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Thin film solar cells based on hybrid organic-inorganic perovskites (HOIPs) have
become highly attractive over the past several years due to a high solar to electric power
conversion efficiencies (PCEs). Perovskite materials based on methylammonium lead
iodide (CH3NH3sPblz, MAPDI3) possess high optical absorption coefficients, long minority
carrier lifetimes and diffusion lengths, and desirable optical band gaps, and carrier
collection in these materials can be highly efficient when they are paired with appropriate
electron and hole transport materials (ETMs and HTMs), respectively. Additionally,
perovskite solar cells (PSCs) can be fabricated via a variety of solution-based routes, which
are suitable for low-cost, large area manufacturing. The combination of these attributes
gives PSCs an advantage over currently available commercial photovoltaic (PV)
technologies.

Understanding the nucleation and growth mechanisms, and controlling the grain
size and crystallinity in the solution-processed fabrication of perovskite thin films are
important to prepare electronic-quality materials for PV applications. We investigated the

nucleation and growth mechanisms of MAPbIs; formed in a two-step solution process. To



prepare the MAPbIs films, Pbl> films were spin-coated and then were reacted with
methylammonium iodide (MAI) in the isopropanol (IPA) solution at various
concentrations. We showed that the conversion rate, grain size, and morphology of MAPDI3
perovskite films depend on the concentration of the MAI solution. Three distinct perovskite
formation behaviors were observed at various MAI concentrations, and a tentative model
was proposed to explain the reaction mechanisms.

The nucleation and growth process of MAPbIs can be significantly changed by
adding divalent metal salts into the MAI solution. We showed that the incorporation of
Cd?* ions significantly improved the grain size, crystallinity, and photoexcited carrier
lifetime of MAPDIs. Formation of (CH3NH3)2Cdl4 (MA2Cdl4) perovskite in the solution by
reacting the MAI and Cd?* is the key for this nucleation and growth change. Devices
prepared using this approach showed a significant improvement in the PCE relative to
control devices prepared without Cd?* addition. The improved optoelectronic properties
are attributed to a Cd-modified film growth mechanism that invokes low dimensional Cd-
based perovskites. In addition to the Cd?*, Zn?* and Fe?* also have the potential to change
the nucleation and growth process of MAPbDIz formation, to improve the material quality.

Formation of Cd-based perovskites, once the Cd?* ions contacted with MAI,
successfully applied in the cadmium telluride (CdTe) solar cell technology to form a Te
layer on the CdTe surface, that would reduce the Schottky barrier height and band bending
at the back contact, reducing the recombination at the back junction, and thus improve the
device efficiency. We found that Cd can be selectively extracted from the CdTe surface by
reacting MAI thin films with the CdTe surface, forming MA2Cdls perovskite. MA2Cdls is

soluble in IPA, therefore can be rinsed out, leaving a Te layer behind on the CdTe surface.

iv



MAI treated CdTe devices showed a reduction in the barrier height at the back
contact for both Au and transparent indium tin oxide (ITO) electrodes as calculated from
the temperature dependent J-V measurements, resulting higher photovoltaic parameters of
open circuit voltage (Voc), fill factor (FF), and PCE relative to the control devices. In
addition, only a ~6% reduction in transmittance in the near infrared (NIR) region occurred
in the devices with an ITO back electrode due to the MAI treatment, indicating this can be
potentially used for the fabrication of high performance transparent CdTe solar cells that

use in tandem solar cell or window applications.
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Chapter 1

Evolution of Perovskite Solar Cells

1.1 Introduction

Perovskite is a naturally occurring mineral of calcium titanate with a chemical
formula of CaTiOz. This mineral was first discovered by German mineralogist Gustav Rose
in 1839 and was named in honor of the Russian mineralogist Lev Perovski (1792-1856).[1]
Generally, materials which have the same crystal structure of CaTiOs3 are referred to as
perovskite materials. These perovskite materials typically have a cubic or tetragonal crystal
structure with the stoichiometry of AMX3, where both A and M are metal cations and X is
an anion (Figure 1-1). Each cation M is octahedrally coordinated with the anions X to form
the basic building block of the perovskite structure. These MXg octahedra are connected in
a three-dimensional corner-sharing configuration, with the cation A embedded in the space
formed between adjacent MXs octahedron to neutralize the charge of the structure.[1]

Over the past few decades, the inorganic perovskite oxides (e.g., CaTiOs, BaTiO3,
LaMnOs etc. ) and halides (CsSnlz, CsPbls etc.) have been extensively studied due to their

versatile applications in optics,[2] magnetics,[3] electronics,[4] and superconductors.[5]



Figure 1-1. Diagram of cubic perovskite crystal structure.

In recent years, another group of perovskite materials called the hybrid organic-
inorganic perovskites (HOIPs), which are comprised of an organic ammonium cation A
(CHsNHs*, NH=CHNHs" etc.), a divalent metal cation M (Pb?*, Sn?*, Cd?*, Fe?*, Co?",
Cu?* etc.), and halide ions X (CI-, Br-, or I), have attracted substantial research interests.
Since the 1970s, significant research has conducted on this family of materials to better
understand their structural versatility and diversity in optical, magnetic, and electronic
properties.[6-8] In the early 1990s, Sn- and Pb-based HOIPs were of great interest to
materials scientists for fabricating field-effect transistors[9] and light-emitting diodes[10]
due to their high charge carrier mobilities and strong excitonic transitions. These excellent
optoelectronic properties also make the HOIP materials ideal for thin-film photovoltaic
(PV) devices, however, their application as solar cells were not considered.
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The first HOIP-based PV device was reported by Kojim et al. in 2009,[11] who
used methylammonium lead iodide (CH3sNH3sPbls, MAPbI3) and methylammonium lead
bromide (CH3NH3PbBrs, MAPDbBr3) as the sensitizers to fabricate dye-sensitized solar
cells (DSSCs) with a liquid electrolyte.[11] Because of a low power conversation
efficiencies (PCEs) of ~3% and poor device stability, HOIPs as light absorbing materials
received little attention. In 2012, the liquid electrolyte was replaced with a solid-state hole
transport material (HTM), and the PCE of MAPDIs-based solar cells increased to
~10%.[12, 13] These revolutionary findings opened a new era of the emerging perovskite
solar cells (PSCs) and spread the so-called “perovskite fever” all around the world.[14-16]
Thanks to the tremendous efforts in the past few years, PSCs have rapidly progressed and
reached 22.1% PCE.[17] Figure 1-2 shows some major milestones in the progress of PSCs,
including the device evolution from dye-sensitized to planar structure and the
advancements in the solvent and compositional engineering techniques. This successful
progress also stimulated a great interest in this emerging PV technology, as the annual
number of articles published with the topic of PSCs has increased from a single digit
number in 2012 to ~2300 in 2016. This chapter traces this remarkable evolution mainly
from the perspectives of device architecture and material deposition method by focusing
on the early developments of the materials, notable devices with excellent performance,

technical advances in preparation methods, and the future directions of the field.
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Figure 1-2. Record efficiency and numbers of publications with the topic on perovskite

solar cells from 2009 to 2016. The publication data is adapted from ISI web of science.

1.2 Evolution of the Device Architecture

Advances in the design of device architecture is one of the most important factors
that drove the evolution of PSCs, especially in the early stage of the technical development.
In 2009, PSCs were first demonstrated based on the design of the liquid electrolyte DSSC
configuration (Figure 1-3a). This device structure, inherited from the conventional DSSCs,
has intrinsic material compatibility issues associated with the use of liquid electrolyte that
limit the stability of the devices. Advances in solid-state HTM as a replacement for the
liquid electrolyte led to the development of the mesoscopic (Figure 1-3b) and meso-
superstructured (Figure 1-3c) architectures used in 2012. Based on these two preliminary
structures, the so-called the “regular” or “mesoporous” structure (Figure 1-3d) constructed
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with the HOIP materials penetrating into a thin mesoporous metal oxide layer and forming
a capping layer on the top was developed during 2013 — 2014. Since then, the regular
structure has been widely used to fabricate high efficiency PSCs. This success has attracted
the experts of inorganic thin-films and organic PV materials to the field of PSC research,
resulting in the development of the planar heterojunction structures in the n-i-p (Figure 1-
3e) and p-i-n (Figure 1-3f) configurations. The planar p-i-n structure, with the film stack
deposited in the opposite sequence of the regular structure, is often referred as the inverted

structure.

(b)

Au/ag |

Figure 1-3. Schematics of perovskite solar cell architectures: (a) liquid electrolyte DSSC
structure, (b) solid-state mesoscopic structure, (¢) meso-superstructured structure, (d) the
regular structure, (e) planar n-i-p heterojunction structure, and (f) planar p-i-n

heterojunction structure (inverted planar structure).



1.2.1 Liquid Electrolyte Dye-Sensitized Solar Cells (DSSC) Structure

PSCs were initially fabricated in the conventional DSSC structure (Figure 1-4a)
which is comprised of a glass substrate/transparent conducting oxide (TCO), a thin
compact TiOz (c-TiOz) hole blocking layer (BL), a several micron thick mesoporous TiO2
(mp-TiO) layer sensitized with molecular dyes, a liquid electrolyte, and a counter
electrode (Pt/TCO/glass).[18] Figure 1-4b shows the working principle of DSSC, which
is based on photoexcitation of the sensitizer dye.

(b)

TCO TiO2 Dye  Electrolyte Cathode

Injection e T

Figure 1-4. (a) Schematic diagram and (b) working mechanism of the conventional DSSC.

