
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0.60 to 0.70, which could be attributed to the uniform morphology and smooth surface that

provides better contact with the carbon electrode,*?>* as shown in the AFM results (Figure 7).
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Figure 15 J-V curves of 0.5% Nb-doped CsPbI:Br based devices with champion Voc obtained

by scanning from different directions: (a) reverse scanning (RS); (b) forward scanning (FS).

The Vo was enhanced from an average of 1.20 to 1.22 V, where the champion V. of 1.26
V was achieved for the reverse scan (RS) and 1.27 V for the forward scan (FS) when 0.5% Nb was
doped into the CsPbl,Br perovskite (Figure 15), which are higher than most of the CsPblbBr based
PSCs regardless of carbon or noble metal electrode. Finally, the average PCE was increased from

8.56% to 10.06% with 0.5% Nb doping.
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Figure 16 Nyquist plots of (a) 0 % and (b) 0.5% Nb-doped CsPbl:Br based device, (¢) PL
and (d) TRPL spectra of 0 % and 0.5% Nb-doped CsPbI:Br film.

The EIS measurements were made to investigate the charge transfer properties of the PSCs.
The measurement was conducted at an applied bias of 0.6 V in dark condition and the results for
the reference and 0.5% Nb-based PSCs are shown in Figure 16a and b. The equivalent circuit and

the fitting results are inserted in the Figure. . Generally, the high-frequency arc is related to the
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charge transporting and the arc at the low-frequency region represents the recombination resistance
at perovskite/SnOz and perovskite/carbon interface.’* The two samples have very similar Rs due
to the same device structure. While the 0.5% Nb-doped CsPbl2Br based device has much higher
Rrec (3916 Q) than that of the reference device (122 Q), which implies that the recombination
process in the former device is highly suppressed.®® The highly increased recombination resistance

is account for the high Vo of 1.27 V.
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Figure 17 Nyquist plots of different amount Nb-doped CsPbI:Br based device.

Table 5 Resistance summary of different amount of Nb-doped CsPbI:Br based devices.

Nb content (%) Rs/2 Rrec/2
0 48.1 122
0.25 52.3 909
0.5 57.5 3916
1 59.4 3118
2 56.6 2421
4 67.4 885

We also measured the EIS of other devices with different Nb doping amount, as shown in
Figure 17 and Table 5. We found that after Nb incorporation, the devices possess larger Rrec than
that of the control device. Therefore, the Nb doping can effectively suppress the charge

recombination in PSCs.
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Figure 18 PL (a) and TRPL (b) of different amount Nb-doped CsPbl:Br film.

To better understand the effect of Nb doping on the electron extraction and transport process,
the PL and TRPL measurements for the perovskite films were carried out. The results for the
reference and 0.5% Nb-doped film are shown in Figure 16¢ and d. It is obvious that the PL intensity
sharply increases after 0.5% Nb incorporation. The higher PL intensity is associated with the fewer
traps and defects in the perovskite layer.>” Thus 0.5% Nb doping can significantly reduce the traps
and defects in the perovskite film, meaning better film quality and promising for better
performance.*®** Moreover, a blue shift in the PL spectra is observed with the maxima at 658 and
646 nm for 0% and 0.5% Nb, respectively. This is attributed to the reduction in crystallinity and
grain size after 0.5% Nb incorporation.'®* In contrast, the larger amount of Nb-doped into the
perovskite film induces lower film qualities with increased traps and defects, thus the blue shifts
are not striking (Figure 18a). Figure 16d shows the TRPL spectra of the samples and the decay

time (1) 1s calculated via the double-exponential fits of Equation (4):
y = Al x exp (— tx—l) + A2 x exp (— riz) +y0 (5-4)

