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ABSTRACT

Perovskite solar cells have garnered a great deal of attention in the solar cell research
community. Their attractive optical and electronic properties—such as their high absorption
coefficient, long diffusion lengths, low defect densities, and low exciton binding energies—make
perovskites an excellent choice for photovoltaics. The fact that their optical and electronic
properties can be tuned through changing the perovskite composition provides researchers with a
vast playing field.

The meteoric rise of the power conversion efficiencies of hybrid organic-inorganic
perovskites, from 3.8% to 23.6% in less than a decade of research, has attracted huge interest
from the academic community. Despite the superior efficiencies of hybrid organic-inorganic
perovskite solar cells, their thermal instability, primarily caused by the volatility of the organic
cation, remain a serious limitation in their deployment into real world conditions.

This report eschews the use of solution processing for the growth of the perovskite layer
due to its inherent problems with reproducibility and scalability. Instead, the research described
herein utilized a commercially viable and scalable vapor deposition technique by sequential
layer-by-layer vacuum deposition of the perovskite layer using a custom-built vacuum deposition
system.

The initial part of this report displays our work on replacing the thermally volatile
organic cation with the inorganic cation, Cesium, to form fully inorganic cesium lead iodide
(CsPbls) perovskites. We optimize the device performance of the cesium lead iodide perovskites
solar cells to fabricate devices with a photoconversion efficiency of 11.2% using a p-i-n

architecture with the structure ITO/PTAA/ CsPbls/PCBM/AL
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The second part of this report focuses on the partial substitution of the iodide anion with a
bromide anion to improve the thermodynamic instability of the cesium lead iodide perovskite.
We employ Indium doped Cadmium Sulphide as the electron transport layer and P3HT as the
hole transport layer to fabricate n-i-p devices with a photoconversion efficiency of 11.7%.

Most importantly, we have demonstrated the thermal stability of these cesium lead mixed
halide perovskites through X-Ray diffraction analysis, showing no compositional or phase
degradation at 200°C for extended periods of time. Further, we have shown that our device
performance exhibits no degradation during the thermal stability test at 200°C for over 72 hours.

Throughout this report, we study the effect of several key parameters of the perovskite
fabrication process that control the intermixing of the perovskite layers and their effect on device
efficiency and hysteresis. Further, we employed several characterization techniques to study
important material parameters of the deposited perovskite material, such as the density of deep
defects and the Urbach energy of the valence band tail states necessary for optimal device
performance. The characterizations indicate the high quality of the material grown with our
layer-by-layer vapor deposition technique with a density of deep defects in the 7x10'%/cm®eV

range, an Urbach energy of 21meV, and a dielectric constant of 28.
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CHAPTER 1. INTRODUCTION TO PHOTOVOLTAICS

Global energy demand is steadily increasing, growing by 2.3% in the last year alone to result in its
fastest pace in a decade, hitting 14,000 million tonnes of oil equivalent (MTOE) [Fig 1.1]. The
increase was driven by a robust global economy and an ever-increasing population. Consequently,
global energy related CO2 emissions increased by 1.7% in 2018, equaling 37.1 Gigatonnes of
CO2, a hitherto unforeseen level [Fig 1.2] [1,2]. The global energy demand is predicted to reach
17,000 million tonnes of oil equivalent by the year 2040[3]. Due to this ever-expanding global
demand for energy, prominent methods of energy production that both rely on finite sources and
cause negative environmental impacts—such as fossil fuels and coal—will inevitably become

unsustainable, requiring urgent research on sustainable methods of renewable energy.
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Figure 1.1: Global energy demand and predicted energy demand in million tonnes of oil
equivalent

www.manharaa.com




t Global Fossil CO; Emissions

CO: 2010-17 4
+1.0%/yr/’/ Projection 2018

/ 37.1 Gt COz

A 2.7% (1.8%-3.7%)

35 -
200010 =
+3.1%l/yr /
P
30 -

1990-2000 /

1%/

20 (' T T T T 1
1990 1995 2000 2005 2010 2015 18

projected

Figure 1.2: Global fossil fuel CO2 emissions

Solar energy is one of the most abundant forms of energy available with a theoretical
potential of 23000 TW per year, dwarfing the world’s current consumption of ~20TW per year
[4]. Among the various ways in which we can harness solar energy, solar photovoltaics with a
technical potential of 7500TW per year offer us one of the most promising options to meet the

ever-increasing energy demands of future generations without causing a negative impact on the

global climate.
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Figure 1.3: Theoretical potential of various energy sources in TW per year

Currently, a majority of the world’s energy consumption comes from non-renewable
sources. Solar photovoltaics contribute less than 2% to the world’s energy demand due to the
higher cost per energy unit of solar photovoltaics compared to conventional, non-renewable energy

sources [Fig 1.4][5].

Cost per kilowatt hour (w/o tax credits)

Clean coal
New Coal
Nuclear
Solar PV
Natural Gas

Wind

Figure 1.4: Cost per kWh of energy generation using various technologies in 2018
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What is encouraging, however, is that cost per watt of solar photovoltaics is decreasing
exponentially—from $76/Watt to less than $ 0.25/Watt in 2017 in the last 40 years [Fig 1.5][6].
This fall in photovoltaic energy costs is largely due to the advances in fabrication technologies and

decreasing cost of materials.
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Figure 1.5: Plummeting cost of solar PV

Owing to the sharp decrease in costs of solar photovoltaics, the deployment of
photovoltaics has exponentially risen with more than 100GW of solar photovoltaics expected to

be added in 2019 [Fig 1.6] [1,7].
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Figure 1.6: Rapid increase in global solar PV installations expected to hit over 100GW added in
2018

Though solar energy deployment is steadily rising, work still needs to be done to make
access to solar energy feasible for the general public. A concerted attempt to reduce the cost of
solar photovoltaics in needed to continue the advances made in the cost of solar energy. A
significant portion of the solar research community is focused on the development of new
photovoltaic materials that can be synthesized and deposited at low prices to make PV modules
more affordable.

Outline of this thesis

Chapter 2 describes the fundamental operating principles of a photovoltaic device. We
understand the four fundamental processes in the working of a solar cell. We also look at the
working principle and the equivalent circuit of a solar cell.

Chapter 3 covers the various characterization techniques we use to understand the

operational principles and troubleshoot problems in a solar cell.
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Chapter 4 provides an introduction into perovskites solar cells. We cover the several
advantages of working with perovskite materials as well as the challenges we need to overcome
with perovskites for commercial deployment in the real world. Chapter 4 also introduces
inorganic perovskites and their advantages over hybrid perovskites.

Chapter 5 covers the fabrication techniques used for perovskite solar cells with a strong
emphasis on vapor deposited perovskites. The vapor deposition technique and the deposition
system used in this thesis is described in detail.

Chapter 6 focuses on the fabrication and optimization of cesium lead iodide perovskites.
We describe the various optimization of the fabrication process and characterization of the
perovskite solar cells. Chapter 6 closes with the problems facing cesium lead iodide perovskites.

Chapter 7 is centered on cesium lead mixed halide perovskites and the strategies
employed to improve stability of cesium lead iodide perovskites. We look at the device
optimizations and the effect of several key fabrication parameters on device performance.
Several important material parameters of the perovskite material are also discussed with a focus
on how these material parameters affect device performance. The thermal stability of the mixed
halide composition is also described.

Chapter 8 summarizes the entire report while presenting the future work needed for

commercial deployment of these perovskite materials.
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CHAPTER 2. FUNDAMENTALS OF SOLAR CELLS

Quite simply, a solar cell is a pn junction device that converts light energy from the sun
into usable electrical energy. The basic structure of a p-n junction solar cell is illustrated in Fig
2.1. Photons are absorbed by the pn junction and give rise to electron hole pairs. The electron
hole pairs drift/diffuse and are collected by the contact layers of the solar cell. These separated
electrons and holes are extracted from the solar cell through the electron and hole transport
layers and dissipate their energy in an external load before they recombine in the solar cell. Solar
cells can be constructed with various structures. This report focusses on devices with a p-i-n or
n-i-p structure throughout this thesis (Fig 2.2). Both these structures have an intrinsic (i) or
lightly doped active layer sandwiched between a highly doped n* layer and a highly doped p*
layer. The central difference between the p-i-n structure and the n-i-p structure is that the light
impinges on the p* layer first in the case of a p-i-n device, while light impinges first on the n+
layer in a n-i-p device. The i-layer is usually a very lightly doped semiconductor material with a
high absorption coefficient where most of the light absorption takes place. The highly doped n+
and p+ layers act to create a strong electric field in the i-layer. The electrons and holes undergo

drift transport under the influence of this strong electric field and the electrons are collected in
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the n+ layer and the holes in the p+ layer. As a result, the n+ and p+ layers are often termed the

Electron Transport Layer (ETL) and the Hole Transport Layer (HTL).

antireflection coating
‘ i front contact
emitter
sunlight

external o < base

load
electron-hole

pair

rear contact

Figure 2.1: Cross section of a pn junction solar cell [1]
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'1-1-

Back contact
P+
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Semitransparent contact Semitransparent contact

Figure 2.2: Device structure of a n-i-p(left) and p-i-n (right) solar cell
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There are four fundamental processes that occur during the photovoltaic energy

conversion process; understanding each of them is necessary to grasp how to make an efficient

photovoltaic device. The processes are as follows [1]:

1.

2.

3.

4.

Absorption of incident photons
Generation of charge carriers (electron hole pairs)
Transport of photo-generated charge carriers

Collection of photo-generated charge carriers

Each of these fundamental processes will be discussed in detail over course of the following

sections, as well as the recombination process that leads to a loss in the performance of a solar

cell and the equivalent circuit model of a solar cell.

2.1 Absorption of incident photons

This is the first step in the conversion of solar energy into usable electrical energy.

Absorption of photons in the active material of the solar cell are governed by the quantum energy

of the incident photon and the energy levels of the absorber material. When a photon of energy

(Eph=hv) equal to or higher than the band gap (Eg) of the absorber material is incident on the

material, the photon is absorbed, and the optical energy is used to elevate an electron from the

valence band of the material to its conduction band. The difference in the energy (Eph — Eg) then

dissipates through collisions with the lattice as thermal energy and the electron relaxes to the

bottom of the conduction band. This process is called a band-to-band transition and is shown in

Fig 2.3.
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Figure 2.3: Absorption through band-to-band transitions [2]

If, however, the energy of the photon is insufficient, then the photon is unable to impart
enough energy to electron in the valence band to transition it directly to the conduction band.
Photons with sub-gap energies (Eph < Eg) can still excite electrons to the conduction band by
transition through tail states in the conduction and valence bands and mid gap states [Fig 2.4].
These mid gap and tail states have densities orders of magnitude below the conduction and
valence bands and thus the sub-gap transitions do not contribute much to charge carrier
generation. Sub band gap transitions, however, provide a valuable insight into the distribution of

the tail state and mid gap defects in the band structure of the material.
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Figure 2.4:Sub-band gap absorption through tail states and mid gap defects [2]

The band gap of the absorber material can be classified into direct band gap material and
indirect band gap material depending on the alignment of the minimal energy state of the
conduction band and the maximal energy state of the valence band in momentum space [Fig.
2.5]. The band gap is called “direct” when the crystal momentum of the electrons and the holes is
the same in the conduction and valence bands, or “indirect” when the crystal momentums are

different. Both direct and indirect material are used as absorber layers in solar cells.
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Figure 2.5: Band structures in direct (left) and indirect (right) band gap materials[2]

The absorption coefficient (o) determines how well a material absorbs the incident light.

The absorption coefficient is defined by the Beer Lambert’s Law:
I =le ™

As light passes through the material, the intensity of the light decreases exponentially with
distance where lg is the initial intensity before absorption, 1 is the intensity at a distance x inside
the material, and a is the absorption coefficient. The absorption coefficient, which is a function
of the wavelength of the light, represents one of the most important parameters when deciding on
the photovoltaic material. A higher absorption coefficient implies that a thinner material is
enough to harvest the incoming photons. The absorption coefficient shows a sharp decrease as
the energy of the light approaches the band gap of the absorber material. Fig 2.6 shows the

absorption coefficients of several commonly used photovoltaic materials.
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The absorption coefficient for a direct band gap material is given by the empirical

a=A/@ﬁ—%)

where, A is an energy independent constant proportional to the effective electron and

relation [3]

hole masses.

The absorption coefficient of an indirect band gap semiconductor is described by

(W -E,+E,)°

o (6 0)

where E; is the energy of the phonon involved in the transition, k the Boltzmann

constant, and T the temperature.

The absorption coefficient of direct band gap materials (CdTe, a-Si:H, GaAs) is higher
than indirect band gap semiconductors such as c-Si. The lower absorption coefficient requires
solar cells made with indirect band gap materials like c-Si to have a much thicker absorber layer
(~mm) as compared to thin active layers found in direct band gap materials (~microns thick).

Absorption of photons with energies only slightly lower than the band gap primarily

occur through tail states transitions and is governed by [5],

a= Ae((g_g))

where Ey, the Urbach energy, is a measure of the density of tail states.
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Figure 2.6: Absorption coefficients of commonly used photovoltaic materials as a function of

wavelength (M)[7]

2.2 Generation of charge carriers

Upon the absorption of a photo-generated electrons, hole pairs are generated in the

semiconductor. The electron hole pairs can be unbound free charges or bound by an attractive

Columbic force, which stabilizes the energy of the electron hole pair. The bound state quasi

neutral particle is called an exciton. The binding energy of the exciton in the material determines

whether the electron hole pairs are bound or unbound. The binding energy of an exciton in a

dielectric material is related to the dielectric constant of relative permittivity in the material and

is given by:

ue
Ep = 2 h? €2
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where W is the reduced mass of the electron, e is the electronic charge, # is Plank’s
constant, and ¢ is the relative permittivity of the material.

