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Inverted planar CsSnlz perovskite p-i-n structure shows a high potential as a candidate for
inorganic lead-free perovskite solar cells (PVSCs). Nickel oxide (NiOx) offers promising
characteristics for a winning hole transport layer (HTL), such as high optical transmittance, high
stability, easy processability, and a wide band gap that allows high hole mobility and good
electron blocking ability. In this work, NiOx was synthesized by first forming Ni(OH); in the
precipitation reaction of (Ni(NOs),- 6H20) and NaOH. The synthesized NiOx nanocrystals was
dissolved in DI water to different concentrations and used as a HTL in the inverted p-i-n CsSnls
PVSCs. The effects of annealing condition, concentration of NiOx ink and spin speed on the NiOx
film morphology and surface roughness were explored. In addition, CsSnls thin films were
fabricated to be the active layer and solar cells with the inverted structure were fabricated and

tested.
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Chapter 1. Introduction

Perovskite solar cells have been widely explored in the past eight years, and there has been a
significant progress in the realm. Inorganic-organic halide perovskites have several advantages,
such as strong optical absorption, very small exciton binding energy, high carrier mobility, long
lifetime and diffusion length, which make them promising for the photovoltaic applications. The
power conversion efficiency (PCE) of perovskite solar cells has increased from 2.2% to 23% and still
has the potential to increase more.! The most common type of the perovskite active layer is the
organometallic hybrid perovskites, which contain methylammonium (MA*) and formamidinium
(FA*), or a mix of the two cations, lead as a metal and halides such as I and Br". Despite the
impressive progress in lead-based perovskite solar cells, a significant drawback is the toxicity of
dissolvable lead content in these materials. When soil and water become polluted with lead and
its compounds, it can result in a long-term environmental damage and a serious harm to humans.
When lead enters the human body, it targets the nervous and productive system causing a severe
damage over time as lead stays in the human body for very long time. Due to the concern of lead
toxicity, the use of the lead-based perovskite solar cells in large-scale industrial applications is
hindered.? Therefore, finding lead alternatives has been the interest of many researchers in the
recent years. One of these cleaner alternatives is tin as it has a similar electronic structure to lead
and tin based perovskites have a narrower band gap, low exciton binding energies, and longer
carrier diffusion length than their equivalent lead-based perovskite.3 In particular, all inorganic
tin-based perovskite CsSnls has been selected as the active layer in this work because it has a

band gap (Eg) of 1.3 eV, which is close to the optimal for perovskite photovoltaics.!!



poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) has been the most
commonly used hole transport layer (HTL) for inverted planar structured perovskite solar cells.
PEDOT:PSS has several advantages that make it a suitable HTL, such as high work function, high
transparency, and high conductivity. However, PEDOT:PSS has an acidic and hygroscopic
characteristics that decrease the device stability and cause the device to degrade. When
PEDOT:PSS is added on ITO coated glass surface, the interface between ITO and PEDOT:PSS is not
stable due to the acidic PEDOT:PSS etching of the ITO. Therefore, there has been a significant
interest to find a more stable alternative to PEDOT:PSS, which has a similar potential to be used
as an HTL. Metal oxides have been recognized as a suitable electron/hole transport layer
(ETL/HTL) or an electron/hole extraction layer (EEL/HEL). Metal oxides with one metallic element,
such as zinc oxide, tin oxide, titanium oxide, and nickel oxide have been used as interface material
because their chemical compositions in film deposition is easier to be controlled than
multicomponent oxides.® Nickel oxide (NiOy) offers promising characteristics for a winning HTL,
such as high optical transmittance, high stability, easy processability, and a wide band gap that

allows high hole mobility and good electron blocking ability.”-

In this project, the intent is to utilize all inorganic materials to make up the hole transport layer
and active layer. The active layer used in this project is CsSnls, the HTL is NiOx, and the ETL is [6,6]-
phenyl-Ceo-butyric acid methyl ester (PCso0BM). In particular, we synthesized NiOx nanocrystals
(NCs), explored the effect of annealing conditions, concentration of NiOx ink and spin speed on
the NiOx film morphology and surface roughness. Also, we synthesized CsSnls to be the active

layer and explored the interaction between the two layers through the device performance.