The former (t1) is resulted from the surface recombination process while the latter (12) is
related to the charge recombination in the grains.*’ The fitted parameters are listed in the Table
inserted in Figure 16d. For the reference CsPblxBr film, the PL lifetimes are 0.453 and 1.438 ns
for 11 and 12, respectively. While the PL lifetime was prolonged to 2.125 and 3.875 ns for 11 and
T2, respectively. As observed from Figure 18b, all the films with Nb doping (less than 2%)
exhibited longer lifetime than the control film, indicative of the suppressed recombination process

4142

in the perovskite film," ~*“ which is consistent with the performances of the devices.
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Figure 19 J-V curves of carbon-based CsPbI:Br PSCs with different amount of Nb doping
under reverse scanning (full line) and forward scanning (dotted line) direction: (a) 0%; (b)

0.25%; (c) 0.5%; (d) 1% (e) 2% () 4%.

Table 6 Photovoltaic parameters of carbon-based CsPbl:Br PSCs with different amount of

Nb doping under reverse scanning (RS) and forward scanning (FS) directions.

Scan direction VoV Jsc/mA cm? FF PCE/% Hysteresis Index/%
Sample
RS 121 11.46 0.63 8.74
0% Nb 18.99
FS 121 11.69 0.50 7.08
RS 1.18 12.22 0.69 9.94
0.25% Nb 5.94
FS 1.19 12.45 0.63 9.35
RS 1.18 1224 0.70 10.14
0.5% Nb 3.55
FS 121 1241 0.65 9.78
RS 1.22 11.63 0.69 9.84
1% Nb 12.60
FS 123 1191 0.59 8.60
) RS 121 10.73 0.52 6.69
2% Nb 16.89
Fs 121 11.00 042 5.56
RS 1.00 842 040 341
4% Nb 22.58
FS 0.98 9.53 0.28 2.64

Hysteresis is commonly coming along with the photovoltaic performance measurements of
PSCs, especially for the planar PSCs. There are several reasons account for the hysteresis, such as
the ferroelectricity, electronic trap states, and the interfacial charge extraction velocity.** Figure
19 compares the hysteresis properties of the PSCs with different amount of Nb doping by
measuring the device in both reverse and forward scanning directions. The hysteresis index (HI)

is defined as Equation (5):*

PCEreverse"PCEforward (5_5)

Hysteresis index =
PCEreverse
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The HI of the devices are summarized in Table 6. The results illustrate that the reference
device without Nb has obvious hysteresis with the HI value of 18.99%. When a certain amount of
Nb (less than 2%) is incorporated into the film, the hysteresis is effectively suppressed. Among
the devices, the 0.5% Nb-doped device has the smallest and negligible HI of 3.55%, owing to the
reduced traps states by the proper amount of Nb doping,** as mentioned above. In contrast, the 4%
Nb-doped film based solar cells exhibited a severe hysteresis phenomenon with the HI of 22.58%

due to its large amount of traps states in the film.
5.4 Conclusions

In summary, we reported an all-inorganic Nb incorporated CsPbl>Br perovskite for the first
time. Results indicate that the Nb is incorporated into the perovskite lattice with a slight
substitution of Pb, which increases the perovskite tolerance factor and significantly stabilizes the
a-CsPbLBr phase. With 0.5% Nb incorporation, a record-high PCE of 10.42% was achieved for a
carbon-based PSCs. The Nb incorporation has effectively reduced the charge recombination in the
perovskite, resulting in high Vo of 1.27 V and nearly hysteresis-free device. This work explicates
the potential of the high-valence ions to serve as foreign ions to modify the properties of all-

inorganic perovskite materials.
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6. General conclusions and future prospects

In this thesis, we focused on the perovskite light absorption materials modification and the
interface passivation for achieving highly efficient and stable perovskite solar cells. We added the
high-conductivity MXene (Ti3T>Tx) into the perovskite film for improving the device performance.
We proposed a mechanism of controlling the perovskite crystal growth by Ti3T>Tx. We developed
a simple interface passivation method with SnCl, solution for reducing the energy loss at the
interface. The suppressed recombination process at the interface lead obviously improved V. of
the CsPbIBr; solar cells. The Nb>* ion was introduced into the all-inorganic perovskite film for
stabilizing the photoactive black phase. The Nb ions slight substituted the Pb ions in the perovskite
and improved the tolerance factor of the materials. The black phase of CsPbl,Br was effectively

stabilized and the performance was improved.