When the incident photons are absorbed by the photosensitizers coating the surface
of TiOg, electrons are excited from the ground state to the excited state. The photoexcitation
results in the injection of electrons into the conduction band of mp-TiO., and then to the
front electrode (anode). This process leaves the photosensitizers in an oxidized state, which
is subsequently reduced back to the ground state by an injected electron from the reductants
(e.g., I) in the liquid electrolyte. After the electron donation, the deactivated reductants,

i.e. the oxidants (e.g., 13), diffuse to the metal counter electrode and are regenerated by
6



electrons from the cathode. This complete electron flow creates a photogenerated current
in a DSSC. The energy difference between the Fermi level of TiO2 and the redox potential
of the mediator in the electrolyte determines the maximum value of open circuit voltage
(Voc).[18, 19]

In 2009, Kojima et al. replaced the organic dye in the DSSC structure with MAPbI3
or MAPbBrs perovskite (Figure 1-5a) by spin-coating a precursor solution containing
equimolar MAX and PbX; (X = | or Br) onto the mp-TiO2/c-TiO2/FTO substrate.[11] The
best MAPbIs device demonstrated a PCE of 3.8%, with a Voc of 0.61 V, a short circuit
current density (Jsc) of 11.0 mA/cm?, and a fill factor (FF) of 57%. In comparison, the
champion MAPbBr3; device had a PCE of 3.2%, with Voc = 0.96 V, Jsc = 5.57 mA/cm?,

and FF = 59%.
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Figure 1-5. (a) Schematic diagram of perovskite sensitizers. (b) Incident photon to electron
conversion efficiency (IPCE) of DSSCs using MAPbI3 and MAPbBTr3. (c) Energy level
diagram of a liquid-electrolyte DSSC with perovskite sensitizers. Panels (a) and (b) are

reprinted with permission from Ref.[11]. Copyright 2009 American Chemical Society

The higher Jsc of the MAPDI3 device is a result of photo conversion of longer

wavelengths light (550 — 800 nm) (Figure 1-5b) due to a lower bandgap (1.5 eV) relative
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to MAPDBIr3 (2.3 eV), but the Voc of the MAPDI; devices is lower due to a smaller energy
level difference between the conduction band of the perovskite absorber and the redox
potential of the X*>/X (X = | or Br) mediator (Figure 1-5c). Although this work
demonstrated the potential of using the HOIP materials in PV applications, it did not
receive much attention due to the relatively low efficiency and instability of the devices.
Two years later, Im et al. fabricated perovskite-sensitized DSSCs using 2-3 nm
MAPDI3 quantum dots (QDs) to coat the 3.6 um thick mp-TiOz layer (Figure 1-6a).[19]
Their champion device shows an improved PCE of 6.54%, with Voc = 0.706 V, Jsc =

15.82 mA/cm?, and FF = 58.6% (Figure 1-6b).
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Figure 1-6. (a) Schematic of a DSSC with the perovskite QDs. (b) Current density—voltage
(J-V) and EQE curves of the device. Reprinted with permission from Ref.[19]. Copyright

2011, Royal Society of Chemistry

The Jsc enhancement is due to the improved light conversion in the MAPbIz QDs,
which shows the maximum external quantum efficiency (EQE) of ~80% at 530 nm. The

increased Voc is likely due to the thicker mp-TiO2 which prevents recombination at the



perovskite/FTO interface. This work revealed the high light absorption coefficient of the
HOIP materials, which is one of the key factors for fabricating high efficiency solar cells.
Still, instability of these devices limits their practical application — the device performance
degraded ~80% in 10 min due to the dissolution of the perovskite QDs in the liquid

electrolyte.

1.2.2 Solid-State Mesoscopic Structure

To overcome the instability issue associated with the liquid electrolyte, Kim et al.
in 2012, developed the first solid-state PSC by replacing the liquid electrolyte with the
solid hole transport material HTM 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenyl-amine)-
9,9'-spirobifluorene (Spiro-MeOTAD) that was successfully used in solid-state DSSC.[13]
This device configuration (Figures 1-3b) was named the mesoscopic structure because it
consists of a thin mp-TiO> layer similar to that used in the liquid electrolyte perovskite-
sensitized solar cells, although the thickness of the mp-TiO2 layer was reduced from ~3
pum to ~0.6 um. In this device configuration, part of the Spiro-MeOTAD HTM penetrates
into the pores of the mp-TiO> layer, making direct contact with the perovskite sensitizers.
The remaining HTM material forms a dense capping layer that covers the mp-TiO,
preventing shunts between the electron transport materials (ETM) and the back contact
(Figure 1-7a).

The working principle of this device configuration differs from the conventional
DSSCs. In contrast to the electrolyte that suffered from low charge carrier mobility, the

solid-state Spiro-OMeTAD allows holes to move more efficiently. The champion device



demonstrated a PCE of 9.7%, with Voc = 0.89 V, Jsc = 17.6 mA/cm?, and FF = 62% (Figure

1-7h).
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Figure 1-7. (a) Cross-sectional scanning electron microscope (SEM) image, (b) J-V
characteristic, (c) energy level diagram, and (d) stability of a perovskite solar cell in solid-
state mesoscopic structure. Panels (a), (b), and (d) are reprinted with permission from

Ref.[13]. Copyright 2012, Nature Publishing Group.

Replacing the liquid electrolyte with the solid HTM significantly improved Voc
from 0.71 to 0.89 V due to the better alignment of the highest occupied molecular orbital
(HOMO) level of the Spiro-MeOTAD (-5.22 eV) with the valance band of MAPbI; (-5.43
eV), enabling more efficient hole extraction from the perovskite absorber and widening the

hole Fermi energy splitting under illumination (Figure 1-7c). In addition to the PCE
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improvement, the device stability was also dramatically enhanced. Some devices even
exhibited the enhanced PCEs after 500 h of operation (Figure 1-7d).
1.2.3 Meso-Superstructured Structure

Analogous to the mesoscopic configuration, Snaith et al. invented the meso-
superstructured structure by replacing the mp-TiOz layer with the insulating Al20s.[12]
This device configuration has almost the same structure as in the mesoscopic structure
(Figure 1-8a), but the perovskite materials formed a continuous extremely thin absorber
(ETA) layer on the surface of the porous metal oxide (Figure 1-8b). Snaith et al.
investigated a mixed halide CH3NH3Pbl3Cly, instead of the pure MAPbIz perovskite as
the absorber material and studied the electronic properties of the meso-superstructured
perovskite films.[20] The champion device with the porous Al>O3 layer achieved a PCE of
10.9%, with Voc = 0.98 V, Jsc = 17.8 mA/cm?, and FF = 63%, while the best control device
made with mp-TiO, demonstrated a PCE of 7.6% with Voc = 0.80 V, Jsc = 17.8 mA/cm?,
and FF = 53%. Interestingly, a significantly higher Voc value of ~1.1 V was achieved in
some devices with the Al2Os layer. This low Voc deficiency, i.e. the difference between
Eg/e of the absorber material and Voc of the corresponding devices, indicates low non-
radiative recombination and long carrier diffusion lengths of the mixed halide perovskites.
These excellent optoelectronic properties that favor the PV application were confirmed by
optical and charge transport measurements.[21, 22]

The charge transport mechanism of the meso-superstructured cells differs from that
of the mesoscopic devices in one critical way. Unlike the case of mp-TiOa, injection of
photoexcited electrons from the perovskite absorber into Al2O3 is energetically unfavorable

due to the higher conduction band of Al2Os relative to MAPbI3xClx (Figure 1-8c).
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Moreover, Al2Os is electrically insulating as indicated by the poor performance of the
DSSC with the N719 dye and mesoporous Al203.[12] Therefore, in this device, the porous

Al>Oz layer merely serves as a meso-scale scaffold for the perovskite absorber.
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Figure 1-8. Schematic diagram of (a) mesoporous and (b) meso-superstructured PSCs. (c)
Measured binding energy of perovskite, Al.Oz/perovskite, and mp-TiO2/perovskite. Panels
(@) and (b) are reprinted with permission from Ref.[23] Copyright 2014 American
Chemical Society. Panel (c) is reprinted with permission from Ref.[20] Copyright 2014

American Chemical Society.

Electrons have to transport to the c-TiO2 layer through the ETA layer of
perovskites, which is enabled by the long diffusion lengths of both electrons and holes in
the perovskite materials.[21, 22] These good electric properties suggested PSCs could be
fabricated without the mesoporous layer. While Snaith et al. only achieved a PCE of 1.8%
for their preliminary planar junction device,[12] high PCE devices were realized in the

following years after the advances in deposition techniques, interface passivation,
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compositional control, and the understanding of the perovskite materials (See Section 1.4
for the details).
1.2.4 The Regular (Mesoporous) Structure

The success of meso-superstructured cells motivated many researchers in the
related field to study these exciting materials. The breakthrough was enabled when
researcher discovered the low trap state density and long carrier diffusion length in
HOIPs,[21, 22] indicating thicker perovskite films instead of ETA could be used in the
PSCs. Increasing the absorber thickness can improve the absorption of long wavelength
photons and prevent the direct shunts between the electrodes. Consequently, the device
structure was developed based on the meso-superstructure configuration but with a thicker
and dense perovskite layer (Figure 1-3d). This structure was widely adopted by researchers
all around the world for fabricating high efficiency PSCs, and thus is called the “regular”
structure due to its popularity.

The regular device structure was originated from the PSCs with “pillared
structures”. In 2013, Heo et al. reported this structure with MAPbIz completely filled the
pores of the mp-TiO, and formed individual MAPDI3 pillars (Figure 1-9a).[24] These
perovskite pillars were covered by a thin poly triarylamine (PTAA) HTM and Au electrode
to complete the device. The PCE of the best cell was 12%, with Voc =0.997 V, Jsc = 16.5
mA/cm?, and FF = 72.7%. Heo et al. found that devices that had a mp-TiO; layer of ~600
nm exhibited the best incident photon-to-electron conversion efficiency (Figure 1-9b) and
device performance (Figure 1-9c) due to the formation of a perovskite overlayer. However,
this overlayer suffered from a rough and discontinuous morphology, limiting the

improvement of device performance.
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(a) (b) (©)

Figure 1-9. (a) Schematic illustration, (b) Incident photon-to-electron conversion
efficiency (IPCE) curves, and (c) J-V characteristics of the PSCs with different mp-TiO-
thickness. Reprinted with permission from Ref.[24]. Copyright 2013, Nature Publishing

Group.

The further progress of the regular structure was propelled by the advances in the
perovskite film deposition techniques,[1] allowing thicker perovskite films to be deposited
on a thinner mp-TiO- layer. Bruska et al. reported PSCs with the best PCE of 15% in the
regular configuration by fabricating a smooth and thin perovskite capping layer (~ 50 nm)
on the top of a ~300 nm mp-TiO layer (Figure 1-10a) using the two-step sequential
deposition method (see the section 1.3.2).[25] The efficiency enhancement, especially the
improved Jsc (20.0 mA/cm?) (Figure 1-10d), was mainly due to the formation of a dense
and uniform perovskite layer. The same deposition technique was then used by Im et al. to
prepare PSCs on a thinner mp-TiO> layer (~100 nm), resulting in the increased thickness
of the perovskite capping layer (~150 nm) (Figure 1-10b),[26] and improved the Jsc (21.64
mA/cm?), Voc (1.056 V), and efficiency (17%) of the devices (Figure 1-10e). By
employing the Li-doped TiO2 and a thicker perovskite capping layer (~300 nm) (Figure 1-

10c), Giordano et al. achieved a PCE of 19.3%, with Voc = 1.114 V, Jsc = 23.0 mA/cm?,
14



and FF = 74% (Figure 1-10f).[27] To date, the state-of-the-art PSCs with PCEs >20% were

predominantly fabricated in the regular configuration.[1]
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Figure 1-10. (a-c) Cross-sectional SEM image and (d-f) corresponding J-V curves of PSCs
with different perovskite capping layers. Panels (a) and (d) are reprinted with permission
from Ref.[25]. Copyright 2013, Nature Publishing Group. Panels (b) and (e) are reprinted
with permission from Ref. [26]. Copyright 2014, Nature Publishing Group. Panels (c) and

() are reprinted with permission from Ref.[27]. Copyright 2015 Nature Publishing Group.