Chapter 2. Experimental Methods

2.1 Materials

Tin(ll) iodide (Snl2, 99.99%), cesium iodide (Csl, 99.999%), chlorobenzene (CB, >99.8%),
chloroform (299.9%), Dimethylformamide (DMF, 299.9%), and Nickel(ll) nitrate hexahydrate
(Ni(NO3)2 - 6H20, =2 99.999%), bathocuproine (BCP, 299%), were purchased from Sigma-Aldrich
(St. Louis, Missouri), [6,6]-phenyl-Ceo-butyric acid methyl ester (PCsoBM >99.5%) was purchased
from American Dye Source (Quebec, Canada), and 2-propanol (IPA, 99.9%) was purchased from
Fisher Scientific (Hampton, New Hampshire).

2.2 NiOx nanocrystals (NCs) synthesis

The NiOxNCs were synthesized by dissolving 5 g of Ni(NO3)2 - 6H,0 in 3.1 mL of deionized water
to make a 5 M dark green solution. The solution pH was adjusted to 10 by adding 10 M NaOH.
The solution color changed to light green indicating the formation of Ni(OH), colloidal
precipitation. The sol was centrifuged at 10000 rpm for 10 min and the precipitate was collected.
Subsequently, the green color supernatant was centrifuged again at 10000 rpm for 10 min and
the precipitate was collected. This process was repeated until the supernatant turned to very
faded green. The obtained green powder was dried in the vacuum oven at 80°C and atmosphere
pressure overnight, followed by baking at 270° C for 2 h to obtain the dark NiOx NCs.

2.3 NiOx NC thin film fabrication

NiOx NCs were dispersed in DI water to make different concentrations. For example, 20 mg of
NiOx NCs were dispersed in 1 mL of DI water to make a concentration of 2 wt% NiOy black ink.
The black ink was stirred vigorously at 1000 rpm using a stirrer and stirred overnight. Glass

substrates were cut into 1.5 cm x 1.5 cm to be used as a substrate for film characterization. The



substrates were cleaned using ultrasonic cleaner for 15 min in soapy water, DI water, acetone,
and iso-propanol in order. Subsequently, the substrates were treated with 100 W oxygen plasma
for 10 min. NiOy ink was ultrasonicated for 3 h and filtered with 0.45 uL PTFE syringe filter. A 70
uL drop of filtered 2 wt% NiOy ink was added on the glass substrates and spin coated at 1000,
1500, and 2000 rpm for 30 s. Finally, the coated substrates were annealed at 100°C for 10 min.
This process was repeated using 3, 4, 6, and 8 wt% NiOy ink for making NiOy films.

2.4 CsSnls perovskite thin film fabrication

The perovskite precursor for making CsSnls films was prepared in the glovebox by dissolving
0.205 g of Snl, in 0.5 mL DMF to make 1 M solution. 10 mol% excess of Snl, was used as a reducing
agent to prevent the oxidation of Sn?* to Sn**. The Snl; solution was stirred at room temperature
for 1 h. The stirred solution was added to 0.130 g of Csl and stirred overnight in the glovebox at
room temperature to make a 1 M precursor solution. Glass was cut and cleaned as previously
mentioned to be used as a substrate for film characterization. The CsSnlsz precursor was filtered
using 0.45 pL PTFE syringe filter and 70 pL of the filtered CsSnls precursor was added on glass
substrates and spin coated at 500 rpm for 5 s, 1000 rpm for 15 s, and 4000 rpm for 40 s in a
nitrogen glovebox. 500 L of chlorobenzene was used as an antisolvent during the last 15 s of

spin coating. Finally, the coated substrates were annealed at 90°C for 10 min.