When the exciton binding energy of the material is higher than the thermal energy at
room temperature (KT = 25.9meV), then the electron hole pairs remain bounded as excitons. c-Si
and perovskite materials have exciton binding energies lower than the thermal energy and thus
the electron hole pairs can be transported freely [9,10]. In contrast, organic semiconductors with
dielectric constants in the range of 2-5 have binding energies much higher than the thermal
energy and thus the electron-hole pairs remain in the bound state, their collection requiring
excitonic dissociation with heterojunctions.

2.3 Transport of charge carriers

Once the charge carriers are generated, they need to be separated and transported to the
device contacts for collection [11]. Charge carrier transport can occur through either drift or
diffusion transport, depending on the presence or absence of an electric field [12]. Charge
transport in the presence of an electric field occurs through drift transport, while in the absence
of an electric field the charge carriers are transported by the gradient in the concentration of
charge carriers in the device. Both drift and diffusion transport are governed by the ambipolar
transport equation,

0An d0%An dAn
ot 0x? 9

where, An is the excess concentration of electrons, p’ is the ambipolar mobility, ¢ is the
electric field, D’ is the ambipolar diffusion constant, G is the generation rate, and R is the
recombination rate. The ambipolar mobility u’ and ambipolar diffusion constant, D’ are given by

r Unlp (p - n)
Nty + Pl
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_ Dy + puyDy
Ny + Py

DI

where pun, pp, Dnand Dy are the electron and hole mobilities and diffusion constant,
respectively. N and p are the electron and hole concentration, respectively.

Considering the case of a n-type semiconductor (n >> p) with low level injection ((An=
Ap) <<n), ambipolar equation reduces to

dAp d%Ap dAp Ap
Br D gaz Y TET

where 1, is the lifetime of the hole. This illustrates how minority charge carriers (holes, in
this case) dominate the transport process in a solar cell under low level injection. Similarly,
electrons transport is the deciding mechanism in the case of a p-type semiconductor at low level
injection.

When the transport of charge carriers is diffusion dominated, which occurs in the absence
of an electric field, the ambipolar transport equation further reduces to

dAp 0%Ap Ap
=D+ ——
ot P 9x2 T

At a steady state condition, assuming no excess charge carrier generation, the equation
can be solved as a second order differential equation.

0Ap 0%Ap Ap
=D +6——=0
ot P 9x2 T

X

Ap = Ap(x = 0)e v

where Ly, the diffusion length of holes, is defined by

Lp = ,/Dprp
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This suggests that the minority charge carrier concentration decay exponentially with
distance and thus a higher diffusion length is beneficial for charge collection efficiency. Ensuring
that the thickness of the absorber layer is smaller than the charge carrier diffusion length is
critical for good device performance in a diffusion based solar cell.

If the diffusion length in a material is not high enough and reduction of the thickness of
the absorber layer is not possible due to low absorption coefficients, then an electric field is
required for drift-based charge transport. In the case of an n-type semiconductor material with a
strong internal electric field at steady state condition, the ambipolar equation can be solved
similarly,

dAp d0Ap Ap
e MeE g TET =0

X

Ap = Ap(x = 0)e R
R, = pu,1,¢
where Ry, is the drift range of holes [13]. Here it is assumed that drift-based transport
dominates any diffusion-based transport due to the strong electric field. In the case of both drift
and diffusion transport, a critical electric field can be defined that determines the dominant

transport mechanism.

kT
el

&
If the internal electric field is larger than &, then the transport is drift dominated, else it is
diffusion dominated.
A p-i-n structure solar cell leverages the electric field generated by the highly doped n+

and p+ layers to improve charge transport in the absorber i-layer, sidestepping any concerns

about the diffusion length not being large enough for efficient diffusion-based collection. The
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electric field extends from the n-layer to the p-layer and the electrons and holes are collected in
the n-layer and p-layer respectively.

2.4 Collection of charge carriers

After the charge carriers are transported to contacts, they need to be collected by an
ohmic contact between the transport layer and the metal electrode. Proper choice of metal work
function, one that is higher than the work function of the transport layer, ensures efficient
collection of the charge carriers at the electrode.

2.5 Recombination

Recombination processes lead to a loss in photogenerated charge carriers and reduce
efficiency of the solar cell. Recombination processes can be either radiative, where the excess
energy is released as a photon, or non-radiative, where the energy is released as thermal energy.
There are three major recombination mechanisms: band to band recombination, trap assisted
recombination (Shockley Reed Hall recombination), and Auger recombination. [11,12,13]

2.5.1 Band to Band Recombination

In band to band recombination, the electron from the conduction band combines with a
hole from the valence band with the release of excess energy in the form of a photon [Fig 2.7 (a)]
. This is a form of radiative recombination. The rate of recombination is governed by
Rg = Cp(np — n;?)
where Cg is the band-to-band recombination coefficient and niis the intrinsic carrier
concentration [11,12]. Considering the case of low-level injection ((An= Ap) <<n) in a n-type
material (n >> p), this equation reduces to

Ap
Rp = CB(nAP) = T_

p
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The lifetime of the minority charge carriers (tp, in this case) is inversely proportional to

the concentration of the majority charge carriers (n).

Relaxation
Ec
(a) Recombination
= 3T Center
(b) (c)
’ -
h\.

O O ONO)

Band-to-band Trap-assisted Auger
Recombination Recombination Recombination

Figure 2.7: Recombination mechanisms; (a) band-to-band recombination, (b) SRH
recombination, (c) Auger recombination

2.5.2 Trap Assisted Recombination (Shockley Reed Hall recombination)

Here the electron hole recombination is mediated by the presence of a trap state within
the band gap of the material[Fig 2.7 (b)]. Trap states can exist both in the bulk as well as at
interfaces [11,12].

SRH recombination is governed by

(np — n;?)
,(n+ny) +7,(p + p1)

Repy =

nl = ni e (E’I;(;Ei)
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p1 = ni e (Eik_TET)

where Erand E; are the trap energy and intrinsic energy level, respectively. For a low-
level injection in an-type material, the equation simplifies to
Repy = CpApNr

1
CyNy

Tp=

where C, is the SRH recombination coefficient for holes and N+ is the density of traps
states. We see that for SRH recombination the minority charge carrier lifetimes are a function of
the number of traps present.
2.5.3 Auger recombination

During Auger recombination the excess energy generated during the transition is
transferred to a second electron in the conduction band, which excites it higher into the
conduction band[Fig 2.7 (c)]. This energy is later dissipated as thermal energy due to lattice
collisions. Auger recombination is dominant in heavily doped semiconductors. Auger

recombination is governed by

Ry = Cyn(np — n;?)
for a n-type semiconductor, where Ca is the Auger recombination coefficient. At low level

injection this reduces to

Ap
RA = CAnoAp = T_
D
_ 1
B Cang?
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In Auger recombination, the lifetime of the minority charge is inversely proportional to
the square of the doping density.
In the case where multiple recombination mechanisms are active, the minority charge

carrier lifetimes are given by

1 1 1 1

T Tp TspH T4
where 1B, TsrH, TA are the minority carrier lifetimes for band-to-band, and SRH and Auger
recombination respectively.

2.6 Shockley Queisser (SQ) Limit

Shockley and Queisser calculated the theoretical efficiencies of an ideal solar cell under
the generation, recombination, and transport equations discussed above. Considering only the
absorption losses, recombination losses, and black body radiation losses, they calculated the
maximum theoretical efficiencies for solar cell given the band gap of their active absorber layers
[14]. Fig 2.8 shows how the maximum theoretical efficiency relates to the band gap with
thermodynamic losses dominating below 1.34eV. Here, a large fraction of the energy collected
by the solar cell is lost due to the thermal relaxation of the electrons to the bottom of the
conduction band. Above 1.34eV, absorption losses dominate where the absorber is unable to
collect photons with energies below the band gap of the material. Peak theoretical efficiency is
achieved at 1.34eV with a maximum efficiency of 34%. Fig 2.9 illustrates the proportion of

energy losses and usable electric power generated for various band gaps [15].
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Figure 2.8: Shockley-Queisser Limit of the maximum theoretical efficiency for a single-junction
solar cell as a function of absorber layer band gap [14]
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Fig. 2.10 compares the SQ limit with various current technologies. Several recombination
losses and parasitic losses not considered in the SQ limit further reduce the achievable efficiency
of solar cells. Several technologies have been developed through which the SQ limit can be
surpassed, such as photon up conversion and photon down conversion, concentrator

photovoltaics, multi junction, and tandem solar cells.
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Figure 2.10: Maximum photoconversion efficiency achieved by various photovoltaic
technologies compared to the maximum theoretical efficiency from the Shockley Queisser Limit

2.7 Working Principle of a solar cell

In section 2.3, we have seen how a sandwich structure with the intrinsic layer between

two highly doped n+ and p+ layers helps in efficient charge collection. Here, we explore the
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working principle of such a p-i-n structure solar cell [Fig 2.11]. In a p-i-n solar cell, the light is
first incident on the p+ layer, must be chosen so that it possesses a high enough band gap that it
does not absorb much of the light. Ideally, the valence band of the p+ layer must match well with
the valence band of the absorber i-layer to easily collect electrons, but the conduction band of the
p+ layer should be higher than that of the i-layer to form an effective barrier for the holes. The
absorber i-layer should be thick enough to ensure complete absorption of light with the thickness
being close to the absorption depth for all wavelengths of light below the energy band gap of the
material. On the other hand, the conduction bands of the absorber i-layer and the n+ layer should
match with the valence bands being offset to facilitate easy collection of holes and block

electrons.

(e) , (b

<=

Semntransparent (d) v (c) E
Electrode Absorber i-Layer
p* HTL n* ETL

Top
Contact

Figure 2.11: Simplified band diagram of a p-i-n junction solar cell. (a) Absorption of light and
generation of charge carriers; (b) collection of electrons and (c) rejection of holes at ETL; (d)
collection of holes and (e) rejection of electrons at HT
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2.8 Equivalent Circuit of a Solar cell

The equivalent circuit of a solar cell comprises of an ideal diode in parallel with a current
source, with shunt and series resistance [Fig. 2.12]. The current flowing through an external load

is given by [17],

av V+IR
I=IL—Io[e(77kT>—1]— i
S

where I_ and lp are the photo-current and the reverse saturation currents respectively, V is
the applied Voltage, n is the ideality factor of the diode, and Rs, Rsn are the series and shunt

resistances respectively.

Re |
Y Ip Isn +

I
) ¥ ZRa v

Figure 2.12: Equivalent circuit of a solar cell [17]

The single diode assumes that the ideality factor of the solar cell is constant with voltage,
which is not necessarily true. The two-diode model of the solar cell [Fig 2.12] is used to model
the recombination mechanisms in the solar cell more precisely. The total current in the two-diode

model is given by:

|4 |4
I = IL _101 I:e(n(llw) - 1] _102 I:e(nzw) - 1] _V+IRS
R
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where lo1, lo2, and 1z, n2 are the reverse saturation and ideality factors of the two diodes

respectively.

junction . ,
recombination S€ries resistance

-

NN

- H..-

A
\
\

n=2

RS
shunt
resistance

HSH

Figure 2.13: Equivalent circuit of a solar cell using the two-diode model

The two diodes represent the two recombination mechanisms of the solar cells. At low

biases, recombination in junction region dominates and is represented by the second diode with

qVv
ideality factor n2=2 and diode current proportional to e(Zk_T). At higher bias conditions,

recombination in the bulk region dominates and is represented by the first diode with n1=1 and

qV
diode current is proportional to e(k_T). The two-diode model is useful to model the functioning of

the solar cell under no illumination, as the diode currents are usually overshadowed by the much

larger photo-current I under illumination.
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CHAPTER 3. CHARACTERIZATION TECHNIQUES OF SOLAR CELLS

This chapter describes the fundamentals of the various characterization techniques we use
to optimize device performance and troubleshoot problems.

3.1 Current-Voltage (1) measurement

In IV measurements, the voltage applied across the sample is varied and the current values
are recorded. When conducted under illumination this measurement is called Light IV, and when
conducted under dark conditions it is called Dark 1V.

3.1.1 Light IV measurement

The light IV measurement gives us critical information about the photovoltaic device.
This measurement gives us the Photoconversion Efficiency of the solar cell, which is the single
most important parameter in comparing a solar cell. The light IV measurement is conducted
using a Keithley source-measurement-unit (Keithley SMU 237) under illumination by an ABET
105000 solar simulator to obtain the full AM1.5 solar spectrum. The spectrum of the ABET and
the AML1.5 spectrum is displayed in Fig. 3.1. A reference Si diode was used to calibrate the light

source.
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ABE' TECHNOLOGIES

SPECTRAL IRRADIANCE
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Figure 3.1: AM1.5 spectrum (blue) and simulated spectrum with ABET 10500 solar simulator

Under dark conditions, the 1V response of an ideal solar cell is given by[1-3]

qVv
I=1, [e(m) - 1]
which is represented by Fig. 3.2(a) with the IV curve in the 1% quadrant. Under

illumination, the light generated current shifts the IV curve down into the fourth quadrant

[3.2(b),(c)], where the IV response is given by [1-3]
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av.
I = IO [e(nkT) - 1] - IL
Conventionally, the current axis is inverted, as shown in Fig. 3.2(d), and the IV response

becomes,

qv_
I == IL - IO [e(nkT) - 1]

A 1A 1A A

R — (: \:

\j Y \J \j
(a) w0 w1 ()
.,;_. o} T‘ o} -1.‘ lod _l.‘
O BTN - |v<1>~ v' |

Figure 3.2: Effect of light on current -voltage characteristics and equivalent circuit. (a) Dark IV
response, (b) under small illumination, (c) greater illumination, (d) conventionally inverted IV
curve [1]

The IV curve possesses a wealth of information and extracts some of the most important
parameters [Fig 3.2] of the solar cell [1-3]:

(@) Short Circuit Current

The short circuit current (Isc) is the maximum current that can be extracted from the solar

cell at 0 bias voltage. Isc is dependent on charge generation and collection mechanisms in the
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solar cell. Light spectrum, absorption coefficient, and thickness of the absorber material, area
under illumination, and charge collection efficiency play an important role in Isc. The Isc of a
solar cell is given by [2],
Isc = qAG(Ly + Ly)

where A is the area of the solar cell, G is the generation rate, and L, and L, are the
diffusion length of electrons and holes respectively. In an ideal case, the short-circuit current
(Isc) should be identical to the photogenerated current (I.), assuming no recombination or
resistive losses. The Isc is also a function of the bandgap of the absorber material, with ISC

decreasing as Eg increase, as less of the light spectrum is able to be harvested by the absorber.

www.manaraa.com



34

[}
o IV curve of the solar cell
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is the maximum current from a The open circuit voltage,V .,
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Figure 3.3: Key parameters of a solar cell from the light IV response

(b) Open-Circuit Voltage
The maximum voltage generated by the solar cell when the current through it is 0 is

called the open-circuit voltage (Voc). Equation 3.1.1 can be solved to express Voc by

I
VOC = T]kT In <— + 1)
Iy
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As the reverse saturation current (lo) is a function of the recombination mechanisms

active in the device, an implied Voc can be calculated using the carrier concentrations,

2

N, + An)An
Voo = kT]n(M)

n;
where Na is the doping concentration. Unlike the ISC, the Voc increases with increasing

band gap of the absorber material.