1.2.5 Planar n-i-p Heterojunction Structure

The planar n-i-p heterojunction structure (Figure 1-3e) was developed as the
mesoporous oxide layer of the regular structure getting thinner that they eventually were
removed. Analogous to inorganic thin-film solar cells, the structure is comprised of a TCO
cathode, an n-type ETM, an intrinsic perovskite layer, a p-type HTM, and a metal anode.
Due to the low exciton bounding energy and long diffusion lengths of charge carriers,

photoexcited electrons and holes have sufficiently long lifetimes to transport to the
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interfaces with the charge selective layers (HTM and ETM). In 2012, Snaith et al. made
the first attempt on planar heterojunction PSCs using MAPDbI3.xClx but only achieved a
PCE of 1.8%,[12] likely due to the incomplete film coverage that led to shunts in the
devices. Efforts to increase the PCE by optimizing the processing conditions, including
annealing temperature and film thicknesses, resulted in values of 4.5%[28] in 2013 and
11.4%[29] in 2014. Although the preliminary n-i-p type planar devices seemed to be
comprised of smooth and uniform films in the devices (Figure 1-11a), the perovskite films
were porous and had a high surface defect density (Figure 1-11b). To improve the
smoothness of the perovskite film, Snaith et al. developed a dual-source coevaporation of
PbCl; and MAI technique (see Section 1.3.4) to prepare a uniform MAPbI;xClx layer on
the c-TiO; layer in 2013 (Figure 1-11c).[30] The champion device achieved a PCE of 15%,
with Voc = 1.07 V, Jsc = 21.5 mA/cm?, and FF = 0.67 (Figure 1-11d). Thanks to the
advances in the film deposition techniques (see Section 1.4), the present state-of-the-art
planar PSCs prepared by solution-based deposition methods yields PCEs of ~20%,[31-33]
with a Voc of up to 1.214 V.[33] Additionally, these devices exhibited stable performance
under operating conditions over hundreds of hours.[34] These advancements in efficiency
and stability have made the planar device structure a promising candidate for the

commercialized manufacturing of PSCs.
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Figure 1-11. (a) Cross-sectional and (b) surface SEM images of a PSC in the planar n-i-p
configuration prepared by solution-based deposition. (c) Cross-sectional SEM image of a
PCS prepared by the vapor-based deposition. (d) J-V characteristics of the planar n-i-p type
PSCs. Panels (a) and (b) are reprinted with permission from Refs.[29]. Copyright 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Panels (c) and (d) are reprinted

with permission from Ref. [30]. Copyright 2013, Nature Publishing Group.

1.2.6 Inverted Planar p-i-n Heterojunction Structure

While the regular and planar n-i-p structures progressed, the planar p-i-n
heterojunction structure originally used in the organic PV devices was adopted by the PSC
community as an alternative. Because the planar p-i-n heterojunction structure has an

opposite sequence of HTM and ETM than the regular configuration, it is often referred as
17



the “inverted” structure (Figure 1-3f). The p-i-n structure is comprised of a TCO anode, a
p-type HTM, an intrinsic perovskite layer, an n-type ETM, and a metal cathode. In 2013,
Jeng et al. reported the prototype of planar p-i-n PSC with the structure 1TO/
PEDOT:PSS/MAPbI3/Ce/BCP/Al,[35] where they categorized the MAPbI3/Ceg as a planar
heterojunction and bathocuproine (BCP) and poly polystyrene sulfonate (PEDOT:PSS) as
the ETM and HTM (Figure 1-12a). The preliminary device yielded a PCE of 1.6%, which
improved to 3.9% when phenyl-Cs:-butyric acid methyl ester (PCs1BM) was used instead
of Ceo. The increased efficiency was attributed to the larger energy offset between the
HOMO of MAPbIs; (donor) and the lowest unoccupied molecular orbital (LUMO) of
PCe1BM (acceptor) and more efficient electron injection into the Al cathode (Figure 1-

12b).
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Figure 1-12. (a) Structure and (b) energy level diagram of a PSC in the planar p-i-n
heterojunction structure. Reprinted with permission from Refs. [35]. Copyright 2013

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The efficiency of PSCs in the planar p-i-n structure has rapidly progressed. Sun et
al. applied the solution-processed PCs1BM to the p-i-n type PSC and improved the PCE to
7.4%.[36] Snaith et al. prepared the planar PSC in the structure FTO/PEDOT:PSS/MAPDIs.
xCIx/PCs1BM/TiOx/Al and obtained a PCE of 9.8%.[37] You et al. further improved the
device efficiency to 11.5 % by optimizing the perovskite deposition.[38] Malinkiewicz et
al. employed the co-evaporation technique for preparing MAPbIz and achieved a 12.0%
PCE champion cell.[39] Wang et al. introduced a double fullerene layer consisting of Ceo
and PCe1BM to passivated the perovskite film,[40] and demonstrated a 12.2% PCE device
with a record high FF of 80.1%.

While the early work established the standard configuration of the p-i-n planar
structure (Figure 1-13a), the further progress of the p-i-n planar PSCs was due to advances
in perovskite fabrication techniques (see Section 1.4).[41, 42] Nie et al. fabricated mm-
sized perovskite grains using the hot casting deposition technique and achieved a PCE of
17.7%.[43] Meanwhile, Huang et al. used non-wetting HTM and ETM to assist the
preparation of large-size perovskite grains (Figure 1-13b, c),[44, 45] achieving the
champion PCE of 19.5%, with Jsc = 22.6 mA/cm?, Voc = 1.07 V, FF = 80.6% (Figure 1-
13d).[45] These state-of-the-art planar p-i-n devices not only exhibited excellent photon-
to-electron conversion rate (Figure 1-13e), but also demonstrated enhanced device stability

maintaining ~90% PCE after 30 days of exposure to the ambient condition (Figure 1-13f).
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Figure 1-13. (a) Structure of a PSC in the planar p-i-n structure. (b) Cross-sectional and (c)
surface SEM images of the perovskite film deposited on a ITO substrate. (d) J-V
characteristic, (e) EQE, and (f) stability measurement of a PSC in the planar p-i-n structure.
Panels (a) - (c) are reprinted with permission from Refs.[44] Copyright 2015, Nature
Publishing Group. Panels (d) - (f) are reprinted with permission from Refs.[45] Copyright

2016, Nature Publishing Group.

1.3 Evolution of the Film Deposition Methods

Advances in the design of device architecture drove the evolution of PSCs,
especially in the early stage (2009 - 2013) of the technical evolution. As the technology
progressed, preparation of the perovskite layer became essential for fabricating high
efficiency devices. Generally, delicate control of the stoichiometry, crystallographic phase,
and grain structure of the HOIP material is required to fabricate high efficiency PSCs.
Because these properties can be controlled by the preparation methods, substantial research

into the development of film deposition techniques has occurred.
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Figure 1-14. Preparation methods for perovskite absorber (a) single-step solution process,
(b) two-step solution process, (c) vapor assisted solution process, and (d) thermal vapor

process.
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During the evolution of PSCs, 4 primary deposition approaches, single-step
solution process (Figure 1-14a),[12] two-step solution process (Figure 1-14b),[25] vapor
assisted solution process (Figure 1-14c),[46] and thermal evaporation process (Figure 1-

14d),[30] were developed to fabricate the perovskite films.

1.3.1 Single-Step Solution Process

The single-step solution deposition was first used to fabricate PSCs due to the ease
of processing[11-13] and is now the most widely adopted processing technique for
preparing the perovskite films. In this process, the precursor solution is prepared by
dissolving organic halide MAX and metal halide PbX> in an aprotic polar solvent, such as
y-butyrolactone (GBL), dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), N-2-
methyl pyrrolidone (NMP), or a mixture of them. A wide range of precursor MAX to PbX>
ratios have been used to fabricate high efficiency PV devices.[47] For example, high PCE
MAPbI3 devices were prepared using a MAI to Pbl; ratio of 0.8:1 (MAI-poor)[48] and 3:1
(MAI-rich).[49] To deposit a perovskite film using the single-step solution process, the
precursor solution is spin-coated on a substrate followed by a post-deposition annealing at
temperatures ranging from 80 to 150 °C (Figure 1-14a).[1, 50] The appropriate selection
of post-deposition temperature and time based on the precursor composition is crucial for
fabricating high quality perovskite films.[29, 47, 51] Additionally, the environmental
conditions (e.g., oxygen and humidity), morphology of the substrates, and other processing
parameters (rotational speed and time) can also influence the uniformity, crystallinity,

phase purity, surface morphology and interface properties of the perovskite films.
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Advancements of the single-step solution deposition method started with
understanding the effect of substrate morphology and annealing temperature on the surface
morphology of the perovskite films. Snaith et al. showed that the perovskite capping layer
coverage increased with decreasing the mesoporous Al2O3 thickness.[29] However, poor
surface coverage was observed with absence of the mesoporous Al,Os layer, indicating
that the mesoporous scaffold was important to form a conformal perovskite coating. They
further investigated the morphology of perovskite films on a c-TiO2 layer annealed at
different temperatures and found that increasing the annealing temperature led to less
surface coverage of the perovskite films.[29] Therefore, temperature that is sufficiently
high to crystalize the perovskite film while preserve a good surface coverage is
recommended for the film preparation. Dualeh et al. investigated the effects of post-
deposition annealing on the surface morphology of MAPbIs films deposited on a mp-TiO-
layer.[52] The best devices were achieved using temperatures in the range of 80 - 100 °C,
due to a smooth surface morphology and good phase purity.

Clearly, the empirical optimization of various deposition parameters can lead to
high efficiency PSCs. However, without the development of rational synthetic guidelines,
further advances would be difficult to achieve. To address this need, a recent work
systematically studied the impact of the precursor composition and reaction temperature
on the MAPbI3 formation using the single-step deposition method and proposed a near-
equilibrium phase diagram for the perovskite formation (Figure 1-15).[47] Although the
pure tetragonal MAPDI3 perovskite phase (o) occurs in a narrow compositional space where
the composition is close to the stoichiometric value [MAI/(MAI+Pbl,) = 0.5], the benign

nature of the stacked perovskite sheet (SPS) phase that formed in the MAI-rich region
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enables a wider composition range for high efficiency device fabrication. The result is
consistent with early work, in which the off-stoichiometry MAI to Pbl; ratio (3:1, Xwmal =
75%) was used in the precursor solution and the films were subjected to a high temperature
(~150 °C) annealing.[21] This off-stoichiometry precursor composition led to smoother

morphology than using a stoichiometric precursor solution at that time.
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Figure 1-15. Proposed phase diagram for MAPbDIs. Reprinted with permission from

Refs.[47]. Copyright 2015 American Chemical Society.