2.5 NiOx and CsSnls film characterization

Ultraviolet-visible (UV-Vis) absorption spectra were collected using a Varian Cary 5000 UV-Vis-
NIR spectrophotometer to determine the band gap of NiOx and CsSnls thin films. Tapping mode
atomic force microscopy (TM-AFM) was used to obtain topography and phase images to analyze

the morphology and the roughness of the NiOy films. Scanning electron microscopy (SEM) images



were acquired using a FEI Sirion SEM operated at 5 kV to determine the surface morphology of
the NiOx and CsSnls films. Two-dimensional X-ray diffraction (XRD) patterns were collected with
a Bruker GADDS D8 Focus Powder Discover diffractometer using Cu Ka radiation (A = 1.5419 A)
and the data were processed using the EVA package provided by Bruker Axs to investigate the
crystalline structures of the CsSnls and NiOy films.

2.6 Device fabrication

ITO coated glass substrates (10 ohm sq? ITO, Colorado Concept Coatings LLC) were cut and
cleaned as previously described. The NiOx films were fabricated as described in 2.3. The
substrates were transferred to the glovebox and the CsSnls perovskite thin film was fabricated
on top of a NiOy film as previously described. PCsoBM solution (20 mg/ml in chloroform) was
filtered using a 0.45 uL PTFE syringe filter. A 65 pL drop of the filtered PCsoBM solution was added
on the perovskite layer, spin coated at 4000 rpm for 60 s, and dried without annealing.
Subsequently, BCP solution (0.5 mg/ml in IPA) was filtered using a 0.45 pL PTFE syringe filter. A
70 uL drop of filtered BCP was added on top of the PCeoBM layer, spin coated at 4000 rpm for 60
s, and dried without annealing. Finally, a mask with area holes of 3.14 x10°® m? was placed on the
substrates and 150 nm thick layer of silver that was used as an electrode was deposited by
thermal evaporation under high vacuum. The final device structure was

Glass/ITO/NiOy/CsSnl3/PCsoBM/BCP/Ag.

2.7 Device characterization
The photocurrent density—voltage (J-V) curve measurements were conducted in a N glovebox

with a Keithley 2400 Source Meter and a Solar Light Co. Xenon lamp (165-300 W) and an AM 1.5



filter. Before measurements, the light intensity was calibrated to 100 mW per cm? using a

standardized National Renewable Energy Laboratory calibrated silicon solar cell.

Chapter 3. Results and Discussion

3.1 NiOx NCs Characterization

The NiOx NCs used in this work is the HTL between the perovskite active layer and the ITO
electrode. NiOx was synthesized by first forming Ni(OH) in the precipitation reaction of (Ni(NOs)»-
6H,0) and NaOH as shown in Figure 1, steps 1-5. The formed Ni(OH), was centrifuged at 10000
rpm for 10 min. The precipitants were collected and steps 4-7 were repeated on the supernatant
until the supernatant turned faded green. Subsequently, the obtained Ni(OH); was dehydrated
at 80°C for 24 h and finally decomposed into the non-stoichiometric nickel oxide (NiOx) by baking

at 270°C for 2 h.

DI water
] ]
1 ea 2 3
PR =
[F——
Ni(NO,),. 6H,0
Adding DI water Ni(NO,),. 6H,0 After 5 min of stirring
10 M NaOH .
in DI water
Centrifuge

Centrifuge at
10 min after adding 10000 rpm Ni(OH); precipitants formed

Adding 10 M NaOH
10 M NaCOH for 10 min

Figure 1. Preparation flowchart of producing Ni(OH); that is used to obtain NiOx.



Figure 2a shows the X-ray diffraction (XRD) pattern of the reference NiOx nanocrystals displaying
the reflections of cubic NiOx at 37.2°, 43.3°, 62.7°, 75.4° and 79.4°, corresponding to the lattice
planes of (111), (200), (220), (311), and (222), respectively.® Theses peaks also indicate that
Ni(OH)2 and NaNOs impurities are not present in the crystal lattice.? Figure 2b shows the XRD

pattern of the synthsized NiO, powder, which matches the XRD patteren found in literature.?
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Figure 2. (a) X-ray diffraction (XRD) pattern of the reference NiOx nanocrystals.® (b) XRD pattern
of the synthesized NiOx powder synthesized in this work, which matches the reference XRD
pattern.