1. We have demonstrated a strategy of introducing a 2D layered Ti3C,Tx MXene into the
perovskite film to improve the film quality. The additive is able to retard the nucleation process of
the perovskite crystals, resulting in larger grain size. In addition, the high conductivity of Ti3C2Tx
is highly beneficial to accelerate the electron transfer through the grain boundary. After optimizing
the solvents and the adding amount, we found 0.03 wt % is the most proper amount and the DMF
is the most suitable solvent for MXene additive. Accordingly, the champion PCE is improved from

15.54% to 17.41% and the average PCE is increased from 15.18% to 16.80%.

2. We have developed an efficient interface engineering using SnCl> for SnO; film
passivation. This passivation method is able to suppress the recombination process at the interface
between the CsPbIBr; perovskite layer and the SnO, and accelerates the electron extraction
efficiency from the perovskite film. After passivation with 0.1 M SnCla, a high Voc 0of 1.31 V with
minimum energy loss of 0.74 eV was achieved. The thermal stability of the passivated SnO- based

devices is also higher than that of the bare SnO; based solar cells.

3. The Nb ions were introduced into the perovskite film for stabilizing the photoactive phase
of CsPbI,Br. Results indicate that the Nb>" can substitute the Pb**, which increases the perovskite
tolerance factor and significantly stabilizes the a-CsPbl:Br phase. With 0.5% Nb’" incorporation,
a champion PCE of 10.42% was achieved for a carbon-based PSCs. The Nb>" doping can also
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reduce the charge recombination in the perovskite film, resulting in a champion V. of 1.27 V and

negligible hysteresis-free device.

The performance of the perovskite solar cells is determined by the quality of perovskite film
and the interface of the device. We believe that the performance can be further enhanced by
controlling the perovskite film growth for obtaining large crystals because the charge
recombination at the grain boundaries is one of the main reasons for the unsatisfied device
performance. Therefore, the additive should retard the crystal nuclei process for generating large
crystals, through which the amount of grain boundaries can be reduced. Moreover, the additive
should have high conductivity because the additive must be beneficial to accelerate the charge

transfer through the grain boundaries.

Optimizing the interface for perfect contact between the components is also promising for
enhancing the performance of the device. This because the charge recombination at the interface
is another important reason for unsatisfied performance, especially large energy loss (low Vo).
When the interface is passivated with a thin layer, the charge extraction will be accelerated and the
recombination will be suppressed due to reduced trap state and defects. As for the passivation
materials, the organic molecules might be suitable because they are soluble in solvents and easy
to interact with the under layer and the up layer. Moreover, the conductivity and the mobility might

also be helpful to accelerate the charge transfer through the interface.

The stability for the photoactive a phase of all-inorganic perovskites is a fundamental issue
for these materials. It is essential to search for simple and effective methods for stabilizing the a
phase in ambient conditions. The first one is to constructing a protection layer for the perovskite
film to prevent the humidity. The protection layer must be hydrophobic, which is common in
organic molecules. Moreover, the materials of the protection layer should interact with the
perovskite layer because not perfect contact will decrease the performances of the device. Another
method is to doping the perovskite materials with smaller metal ions. This because replacing the
Pb with smaller ions will effectively increase the tolerance factor of the materials, which will lead

to higher crystal structure stability.

The commercialization of perovskite solar cells is being widely studied. We believe after
solving the above issues including performance and the stability, the commercialization of this

photovoltaic technology will be very promising. Moreover, it is a good choice to use perovskite
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solar cells as a part of tandem solar cells with silicon or organic solar cells in practical applications.
In a word, this photovoltaic technology has the potential to change the world energy market and

the daily life of human beings.
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