1.3.2 Two-Step Solution Deposition

In the early stage of PSC evolution, the devices prepared by the single-step solution
deposition was inhibited by the poor surface coverage of the perovskite film (Figure 1-16a-
d). To overcome this, Burschka et al. developed the two-step solution deposition method,
based on the pioneering work by Mitzi et al.,[8] to prepare uniform MAPbIs films on the

mp-TiO2 layer.[25] In the two-step method, a Pbl> seed layer is first deposited and
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subsequently reacted with MAI in isopropanol (IPA) solution introduced by dipping or
spin-coating (Figure 1-14b) to form MAPbIs. The films prepared by the two-step method
formed a dense conformal layer (Figure 1-16e & f), while contemporary films prepared
using the single-step solution method formed of spherical-shaped individual islands (with
GBL) (Figure 1-16a & b) or highly porous needle-shaped crystals (with DMF) (Figure 1-

16c, d).

Figure 1-16. MAPbI3 perovskite films prepared by the single-step solution deposition
using (a), (b) GBL and (c), (d) DMF solvents. Panels (e), (f) show the fabricated MAPDI3
films using the two-step sequential deposition. Reprinted with permission from Ref.[25].

Copyright 2013, Nature Publishing Group.

Im et al. continued the work on the two-step deposition by investigating the
relationship between grain size of perovskite and the MAI concentration.[26] They found

that grain size decreased with increasing MAI concentration, with the best PCE of 17.01%

25



achieved at the MAI concentration of 0.038 M. Due to the success in fabrication high
efficiency PSCs in the normal device structure, the two-step solution method was
subsequently applied to the planar n-i-p and p-i-n architectures.[41, 53, 54] However, there
were several drawbacks to this method. The major one is the trade-off between perovskite
grain size and surface smoothness. Surface roughness increases with increasing the size of
perovskite grains, leading to a higher surface recombination and leakage current. In
contrast, smooth films with small grains suffer from low carrier lifetime and short diffusion
length. Another drawback is the incomplete conversion of Pblz, especially in the planar
structures.[55, 56] The remaining Pblz> not only decreases the total light absorption, but
also blocks the efficient charge carrier transport to the selective contacts, resulting in
reduced Voc and Jsc. In the past few years, these hurdles were overcome using advanced
film deposition techniques (see Section 1.4) and devices with PCEs of >20% were

fabricated using the two-step methods.[57]

1.3.3 Vapor Assisted Solution Process

The vapor assisted solution process was developed as a modified two-step solution
deposition where the MAI is introduced by a vapor deposition process. Yang et al.
introduced this method to fabricate uniform and conformal MAPbI3 films with high phase
purity (Figure 1-17a).[46] They deposited the Pbl> seed layer by spin-coating, followed by
exposing to the MAI vapor generated by heating the MAI powder at 150 °C in an inert
environment. This method effectively avoids delamination issues during the two-step
solution process when the sample is removed from the MAI solution or washed by the IPA

solution.[41, 46] Perovskite films formed by this method showed a full conversion of Pbl>
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and a conformal, uniform, and smooth film with large sized grains up to the micrometer
scale (Figure 1-17b, c). However, the process of MAI incorporation into the Pbl;

framework is much slower than the solution deposition, needing several hours for complete

conversion. This long processing time limits the practical application of this method.
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Figure 1-17. (a) Schematic illustration, (b) cross-sectional, and (c) surface SEM images of
perovskite film prepared by vapor assisted solution process. Reprinted with permission

from Ref.[46]. Copyright 2014 American Chemical Society.

1.3.4 Thermal Vapor Deposition

Thermal evaporation was used to fabricate HOIP films in 1990s because it was
widely used in the semiconductor industry.[58, 59] In 2013, Snaith et al. rejuvenated this
method by using the dual coevaporation to prepare the first planar heterojunction PSCs.[30]
MAPbI;—«Clx films were prepared by coevaporation of PbCl, and MAI followed by
annealing (Figure 1-18a). Smooth, conformal, and uniform perovskite films were the result,
and a then record PCE of 15.4% was achieved. This success stimulated development of
alternative vapor deposition methods, such as the layer-by-layer vacuum evaporation, [60]

chemical vapor deposition (Figure 1-18b),[61] and flash evaporation (Figure 1-18c).[62]
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Perovskite films deposited using vapor deposition are more uniform and pinhole-free
compared to solution processed films.[63] This can lead to high efficiency devices,
however, due to the low thermal stability of both the precursor sources and the products,
control over temperature during deposition is difficult and often results in off-
stoichiometric films. Therefore, only few research groups have fabricated high efficiency
devices using this method.[30, 39, 60, 64, 65]
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Figure 1-18. Schematic images of (a) dual source evaporation, (b) chemical vapor
deposition, and (c) flash evaporation. Panel (a) is reprinted with permission from Ref.[63].
Copyright 2015 Materials Research Society. Panel (b) is reprinted with permission from
Ref.[61]. Copyright 2015 Nature Publishing Group. Panel (c) is reprinted with permission

from Ref.[62]. Copyright 2015 Royal Society of Chemistry.

1.4  Advanced Device Engineering Techniques

The rapid progress of PSCs in the early stage (2012 - 2014) relied mainly on the
innovation on the device architecture and film preparation method. During this period, the
champion PCE was rapidly increased to 15%. The further advances in fabricating high

efficiency PSCs with PCEs of ~20% were enabled by some advanced device engineering
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techniques developed in 2014 - 2016 to address problems associated with the primary
deposition methods and improve the quality of the perovskite films.[1] These strategies,
solvent engineering, deposition process engineering, contact material engineering, band
gap engineering, yield uniform and dense perovskite films with improved optoelectronic
properties and interface passivation. Consequently, the present state-of-the-art PSCs
typically employed combined engineering strategies to achieve high performance and
stability. In addition to single junction PSCs, research on perovskite-based tandem devices

has been progressed as a promising future direction.

1.4.1 Solvent Engineering

After common device structures and film deposition methods were established, the
most challenging aspect of processing PSCs became achieving a homogeneous
composition and uniform thickness over large area. In the early 2014, two-step solution
process was mostly used to prepare uniform and pinhole-free perovskite films because of
easy process and high reproducibility. In contrast, single-step method often resulted in
inconsistent film morphology with high porosity (Figure 1-16). To address this, many
researchers investigated solvent engineering techniques to improve the surface
morphology of single-step solution processed perovskite films.

Jeon et al. first used DMSO as an additive to the precursor solution, improving the
crystallinity and morphology of perovskite films.[66] During the single-step deposition,
the intermediate phase of MAI-Pbl,-DMSO was formed via an intercalation process,
retarding the crystallization kinetics of perovskite formation. The intermediate phase was

then converted into MAPDI3 via a heat treatment which removes the DMSO molecules
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(Figure 1-19a). This process allowed a uniform grain growth rate of perovskite crystals,
leading to the formation of uniform and dense perovskite layers. By incorporating the
DMSO additive, Jeon et al. demonstrated PSCs with an improved PCE of 16.5% (Figure

1-19b) and high photon-to-electron conversion efficiencies over the visible light spectrum

(Figure 1-19c¢).[66]
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Figure 1-19. (a) Mechanism illustration of solvent engineering using DMSO. (b) J-V
characteristics and (c) IPCE curve of PSCs prepared with DMSO additive. Reprinted with

permission from Ref.[66]. Copyright 2014, Nature Publishing Group.

Besides DMSO that was added to the precursor solution for decoupling the
nucleation and grain growth processes during the deposition, several other additives such

as CHaNH3Cl,[67] HI,[68] MAI/I2,[69] NH4CI,[70] H.OHBr,[71] 1,8-diiodooctane,[72]
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5-ammoniumvaleric acid,[73] and phosphonic acid ammonium[74] have also been used in
the single-step solution deposition to fabricate perovskite films with higher crystallinity
and better surface coverage. The solvent engineering technique was also applied to the two-
step solution deposition. The conventional two-step solution deposition is hampered by the
incomplete conversion that leaves a dense Pbl. layer on the ETM or HTM.[75, 76] When
MAL is introduced on to a dense Pbl> seed layer, the top surface reacts with MAI and forms
a dense perovskite capping layer, which hinders the MAI diffusion to the underlying Pbl;
layer.[75] Fabricating a porous Pbl> film is an effective way to avoid the formation of dense
perovskite capping layer and increase the perovskite conversion. Adding additives such as
n-butanol,[77] MAI,[53] H20,[78] or 4-tert-butylpyridine[54] in the Pblo/DMF precursor
solution, or by employing DMSO as a solvent,[55] researchers can control the porosity in
the Pbl, layer. Additionally, modifying the MAI solution by incorporating small
concentrations of metal ions (e.g., Zn%*, Cd?*, Hg®" etc.) was also used to prepare
perovskite films with uniform morphology and large grains.[79, 80] Despite these
advancements, two-step has become less popular after the recent progress of deposition

process engineering techniques.

1.4.2 Deposition Process Engineering

Jeon et al. introduced the anti-solvent drop casting technique to complement the
solvent engineering in the single-step solution deposition.[66] A precursor solution
consisting of the equimolar MAX and PbXz in DMF/DMSO is span onto a substrate.
During the last tens of seconds of spinning, an anti-solvent to DMF, such as toluene,

chloroform, chlorobenzene, diethyl ether is dripped on the substrate (Figure 1-20a).[66, 81,
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82] The anti-solvent addition rapidly extracts DMSO from the precursor solution, leading
to the increased solute concentration in the precursor solution. Consequently, the
intermediate MAI-Pbl,-DMSO phase is rapidly formed, which avoids the needle- and
spherical-shaped perovskite crystals that usually occurs with DMF and GBL solvents,
respectively. After annealing, smooth and dense perovskite films with high phase purity
which are essential for fabricating high efficiency PCSs are formed. Many research groups
have further improved PCEs to > 20% by optimizing the precursor composition and

preparation recipe of this advanced processing technique.[81-84]
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Figure 1-20. Schematics of (a) anti-solvent drop casting, (b) solvent annealing process, (c)

hot-casting deposition method, and (d) vacuum-flash assisted solution process.

Other modifications on the perovskite deposition and/or post-deposition processes
have also been successfully applied for fabricating high efficiency PSCs. Xiao et al.

developed a solvent annealing technique for the two-step solution deposition (Figure 1-
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20b) to enhance the grain size.[42] Annealing the as-deposited perovskite films with a
small amount of DMF vapor enhanced the perovskite grain size from 300 nm to ~1 um and
increased PCE from 9.9% to 15.6%. Perovskite films annealed with pyridine[85] or
MAI[86] vapor also demonstrated the improved photoluminescence and carrier lifetimes,
indicating the formation of high-quality perovskites films that could be used to fabricate
high efficiency solar cells.