The UV-Vis absorption spectra of the synthesized NiOx NCs were acquired to obtain the band gap
of the synthesized NiOx. The synthesized NiOx NCs were dissolved in DI water to make a total
concentration of 2 wt% of the NiOy ink. The NiOy ink was diluted to 0.04 wt% by adding 2.4 mL of
DI water to 0.1 mL of 2 wt% NiOyx ink. The UV-Vis spectrum in Figure 3 shows a cut-off at 345 nm,
which corresponds to 3.59 eV. This value is within 0.1 eV from the band gap value found in

literature.?
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Figure 3. UV-Vis absorption spectrum of 0.04 wt% NiOy ink in DI water.

3.2 NiOx thin film fabrication and characterization

NiOx thin films were formed by spin coating the NiOx ink onto a cleaned substrate and annealed
at 100°C for 10 min. In this work, 2, 3, 4, 6, and 8 wt% of NiOx ink were explored. The quality of
the NiOx films could be controlled by tuning the concentration of the NiOx ink and the spin
speed. The morphology of the NiOy films was investigated using AFM and SEM. As shown in the
SEM images in Figures 4-6, as the NiOx concentration increases from 3 to 6 wt%, the film
becomes more densely packed and the number of pinholes decreases. The ITO flakes can be
seen in the SEM images of Figures 4 and 5. The NiOx films were also prepared using cold drying
method by leaving the spin coated film in air for 24 h without annealing. SEM images were
obtained to determine if annealing has a significant impact on the NiOy film morphology. The
SEM images of annealed 6 wt% (Figures 6) and unannealed 6 wt% (Figure 7) show that the
annealed NiOx film exhibits more surface coverage and smaller, more uniform particles. Figure

8 shows the AFM topographic images of NiOx films prepared by spin coating the concentration



of NiOx of 2, 4 and 8 wt% on glass substrates. Acquiring the images of the films from 4 and 8
wt% NiOx inks were not stable due to more rough surfaces. From Figure 8, it can be concluded
that the concentration of NiOy influences the film roughness as the concentration of NiOy
increases from 2 to 8 wt%, the film becomes less smooth. The NiOx films were also prepared by
using 2 wt% ink but different spin speeds at 1000, 1500, and 2000 rpm. AFM images in Figure 9
shows that the roughness of the film has an insignificant dependence on the spin coating speed

of NiOy.

10k, (c) 20k, and (d) 40k.
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Figure 6. Top view SEM images of annealed 6 wt% NiOy film with the magnification of (a) 5k, (b)
10k, (c) 20k, and (d) 40k.
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Figure . Top vew SEM images of unannealed 6 t% NiOy film with the magnification of (a) 5k,
(b) 10k, (c) 20k, and (d) 40k.

(c)

Figure 8. AFM topography images of (a) 2 wt%, (b) 4 wt%, and (c) 8 wt% NiOx film. The arithmetic
average roughness (Ra) values are 13.9, 32, and 35.8 nm, respectively. The image size is 5 um x
5 um. The z scale is 200, 300, and 300, respectively.
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Figure 9. AFM topography images of 2 wt% NiOy spin coated on glass substrates at spin speed of
(a) 1000 rpm, (b) 1500 rpm, and (c) 2000 rpm. The Ra values are 13.9, 13.4, and 14.1 nm,
respectively. The image size is 5 um x 5 um. The z scale is 300, 200, and 200, respectively.

The UV-Vis absorption spectra of the NiOy films were acquired to ensure the accuracy of the band
gap of the synthesized NiOx. NiOy films with concentrations of 2, 4, and 8 wt% were used as these
concentrations were desired to be used for preparing the HTL in the solar cells. The UV-Vis
spectra in Figure 10 shows an absorption cut-off at 345 nm, which corresponds to 3.59 eV. This
value agrees within 0.1 eV with the band gap value found in literature* and matches the bad gap

obtained from the solution UV-Vis absorption spectrum shown in Figure 3.
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Figure 10. UV-Vis absorption spectra of NiOx thin films fabricated with 2, 4 and 8 wt% of NiOy in
DI water.
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3.3 CsSnls thin film fabrication and characterization

CsSnlzused in this work utilized a one-step solution process with an anti-solvent method to make
a dense perovskite thin film. Snl, precursor was dissolved in DMF and added to Csl to make a 1
M total concentration with 10 % mole excess of Snl,. The 10 % mole excess of Snl, was used to
prevent Sn?* undergo an oxidation reaction to form the more thermodynamically favorable, Sn*.
The films were treated with chlorobenzene in the anti-wash process and annealed at 90°C for 10

min to remove excess DMF and chlorobenzene.