(c) Fill Factor

The Fill Factor (FF) is defined as the ratio between the maximum power (Pwp) extracted
from the solar cell to the product of the cell’s ISC and Voc. It is a measure of the squareness of
the IV curve. The voltage and current at this maximum power point are defined as VMP and IMP
of the cell.

P, Vupl
FF mMp _ VmpimP

B VOCISC - VOCISC
The maximum FF for a given Voc is given by the empirical equation,

Voc — ln(voc + 072)

FF =
Voc + 1

q
Voc = ==V,
oc = Jyr Yoc

where vqc is the normalized Voc. Parasitic resistances significantly lower the FF from its ideal
values, as will be discussed later in this chapter.

(d) Power Conversion Efficiency
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The Power Conversion Efficiency (PCE) is the most important parameter in evaluating
solar cells. It is the ratio of the incident light energy that is converted to usable electric energy by
the photovoltaic device.

Pyp _ VoclscFF

PCE = =
P; P;

Pin is the input light energy, which is 100mW/cm? for the standard AM1.5 spectrum that
we receive on the surface of the earth.

(e) Shunt and Series Resistance

Light IV measurements can also be used to calculate the parasitic shunt resistance (Rsh)
and series resistance (Rs) of the solar cell. In an ideal solar cell, the series resistance is 0 and the
shunt is infinitely large. However, in real cases they are not so. The series and shunt resistance
can be calculated from the IV curve by measuring the slope at the open-circuit and short-circuit

conditions respectively[Fig 3.4].

) 1
RS = Vl—lﬂrlréc <d1/dv>

) 1
Rsn = ‘1/13% (d[/dv)
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Figure 3.4: Light IV response of an ideal solar cell (blueO and a real cell with shunt and series
resistance (red)

3.1.2 Dark 1V Measurements

An IV measurement conducted under no illumination is called a dark IV measurement,
which are useful in understanding the contributions from the parasitic resistances and the diode
currents as the smaller diode current components are not overshadowed by the large photo-

generated current (1) in the 2 diode model of the solar cell[Fig 3.5] [3,4].

174 174
I=1,—Io [e(nZkT) - 1] — Iy [e(ﬂsz) - 1] TR
Rgp
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Figure 3.5: Equivalent circuit of a solar cell with the two-diode model

The dark IV curve is plotted on a semi-log scale[Fig 3.5] to understand the various
contributions. At lower bias conditions (0-0.1V), the shunt current dominates, and the shunt
resistance can be calculated using the slope of the IV curve here. Pin holes in the active absorber
layer can create a shunt pathway in the solar cell, severely degrading device performance. As the
voltage increases, the current increases exponentially. At very high bias voltages the current is
dominated by the series resistance (Rsr), which deviates the 1V curve from this exponential
behavior. Ideality, factors corresponding to the two diodes in the equivalent circuit can be
extracted from the IV curve in the middle region. In the standard dark IV curve from Fig XX, for
example, recombination is dominated by the depletion layer at low biases (~0.4V), giving an
ideality factor of 2. The reverse saturation current due to this depletion layer recombination is a
function of the minority charge carriers.

At higher biases (~0.5V), as the depletion region shrinks the band-to-band recombination
in the bulk dominates, leading to an ideality factor of 1. The reverse saturation current due to
band-to-band recombination in the neutral region is dependent on the electron and hole

mobilities.
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Similarly, ideality factors can be derived for other recombination mechanisms. Auger

recombination has an ideality factor of 2/3 and high carrier injection results in ideality factor of

2.
10 Dark IV Curve (Log Scale)
Rserles
-1
Recombination
_ in depletion ideal|ty factor 1
2 01 region \
i \ Recombinatio
E Rshunit possible in neutral regic
a 0m ideality fadtor = 2
0.001
0.0001
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (V)

Figure 3.6: Dark IV response plotted on a semi-log scale
3.2 Quantum Efficiency

The external quantum efficiency (EQE) of a solar cell is the measure of how efficiently
the solar cell is able to absorb photons and collect the separated charge carriers. The EQE is a

function of the wavelength (1) of the light and is defined as [1,5,6]

Number of charge carriers collected
Number of incident photons

Esternal Quatum Ef ficiency(1) =

The setup of the External Quantum Efficiency measurement is shown in Fig. 3.2.1. White

light from a Halogen lamp is incident on a monochromator with a diffraction grating. Adjusting
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the angle of incidence (i), the desired wavelength is sent through the slit of the monochromator
into the optical chopper, which converts the incident DC light signal into a 13Hz AC signal
before the light is focused onto the Device Under Test (DUT) using a lens and mirror. Unwanted
harmonics in the AC light signal are suppressed using order sorting filters. Signal from the DUT
is collected and fed to a pre-amplifier. The DUT response to the chopped AC light signal is
filtered from any unwanted stray light or electronic noise and interference by using a lock-in
amplifier synchronized with the optical chopper. The DUT can be also be biased using a separate
DC light source to measure light biased QE. A voltage source is provided to measure the QE at
different voltage biases. A reference silicon diode with a known EQE at different wavelengths is

used to measure the photon flux of the light beam.

Signal
display

J#F,,,Fruhcs

M Pre-Amplifier

D.U.T

Reference Signal DC Light bias P!

1
\\‘" \ ! . Monochromatic

1
X ! a.c. beam (13 Hz)
I
|

— L.

Chopper
Diffraction Grating Controller

e

Monochromator f Chopper

Filters

DC monochromatic light

Figure 3.7: Schematic of the quantum efficiency setup

THE EQE of the DUT can be calculated by using,

Signalpyr (1) . Areapyr

SignalReference (A) AreaReference

EQEpyr = * EQEReference @)
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The EQE of an ideal solar cell, a “real” solar cell, and possible loss mechanisms is shown
in Fig 3.8. While the EQE of an ideal cell is a square shape, as shown in the figure, the EQE of
most cells deviate significantly from this shape. The EQE of a solar cell includes losses due to
reflection and transmission of the light. At low wavelengths (<300 nm), the high energy photons
can be absorbed very easily in the glass substrate or transport layers and not reach the absorber
layer. Thus, the EQE at <300nm is very low. Light of higher wavelength beyond the band gap of
the absorber material cannot be collected, and as thus the EQE drops as well. Between these two
regions, the EQE is affected by the various loss mechanisms in the solar cell. Blue photons with
high energies, having high absorption coefficients, are collected close to the front surface of the
solar cell, and recombination due to surface states near the front of the device can reduce the
EQE. Red photons, with lower energy, are collected closer to the back surface of the cell and can
be affected by recombination due to surface states near the back of the cell. If the thickness of
the absorber layer in the solar cell is too thin enough to collect all the incident light, then the
EQE drops overall. Largely, the EQE is an excellent diagnostic tool to troubleshoot the

functioning of the solar cell.
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Figure 3.8: Quantum Efficiency of an ideal solar cell (yellow curve) and practical cell (black)

3.3 Sub-gap Quantum Efficiency

Fig. 3.3.1 shows the density of electronic states as function of energy in a semiconductor
with electronic disorder. The valance and conduction bands are separated by an energy gap. Tail
states from the conduction and valence bands extend into the band gap and exponentially fall off
with distance from band edges. Also present are mid-gap states with a Gaussian distribution of
densities. The mid-gap and tail states are responsible for parasitic recombination pathways,
which reduce the device performance; understanding of their distributions and energies are
critical to optimize device performance. These mid gap and tail state defects are responsible for
sub-band gap absorption and they can be quantified with the help of the sub-gap QE

measurement [7].
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Figure 3.9Density of states in a semiconductor with crystal disorder. Tail states are exponentially
distributed, and mid gap states are normally distributed [7]

Fig. 3.3.2 shows the typical sub-gap QE of a perovskite solar cell with an energy band
gap of 1.6eV. Below the band gap of the material, the QE falls exponentially. As detailed in

Section 2.1, the sub-band gap absorption due to tail states are described by

a = Ae(%)

where the Urbach energy, Eu, is a measure of the breadth of the density of tail
states. The Urbach energy of the tail states can be calculated from the slope of the QE curve in
this regime. A lower Urbach energy corresponds to a sharper fall in the density of tail states,
which usually implies the higher crystallinity of the material grown. At lower energies, the sub-

gap absorption results from transitions through the mid-gap states of the material and the sub QE

plateaus.
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Figure 3.10: Transition through defect states (left) and distribuition of defect states (right)
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Figure 3.11 Sub-band QE of a typical perovskite solar cell [3]
3.4 Capacitance-Voltage measurement

Capacitance-Voltage(CV) measurements are used to determine the dopant density and
depletion layer width of the solar cell. Fig. 3.4.1 shows the band diagram of a Schottky junction

represent the conduction band, valence band, and Fermi level
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respectively. The depletion width (W4g) and junction capacitance (C) of this one-sided (n*|p)

2e(Vy =V
w. = [Pto=D)
qNy
Ae eN
=26 _ g | 9%
Wy 2, =V)

where Vo, V are the built-in voltage, and voltage applied to the solar cell and Na is the

junction is given by [2]

dopant density of the lightly doped p side. Simplifying,

1

2
C2  qeN,A? Vo =V)

Thus, by plotting 1/C2vs V, we can extract the dopant density (Na), the built-in

voltage(V0) of the solar cell as seen in Fig. 3.4.2

Band diagram of a schottky junction

e ol — — — — — —

I\!\

Depletion width (W,)

Figure 3.12: Band diagram of a Schottky pn junction
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Figure 3.13: Ideal capacitance-voltage profile of a one-sided pn junction
3.5 Capacitance Frequency measurement
The energetic distribution of trap states in the solar cell can be obtained by measuring the
Capacitance as a function of frequency. The Capacitance-frequency(C-f) measurement technique
is based on the fact that the emission rate of an electron from a trap state at an energy level (E1)

within the band-gap of the material is given by [2,10,11],

_ [EC_ET
e, = Uge kT

where ey, is the emission rate of electrons to the conduction band from the trap state and
vo IS the attempt-to-escape frequency. Most importantly, the emission rate is an exponential

function of the depth of the traps in which they are trapped.
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frequency, the density of deep states can be calculated by,

Ny (E,) = Vo dC w
TNel ™ qW,dw kT

energy, Eo, is given by,

where the angular ATEF w,, is given by

Figure 3.14: Emission rates of traps dependent on their depth in the band gap

Under an AC bias, the trapped electrons in the defect states can follow the signal
depending on the emission rates and the frequency of the signal applied. Shallow traps with a
faster emission rate can respond to high frequency signals. Deeper traps with a slower emission
rate can only respond to lower frequency signals and not to high frequency signals, as shown in

Fig. 3.5.1. By sweeping the frequency of the AC signal and measuring the capacitance at each

where the angular frequency of the applied signal is given by, o =2xf. The demarcation
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where N¢ is the effective density of states, vo is the ATEF, vin is the thermal velocity, and on is the
electron capture cross section of the trap.

Quite simply, when probed at a certain frequency (w) the traps at energies below the
demarcation energy (E.,) are able to respond and contribute to the capacitance, while traps deeper
than E,, are unable to respond and do not contribute to the capacitance. Reducing the frequency
of the applied AC signal allows deeper traps to respond and will increase the measured
capacitance. A typical Cf response curve and the calculated density of deep states is shown in
Fig. 3.5.2

Another implication of equation, 3.5.1 is that higher temperatures are able to activate
deeper traps to emit electrons. This fact is leveraged by the Capacitance-frequency-Temperature
measurement technique to extend the energy window in which the traps could be characterized.
Calculating the density of deep defects in each energy window and overlaying the results yield
the energetic distribution of the trap states over a large window. Further, the CfT technique can
be used to determine the ATEF and activation energy of the trap states.