While the anti-solvent technique promotes the formation of intermediate phase by
delaying the crystal growth kinetics, the same results can be achieved by speeding the
nucleation kinetics. Nie et al. demonstrated that the hot-casting method (Figure 1-20c), in
which crystallization of the perovskite film occurs immediately after a hot precursor
solution is loaded onto the substrate hold at an elevated temperature, can be used to prepare
high-quality perovskite films with millimeter-scale grains.[43] Li et al. developed another
approach called the vacuum-flash assisted solution process to replace the addition of anti-
solvent, (Figure 1-20d).[87] In this process, the spin-coated perovskite precursor film is
placed in a vacuum chamber for a few seconds to remove the residual solvents more
quickly. This rapid solvent extraction due to different vapor pressures of the solvents
accelerates the crystallization of the perovskite intermediate phase, and the subsequent
thermal annealing produces a high-quality perovskite film. The advantage of this technique
over the anti-solvent method is the ability to fabricate a uniform perovskite film over a
large area. The champion cell fabricated with this method with a > 1 cm? aperture area
achieved a maximum PCE of 20.5%, with a Voc =1.14 V, Jsc = 23.24 mA/cm?, and FF =

75.9%.
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1.4.3 Contact Materials Engineering

In addition to the advances in the perovskite film preparation, the progress in ETM
and HTM also played an essential role in the development of PSCs. Various materials
possessing combined merits, including proper band alignment with the conduction or
valence band of the perovskite absorber, efficient charge carrier transport, and low charge
recombination defect densities at the interfaces, have been developed as the ETMs or
HTMs. Figure 1-21 shows the band energy levels of these commonly used ETM and HTM

in comparison with HOIPs and electrodes.
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Figure 1-21. Energy levels of commonly used cathode, n-type (ETM), absorber, p-type
(HTM), and anode materials in perovskite solar cells. Reprinted with permission from

Ref.[1]. Copyright 2016 Society of Photo Optical Instrumentation Engineers.

Since the PSCs emerged, TiO2 has been widely used as the compact and porous
ETM in the n-i-p structure configuration.[11, 19] With the evolution of perovskite

technology, the thickness of the mp-TiO: layer, conventionally used in DSSCs, gradually
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decreased from ~4 um to ~ 100 nm in the regular structure and was omitted in the planar
structure.[26, 29, 30] This progress was enabled by the high crystallinity and long carrier
lifetime of the HOIP materials. Removing the mesoporous oxide layer made the compact
ETM an essential component of the devices for efficient collection of photoexcited
electrons. Therefore, some dedicated control technique (e.g., ALD) has become popular to
fabricate high quality ETM. Besides c-TiOz, other ETMs such as ZnO,[88] SnO2,[31-33,
89, 90] CdSe,[91] CdS,[92] TiO2-graphene,[40] and yttrium-doped TiO2[49] have been
developed as ETMs. The use of these alternative ETMs allows PSCs to be processed
without high temperature (~500 °C) treatment that is required for the anatase TiO2. Ceg and
its derivatives such PCe1BM or PC7:BM are among the commonly used organic ETM
materials in the p-i-n device configuration.[36, 93] These materials can also be processed
at low temperatures, enabling the potential for roll-to-roll manufacturing on flexible
substrates and incorporating with another cell to fabricate tandem devices.

HTMs are also critical for a good PV performance, especially for a high VVoc.[94]
Both organic and inorganic HTMs have been investigated in recent years. The organic
HTMs can be categorized into two groups: small molecules and conducting polymers.
Spiro-MeOTAD is the most used small molecules HTM due to high device performance
(> 20% PCEs).[87] However, the devices using spiro-OMeTAD typically exhibit poor
stability, especially after exposure to humidity.[95-97] Conducting polymers of PTAA,
P3HT (Poly(3-hexylthiophene-2,5-diyl)), and triazatruxene derivatives have also been
applied as the HTMs.[98] Among them, PTAA (20.2%)[57] and triazatruxene derivatives
(18.3%)[99] showed competitive PCEs to the Spiro-MeOTAD but improved stability.

P3HT, on the other hand, is not good as the Spiro-MeOTAD, demonstrating only 12-15%
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efficiencies.[98, 100] Nonetheless, higher material cost and lack of stability of the organic
HTMs are still the main hurdles for the commercialization of PSCs. One possible solution
is employing cost-effective and more stable inorganic HTMs, such as NiOx[101-104]
Cu0O,[105] Cu20,[105] and CuSCN.[106] Among these, the devices using NiOx showed >

17% PCE,[103, 104] which is promising for utilization in commercial manufacturing.

1.4.4 Band Gap Engineering of Perovskites

In the early stage of PSC progress (2009 - 2013), MAPDbI3 was used as the prototype
due to its band gap of 1.55 eV that is suitable for high efficiency solar conversion.[11, 13]
As the field advanced, the composition of the perovskite AMXz has been altered by
incorporating other monovalent cations A (formamidinium (FA*) and Cs™), divalent cation
M (Sn?"), and halide ions X (Br and CI), which results in optical absorption tunability
(Figure 1-22).[107, 108] This versatility in optical band gap enables various PV
applications of PSCs, including single-junction devices as well as both the top and bottom

cells in tandem structures.[109]
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Figure 1-22. The versatility of hybrid perovskite materials CspFAqMA1-p-4PbBryls.y and
their absorption tunability. Reprinted with permission from Ref.[107]. Copyright 2017,

Royal Society of Chemistry.

The substitution of the monovalent A cation does not directly affect the electronic
band structure in halide perovskites because the valance band maximum and conduction
band minimum are mainly contributed from the strong Pb-s and I-p antibonding state and
Pb-p state, respectively.[110] However, the size of the A cation affects to the tolerance
factor t, and thus changes to the spacing of [MXg]* octahedra, altering the band gap.[15]
The A cations of FA*, MA", and Cs" have the decreasing ionic sizes of 253 pm, 217 pm,
and 181 pm, respectively, and thus the increasing band gaps 1.48 eV (FAPbI3), 1.52 eV

(MAPDIz) and 1.67 eV (CsPbls) (Figure 1-23a).[108, 111] The MAxFA—xPblz mixed
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perovskite fabricated by engineering a mixture of FA™and MA" in the A site showed a red
shifted optical absorption with respect to MAPDI3, extending solar energy absorption to the
longer wavelengths thereby increasing the Jsc.[112] This mixed cation perovskite
MAxFA-xPDbls was used to fabricated PSCs with PCE > 20%.[57] Additionally, the mixed
cation perovskite CsxFA1.xPbls (Figure 1-23b) has improved moisture stability and
photoexcited carrier lifetime over MAPbIz or FAPDIs. [34, 113, 114] The enhanced
interaction between FA™ and I due to reduction of the octahedral volume increases the
chemical inertness of the perovskite.[113] Moreover, incorporation of the inorganic Cs*

stabilizes the perovskite phase of FAPDbI3 and reduces the defect density.[114]
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Figure 1-23. (a) UV-vis absorbance and band gap values of MASnIs, FASnl3, MAPbDIs,
FAPDI3, CsSnls, and CsPbls. (b) Crystal structure and photos of CsPbls, CsxFA1xPbls,
and FAPbIs. Panel (a) is reprinted with permission from Ref.[108]. Copyright 2013
American Chemical Society. Panel (b) is reprinted with permission from Ref.[114].

Copyright 2016 Royal Society of Chemistry.

The substitution of different halide anions X can be used to tune the optical band

gap of the metal halide perovskites (Figure 1-22). MAPb(l1-xBrx)s is commonly used to
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fabricate high bandgap perovskite absorber layer.[111, 115, 116] Increasing Br content (x
value) results in a continues blue shift of the absorption band edge from 1.5 eV (830 nm)
atx=0t02.3eV (540 nm) at x = 1 (Figure 1-24a).[115-117] In contrast to Br incorporation,
which is used to alter the band gap, the Cl mixed phase MAPb(l,-xClx)z shows negligible
band gap alternation to the pristine MAPDIs (Figure 1-24b) due to the relatively low CI

concentrations (< 4%) in the final product.[12]
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Figure 1-24. (a) Photographs and UV-vis absorption spectra of MAPb(l;—xBry)s. (b) UV-
vis spectra of MAPb(11.xCly)s. Panel (a) is reprinted with permission from Ref.[116]
Copyright 2013 American Chemical Society. Panel (b) is reprinted with permission from

Ref.[118]. Copyright 2013 American Chemical Society.

However, the charge carrier diffusion length in MAPb(l,—xCly)s is greater than 1
um, which is one order of magnitude higher than the pure iodide perovskite,[21] leading to
the improved PV performance. Therefore, MAPb(1;:-xClx)s was widely used to fabricate

high performance devices in the early stage (2012 — 2014).[12, 117-119] To date,

39



perovskite absorbers combined mixed organic cations (FA™ and MA*) and halides (I and
Br) have been widely used to fabricate FA;-xMAxPb(li-,Bry)s based solar cells,[120]
which has achieved >20% PCE with a high degree of reproducibility.[81, 87] The present
champion PSC with the FA-x<MAxPb(l:-yBry)s absorber demonstrated a PCE of 22.1%,
with Voc = 1.105, Jsc = 24.97 mA/cm?, and FF = 80.3%.[57]

The substitution of divalent cation M can also alter the band gap of the perovskite
absorber. Due to the environmental concerns with water soluble lead based
perovskites,[121, 122] many research efforts have been devoted to replacing Pb by
nontoxic Sn.[123, 124] The MASnIs perovskite has a lower band gap (~1.2 eV) compared
to its Pb counterpart (1.55 eV), and thus exhibits light absorption at the longer wavelengths,
which is beneficial for a higher Jsc.[108] However, due to the high Voc deficit the pure Sn-
based PSCs typically exhibited poor PV performance.[123, 125] More recently, mixed tin—
lead perovskite low-bandgap perovskite solar cells have been developed for bottom-cell
tandem solar cells.[126, 127] Recently, Zhao et al. achieved a 17.6% PCE, with Voc =
0.853 V, Jsc = 28.5 mA/cm?, and FF = 72.5% in a single junction PSC based on
(FASNI3)o.6(MAPDI3)0.4 perovskite film.[127] Further, by connecting this with a ~1.58 eV
band gap perovskite top cell, they were able to achieve a steady-state efficiency of 21.0%
in the four-terminal tandem cell. However, stability of the Sn-based perovskite solar cells
is not comparable to their Pb-based counterparts[108, 128] and needs to be addressed in

the future research.
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1.45 Perovskite Tandem Solar Cells