SEM was used to characterize the film morphology and verify the film quality before using it to
fabricate the device. As shown in Figure 11a of a large area SEM image, the morphology of the
CsSnl3 thin film is densely packed with no apparent pinholes. However, when zooming into the
sample further, some pinholes can be seen as displayed in Figures 11b-e. Pinholes could be
generated as a result of heterogenous nucleation and different growth rates. Fast growth rate
and slow nucleation result in less dense perovskite morphology with larger particles. UV-Vis
absorption spectra of CsSnls perovskite thin films were obtained to ensure that the band gap of
the fabricated film matched literature. From Figure 12, the perovskite shows an absorption cut-
off at 982 nm, corresponding to a band gap of 1.3 eV, which agrees with the result found in

literature.!
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Figure 11. Top view SEM images of CsSnls film acquired at different magnifications with the scale
bar of (a) 5um, (b) 2 um, (c) 1um, (d) 0.5 um, and (e) 0.2 um.
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Figure 12. UV-Vis absorption spectrum of CsSnls thin film. Absorption cut off is indicated by the
arrow to be 982 nm.

XRD was used to determine the crystal structure and the phase of the fabricated CsSnls thin film
to ensure the CsSnls thin film having the photoactive phase. Figure 13 shows the XRD pattern of
the CsSnls thin film, which exhibits an orthorhombic perovskite black phase with space group

Pnma. This result agrees with literature’ as shown in Figure 14.
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Figure 13. XRD pattern of the CsSnls perovskite film on a glass substrate.

16



(220)

(110)
130)(312)(224)

Ref. |
-
15 20 25 30 35 40 45
26 (°)
Figure 14. XRD pattern of the CsSnlz perovskite film on a glass substrate reported by Han et al.
(2019).” Reference of the orthorhombic-structure CsSnls from JCPDS card no. 04-014-1737.7
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3.4 Device performance

NiOx and CsSnls thin films were deployed as HTL and active layer in inverted perovskite solar cells
with the structure of glass/ITO/NiOx/CsSnls/PCsoBM/BCP/Ag. Figure 15 shows an energy diagram
resembling the device structure and showing the valence band maxima and the conduction band
minima for each material used. Figures 16a and b show the device performance when using
annealed 2 and 6 wt% NiOy thin film as HTL, respectively. Table 1 shows the average value of
open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and PCE as well as the
maximum PCE for the two conditions. When comparing the two conditions, it can be seen that
the device with 6 wt% NiOx HTL has clearly a superior performance overall. From Table 1, when
using NiOx with 6 wt% concentration, Vo, Js, FF, and PCE have increased substantially. This
increase of the photovoltaics parameters is mainly due to the enhanced coverage of the NiOx HTL
prepared with 6 wt% NiOx. As shown in Figure 6, the NiOx film prepared with 6 wt% NiOx

becomes more densely packed and the number of pinholes decreases. The best J-V curve of the

17



device with 6 wt% NiOx HTL shows a Voc and Js, of 0.54 V, 2.65 mA cm™ and FF, and PCE of 68.5,
and 0.977%, respectively. However, as shown in Figure 17, the J-V curves exhibit an abnormal
current density change between ~0.4-0.7 V, indicating instability of the device. The V. of the best
device performance fits in the high end of what has been published in literature for pure tin
perovskite.'?13 Although the 6 wt% NiOx based device shows a better device performance, it lacks
consistency. Table 1 shows a relatively large standard deviation in the Voc which indicates that
the film on the device is not very uniform and indicates the possibility of the increase presence
of pinholes in some areas in the device. In addition, the Js is very low even for all inorganic
perovskite materials as in the literature, Jsc of some inorganic pure tin materials has reached as
high as 25.71 mA cm2.%3 This low Jsc value could be a result of the thickness of the HTL layer,

which reduces the charge transport, lowering the Js.
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Figure 15. Energy diagram of the device structure showing the work function of two electrodes,
and valence band maxima and the conduction band minima for HTL, ETL and active layer.
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Table 1: Device performance of the devices with the HTL prepared by annealed 2 and 6 wt% NiOx
thin film.