As both the effective density of states (Nc ~ T¥?) and the thermal velocity (vin~ T?) are
proportional to temperature, the ATEF is a function of temperature as well (vo~ T2). The
equation 3.5.1 can be expressed as

In (%) — In(¢) — f—;

where the activation energy, Ea = Ec -Et and ¢, is a proportional constant. Thus, by
measuring C-f at multiple different temperatures and plotting In (%) VS kiT we can determine
both the activation energy of the traps as well as the ATEF. Fig. 3.5.3 shows the Capacitance-

frequency data captured at multiple different temperatures and displayed as —f Z—; vs f. The
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capacitance increases with temperature as the emission rates increase and deeper traps
contribute. The peaks of the —f 2—? vs f correspond to the emission rates at the different

temperatures. The peaks from the plot are extracted and plotted as lnf%“" VS kiT which give us
the activation energy of the two traps as 0.66eV and 0.24eV below the conduction band. ATEF

of the dominant trap is calculated to be 2x10"**Hz from the intercept of the plot.
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Figure 3.15: Capacitance frequency plotted as —f Z—; vs f for a perovskite solar cell [15]
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Figure 3.16: Arrhenius plot of peak frequencies as a function of temperature [15]
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CHAPTER 4. PEROVSKITE SOLAR CELLS

4.1 Introduction

Perovskites are a class of materials with the crystal structure ABX3s, named after the
Russian mineralogist Lev Perovski. The first perovskite materials, Calcium titanate (CaTiO3)
were discovered in the Ural Mountains by Gustav Rose in 1839. Perovskites have a general
crystal structure of ABX3 where A and B are cations of different sizes and X is the anion that
binds the structure together [1]. A cation and B cation have +1 and +2 electron vacancy

respectively. Fig. 4.1 shows the general lattice structure of the perovskite crystal.

Figure 4.1: General crystal structure of ABX3 perovskite
For the formation of the perovskite crystal structure, the ionic radii must follow certain
tolerance and octahedral factors.

To form a cubic perovskite crystal structure [2], the perovskite material must conform to:

s + Ty

2/ (rg +1%)

Goldschmidt Tolerance Factor, t =

081<t<111
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T
Octahedaral Factor,u = r_B
X

044 < <09

where ra, rs and rx are the ionic radii of the A cation, B cation, and the X anion
respectively.

A wide variety of materials satisfy the necessary tolerance and octahedral factors required
to form perovskite materials. The A cation can be an organic cation, such as the widely used
Methylammonium (MA) or the less common Ethylammonium (EA) or Formamidinium (FA) or
even an inorganic cation such as Cesium (Cs). The B cation can be Lead (Pb) or Tin (Sn) and the
X anion can be halides like lodine(l), Bromine (Br), or Chlorine (ClI). Further, any combination
of the A and B cations and X halides can form perovskites as long as they satisfy the tolerance
and octahedral factors.

4.2 Perovskite Solar Cells: A short history

The use of perovskites as active layers in LEDs and thin-film transistors predates the use
of perovskites in photovoltaics[3-5]. Tsutomu Miyasaka and colleagues in Japan are credited
with the first such utilization of perovskites in photovoltaics, having utilized organic inorganic
lead halide perovskites as light absorbers in dye-sensitized solar cells in 2006 [6]. They used
methylammonium lead bromide (MAPbBT3) to achieve a power conversion efficiency of 2.2%
and later topped it with a methylammonium iodide (MAPDbI3) solar cell with an efficiency of
3.3% [6]. Park’s research group was able to improve the efficiency by depositing perovskite on
Titanium dioxide (TiO2 ) nanoparticles to achieve efficiencies of 6.5% [7]. Gratzel and Park
further optimized perovskite efficiencies using spiro-MeOTAD as a hole transport layer to
achieve 10.9% efficiency [8]. Sequential solution deposition technique was used independently

by Gratzel and Snaith to surpass 15% efficiencies in 2013 [9]. Snaith reported the first vapor
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deposited perovskites in 2013. Currently, the efficiency of perovskite solar cells (PSC) surpass
more established photovoltaic technologies like Cadmium Telluride (CdTe) and Copper Indium
Gallium Selenide (CIGS), while still lagging Silicon photovoltaics. The record efficiency for a
single junction perovskite solar cell, reported from the Chinese Academy of Sciences and
certified by the National Renewable Energy Laboratory in 2018, stands at 23.7% [10].

Tandem structures of perovskite with other photovoltaic technologies have also displayed
remarkable progress with the Oxford PV, showing 28.0% efficiency for a monolithic
perovskite/Si tandem cell.

4.3 Properties of Perovskite

The perovskite material possesses several properties that make it an attractive candidate

for the absorber material in a solar cell:

1. Perovskites have high absorption coefficients in the order of 10°-10° cm™ This
makes them ideal candidates for thin film solar cells where only a relatively thin layer
(200nm-1000nm) is enough to capture most of the incident photons.

2. Perovskite band gaps can be tailored by changing the relative compositions of the
halides. For example, in the case of MAPDbI3.xBrx, Hole et al. showed that the band
gap can be varied from 1.55eV to 2.2eV by changing the fraction of lodine in the
material [Fig 4.2]. This enables the use of perovskite either as single junction solar
cells with a small band gap, or tailor a larger band gap to be utilized as top cells in
tandem junctions, or simply to capture UV radiation [11].

3. Perovskite materials have a large diffusion length, enabling efficient charge collection
with little recombination. Several groups have reported diffusion lengths in excess of

1 micron[12-14].
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4. Perovskite materials have been reported to possess low Urbach energies and low
density of mid gap defects [15].

5. Perovskite materials have high dielectric constant, which ensures the exciton binding
energies are lower than the thermal energy at room temperature. MAPDI3 has been
reported to have a dielectric constant of 60 and a corresponding exciton binding
energy of 0.6 meV, much lower than the thermal energy at room temperature [16].
Thus, the electron hole pairs generated are free to be separated and collected without
the need for heterojunctions to separate them.

6. The conduction band and valence band of perovskite materials match a wide variety
of materials that can be used as hole transport and electron transport layers [17].

7. Perovskite materials are cheap to fabricate. The precursor materials required for
perovskites—such as lead iodide, lead bromide, methylammonium iodide, and
formamidinium iodide—are relatively inexpensive and easily accessible.

8. Perovskite materials are structurally flexible and can be incorporated on bendable
substrates.

9. Most importantly, the electrical and optical properties of perovskites are tunable by
varying their compositions.

Despite these attractive properties, there are certain challenges with perovskite materials

that need to be addressed before perovskite solar cells become a candidate for commercial

deployment in real world conditions. Several of these challenges are explored in the next section.
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Figure 4.2: Absorption Spectra of MAPb(l1.xBrx)s as a function of the iodine fraction (x) [11]
4.4 Challenges with perovskite materials

Most of the current research on perovskite solar cells is based on methylammonium
iodide-based hybrid organic-inorganic lead halide solar cells. There are some interesting
challenges when working with these perovskites, as detailed below.

4.4.1 Thermal Stability

The material MAPDI;3 is not thermally stable. MAPbIz; decomposes into MAPbI and Pbl, above
85°C [18]. This degradation is accompanied by the release of gases via simple sublimation or
assisted chemical reactions. The first step in such a thermal degradation is

CH3NH3Pbls — NH3 + CH3I+ Pbl;

CH3NH3Il — NH3 + CH3I
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Conings et al. showed the thermal degradation of solution grown MAPDI3 using an
ITO/TIO2/MAPDI3 structure under thermal stress at 120°C for over 10 hours. [Fig. 4.3]. Over

time, the peaks corresponding to MAPbI; disappear as the material decomposes to Pblo.

120°C air

Pbl,

&
7 s 4 b 4 v 4 ‘Iw &\
12 13 14 15

20 (degrees)

Figure 4.3: XRD spectrogram of MAPbIs undergoing thermal degradation at 120°C in air [18]

Further, Kottokkaran et al. showed the thermal decomposition of vapor deposited MAPDI3 at

100°C over 24 hours [Fig. 4.4] [19]
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Figure 4.4: XRD analysis of thermal degradation of MAPbI3 at 100°C in nitrogen ambient [19]

Xu et al. showed the thermal degradation in MAPbIs solar cells under 110°C for 1lhrina

nitrogen ambient. The solar cells suffered as much as 30% efficiency losses in 1 hour of thermal

stressing at 110°C [Fig 4.5] [20].
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Figure 4.5: JV curves of MAPDI3 solar cells before and after thermal degradation at 110°C for 1
hours [18]
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Similarly, another commonly used perovskite material, FAPbI3, undergoes thermal degradation

at slightly higher temperatures of 125°C over 24 hours [Fig. 4.6] [19].

FAI Perovskite
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0
10 20 30 40 50 60 70
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Figure 4.6: XRD analysis of thermally degraded FAPbIz at 125°C in nitrogen ambient

Fig.4.7 shows a solar resource map of the photovoltaic power potential of the whole world.

Areas with the highest photovoltaic potential (highlighted by black ovals in figure) such as the
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Southwestern United States, Chile, Northern Africa, the middle east, and Australia, also

experience some of the highest ambient temperatures up to 50°C at peak intensities.
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This map is published by the World Bank Group. funded by ESMAP, and prepared by Solargs. For more information and terms of use, please visit http://globalsolaratlas.info

Figure 4.7: Photovoltaic power potential of the world

Garcia et al. have shown through simulations that module temperatures of even un-encapsulated

solar cells are up to 40 °C higher than ambient temperatures in areas with high solar illuminance
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[Fig 4.8] [21].
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Figure 4.8: Simulations of module temperatures as a function of ambient temperature and solar
irradiance

Results from field tests in the desert state of Rajasthan in India show that the temperature of
solar modules under direct solar illumination exceed 85°C [23]. Besides thermal stresses during
deployment, the solar cells must also endure high thermal stresses during fabrication and
encapsulation. Perovskite materials being sensitive to moisture, must be encapsulated to prevent
ingress of moisture. These encapsulation procedures often need to be conducted at high
temperatures. In conclusion, the thermal stability of perovskite materials is a critical problem that

must be resolved for deployment in real-world conditions.
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4.4.2 Environmental Stability

Perovskite materials are sensitive to moisture. In 2016, Zhao et al. explained the
perovskite degradation process in the presence of moisture [24]. Redox reactions
are key to this degradation process with metal contacts acting as a catalyst in this

process. Fig. 4.9 explains the redox reaction in detail.

Redox Chemistry

—
o edox

o edox
(CH,NH,),
@0 Pbl,2H,0 CHNH,|

S &

2Al + 4(MA)PbI; + 2H,0 = (MA),Pbl,.2H,0 + 3Pb + 2A13* + 61
2Al1 4+ 3(MA)4Pbl,.2H,0 — 12MAI + 3Pb + 2A13* 4 61°
MAI S MA + HI

Figure 4.9: Perovskite decomposition mechanism in presence of moisture[24]

The moisture degradation of perovskites is related to the MAPbIs transforming to the MAI salt
and metal halides. The removal of the metal halides by reaction with the electrical contacts of the

device hasten the perovskite degradation process. Walsh et al showed that MAPbI3z undergoes
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degradation by the introduction of water molecules into the crystal structure, where they form
weak hydrogen bonds with the highly hygroscopic methylammonium cations leading to bond
dislocations in the crystal structure.

4.4.3 1V Hysteresis

The device performance of a perovskite solar cell depends on the direction in which the

voltage is swept across it [25]. Fig. 4.10 shows a typical IV hysteresis curve for a solution

processed MAPbDIs n-i-p device.
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Figure 4.10: Typical IV hysteresis of a n-i-p MAPbIs device. blue curve represents the scan from
high-low bias, red curve represtns the reverese scan from low-high bias with a slow voltage scan
and the black curve represents the scan from high to low bias [25]

McGhgee et al. showed that the light IV hysteresis depends upon several factors, such as scan
speed, scan direction, and voltage pre-biasing conditions [26]. Zhao et al. showed the origin of

these hysteresis behaviors by analyzing the morphological changes that the perovskite material

undergoes under an electric field [Fig 4.11].
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Figure 4.11: (a) Device structure and (b)photo-current hysteresis of the device

Hysteresis behavior can be quantified by the hysteresis index,

PCEFWD - PCEREV "

Hyst s index =
ysteresis index PCEr

100

where the PCErwp and PCERreyv are the photoconversion efficiencies of the solar cell
measured during a High-Low Voltage bias and Low-High voltage bias respectively.
4.4.4 Environmental Concerns

Most common perovskite materials contain lead, which is an environmentally hazardous
material. Further exacerbating the issue is the water solubility of the perovskite material, which

becomes a significant problem in deploying perovskite solar cells on roof mounted installations.

4.5 Inorganic Perovskites

The thermal stability of perovskites is a critical problem that needs to be resolved in order
to deploy perovskite solar cells in real-world conditions. A strategy to improve the thermal

stability of hybrid organic-inorganic perovskites is to replace the organic cation (MA/FA/EA)
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with an inorganic cation like Cesium (Cs) or Rubidium (Rb). The thermal instability of the
organic-inorganic hybrid perovskites stems from the degradation of the hydrogen bonding
between the monovalent organic cation and the octahedral Pbl,. Substituting the organic cation
with an inorganic cation improves this bonding behavior between the cation and the Pbl>
octahedra, thus improving stability under thermal stresses.
4.5.1 CsPbls

The most common such fully inorganic metal halide perovskite is CsPbls, first studied by
Snaith et al. CsPbls has a higher band gap of 1.7eV compared to its hybrid organic-inorganic
perovskite equivalent (1.6eV). CsPbls is present in two forms: the 8- non-perovskite phase as
well as the photovoltaically desirable a-perovskite phase [27]. In the a-perovskite phase, the
perovskite material is able to absorb light up to a wavelength of 700nm [Fig. 4.12]. The phase
transition from &-phase to a-phase occurs at temperatures of 300+°C. More importantly, CsPbls

is thermally stable at high temperatures exceeding 300°C.
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Figure 4.12: Absorption spectra of the alpha phase (red) and delta phase (black) of CsPbls
4.6 Closing Remarks
This chapter took a brief look at the various advantageous properties of perovskite
materials that make it an attractive material for photovoltaics, as well as challenges with
perovskite materials that must be overcome to ensure commercial deployment of perovskite solar
cells. We also introduced a strategy to overcome the thermal instability of perovskites by

switching to fully inorganic perovskite materials like CsPbls.