Due to their tunable band gap that ranges of 1.2 to 2.3 eV and versatility in the
device configurations, HOIPs are ideal candidates for tandem solar cells (Figure 1-
25).[109, 111, 115, 129] The MAPb(IxBri-x)s perovskites with relatively high band gaps
(1.5 to 2.3 eV) and high PCEs (~20%) are commonly used as the top cell for a variety of
combinations of tandems, including perovskite-Si,[130-132] perovskite-CulnGaSe,, [133,
134] and perovskite-Cu2ZnSnS4.[135] The low band (1.2 to 1.5 eV) perovskites
(FASNI3)x(MAPDI3)1-x were developed recently as the bottom cells for the perovskite-
perovskite tandems.[127, 136]

The perovskite tandem solar cells were first demonstrated in the 4-termal
configuration (Figure 1-25b) due to the simplicity of implementation. In this configuration,
a high bandgap cell is mechanically mounted on top of a low bandgap cell. The subcells
are fabricated independently, often by incompatible processes. Individual operation of the
subcells is possible as well, which allows for a high combined PCE since the two cells can
be independently maintained at differing maximum power points. Bailie et al. fabricated
the first 4-terminal perovskite tandems using the MAPDIs top cell coupled with CulnGaSe;
and Si bottom cells, achieving 18.6% and 17.0% PCEs, respectively.[134] More recently,
McMeekin et al. reported a high PCE of 25.2% by combining a top cell with
FA0.83Cs0.17Pb(lo.6Bro.a)z perovskite (Eq=~1.74 eV) with a Silicon-heterojunction bottom
cell.[137] Fu et al. demonstrated perovskite-CulnGaSe, tandems with a efficiency of

22.1%.[138]
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Figure 1-25. Three main configurations of tandem solar cells: (a) 2-terminal monolithic,
(b) 4-terminal stacked, and (c) 4-terminal optical coupling structures. Reprinted with

permission from Ref.[139]. Copyright 2016, Nature Publishing Group.

The 4-terminal optical coupling tandem structure was developed as an alternative
4-terminal configuration (Figure 1-25c). Instead of stacking the subcells, an optical splitter
was used to split photons with short and long wavelengths to the high and low band gap
cells, respectively. Uzu et al. fabricated such tandems by coupling a MAPbI3z perovskite
cell and a silicon heterojunction bottom cell with a 550 nm cutoff splitter and achieved a
PCE of 28%.[140] The high PCE is due to the optical splitter which allows more efficient
utilization of long wavelength photons, however, the additional cost for the optical
components may make it infeasible for practical application.

After the demonstration of 4-terminal tandem devices and the advances in the

processing techniques for HOIP materials, 2-terminal monolithic perovskite-based
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tandems were developed. The low temperature processing allows the perovskite top cell
being processed directly on the bottom cell (e.g., Si and CulnGaSe2) and connected via a
recombination layer. Due to the 2-terminal configuration, only a single transparent
conductive electrode is needed, lowering parasitic absorption in the electrode and
manufacturing cost. However, it is challenging to fabricate high efficiency devices due to
the complexity of processing the PSC on a completed bottom cell and electrical and optical
design of the whole tandem. At present, perovskite-Si and perovskite-CulnGaSe, tandems
in this configuration have demonstrated PCEs up to 23.6%[131, 132, 141] and 10.9%,[133]
respectively.

More recently, perovskite-perovskite tandem solar cells proposed by many
researchers due to a tunable band gap were demonstrated.[111, 115, 129] Both 2-terminal
monolithically integrated and 4-terminal mechanically stacked perovskite-perovskite
tandems have been developed in recent years.[127, 136, 142] Eperon et al. fabricated both
types using a FA083Cso0.17Pb(lo.sBros)s top cell (1.8 eV) and a FA0.75CS0.25SNo.5Pbosl3
bottom cell (1.2 eV), demonstrating 17% and 20% PCEs, respectively.[136] This
perovskite-perovskite tandem is very promising due to the potential of high PCE and low

costs, which could be the future direction of PSCs.

1.5  Outlook and Summary

Despite the rapid progress of PSCs, the obvious challenges limiting the
commercialization of PSCs is lack of long-term and operational stability. In recent years,
significant effort has been directed to understanding the operative decay mechanisms and

developing appropriate solutions to improve device stability,[34, 143] but there is much
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to learn and control if PSCs are to be widely deployed. Although the underlying
degradation mechanisms are far from completely understood, degradation has been
attributed to humidity,[144] oxygen,[145] light,[146] heat,[147] and intrinsic
instability.[148] In nearly all studies, humidity has been demonstrated as the most
aggressive cause of instability in materials and devices due to the strong interaction
between water molecules and perovskite materials.[97] However, isolating the device from
the external environment via encapsulation procedures[149, 150] can significantly slow the
degradation. Additionally, PSCs employing hydrophobic back contact materials (e.g.,
carbon fiber) have also demonstrated enhanced performance stability in outdoor tests.[151,
152]

Hysteresis in the J-V characteristics of devices is another important effect that must
be controlled. Without a complete understanding of the origins of hysteresis, as well as
methods to circumvent or control it, it will be impossible to manage the operation of PSCs.
Hysteresis has received elevated attention recently but its origin and mitigation are still
under investigation.[153-157] Although there is evidence that hysteresis could be
attributed to the formation and migration of ionic defects and the interfaces between the
perovskite absorber and the selective contacts, a detailed understanding of the degradation
and hysteresis mechanisms in perovskite solar cells is needed. If the advances in this
emerging PV technology continue and the stability problem can be solved, perovskite PV
would be a viable option in the PV market. Such an economic advantage without subsidies
would stimulate a wider degree of PV deployment.

In summary, the solution-processed PSCs have made remarkable progress,

becoming one of the most promising PV technologies of the future. High efficiency PSCs
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with a diverse set of device architectures and material combinations have been successfully
developed. In this chapter, we discussed the evolution of device structures, film deposition
methods, and advanced device engineering techniques that has led to the unprecedented
rate of device advancement. Additional research is needed to provide a better
understanding of the material and device properties and address challenges such as long
term stability and hysteresis in J-V characteristics. Moving forward, it is expected that more
encouraging results will be reported, and PSCs will continue to be an area the interest of

the PV community.

1.6 Dissertation Overview

This dissertation has focused on the solution based fabrication of methylammonium
lead iodide perovskite (CH3NH3Pbls, MAPDbI3) thin films and the back interface
engineering of the cadmium telluride (CdTe) solar cells.

In this chapter, Chapter 1, the evolution of the perovskite solar cells was presented.
Brief description of the history of perovskite materials and the early studies of Sn- and Pb-
based perovskites were discussed. Evolution of the device architecture, film deposition
methods, advanced device engineering techniques, challenges, and future directions of
perovskite photovoltaic (PV) devices were explained.

Chapter 2 investigates the nucleation and growth mechanisms of MAPbIs in the
two-step solution deposition process. Three distinct perovskite formation behaviors;
Ostwald ripening, the blocking layer formation, and low-dimensional perovskites (LDPs)
assisted diffusion were observed at various MAI concentrations, and a tentative model was

proposed to explain the reaction mechanisms.
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Chapter 3 focuses on improving the grain size, crystallinity, and charge carrier
lifetime of MAPbI3 perovskite thin films, and therefore the improved device performance
by introducing small concentrations of the divalent metal cation Cd?* during the two-step
growth process.

Chapter 4 discuss other possible divalent metal cations that can be used in the
perovskite fabrication process to improve the grain size, crystallinity, morphology, and
charge carrier life times of MAPDI3z perovskite thin films.

Chapter 5 starts with a short introduction to the CdTe solar cell technology,
explaining the formation of back contact barrier, and unfavorable band bending at the back
junction. A new wet-chemical process is introduced to form a Te layer on the CdTe surface
using MAI solutions that would reduce the back barrier height and the downward valance-
band bending from the low work function electrode to the p-type CdTe. Optimization of
the MAI treatment on the CdS/CdTe devices with Au back electrode is presented and the
experimental results from the CdS/CdTe devices, which are subjected to the optimized
MAI treatment, with an indium tin oxide (ITO) back electrode is discussed. Further, back
contact barrier height for CdS/CdTe devices with both Au and ITO back electrodes are
compared and related to their device performances.

Chapter 6 concludes this dissertation with a summary of all studies, which are

discussed from Chapter 2 to Chapter 5, and future considerations.
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Chapter 2

Understanding the Nucleation and Growth Behaviors
of Methylammonium Lead lodide Perovskites in the
Two-Step Solution Process

Understanding the nucleation and growth mechanisms involved in the solution-
processing of semiconductor thin films is of importance to fabricate low-cost, high-quality
materials for optoelectronic and photovoltaic applications. Among the emerging materials
of interest for solar cells, organic-inorganic hybrid lead halide perovskites have attracted
considerable attention in recent years due to rapid improvements in device performance.
However, a comprehensive understanding of the mechanisms for the formation of
perovskites is still needed to be improved to control of the crystal growth and to further
boost device performance.

In this Chapter, we investigate nucleation and growth mechanisms of
methylammonium lead iodide perovskite (MAPbI3z) formed in a two-step solution process
when the pre-deposited lead iodide (Pbl2) films were reacted with methylammonium iodide
(MAI) in iso-propanol solution at various concentrations. Three different perovskite
formation behaviors were observed as varying the MAI concentrations. From the

observation, we propose a tentative model to explain the reaction mechanisms at different
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MAI concentrations. We show that Ostwald ripening, the blocking layer formation, and the
low-dimensional perovskite assisted diffusion are likely to be the primary mechanisms for
the reaction as the MAI concentration increases. By controlling the MAI concentration,
perovskite PV devices with different grain sizes and morphologies were fabricated and the

highest device efficiency of 10.8% was achieved.