HTL Voc (V) Jsc (MAJem?)  FF (%) PCE (%) PCEmax (%)
2 wt% NiOx  0.022+0.001 0.364+0.38 24.8+0.3 0.00177+0.002  0.0045
6 wt% NiOx  0.37+0.16 3.24+0.70 47.5+18 0.56+0.35 0.997
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Figure 16. (a) J-V curves of the devices based on the 2 wt% NiOx HTL. (b) J-V curves of the devices
based on the 6 wt% NiOx HTL. The curves are a resultant from different electrodes.
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Figure 17. J-V curves of the best device performances based on the 6 wt% NiOx HTL.
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Chapter 4. Summery and Future Work

In this project, we synthesized NiOx NCs by a precipitation method, which was used as a hole
transport layer in the CsSnls perovskite solar cells. We explored the effect of annealing
conditions, concentration of NiOx ink and spin speed on the NiOy film morphology and surface
roughness. It was concluded that the concentration of the NiOx ink affects the film morphology
and surface roughness. As the concertation increases the film becomes more densely packed. In
addition, the surface roughness increases as the concentration increases based on the average
surface roughness value. In contrast, spin speed had no significant effect on surface roughness
of NiOx film. Annealing treatment of the NiOx film resulted in more surface coverage and smaller,
more uniform particles. Finally, we showed that the device performance improved when the

concentration increased from 2 wt% to 6 wt% as a result of a better NiOy film morphology.

We showed that NiOyx has a potential to substitute PEDOT:PSS for inorganic tin based perovskites
based on the initial results obtained. NiOx film thickness is a crucial parameter to consider as it
affects the device performance directly. Optimizing NiOy film thickness could help improve the
device performance by enhancing the charge transport. Also, optimizing the annealing conditions
will balance the nucleation and the growth rate enhancing the overall morphology of the NiOy
film. Thus, in the future work, film thickness and annealing condition optimization will be

considered.

Wang et al. (2019) state that the CsSnls film morphology has improved by adding antioxidant
solvent additive triphenyl phosphite (TPPi) when making the precursor. When the film
morphology was tested using SEM, it has been discovered that the films with higher
concentration of TPPi has smaller size crystals with bigger interspaces, which indicates that
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adding TPPi has enhanced the film morphology.'? In addition, changing the molar ratio between
Csl and Snly; could enhance the film morphology and ultimately enhancing the device
performance. Song et al. explored different molar ratios between Csl and Snl; by fixing the Snl;
concentration to 1 M and varying Csl concentration. They discovered that a molar ratio of 0.4:1
of Csl to Snl, enhanced the device performance.'® Thus, In future making precursor, using
different molar ratios of Csl and Snl; and using stabilizing additives such as TPPi will be considered

and the effect on device performance will be studied.

Fullerene derivatives (PCBM) has been widely used as an electron transport layer (ETL) due to
uniform and excellent electrical contact with the underlined perovskite and high electron
mobility resulting in an excellent power conversion efficiency as high as 19.9%°. However, PCBM
is very sensitive to water resulting the instability of the perovskite solar cell. Also, PCBM is
considered very expensive, which hinders the large-scale industrial applications of the perovskite
solar cells. Inorganic alternatives, such as Cadmium sulfide (CdS) and Cadmium selenide (CdSe)
possess potential advantages in low material cost, charge mobility, moderate fabrication
integration, and promising device stability.>° Therefore, Cds and CdSe will be considered as a

ETL substitute of PCBM.
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