The next chapter focuses on the various fabrication techniques used to prepare the

perovskite solar cells
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CHAPTER 5. FABRICATION OF PEROVSKITE SOLAR CELLS

5.1 Introduction

One of the biggest advantages of perovskite solar cells is their ease of fabrication.
Perovskite solar cells can be fabricated in two basic architectures: n-i-p and p-i-n, as discussed in
Chapter 2 [Fig.5.1]. A wide variety of materials can be used as the n+ and p+ layers. A selection
of the available electron transport layers (ETL) and hole transport layers (HTL) are shown in
Fig.5.2 with the position of their conduction and valence bands. Some of the common electron
transport layers (ETL) used in fabricating perovskite solar cells are organic compounds, such as
Phenyl C61 butyric acid methyl ester (PCBM), and inorganic compounds, such as Cadmium
Sulfide (CdS), Zinc Oxide (Zn0), and Titanium-di-oxide (TiO2). Common hole transport layers
include organic compounds like Poly[bis(4-phenyl) (2,4,6-trimethylphenyl) amine] (PTAA),
Poly(3-hexylthiophene-2,5-diyl) (P3HT), Poly(4-butylphenyldiphenylamine) (Poly-TPD),
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), and inorganic metal
oxides like Nickel Oxide (NiOx) and Molybdenum Oxide (MoOx). Often, these transport layers
are doped to increase their conductivity; for example, CdS is doped with Indium and ZnO is
doped with Al. Organic transport layers like PTAA and P3HT can be doped with 2,3,5,6-

Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) as well.
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Figure 5.1: Device structure of a n-i-p(a) and p-i-n (b) solar cell
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Figure 5.2: Variety of ETL and HTL possibilities for perovskite solar cells
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5.2 Perovskite Fabrication Techniques

Several different deposition techniques can be used to grow perovskite materials as

illustrated in Fig.5.3.

Perovskite
Solar Cells

Solution ‘Iul'apc}r

Processed Processed Hybnid
1
Single - Co-
Solution Seled evaporation Sequential

Figure 5.3: Different fabrication techniques for perovskite solar cells
5.2.1 Solution processed growth

In solution process the perovskites are grown using precursor chemicals (MAI, Csl, Pbly,
PbBr.), which are dissolved in organic solvent like Dimethylformamide (DMF), Toluene, and
Acetone. The precursor chemical solutions are then spin-coated onto a substrate to form the
perovskite material. A subsequent annealing step is necessary to remove the organic solvents
from the perovskite films. Solution processing can be done with all the precursors in a single
solution or by sequential solution processing of each precursor separately[1-5].

Due to its ease of processing and the relatively cheap equipment needed for processing,
solution process is by far the most common method to grow perovskite solar cells in research

labs. However, even optimized solution growth techniques suffer from problems with
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reproducibility. The crystallization process in the solution growth technique is affected by many
factors including the solvents, precursor chemical used, surface properties of the substrate before
solution process, the solvent evaporation rates during growth, and annealing[6,7]. Due to the
wide variability of these factors even in well controlled environments, the perovskite films
grown by this technique have variations in film morphology, thickness, crystallinity, and crystal
size, which play a major role in the photovoltaic performance of the devices. Further, incomplete
evaporation of the solvents used during the growth can act as parasitic shunt pathways in the
solar cell.

5.2.2 Vapor processed growth

In vapor processed growth, the precursor chemicals are evaporated directly on to the
substrate in a low-pressure environment [6-12]. Vapor processing is a mature technique widely
used in the semiconductor industry to grow thin-film transistors, liquid crystal displays (LCDs),
light emitting diodes (LEDs), as well as in other industrial processes, Vapor deposition
inherently possesses several advantages over solution processing, such as:

1. Vapor processing is inherently scalable and ready for large scale adoption, making it
suitable for commercial availability. For example, large area vapor deposition
processing is commonly used in the manufacture of thin metal coating and in the
fabrication of Cadmium Telluride solar cells.

2. High purity precursor films can be deposited on to substrates without the need to
introduce unnecessary intermediate materials into the films.

3. Precise stoichiometry can be achieved irrespective of the precursor chemical used. For
example, solubility limits of Br and Cl salts in the commonly used DMF solvent
complicates the growth of Br and CI based perovskites using single solution

processing.
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4. Commonly used solvents like DMF, DMSO, water, and chlorobenzene have boiling
points in excess of 100°C. This restricts the temperature at which solution grown
perovskite layers can be annealed due to the thermal instability of most hybrid
organic-inorganic perovskites at temperatures over 100°C. To prevent thermal
degradation, the perovskites are annealed at sub boiling point temperatures, preventing
the complete removal of solvents from the perovskite film. These solvents intercalated
between perovskite grains and crystal act as parasitic shunt pathways, degrading
device performance.

5. Vapor deposition enables multiple stacks of films to be grown on top of each other.
This technique can be leveraged to grow tandem cells. Solution processing multiple
stacks of different materials is tricky, as the solvents would wash away underlying
structures.

6. Vapor deposition enables deposition on a wider variety of substrates. Surface
morphology of the substrates do not play a big role in vapor deposition. Wettability of
substrates is critical for complete and uniform coverage during spin-coating. For
example, solution processing with DMF solvents is not possible on polymer transport
layers like Poly-TPD, P3HT and PTAA.

7. Careful control of the deposition rate and deposition times ensures good thickness
control. Precise thickness control is essential for optimum charge collection
efficiencies, which is easily achieved through vapor deposition. Solution processed
growth, on the other hand, relies on optimizing the spin speed and concentration of the

solution, which is often inexact and difficult.
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8. Vapor deposition facilitates better device reproducibility. The crystallization process

in vapor deposited perovskites depends on easily controllable and reproducible
parameters, such as the deposition rate of the precursors, the temperatures of the

substrate during deposition, and the subsequent anneal temperatures.

Vapor deposition of perovskites can be achieved through co-evaporation where the precursor

chemicals are evaporated simultaneously onto the substrate, or sequential vapor deposition where

the precursor chemicals are evaporated sequentially [Fig. 5.2.1].

[femm—————— |
perovskite

Coevaporation
Method

Source Source

2

T
perovskite PbX2

SOurce _ SOurcs
1 2
Sequential Vacuum Deposition

Figure 5.4: Co-evaporation (top) and sequential vapor deposition (bottom) techniques
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This report solely focuses on sequentially vapor deposited perovskites due to their
inherent advantages over solution processed perovskites in both reproducibility and the ability to
precisely control the stoichiometry of the resultant perovskite materials.

5.3 Perovskite Deposition System

Our custom-built deposition system consists of three Luxel furnaces mounted in a
stainless deposition chamber pumped down to deposition pressures in the 107 Torr range.
The interior of the deposition chamber is showed in Fig 5.5. The deposition chamber is
pumped down using a two stage vacuum pump system consisting of a mechanical
roughing pump to bring the pressure from atmospheric pressure down to 700mTorr and a
turbo mechanical pump connected to the chamber via a gate valve that operated below
700mTorr and further pumped the chamber down to operating pressures. The mechanical
pumps were purged with nitrogen to prevent oil back streaming. Pressures were
monitored using two Pirani gauges, one each for the roughing and backing pumps, to
measure pressures from 0.5 Torr to ImTorr. A hot-filament ionization gauge was used to
measure chamber pressures once the pressure dropped below 1mTorr. The Luxel
furnaces were powered using high power DC power supplies and connected to individual
thermocouples to accurately monitor the temperature. The DC power supplies were
chosen to ensure that exact control of the current flowing to the Luxel furnace was
possible to ensure precise temperature control. A removable substrate holder capable of
holding substrates of 2inch X linch was fitted with a substrate heater and thermocouple.
A variac transformer was used to control the temperature of the substrate. A quartz

crystal monitor (QCM) was used to measure the deposition rate of the precursor
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materials. A substrate shutter was installed to control the deposition onto the substrate.

The deposition chamber, power supplies and pumping mechanism is shown in Fig 5.6.

o

CsI Crucible

PbI, crucible

Figure 5.5: Inside of the deposition chamber showing the luxel furnaces and Quartz Crystal
Monitor
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Figure 5.6: The deposition system showing the deposition chamber, DC power supply and
furnace temperature monitor

5.3.1 Perovskite growth process

Prior to the growth of the perovskite layer, the Luxel furnaces were charged with the two
precursor chemicals and the QCM was calibrated using a surface profilometer for each

individual precursor material. Substrates were loaded into the deposition chamber using a
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substrate mask. The deposition chamber was pumped down to operating pressures in the low 10~
Torr range to ensure high purity of the material grown. The substrate temperature was raised and
lowered to ensure complete outgassing of the substrate and remove any moisture that may have
condensed onto it. The Luxel furnaces were heated in a gradual manner up to their holding
temperature, at which point they were not yet able to evaporate the precursors. Next, one of the
Luxel furnaces was heated further up to its operating temperature with the substrate shutter
closed to ensure no deposition on to the substrate. Once the Luxel furnace was at the operating
temperatures and stabilized for 5 minutes and the QCM showed a stable rate of deposition, the
substrate shutter was opened to deposit a thin layer of the first precursor chemical. Once the
required thickness of the first precursor layer was reached, the substrate shutter was closed and
the temperature of the first Luxel furnace was brought down to its holding temperature.
Simultaneously, the temperature of the Luxel furnace with the second precursor was heated up.
Upon reaching its operating temperature and achieving a stable rate of deposition, the substrate
shutter was opened to deposit the second precursor material onto the substrate. Upon the
deposition of the required thickness of the second precursor chemical the substrate shutter was
closed and the second Luxel furnace cooled down to its holding temperature. This process was
repeated in multiple cycles to obtain the desired thickness of the final film. Fig 5.7 shows a

schematic of the entire deposition process.
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Temperature vs Time during one complete deposition
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Figure 5.7: Schematic of one complete deposition showing the sequential heating of furnaces,
deposition times and wait times

The final film was then unloaded and transferred into a nitrogen glove box using a
nitrogen flushed vacuum nipple. The film was annealed on a calibrated hot plate in the nitrogen
glove box to complete the formation of the perovskite material.

5.4 Closing Remarks

This chapter described the various fabrication techniques that can be used to fabricate
perovskite solar cells. The advantages in using vapor deposition technique and our reasoning
behind pursuing this technique have been explained.

In the next chapter we look at the fabrication of the fully inorganic lead halide perovskite,

CsPbls. We focus on the optimization of the device fabrication process to improve device

performance.

www.manharaa.com




83

References

1. J.B.You, Z R.Hong, Y. Yang, Q. Chen, M. Cai, T. B. Song, C. C. Chen, S. R. Lu, Y.
S. Liu, and H. P. Zhou, "Low-temperature solution-processed perovskite solar cells with
high
efficiency and flexibility”, ACS Nano, 8, 1674 (2014). doi:Doi 10.1021/Nn406020d

2. N.Ahn,D.Y. Son, I. H. Jang, S. M. Kang, M. Choi, and N. G. Park, "Highly
reproducible perovskite solar cells with average efficiency of 18.3% and best efficiency
of 19.7% fabricated via lewis base adduct of lead(ii) iodide"”, J. Am. Chem. Soc., 137,
8696 (2015). doi:10.1021/jacs.5b04930

3. Y. Zhou, M. Yang, W. Wu, A. L. Vasiliev, K. Zhu, and N. P. Padture, "Room
temperature crystallization of hybrid-perovskite thin films via solvent—solvent extraction
for high-performance solar cells”, J. Mater. Chem. A, 3, 8178 (2015).
d0i:10.1039/c5ta00477b

4. M. Xiao, F. Huang, W. Huang, Y. Dkhissi, Y. Zhu, J. Etheridge, A. Gray-Weale, U.Bach,
Y.-B. Cheng, and L. Spiccia, "A fast deposition-crystallization procedure for highly
efficient lead iodide perovskite thin-film solar cells ", Angew. Chem., 126, 10056 (2014)

5. Z. Xiao, C. Bi, Y. Shao, Q. Dong, Q. Wang, Y. Yuan, C. Wang, Y. Gao, and J. Huang,
"Efficient, high yield perovskite photovoltaic devices grown by interdiffusion of solution
processed precursor stacking layers™, Energy Environ. Sci., 7, 2619 (2014)
d0i:10.1039/c4ee01138d

6. X.Li, D.Bi, C.Yi,J. D. Decoppet, J. Luo, S. M. Zakeeruddin, A. Hagfeldt, and M.
Gratzel, "A vacuum flash-assisted solution process for high-efficiency large-area
perovskite solar cells”, Science, 353, 58 (2016). doi:10.1126/science.aaf8060

7. D. Zhao, W. Keg, C. R. Grice, A. J. Cimaroli, X. Tan, M. Yang, R. W. Collins, H. Zhang,
K. Zhu, and Y. Yan, "Annealing-free efficient vacuum-deposited planar perovskite solar
cells with evaporated fullerenes as electron-selective layers"”, Nano Energy, 19, 88
(2016). doi:10.1016/j.nanoen.2015.11.008

8. M. Liu, M. B. Johnston, and H. J. Snaith, "Efficient planar heterojunction perovskite
solar cells by vapour deposition”, Nature, 501, 395 (2013). doi:10.1038/nature1250

9. Q. Lin, A. Armin, R. C. R. Nagiri, P. L. Burn, and P. Meredith, "Electro-optics of
perovskite solar cells"”, Nat. Photonics, 9, 106 (2014). doi:10.1038/nphoton.2014.284

10. H. A. Abbas, R. Kottokkaran, B. Ganapathy, M. Samiee, L. Zhang, A. Kitahara,
M.Noack, and V. L. Dalal, "High efficiency sequentially vapor grown n-i-p ch3nh3pbi3
perovskite solar cells with undoped p3ht as p-type heterojunction layer”, APL Materials,
3,016105 (2015). doi:10.1063/1.4905932

www.manaraa.com



84

11. Kottokkaran, Ranjith, Harshavardhan A. Gaonkar, Behrang Bagheri, and Vikram L.
Dalal. “Efficient P-i-n Inorganic CsPbl3 Perovskite Solar Cell Deposited Using Layer-
by-Layer vacuum Deposition.” Journal of Vacuum Science & Technology A 36, no. 4
(July 2018): 041201. https://doi.org/10.1116/1.5029253

www.manharaa.com




85

CHAPTER 6. CESIUM LEAD IODIDE PEROVSKITE

Cesium lead iodide perovskites were grown using a layer-by-layer sequential vapor
deposition technique with Pbl> and Csl as the precursor materials. Devices were fabricated with
a p-i-n architecture with the following structure: ITO/HTL/Perovskite/PCBM/AI. Device
optimization was carried out to improve device performance. Devices were fabricated on an ITO
coated glass substrate. The ITO coated glass substrate was cleaned using a 5% surfactant
solution, deionized water, methanol, acetone, and isopropanol. Multiple different hole transport
layers (HTL) were used to optimize device performance. PCBM was chosen as the electron
transport layer (ETL) due to its simple fabrication using spin-coating, less hysteresis effects, and
its success as an efficient transport layer as used by multiple research groups. PCBM was
deposited using spin-coating a 30mg/mL solution in chlorobenzene at 2000RPM for 40 seconds.
The top contact of Aluminum was deposited using thermal evaporation using a mask to define
the device area. Both the PCBM and Al were processed inside a nitrogen glovebox to prevent
moisture degradation of the perovskite material.