2.1 Introduction and Motivation

Solar cells based on organic-inorganic hybrid perovskites, especially
methylammonium lead iodide (MAPDIs), have recently emerged as promising alternative
to compete the market-dominant silicon technology in photovoltaics (PV). Starting with a
power conversion efficiency (PCE) of 3.8 % in 2009,[11] perovskite PV devices have
achieved the first breakthrough (9.7 %)[158] in 2012 and improved the champion cell
efficiency to more than 22% now.[57] Such unprecedentedly rapid progress is mainly due
to a unique combination of intrinsic optical and electronic properties of the perovskites,
such as high absorption coefficients, appropriate band gaps, fast charge separation, long
electron/hole diffusion lengths, and low-cost, facile preparation methods.[25, 26, 66, 159]

High performance perovskite PV devices have been prepared by using a variety of
deposition approaches.[25, 26, 41, 52, 160] Among them, two-step solution-based
deposition provides an easy and low-cost route to prepare uniform and full-coverage
perovskite thin films.[25, 26, 41, 93]In the two-step method, a Pbl, seed layer is first
deposited and subsequently reacted with methylammonium iodide (MAI) in iso-propanol
(IPA) solution that introduced by dipping or spin-coating.[25, 26] The two-step method

was first developed for the meso-structured perovskite devices,[25, 26] and is now widely
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used in the planar n-i-p and p-i-n architectures.[41, 56, 93] Although it has been used for
fabricating high-efficiency devices, critical issues are still remain. One of the issues is the
incomplete conversion of Pbly, especially in the planar structures.[56, 161] The formation
of a compact perovskite capping layer significantly hinder the MAI diffusion to the
underlying Pblz, and thus result in a mixture of Pbl> and MAPDbI3.[75] A common approach
to reduce the Pbl, residue is to have a long MAI interaction time. However, a longer
interaction time often causes significant delamination of the film and non-uniform
surface.[8, 41, 162] The other issue is the difficulty of reproducibly controlling the grain
size and morphology.[55] Adding additives, such as DMSO,[55] H20,[78]and MAI[53]
into the Pblz precursor solution helps to achieve more uniform morphology and better
device performance, but these advanced procedures only focus on the optimization of the
Pbl, seed layer and overlook the importance of the understanding of formation
mechanisms.

When the two-step deposition is applied for fabricating high performance devices,
two empirical extremes of MAI concentrations, low (8 to 10 mg/ml) and high (40 to 50
mg/ml) are found to be optimal for the n-i-p and p-i-n structures, respectively.[26, 41, 93]
The effect of MAI concentration on the perovskite film properties and device performance
has been investigated previously near the ranges of these two extremes.[26, 41, 93] These
studies demonstrate that controlling MAI concentration is crucial to optimize high
performance devices, but the comprehensive understanding of the crystallization process
in the two-step method is still not clear. While growth mechanisms have been previously
proposed in other investigations,[75, 163] less attentions have been given to intermediate

region of the MAI concentration between these two extremes. Besides, these theories[75,
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163] were proposed for a relatively long reaction time (several hours), but may not be
applicable for a short reaction time (~20 s) that generally used for PV devices.
Comprehensive understating the nucleation and growth behavior of perovskites during the
MAI intercalation process would provide insights to improve the control of the two-step
process.

To address this need, we investigate the effect of MAI concentration on the
formation of MAPbDI; perovskite in the two-step method. A wide range of MAI
concentration varying from 5 to 50 mg/ml was used to grow MAPbI3z perovskite films on
meso-porous TiO> substrates and to fabricate perovskite PV devices. Here, we show that
the nucleation and growth of the perovskites at the solid-liquid interface changes with the
MAI concentration and verify the formation of a dense perovskite capping layer in the
intermediate range (10 to 20 mg/ml) of MAI concentration. We propose a tentative model
to explain the MAI diffusion through the perovskite capping layer at high MAI

concentrations and provide a route toward fully conversion of thick perovskite films.

2.2  Experimental Details

2.2.1 Perovskite Films and Device Fabrication

Materials: All chemicals were purchased from Sigma-Aldrich unless otherwise stated and
used without any further modifications. Methylammonium iodide (CHsNH3sPbl, MAI) was
synthesized according to the literature.[46] In brief, hydroiodic acid (HI, 57 wt% in water)
was reacted with methylamine solution (CH3NH2, 33 wt% in ethanol) under a nitrogen
atmosphere in an ice bath with continuous stirring for 2 hours. Then the resulting solution

was evaporated at 80 °C and the precipitate was washed three times using diethyl ether and
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the white color product was obtained. Finally, the product was dried in vacuum to obtain
the MAI powder.

Films and Device fabrication: A 6 in. X 6 in. fluorine-doped tin-oxide (FTO) coated glass
substrate (TEC 15 Pilkington) was wiped using soap, acetone, and methanol. After that, it
was cut into 1.25in. X 1.25 in. pieces and further cleaned in an ultrasonic bath with Micro-
90 detergent for 1 h and then 30 m with de-ionized water. Finally, nitrogen gas was used
to dry the samples thoroughly. All the depositions were conducted in a nitrogen filled

glove box with ~ 0.1 ppm H20 and O..

Titanium Dyesol 18NR-T in Pbl,in DMF MALlin IPA
diisopropoxide bis ethanol

s 2 = 2 s B = » T
(b) (c) (d)

(e)

(a)
Figure 2-1. Preparation of (a) the compact TiO (b) meso-porous TiO2 (c) Pbl, and (d &

e) MAPDIs perovskite layers.

The hole blocking compact titanium dioxide (TiO.) layer was deposited on FTO by
spin-coating of 0.3 M titanium diisopropoxide bis (acetylacetonate) in ethanol at 3,000 rpm
for 30 s and dried at 125 °C for 5 min, followed by annealing at 500 °C for 30 min in air
(Figure 2-1a).[164] TiO2 paste (Dyesol 18NR-T) diluted in 2:7 (w/w) ethanol was spun at
3,000 rpm for 30 s to deposit the meso-porous TiO layer and annealed in air at 500 °C for
30 min (Figure 2-1b).[25] Two-step sequential spin deposition of Pbl, and MAI was
conducted to form CHsNH3sPbls perovskite absorber.[26, 41, 93] The 1 M Pbl; solution
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was prepared by dissolving 462 mg of Pbl> (99.999%) in 1 ml anhydrous N,N-
Dimethlylformamide (DMF) with overnight stirring at 70 °C. 230 pL Pbl, was spun on the
meso layer at 3,000 rpm for 30 s and dried at 100 °C for 15 min on a hot plate (Figure 2-
1c). Various concentrations of MAI solutions (5 to 100 mg/ml) were prepared by dissolving
synthesized MAI in anhydrous Iso-proponol (IPA). 500 uL MAI solution with different
concentrations were spin-coated at 4,000 rpm with a 20 s waiting time (for the 5 mg/ml
sample, 60 s waiting time was used) (Figure 2-1d). The samples were then annealed at 150
OC for 5 min or 100 °C for 15 min to complete CHsNH3sPbls perovskite formation (Figure
2-1e). The HTM solution consisted of P3HT dissolved in dichlorobenzene (15 mg/mL)
with two additives of tert-butylpyridine (tBP) (3.4 uL/mL) and lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) (6.8 uL/mL) from a solution of 28.3 mg/mL
Li-TFSI in acetonitrile was spin-coated at 3,000 rpm for 30 s on the perovskite[165]. For
the best performing devices, a solution of spiro-MeOTAD in chlorobenzene (90 mg/mL)
was prepared containing 45 uL solution of Li-TFSl/acetonitrile (from a solution of 170
mg/mL), and 75 pL of tBP.[49] The spiro-MeOTAD solution was spin-coated on to the
perovskite thin film for 30 s at 1,500 rpm. Devices were completed by thermal evaporation

of 80 nm of gold (Au) back electrode with a 0.08 cm? active area.

2.2.2 Thin Film Characterization

A field emission scanning electron microscope (SEM) (Hitachi S-4800) was used
to capture SEM images of perovskite thin films which were deposited on meso-porous
TiO,. X-ray diffraction patterns for the prepared thin films were recorded (Rigaku Ultima

1) from 10° to 35° of 26 with 0.02 step size with the scanning speed of 0.5° per second.
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2.2.3 Device Characterization

J-V characteristics were measured using a Keithley 2440 digital source meter and
a solar simulator (Newport model 91195A-1000) which is configured to simulate AM1.5
illumination. A standard Si solar cell was used as a reference to calibrate the exact light

intensity.

2.3  Exploring the Degree of Conversion

To understand the phase properties of MAPbIs perovskite formed in the two-step
method, we measured XRD spectra of a spin-coated Pbl, seed layer on a meso-porous TiO:
coated substrate and perovskite films synthesized by reacting the seed layer with MAI
solution in IPA at different concentrations. The reaction process follows the procedure
reported in the literature[26] and detailed description is provided in the Section 2.1. As
shown in the Figure 2-2a, the Pbl, seed layer exhibits a strong preferred orientation along
the c-axis of a hexagonal 2H polytype, with the predominant (001) peak at 26 = 12.7° and
the minor (002) peak at 25.5°.[25] After the reaction, the characteristic features of the
tetragonal perovskite phase (space group 14/mcm) appear at 26 angles of 14.1° 23.5°
24.5°, and 28.5° corresponding to the (110), (211), (202), and (220), planes
respectively.[11, 19, 52, 166, 167] However, the reactions are incomplete for most of
samples as indicated by the existence of the Pbl, characteristic peaks.

The resultant film phase composition can be characterized by comparing the peak
areas of all the MAPbI3 and the Pbl, peaks as a function of the MAI concentration (Figure
2-2b). In the low MAI concentration region (< 10 mg/ml), while the MAPDI3 perovskite is

the primary phase (~ 65%), the conversation is not complete. With the increasing MAI
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concentration, the Pbl> residue deceases first and reaches a minimum at 9 mg/ml, but then
gradually becomes the primary phase in the intermediate MAI concentration region (10 to
20 mg/ml). Further increasing the MAI concentration (> 20 mg/ml) reverses the trend and
results in the perovskite-dominant films. Nearly full conversion of MAPbIs perovskite (>
99%) with negligible Pbl> residues (< 1%) outcomes for MAI concentrations above 40
mg/ml. However, the perovskite peak area decreases at 50 mg/ml MALI, which is likely due
to the enhanced solubility of perovskite in a solution with high I" concentration.[75] From
the observation, it is obvious that the two extremes of the MAI concentrations (8 to 10
mg/ml and 40 to 50 mg/ml) are chosen to fabricate high performance solar cells because
the Pbl> to MAPDIs perovskite conversion rate is high in those ranges while the
intermediate concentrations are not selected because the films are dominated by the Pbl>

phase.
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Figure 2-2. (a) X-ray diffraction patterns of Pbl,, and MAPDbIs perovskite formed using
different MALI concentrations. The solid dot indicates the SnO2 (110) peak from the FTO

substrate.[168] (b) The peak areas of the Pbl, (001) and summation of the (110), (202),

and (220) of the MAPDI3 perovskite as a function of the MAI concentration.
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2.4 Grain Size Variation

The variation of the morphology is confirmed by the SEM images (Figure 2-3) of
perovskite films prepared with different MAI concentrations. All the perovskite films were
converted from a smooth and dense Pbl, seed layer (Figure 2-3a). The low MAI
concentrations (< 10 mg/ml) result in loosely connected, large-sized, cuboid-shaped
perovskite grains (Figures 2-3b-d), while the slightly higher concentrations (10 to 15
mg/ml) lead to dense and small grains (Figures 2-3e & f). In stark contrast to the rough
surface with protruding grains formed with the lower MAI concentrations, MAI
concentrations above 20 mg/ml show smooth perovskite surfaces (Figures 2-3g-k).
Interestingly, the perovskite films prepared from the reaction with the high concentration
MAI solutions (e.g. 40 mg/ml) without any thermal treatment contain high contrast,
circular shaped structures on the films (Figure 2-3m). These structures, likely
corresponding to the low-dimensional perovskite (LDP) phases (vide infra), dismissed
after the post annealing at high temperature (150 °C) for a short period of time (5 min),
resulting in a smooth surface (Figure 2-3k). The LDP features also appears in the samples
resultant form an extremely high MAI concentration (100 mg/ml) (Figure 2-3l), leading to

irreversible damages to the film morphology.