6.1 Optimizing the hole transport layer

Choice of the optimal hole transport layer (HTL) is critical for efficient device
performance. In general, HTL in a p-i-n device architecture must be chosen so that it possesses a
high enough band gap that it does not absorb much light. Ideally, the valence band of the HTL
layer must match well with the valence band of the perovskite to easily collect electrons, but the
conduction band should be higher than that of perovskite to form an effective barrier for the
holes. We worked with a variety of HTLs including organic semiconductors like PEDOT:PSS,
Poly-TPD, PTAA, and inorganic compounds such as HTLs like p-type amorphous Si:C, and

metal oxides like MoOx and NiOx.
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6.1.1 PEDOT:PSS

Poly(3,4-ethylenedioxythiophene)-polystyrenesulfonate (PEDOT:PSS) is a conductive
polymer blend in water with the chemical structure as described in Fig. 6.1(a). The energy band
diagram of the device architecture is shown in Fig. 6.1(b), which shows that the valence bands of
the perovskite material and PEDOT:PSS are reasonably matched with only a 0.2eV offset,
ensuring efficient collection of holes. The conduction band of PEDOT:PSS is sufficiently offset

from the perovskite, ensuring that electrons are rejected.

PEROVSKITE

Figure 6.1: (a) The chemical structure of PEDOT:PSS and (b) the device energy band diagram

PEDOT:PSS suspensions of 1.5% in water were spin- coated on to a cleaned ITO glass
substrate that was functionalized by an air plasma treatment for 10 minutes. The suspensions
were spun at 4000RPM for 40seconds and annealed at 150°C/20 minutes in air. Fig. 6.2 shows

the JV curve of the resultant device.

www.manaraa.com



87

15 PEDOT:PSS
@ PEDOT:PSS
~
£
(&)
S~
<
E
0.8 1 1.2
-5
Voltage (V)
HTL Voc ISC FF PCE
V) (mA/em’) (%) (%)
PEDOT:PSS  0.54 10.9 31 2.2

Figure 6.2: JV Curve and characteristics of PEDOT:PSS device

6.1.2 Poly-TPD

Poly [N,N’-bis(4-butylphenyl)-N,N’-bisphenylbenzidine] (Poly-TPD)[Fig 6.3(a)] is
another organic semiconductor commonly used as the HTL in photovoltaics and LEDs. Like
PEDOT:PSS, Poly-TPD also has a favorable energy band gap match with CsPbls [Fig 6.3(b)].

Multiple different concentrations of Poly-TPD were used to optimize device performance. The
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solutions were spun at 6000ROMS for 40 seconds and annealed at 150°C for 10 minutes to

remove the solvents.

andyads

PEROVSKITE

Figure 6.3: (a) The chemical structure of P3HT and (b) the device energy band diagram

Fig 6.5 shows the JV characteristics for the various concentration used. We see that the
best device performance is seen for a concentration of 3.25mg/mL with both the JSC and Voc
peaking. However, the low fill factors of less than 50% and the high series resistance suggest the

presence of a non-ohmic contact in the device.
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5mg/mL 0.81 12.6 48 4.86

Figure 6.4:JV Curve and characteristics of devices fabricated with various P3HT concentrations
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6.1.3 p-a (Si:C)

p-type amorphous silicon carbide (p-a-Si:C) has an excellent band gap match with
perovskite [Fig 6.5]. p-a-Si:C was grown using a Plasma enhanced Chemical VVapor Deposition
(PECVD) system using a mixture of silane, methane, hydrogen, and dopant gas. Due to the small
band gap of the p-a-SiC, a large fraction of the usable light can be absorbed by the HTL itself.
Fig 6.6 shows the JV characteristics of the devices with p-a-SiC grown at 250°C as the HTL. We
see that as the thickness of the HTL reduces the current density goes up, indicating that the HTL
itself is absorbing light. p-a-SiC grown at higher temperatures have larger band- gaps, thereby
reducing the absorption in the HTL itself. However, the higher temperature plasma also reacts

with the ITO substrate, leading to poor devices.

3.8 eV -3.5eV

Al

p type PEROVSKITE
ITO a-(sic) -4.3 eV

-4.7 eV

Figure 6.5: Energy band diagram of devices with p-a-Si:C as HTL
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Figure 6.6: JV Curve and characteristics of devices with various thickness of p-a-Si:C as HTL
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6.1.4 PTAA

Poly(triaryl amine), Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) is an
organic p-type semiconductor with high carrier mobilities that is often used as a hole transport
layer in perovskite solar cells. Fig 6.7(a) shows the chemical structure of PTAA and Fig 6.7(b)
shows the energy band diagram of the solar cell. PTAA is a direct gap semiconductor with a
band gap of ~3eV, which ensures high transmission in both the UV and visible regimes.
Solutions of PTAA in toluene were prepared and spin coated onto ITO substrates at 6000RPM
for 60 seconds. The JV characteristics are displayed in Fig. 6.8, showing the best device
performance for a concentration of 1.1mg/mL. Both higher and lower concentrations of PTAA
result in higher resistance in the device, leading to poor device performance. The optimum

concentration of 1.1mg/mL corresponds to a very thin ~20nm layer of PTAA.

Poly(triarylamine)
(PTAA)

CHj

PEROVSKITE

HaC CH,
O

Figure 6.7: (a)Chemical structure of PTAA and (b)device energy band diagram
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Figure 6.8: JV Curve and characteristics of devices fabricated with various PTAA concentrations
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Fig 6.9 displays the best JV curves of the various HTLs used in optimizing device
performance. PTAA is by far the best, with a high current density of 15.5mA/cm2 and Voc of

0.82V with high fill factors and low series resistances.
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Figure 6.9: JV Curves of the best devices fabricated with various HTL
6.2 Optimizing the Anneal Conditions

The anneal conditions play a key role in the crystallization of the perovskite material
from the precursors. It has been shown that CsPbls crystallizes into its active a-phase from the 6-
phase at temperatures above 310°C. Upon experimenting with various anneal conditions, we
adopted the two-step anneal process to form our perovskite material.

The first step involved a low temperature anneal at 150°C for 5 minutes to ensure that
any moisture condensed on our film was removed. The second, high temperature step ensured

the formation of the perovskite into its preferable a-phase. Anneal temperatures for the second,
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high temperature anneal was varied from 315°C to 330°C. We observed that at lower
temperatures of 315°C and below the perovskite formed incompletely, with some areas of the
film still showing a yellow non-perovskite phase [Fig 6.10]. At temperatures above 320°C, the
perovskite film had a gray luster. The JV characteristics of the perovskite films annealed at these

multiple temperatures are shown in 6.11.

| ——

315 °C 320 °C 330 °C

Figure 6.10: Perovskite films annealed at different temperatures
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Figure 6.11: JV Characteristics for the device with the perovskite films annealed at different
temperatures

6.3 Optimization of Perovskite Stoichiometry

Correct stoichiometric ratios of the precursors, Pblz, and Csl are essential to prevent
unreacted components from degrading the device performance in the solar cell. The sequential
vapor deposition technique afforded precise nanometer level control of the thickness of the
precursor layers. The stoichiometry of the perovskite layer was varied by holding the thickness
of the Pbl, precursor layer constant and varying the thickness of the Csl layer. We swept the
stoichiometry of the perovskite layer from 0.8 Csl: 1.0 Pblz to 1.0 Csl: 1.0 Pbl, and further to 1.2
Csl: 1.0 Pbl, . We observed the best device performance for devices with the 1.0Csl : 1.0 Pbl>
ratio [Fig 6.12]. Excess Pbl2 has been shown to have passivating effects in several solution

growth techniques, and such a phenomenon was not observed using vapor deposition.
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1.2:1 0.83 15.4 65 8.2

Figure 6.12: JV Curves of the devices with various stoichiometries(Csl: Pbl,) for the perovskite
layer
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6.4 Optimization of Perovskite Layer Thickness

Optimal thickness of the absorber layer is another important parameter in efficient
photoconversion efficiency of a solar cell. The absorber layer must be thick enough to collect all
the light incident on it, but also be thin enough to ensure efficient charge collection and prevent
unwanted recombination. The perovskite layer thickness was varied from 180nm to 300nm in
60nm steps. The JV characteristics and EQE with the various thicknesses are shown in Fig 6.13
and 6.14 respectively. The current density for the 240nm thick device is significantly higher than
the 300n and 180nm devices. The EQE of the 180nm device falls off at >600nm, suggesting that
the perovskite layer is unable to collect the longer wavelength light. The EQE of the device with

300nm is flat, showing no such drop below the band gap. However, the entire EQE of the device
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is lower, suggesting charge collection issues. The EQE of the device with the optimal 240nm

thickness shows high EQE of >75% throughout.

Voltage (V)

Figure 6.13: JV Curves and characteristics of the devices with various thicknesses of the
perovskite layer
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Figure 6.14: EQE of the devices with various thicknesses of the perovskite layer
Optimizing Substrate Temperature

Substrate temperature is a key parameter in controlling the rate of crystallization and thus
the grain size of the perovskite material grown. It has been shown that higher substrate
temperatures result in larger grain sizes with fewer grain boundaries, which leads to fewer
recombination centers in the material and is beneficial to device performance. Devices with
perovskite film grown at elevated temperatures of 100°C shows a much higher current density
and Voc. Our champion device has a current density of 15.8mA.cm2 and Voc of 1.03V with a

photoconversion efficiency of 11.2% [Fig 6.15 (100°C)]. This champion device represents the
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highest such reported CsPblz perovskite device with a p-i-n architecture as of 2018.
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Temperature V) (mA/cm2)

RT (25°C) 0.95 14.8 62 9.5

100°C 1.03 15.8 69 11.2

Figure 6.15: JV Curves and characteristics of the devices with the perovskite layer grown at
different substrate temperatures

Characterization
One of the central advantages of the sequential vapor deposition grown perovskites is
their reproducibility. The reproducibility of our vapor deposition process is illustrated in Fig

6.16, showing histograms of the JSC and Voc of six consecutively deposited devices.
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Figure 6.16: Reproducibility of vapor deposited CsPblz showing histograms of the Voc and Jsc
of six consecutively deposited devices

The sum of doping and shallow defects of the CsPbls device was determined from the
. f 1 .
Capacitance-Voltage measurements at 200kHz by plotting the = Us I and calculating the slope

of the linear region in the 0.1V -0.5V range [Fig 6.17]. The sum of doping and shallow defects of

the CsPbls is determined to be 2x10%/cmd range.
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Figure 6.17:Plot of 1/C"2 vs V used to calculate the sum of doping and shallow defect density

The EQE of the champion cell is shown in Fig 6.18. The EQE remains flat over most of

the spectrum, before sharply falling off at 700nm. As CsPbls is a direct band gap material, the

a=A4A ’(hﬁ—Eg)

where A is a constant dependent on the electron and hole mobilities, h9 is the energy of the

absorption coefficient(a) is given by,

photon, and Eis the band gap of the absorber material. In this regime where the absorption

coefficient is sharply falling off the QE~ at, t being the thickness of the absorber. Plotting
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(EQE* h99)?vs hy, we are able to extract the exact energy band gap of the material. Such a plot,

called the Tauc plot, shown in Fig 6.19, displays the energy band gap of CsPbls to be 1.74eV.
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Figure 6.18: EQE of our champion device
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Figure 6.19:Tauc Plot used to calculate band gap

An energy band gap of 1.74eV gives a Shockley-Queisser theoretical limit of 28% for a single

junction solar cell [Fig 6.20]. However, CsPbls is a great candidate for a tandem solar cell acting
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as a top cell with c-Si or CIGS as bottom cell. The theoretical efficiency of such a tandem solar

cell could exceed 45% photoconversion efficiency [Fig 6.21]

w
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=
e
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o
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o

Figure 6.20:Shockley-Queisser limit for theoretical efficiency for a material with band gap of
1.74eV
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Figure 6.21: Theoretical efficiency for tandem solar cells with CsPblz as top cell and c-Si as
bottom cell

Problems with CsPbls

Although the o perovskite phase of the CsPbls perovskite is stable at temperatures
exceeding 300°C, at room temperatures the perovskite slowly transitions over days and weeks
back to its thermodynamically favorable 6 non-perovskite phase. The phase transition is
understood to occur due to the slightly unstable cubic phase of the perovskite, which has a
Goldschmidt Tolerance factor of 0.81. The presence of moisture further hastens this transition
into the 6 non-perovskite phase. The perovskite films degraded within minutes of exposure to
ambient air. This not only makes CsPbls unsuited for commercial deployment but also presents a

significant challenge in characterization of the device outside the nitrogen ambient in the

glovebox.
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Closing remarks

This chapter describes the fabrication and characterization of the fully inorganic lead
halide perovskite CsPbls in search of a thermally stable perovskite composition. Although
CsPbls is stable at high temperatures, its instability at room temperatures and extreme moisture
sensitivity make it an unsuitable candidate for large scale adoption.

The following chapter explores ways to resolve the issues faced with CsPbla.
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CHAPTER 7. CESIUM LEAD MIXED HALIDE PEROVSKITE

7.1 Introduction
The instability of the a-perovskite phase of CsPbls perovskite results from the instability of its
cubic perovskite crystal structure. The Goldschmidt Tolerance Factor is given by [1,2],

Ty + 1y
2,/ (rg +1%)

where ra, rs, and rx are the ionic radii of the A cation, B cation, and the X anion respectively. For

Goldschmidt Tolerance Factor, t =

a stable cubic perovskite crystal structure, the Goldschmidt Tolerance Factor must lie between
0.81 and 1.11. The Goldschmidt Tolerance Factor of CsPbls at 0.80 falls just outside this
acceptable range, resulting in the a- phase of CsPbls slowly transitioning back into its
undesirable 5-non-perovskite phase. To improve the thermodynamic stability of the perovskite
material at room temperatures, two strategies can be employed to increase the Goldschmidt
Tolerance Factor above the lower limit of 0.81.

1. Substituting the Cesium ion with a larger cation

Cesium has a small ionic radius of 1.67A[Table 1]. Substituting Cesium with a different
cation from the same Group in the periodic table (Group 1) with a larger ionic radius
would be able to increase the Goldschmidt Tolerance Factor [Fig 7.1]. As Rubidium and
Potassium are higher up on the periodic table, they a smaller ionic radius of 1.52A and
1.38A respectively. The only Group 1 element with a larger ionic radius is Francium, an

extremely radioactive element.
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lon type lonic Radius (A)
Cs* 1.67
15 Rb* 1.52
g
< NHs4* 1.46
MA* 2.17
ﬁ I~ 2.20
E:
V) Br 1.96
Cl- 1.84

Figure 7.1: Table of ionic radii for common perovskite compositions

Cesium could be replaced with organic cations such as methylammonium (MA) or

formamidium (FA), which haver larger ionic radii of 2.17A and 2.53A respectively; however,

that would be antithetical to our goal of thermal stability with fully inorganic perovskites.
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Figure 7.1: Periodic table of elements showing the position of Cesium
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2. Substituting the lodine with a smaller halide

Another strategy to improve the Goldschmidt Tolerance Factor is to reduce the size of the
halide octahedra by replacing the bulky lodine ion with a smaller Bromine or Chloride ion [3,4].
While this substitution would increase the Goldschmidt Tolerance Factor and thus the stability of
moisture and temperature, it would come at the cost of the band gap increasing. Fig. 7.2 shows
the absorption spectra of mixed halide perovskite compositions, CsPb(Brxl1-x)3. As the bromine
content is increased from 0 to 1, the absorption onset shifts from 700 nm for a completely iodide

composition all the way to 540nm for a completely bromide composition [5].

b) 5,

| X=

| x=0.2
~15% Wy —x=0.33
-

Absorbance (a.

500 600 700 800
Wavelength (nm)

Figure 7.2: Absorption spectra of mixed halide perovskite compositions, CsPb(Brxl1-x)3, showing
the absorption onset shifting to lower wavelengths with increasing Br content
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CsPbbr3, for example, where all of the iodine is replaced with bromine, is insensitive to
moisture and high temperatures. Cspbr3 is both stable at room temperatures and does not
undergo thermal degradation up to 500+ °C [6]. However, the energy band of 2.3eV of Cspbbr3
makes it unsuitable for photovoltaic application due to its inability to collect most of the visible
and IR spectrum of incident light [7] .

Partial substitution of the iodine with bromine, however, affords us the advantages of
both moisture and thermal stability while keeping the energy band gap in the photovoltaically
useful range. CsPbl.Br, for example, where only 33% of the I is replaced with Br, has a band gap
of ~1.8 - 1.9eV depending on the deposition method and thus showings great potential for a
tandem and semi-transparent photovoltaic application. Further, the incorporation of the smaller
bromide ion decreases the size of the halide cage structure, PbX6, and increases the effective
Goldschmidt Tolerance Factor up to 0.85. The increased effective Goldschmidt Tolerance Factor
affords the perovskite crystal with enhanced stability to moisture and thermal degradation.

The several advantages of the fully inorganic mixed halide perovskite, CsPbl.Br,
convinced us to further research this composition and fabricate devices with a strong focus on

their thermal stability.

7.2 Deposition Chamber Modification

Through our work on CsPbls, we developed a thorough understanding of the importance of
precise thickness control of precursor layers on device performance. We wanted to be able to
deposit extremely thin layers of precursors, several nanometers thick, to control stoichiometry
and precursor intercalation well. The main issue we faced with our current deposition system
was that the two Luxel furnaces with the precursors had to be heated up sequentially rather than

at the same time. With the current system, we were able to deposit 20-30nm of each precursor
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layer over eight deposition cycles to obtain 400nm thick perovskite layers, which took 2-3 hours.
To better control stoichiometry and intercalation of the precursor layers necessitated that we
create thinner layers, which, with the older deposition setup, would take 7-8 tedious hours of
sequential heating of the two Luxel furnaces. To resolve this issue required that we design and
install custom shutters above the Luxel furnaces to control the deposition of precursor layers;
with this new deposition setup [Fig 7.3]. With the new source shutters ensuring that the
temperature of the Luxel furnaces need not be lowered from its operating temperatures down to
its holding temperatures during a deposition process, the entire deposition process took less than

90 minutes. Fig 7.3 shows the interior of the deposition chamber before and after the

modifications.

Figure 7.3: Interior of the deposition chamber before (a) and after (b) modifications to install
source shutters

7.3 Device Optimization

. 7.3.1 p-i-n Device Architecture
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Following our success with p-i-n device architecture for CsPbls perovskite devices, we
fabricate CsPbl.Br perovskite devices with the ITO/PTAA/ CsPbl.Br /PCBM/AI structure. The
perovskite layer was grown with Pbl, and CsBr as our precursor materials. The film was
subjected to anneals at 275°C for 5 minutes in a nitrogen glove box to form the perovskite layer.
The Electron transport and hole transport layers of PCBM and PTAA were spin-coated using the
same recipe as the one used for CsPbls. Device characteristics are shown in Fig. 6.6. The valence
band mismatch with PTAA and perovskite absorber layer is larger for CsPbl.Br than CsPbls and
thus the Voc of the device was only 0.89V compared to its energy band gap of 1.8eV [Fig 6.7].

-1.8 eV

CsPbl,Br
PEROVSKITE

-5.8 eV
-5.9 eV

Figure 7.4: Energy band diagrams for p-i-n devices with PTAA as HTL and PCBM as ETL
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Figure 7.5: JV characteristics of p-i-n device

Further, devices with an organic hole transport layer (such as PTAA) were unsuitable for
prolonged high temperature anneals as the organic semiconductors degraded at these high
temperatures. To study high temperature anneal conditions for the perovskite layers, it was
important to switch to an n-i-p device architecture with an inorganic semiconductor Cadmium
Selenide as the bottom transport layer.
7.3.2 n-i-p Device Architecture

Devices with the n-i-p device architecture were grown on a FTO coated glass substrate

cleaned using a 5% surfactant solution, deionized water, methanol, and acetone. In:CdS is the
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preferred electron transport layer due to its low absorption in the visible spectrum and good
match with the energy band structure of CsPbl2Br [Fig 7.6]. Thin layers (35nm) of In:CdS were
deposited using the vapor deposition system at rate of 0.5A/s. The In:CdS was annealed in air at
400°C for 30 minutes to promote grain size enhancement. The FTO/In:CdS substrate was
transferred into our perovskite deposition system. Layer-by-layer sequential growth was used to
deposit the perovskite precursors, following which the film was annealed at 300°C for 10
minutes in a nitrogen glove box. The hole transport layer of P3HT was spin coated using a
15mg/mL solution in chlorobenzene at 2000RPM for 40s and annealed at 150°C for 10minutes.
Gold was evaporated onto the P3HT layer using a substrate mask to define the device area using

a physical vapor deposition.

-3.5eV
-4 eV
FTO
-4.4 eV
CsPbl,Br PEROVSKITE
In:CdS
-6.0 eV

Figure 7.6: Energy band structure of n-i-p devices with FTO/In:CdS/pvkt/P3HT/Au structure

Our initial devices with the new n-i-p device architecture performed poorly compared to

our p-i-n devices. Fig. 7.7 shows the comparison of our n-i-p and p-i-n device architecture where
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the perovskite layer was deposited using the same exact deposition conditions: 400nm thick
perovskite, annealed at 275°C for 10 minutes. Figure 7.7 clearly shows that although the Voc of
the n-i-p device was slightly higher owing to the better band gap match of In:CdS with

perovskite, both the Jsc and FF were significantly worse.
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)
Device Architecture Voc (V) Jsc FF PCE (%) RSR
(mA/lcm?) (%) (@)
p-i-n 0.89 12.26 63 6.89 90
n-i-p 1.01 10.7 50 5.10 2000

Figure 7.7: JV characteristics of p-i-n and initial n-i-p device

Firstly, to understand the lower Jsc we looked at the EQE of our n-i-p and p-i-n devices
with the same perovskite layer [Fig 7.8]. The n-i-p devices had a lower EQE between 400 and

500nm as compared to the p-i-n devices. The lower EQE at these wavelengths results from the
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absorption of light by the In:CdS layer at these wavelengths as seen by the transmission spectra
of In:CdS in Figure 7.8. PTAA, on the other hand, with a large band gap of 3eV, absorbs almost

no light in the visible spectrum

0.8 L, 100
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Figure 7.8: EQE of p-i-n and n-i-p device showing lower EQE for n-i-p devices due to low
transmission of In:CdS in the 400-500nm range

Secondly, the n-i-p devices had a much higher series resistance that lowered the FF and
in turn the photoconversion efficiency of the solar cell. To address the origin of this high
resistance, we performed a series of experiments by replacing each of the transport layers and
looking at their series resistances.

Replacing In:CdS with aluminum doped Zinc oxide (Al:ZnO) resulted in similar large

series resistances as seen in Figure 7.9. This indicated to us that the series resistances were
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arising from either the interface between the perovskite and P3HT layer or the interface between

the P3HT and gold layer.
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Figure 7.9: JV Characteristic of n-i-p device with Al:ZnO replacing In:CdS as ETL
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Annealing the P3HT layer at 250°C instead of the standard 150°C for 10 minutes did not
reduce the series resistance issue [Fig 7.10], which suggested that the series resistance issue was
emanating from the interface of the P3HT with gold.
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Figure 7.10: JV characteristics of P3HT annealed at 250°C showing high series resistance

Upon annealing the device after the gold deposition at 225°C for 10 minutes, we were
able to completely remove the series resistance as seen in Fig 7.11. The reduction of the series
resistance massively improves both the FF as well as the PCE of the device and pushes it beyond

the PCE of the p-i-n device architecture.
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Figure 7.11: Comparison of n-i-p device before and after annealing the device showing the

massive change in series resistance
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7.3.2 Precursor Layer Thickness

The thickness of the precursor layer plays an important role in the crystallization process
of the perovskite. Thinner precursor layers improve intermixing and ensure a fully homogenous
perovskite layer. Thicker precursor layers, on the other hand, require longer and higher
temperature anneal conditions to fully form the perovskite layer. Here, we look at the device
performance gains using thinner precursor layers, enabled by the deposition system modification
we made discussed in Section7.2. Thick precursor layers, in this case 20nm of CsBr and 30nm of
Pbl,, needed higher anneal temperatures of 350°C to completely form the perovskite layer as
compared to 300°C for thinner precursor layer with 4nm of CsBr and 6nm of Pbl,. Devices with

thick and thin precursors were made with constant overall thickness of 400nm, and their device
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characteristics were compared [Fig 7.12]. Thin precursor layer devices had both higher Jsc and

Voc due to the better intermixing of the precursor materials to form the perovskite layer.
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Figure 7.12: Device performance improvements with thin precursor layers

7.3.3 Stoichiometry Variations in the Perovskite Layer
The correct stoichiometry of the perovskite layer is even more important in the case of a

mixed halide perovskite. Here, we varied the stoichiometry of the perovskite by varying the
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thickness of the Pbl, and CsBr layers. Derives with 5% excess CsBr and 5% excess Pbl, were

compared with the correct stoichiometry devices. The IV characteristics show that for the

devices with excess lead iodide, a hump in the JV curve is observed, possibly due to the

unreacted Pbl, component in the active layer [Fig 7.13]. Devices with excess CsBr show a

reduced Jsc possibly due to the increased band gap of the material as the bromine content

increases.
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Figure 7.13: JV characteristics showing the effect of perovskite layer stoichiometry on device
performance
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7.3.4 Perovskite Layer Thickness

The total thickness of the perovskite layer was varied from 200nm to 400nm. The JV
characteristics [Fig 7.14] and EQE of the resultant devices [Fig. 7.15] show clearly the
importance of the perovskite layer thickness. Devices with perovskite layers of 200nm and
300nm are unable to collect long wavelength light incident, as seen in the EQE curve at 500-
650nm. The EQE of the 400nm device is relatively flat with EQE of >80% over all wavelengths,

and the Jsc is higher than the thinner devices.
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Figure 7.14: JV characteristics of devices with varying perovskite layer thicknesses
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Figure 7.15:EQE of devices with varying perovskite layers
7.3.5 Perovskite Anneal Conditions

Anneal conditions during the perovskite formation play an
important role in the crystallization of the perovskite material. Here,

we deposited thin precursor layers (4nm: CsBr and 6nm: Pbl) and

experimented with anneal temperatures from 200°C to 350°C. Anneals

at 200°C were insufficient for the complete formation of the perovskite 300C/10mins
layers; these films looked yellow and partially transparent owing to the
incomplete phase transition into the o perovskite phase from the & non-
perovskite phase [Fig 7.16]. Anneals at 250°C and higher showed

complete phase transition. The JV characteristics of the devices with

various anneal conditions are shown in Fig 7.17. Devices with anneals 250C/10mins

at 200°C showed a significantly smaller Jsc owing to the incomplete Figure 7.16: Perovskite films
annealed at 300°C showing

phase transition into the o phase. 300°C anneals appear to be the complete transformation and 250°C

showing incomplete transformation
into perovskite
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optimum anneal temperature from the JV characteristics. At even higher temperatures, the films

start looking grayish and their Voc drops significantly.
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Figure 7.17: JV characteristics of devices with various anneal temperatures

Fig 7.18 shows the hysteresis behaviors of devices with the various anneal conditions.
The reverse hysteresis of the devices with anneal temperatures below 300°C show significant
hysteresis, with a hysteresis index of 59% for the 200°C devices. The reverse hysteresis reduces
as we approach the optimum anneal temperature of 300°C with a much smaller index of 26%.

Further, the devices annealed at 200°c and 250°C show a distinct hump in the JV curve, which is
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illustrated by the inset in Fig 7.18. The large hysteresis and the humps in the JV curve are due to

the poor intermixing of the precursor layers leading to more ionic movement from these

unreacted precursor materials.
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Figure 7.18: JV curves showing the effect of anneal temperatures on device hysteresis. The inset
shows the humps seen in the JV curve for anneals at 200°C and 250°C
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To understand the worse device performance of the anneals at 350°C, we looked at the
density of deep defects using the CfT technique. The density of deep defects for devices
annealed at 350°C shows a marked increase compared to anneals at 300°C [Fig 7.19]. The
density of deep defects for anneals at 300°C show a central mid gap state at 0.52eV below the
conduction band with a peak density of 1x10'%/cm®/eV. The device annealed at 350°C shows a

distribution of multiple mid gap states with densities in the range of 1.5x10%*%/cm®/eV and higher.
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Figure 7.19: Density of deep defects for anneals at 300°C and 350°C. Anneals at 350°C show
significantly more defects with a wider distribution

7.3.6 Substrate Temperature

During our previous work on CsPbls, we learned that substrate temperature plays a key

role in device performance. We deposited the perovskite layer at elevated substrate temperatures
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of 100°C and 200°C. Fig 7.20 shows the JV characteristics of these devices. We see that the
devices deposited at higher substrate temperatures have a higher Jsc but also that their reverse

hysteresis is much lower.
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Voltage (V)
Tsus Voc (V) Jsc FF PCE  Hysteresis
(MA/cm?) (%) (%) Index
RT 1.16 12.73 73 10.76 27
100°C 1.16 12.92 73 10.96 21
200°C 1.16 13.77 73 1158 17

Figure 7.20: JV characteristics of devices with perovskite layer grown at various substrate
temperatures showing that higher substrate temperatures not only lead to higher Jsc but also
lower hysteresis
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The increase in Jsc is likely due to the lower density of mid gap states for the devices
deposited at 200°C, as seen in Fig 7.21. While both the substrate conditions show devices with
mid gap states at 0.52eV below the conduction band, devices deposited at 200°C show a much

lower peak mid gap densities of 7x10*/cm3/eV.
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Figure 7.21: Density of deep defects for devices grown at 25°C and 200°C showing lower peak
density of deep defects for 200°C
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7.3.7 Champion Device

Through the above described process and device optimizations we have engineered our
champion device with a Jsc of 13.77mA/cm2, Voc of 1.16C, FF of 73%, and PCE of 11.58%

[Fig 7.22]. Further, the hysteresis index of the device is low, at 17%
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Figure 7.22: Champion CsPbl2Br device with Jsc of 13.77mA/cm2, Voc of 1.16C, FF of 73%,
and PCE of 11.58%

7.4 Thermal Stability

To understand the thermal stability of our fully inorganic mixed halide perovskite
material, we grew perovskite films on a glass substrate and subjected them to a thermal stability

test at 200°C for 24 hours in a nitrogen environment. We used X-Ray Diffraction analysis
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(XRD) to understand the crystal structure of the perovskite films under thermal stress. Fig 7.23

shows the XRD analysis of these films before and after the thermal stability test. The peaks at 2-

theta = 14.5° and 29°correspond to the (100) and (200) crystal planes of the a phase of the cubic

perovskite structure. Most importantly, the XRD spectrogram shows no change in the crystal

structure of the perovskite. Of particular interest is the area around 2-theta = 13° where we would

expect to see a peak corresponding to Pbly if the perovskite film had undergone compositional

degradation under the thermal stress. However, we see no such Pbl, peak in the film after the

thermal anneal. . Also, of note, is the fact that the perovskite does not undergo a phase transition

from the o phase into the & non-perovskite phase. Peaks corresponding to the 6 non-perovskite

phase would be visible at 2-theta = 10°, 18°,28°, and 36° if there was phase degradation of the

perovskite material.
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Figure 7.23: XRD analysis of perovskite films before and thermal stability test at 200°C showing

no change in the crystal structure
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We also subjected our photovoltaic devices with the FTO/In:CdS/pvkt/P3HT/Au
structure to the thermal stability test by annealing the device at 200°C for 72 hours. We observed
absolutely no change in the device performance as seen by the JV characteristics in Fig 7.24 and
the EQE in Fig 7.25. This is critical proof that the perovskite material and the device as a whole
are stable at elevated temperatures for an extended period of time. As far as we know, this is the

first such result of the thermal stability of perovskite stability over extended periods of time.
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Figure 7.24: JV characteristics of device before and after thermal stability test showing no
change in performance
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Figure 7.25: EQE of device before and after thermal stability test showing no change in device
performance

7.5 Device Characterization
7.5.1 External Quantum Efficiency and Tauc Plot

The EQE of our champion device is shown in Fig 7.26, displaying a flat EQE with most
wavelengths of light below the band gap being collected with greater than 80% efficiency. The
EQE falls off at 680nm, corresponding to the band gap of the CsPbl>Br material. The Tauc plot
[Fig 7.27] of the material where we plot the (EQE* h9)?vs h9 in the area where the EQE falls

off sharply shows an energy band gap of 1.87eV.
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Figure 7.26: EQE of champion device
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Figure 7.27: Tauc plot showing a band gap of 1.87eV
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7.5.2 Urbach Energy

Past the band gap of the absorber material the EQE of the device falls exponentially. The
sub-band gap absorption in this region is due to the presence of tail states resulting from the
crystal disorder in the perovskite layer. The Urbach energy, which is a measure of the tail state
distribution and thus the crystal disorder, can be measured by plotting the sub-band gap QE as
function of photon energies. Urbach energies of 0.2 -0.5meV are common for perovskites
depending on their growth conditions. The sub band gap QE [Fig 7.28] of the CsPbl>Br devices

show an Urbach energy of 21meV, indicating the high quality of the material grown.
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Figure 7.28: sub-band gap absorption vs photon energy showing a Urbach energy of 21meV
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7.5.3 Density of Deep Defects
The density of deep defects for our champion device shows a central mid gap defect at
0.52eV below the conduction band. The defect densities form a Gaussian distribution centered at

this defect with a peak defect density of 7x10%°/cm?3/eV [Fig 7.29].
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Figure 7.29: Density of deep defects showing a Gaussian distribution of deep defects centered at
0.53eV below the conduction band with a peak density of 7x10%%/cm3/eV

Capacitance-frequency-Temperature measurements [8-10], where the capacitance is
measured as a function of frequency at various temperatures as described in Section 2.8, is used
to determine the attempt-to-escape-frequency and the activation energy of the traps. The

capacitance-frequency sweeps at multiple temperatures are shown in Fig 7.30. The

corresponding plots of —fZ—; vs f and lnf”Ti" VS kiT are shown in Fig 7.31 and 7.32 respectively.

2
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fpeak
T2

From the linear fit of In VS % we calculate the activation energy of the mid gap trap to be

0.54eV, which conforms with our earlier calculation. The attempt-to-escape-frequency is

calculated to be 3x10°Hz.
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Figure 7.30: Raw capacitance- frequency data measured at multiple temperatures
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Figure 7.31: -fdC/df versus frequency from the raw capacitance-frequency data
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Figure 7.32: Linear fit of lnf’%" VS %used to calculate activation energy of traps and ATEF

www.manaraa.com



140

7.5.4 Calculation of Dielectric Constant

The exciton binding energy is dependent on the dielectric constant of the material. To
ensure that the photogenerated charge carriers are unbound, the exciton binding energy should be
lower than the thermal energy. The dielectric constant is calculated using by modelling the
capacitance of the perovskite solar cells as a function of the thickness of the active perovskite
layer. The total capacitance (Crorac) of the device can be modeled as a simple series capacitance
of the transport layers and the perovskite layer [10]. It is given by,

L1, 1
CTOTAL CTL CPVKT

where CtL and Cpykr are the capacitances of the transport layers and the perovskite layer

respectively. The capacitance of the perovskite layer is given by,

1 t

Covkr A *Eg*€,

where t is the thickness of the perovskite layer, A is the active area of the device, and €,
€, are the absolute permittivity of vacuum and the dielectric constant of the perovskite material
respectively.

By measuring the capacitance of devices fabricated with multiple different perovskite
layer thickness [Fig 7.33] with the same transport layers, we can extract the dielectric constant of
the perovskite material using the model. Fig 7.34 shows the fits of several different dielectric
constants to the plot of total device capacitances vs perovskite layer thickness. Using this
method, we obtain the dielectric constant of the CsPbl2Br to be ~28. This gives us an excitonic
binding energy of ~2meV, which is considerably lower than the thermal energy at room

temperature.
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Figure 7.33: devices with multiple different thicknesses of the perovskite layer used to model
dielectric constant
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Figure 7.34: Various different dielectric constants fit capacitance of devices with various
perovskite layer thicknesses. Best fit for dielectric constant of 28
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CHAPTER 8. CONCLUSION

In this report, we sought to understand and resolve the fundamental problem of thermal
instability of perovskite materials. In short, we have been successful in this venture. We have
optimized and fabricated fully inorganic perovskite devices with a PCE of 11.62%, which show
no thermal degradation at 200°C for over 72 hours. The significant findings and steps involved
in this process are detailed below:

e We replaced the primary source of thermal instability in hybrid organic-
inorganic perovskites, the organic cation (methylammonium, formamidium
etc.), with an inorganic cation Cesium.

e We have developed a sequential layer-by-layer vapor deposition technique to
deposit perovskite layers with nanometer level accuracy.

e We have used the fully inorganic cesium lead iodide perovskites, CsPbls, as the
active absorber layer to fabricate p-i-n architecture devices with PTAA and
PCBM as the transport layers.

e We have enahnced the photoconversion efficiency of CsPbls solar cells through
careful experimentation and optimization of the tranport layers, perovskite
stoichiometry, anneal conditions, total layer thickness, and substrate
temperature during growth. We have achieved a PCE of 11.2% for CsPbls solar
cells, which represents the highest such reported efficiency with an inverted p-i-
n structure.

e We have used capacitance spectroscopy studies to show that the sum of dopant

and shallow defects for CsPbls solar is in the 2x10*/cm? range.
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We have determined the energy band gap of our vapor deposited CsPbls to be
1.74eV.

Due to the thermodynamic instability of CsPblz at room temperatures, attributed
to its small Goldschmidt Tolerance Factor, we have employed the strategy of
partial substitution of iodine with bromine to fabricate a mixed halide
perovskite composition.

We have fabricated highly efficiecnt photovoltaic devices with a n-i-p device
architecture using CsPbl2Br, employing various characterization tehcniques
such as external quantum efficiency and capcitance spectroscopy to
troubleshoot problems and understand the loss mechanisms in the photovoltaic
device.

We have shown that anneal temperatures and substrate temperatures during
growth play a critical role in the complete formation of the perovskite materrial.
Optimum anneal conditions and substrate temperatures ensured there was
complete intermixing of the precursor materials. Smaller hysteresis of the JV
curves were observed for higher substrate temperatures.

We have fabricated a champion device with CsPbl;Br as the active layer to
achieve a PCE of 11.6%, with a high Voc of 1.16V and a small hysteresis index
of 16%.

We have shown, through XRD analysis, the thermal stablity of the perovskite
compositon, displaying no compositional or phase degradation at 200°C over

extended periods of time.
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Thermal stability tests on our n-i-p devices with CsPbl2Br with the structure
FTO/In:CdS/pvkt/P3HT/Au show no reduction in the device performance at
200°C over 72 hours.

We have determined the energy band gap of the CsPbl>Br material to be
1.87eV, which makes it a suitable candidate for tandem cells with c-Si or CIGS.
We have shown that the vapor deposited CsPbl,Br material grown posseses a
low defect density of mid gap states with a single trap state 0.52eV below the
conduction band with a peak density of 7x10%°/cm?3/eV.

We have also shown the low crystal disorder in the peroivskites grown with our
vapor depostion technique that have Urbach energies of 21meV, which is the
lower range for perovskite materials.

We have used capacitance spectroscopy techniques to determine the dielctric

constant of CsPbl.Br to be 28.
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