56



Figure 1-3. SEM images of (a) Pbl. seed layer and MAPDI3 films prepared by using the
MAI solutions of (b) 5 mg/ml, (c) 8 mg/ml, (d) 9 mg/ml, (e) 10 mg/ml, (f) 15 mg/ml, (g)
20 mg/ml, (h) 25 mg/ml, (i) 30 mg/ml, (j) 35 mg/ml, (k) 40 mg/ml, and (I) 100 mg/ml,
respectively. (m) As deposited MAPbIs film from a 40 mg/ml solution. Note that the scale

bars correspond to 1 pm.

Figure 2-4 plots the average grain sizes extracted from the SEM images using a
graphical analysis software (ImageJ). As the MAI concentration increases from 5 to 10
mg/ml, the average grain size decreases from ~400 to ~200 nm. With further increase of
the MAI concentration to 15 mg/ml, the grain size decreases to the minimum of ~100 nm.

However, at the MAI concentration of 20 mg/ml, a significant increase in the grain size

57



(~250 nm) is observed and the average grain size remains constant with further increase of

the MAI concentration.

-

50 0 _I_ ] 1 | 1

[a]

400

R i

Grain size (nm)
w
o
o
I

N

o

o
]

100

1

1

1

:
N e O
4 6 8 10 15 20 25 30 35 40
MAI concentration (mg/ml)

Figure 2-4. Average grain size variation with the MAI concentration. Labels form a to ¢

represent the schematics in figure 2-6.

2.5  Change of Gibbs Free Energy

The change of grain size as a function of the MAI concentration can be understood
by considering the change of Gibbs free energy of the system. In the MAI intercalation
process, the formation of MAPDbIs on the Pbl> surface occurs immediately after the
introduction of the MAI solution. The reaction between the Pbl. seed layer and the MAI
solution can be described by the formation reaction as below.[56, 75]

Pbl, (s) + MA* (sol) + I (sol) <> MAPbI; (s) (2.1)
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Considering the nucleation of perovskite, the total Gibbs free energy change is a
superposition of the bulk free energy and the surface free energy of the perovskite nucleus.
In general, the free energy change for the formation of a perovskite nucleus with a size of
r can be represented as [169, 170]

AGroeq = ar3AG, + briy (2.2)
where AG, is the bulk free energy per unit volume, a and b are structural coefficients
determined by the shape of the nucleus (e.g. a= 4n/3 and 1 for spherical and cubic shapes,
respectively), and y is the sum of surface tensions. Since the formation of perovskite is not
from the condensation of its liquid phase but from a reversible reaction in the solution (Eq.
1), the reaction quotient (as expressed by the concentration ratio) has to be considered in

the bulk free energy change AG, , as described in the equation [171]

[MAPbDI5]

— 0
AGy = AG® + RT Inp = 2.3)

where R is the universal gas constant, and T is the reaction temperature. The critical size
r*, which is inversely proportional to AG,, thus can be deduced by setting the first

derivative of total free energy (Eq. 2) to zero.

= _2br 1
)= -3 AG, (2:4)

2.5.1 CHsNHs" cation concentration in solid CH3NH3sPblz perovskite and MAI solution
e Consider the tetragonal unit cell for CHsNHsPbls perovskite with a = 8.844 A%and
c=12.588 A",
e The unit volume = 4.06 x 102" m*
o Total number of CHsNHs" cations per unit volume = 4
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e So, CH3NHs" cation concentration (per volume) in the CH3sNH3Pbls perovskite (Co)
=9.85 x 10% molecules/m?
The CH3NH3™ cation concentrations (C) in MAI solution for different MAI concentrations

are shown in the table 2.1.

Table 2.1: CH3NHs" cation concentrations (C) in MAI solution for different MAI

concentrations.

MAI concentration | CH3NHz3* cation concentration
(mg/ml) (molecules/m?®)

8 8.39 x 10%
8.5 8.91 x 10%

9 9.43 x 10%
95 9.96 x 10%
10 1.05 x 10%
15 1.57 x 10%#
20 2.10 10*
25 2.62 10%
30 3.14 10%
35 3.67 10
40 4.19 10%
45 4,72 10
50 5.24 10%

2.6 Nucleation and Growth Mechanism
In the low MAI concentration region, Ostwald ripening[172] becomes the dominant
reaction mechanism for the formation of perovskites. The newly formed perovskite nuclei

with a size smaller than r* will dissolve into the solution and redeposit onto large crystals

60



(Figure 2-5a). As the MAI concentration increases, AG,, becomes more negative, indicating
a stronger driving force for the perovskite formation and a reduced critical size. Therefore,
a large population of perovskite nuclei are likely to form and grow up. This leads to

perovskite films with an increased nucleation density and smaller grain size (Figure 2-5b).

(a) y ; y
Pb|2 (s) ) \' Growth ’
\ 4 4 \
PACL y
MAI a P
Low concentration Low nucleation density
(b)
Pbl; (s
MAI ) -
High concentration High nucleation density

Figure 2-5. Nucleation and growth process for MAPDI3z perovskite with low (a) and High

(b) concentration of MAI solution.

The high driving force at the relatively higher MAI concentration may lead to a
rapid formation of a large number of perovskites grains on the Pbl, surface. In the
perovskite crystal structure, the MA* cations are rigidly bounded to Pbls octahedra due to
the Coulomb interaction, leaving no free space for mobile ions to diffuse. Additionally,
perovskite, if regarded as a MAI intercalated Pbl> network, contains higher CHsNH3" and
I” concentrations than that in the MAI solution, which would generate a blocking barrier

for MAI diffusion at the liquid-solid interface (Figure 2-6b and Table 2.1 in the section
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2.5.1). Thus, the MA* and I ions in the solution are isolated from the underlying Pbl; and

perovskite conversion halts at an early stage.
(a) (b) (€)

Unreacted Pbl, MAI  Perovskite Perovskite capping LDPs 3D Perovskite

..::.:.. :o: :o.

[MAI] [MAI]
_—MAPbI; (s)
capping layer

MAI (sol) Pbl, (5] MAI (sol)

- -
O' Distance 0| . Distance 1

Pbl; (S)

i ——

Figure 2-6. Schematics of the MAPDIs perovskite growth under different conditions. (a) In
the low MAI concentration region (<10 mg/ml), the formation of large and loosely
connected grains allows MAI diffusion through the voids between grains. (b) In the
intermediate concentration region (10 to 20 mg/ml), the formation of MAPbIz capping
layer on the Pbl seed layer and block the MAI diffusion. (c) Inthe high MAI concentration
region (> 20 mg/ml), the formation of a LDPs opens the pathway for the MAI diffusion.
The figures in the bottom row depict the qualitative change of MAI concentration as a

function of distance from the top of the film.

Interestingly, perovskite nucleation and growth behavior seems quite different with
further increase of MAI concentrations (> 20 mg/ml). The significant increase of grain size
after the 15 mg/ml (Figure 2-4) does not follow the free energy explanation. Furthermore,

the fraction of Pbl, decreases and the perovskite phase becomes the predominant phase
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(Figure 2-2b). These results show that the increase of the MAI concentration overcomes
the blocking layer and facilitates the perovskite crystallization and growth. The mechanism
of such nucleation and growth behavior may attribute to the formation of LDPs with excess
MAL.[7, 47] Our previous study on the MAPDbIs perovskite phase and processing diagram
reveals that the LDP phases are formed in a MAI-rich perovskite composition.[47] Here,
when the polycrystalline perovskite grains are exposed to the solution with a high MAI
concentration, LDPs are likely formed on the surface of the grains (or grain boundaries) of
the perovskite where the local MAI concentration is higher than that in the bulk perovskite
(Figure 2-6c¢).

The formation of LDPs was confirmed in both XRD and SEM analysis when the

high MAI concentration was applied (Figures 2-7 and 2-3i & m).
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Figure 2-7. XRD spectrum for an as-deposited MAPbIs perovskite from a 50mg/ml MAI
solution. Peaks at 11.41° 11.56°, and 11.72° were matched with the LDP peaks that we

observed in our pervious study.[47]
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The crystal structure of LDP phases consists of lead iodide nanostructures (e.g.
dots, wires, and sheets) wrapped by an organic MA™ matrix, where the MA™ are loosely

bounded (Figure 2-8).

2D LDPs

- e W %
# e

Figure 2-8. MAPDI3 perovskite structure and its LDPs. Reprinted with permission from

Ref.[47]. Copyright 2015 American Chemical Society.

The MA" in the LDPs are mobile and may vary with the change of the composition.
Therefore, these LDPs grain boundaries enable the diffusion of MA* and I ions. As
previously shown, the number of LDPs increases with increasing MAI concentration. Thus,
the conversion of perovskite can be completed within a short time when the MAI
concentration is sufficiently high. In our experiment, we verified that 20 s reaction time,
which is commonly used by others,[26] is enough for the complete perovskite conversion.
A longer reaction time may result in the delamination of the films due to the dissolving of
the perovskite[75]. This diffusion mechanism of MAI molecules is similar to incorporating

additives, such as H.O and DMSO into the Pbl> seed layer to improve the conversion,[55,
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78] while could be potentially better since no external impurities are introduced to the
films. Furthermore, this is also consistent with the diffusion of water molecules in hydrated
MAPbI3 perovskite thin films.[173]

Understanding the perovskite formation mechanism with a high MAI concentration
may potentially provide an easy route to prepare a uniform thick perovskite film. To verify
the idea, we prepared a thick perovskite film with the help of LDPs. Here, a thick Pbl film
(~350 nm) was first reacted with a 35 mg/ml MAI solution to form a stack of LDP-
MAPbI3/Pbl; (Figure 2-6¢). Then a 15 mg/ml MAI solution, which showed the lowest Pbl,
conversion itself, was used to react with the composite film. The XRD spectra (Figure 2-
9) showed an almost complete perovskite conversion, indicating that a controllable
conversion of perovskite films is potentially achievable by multiple-time spin coating of

MAI solution.[56]

" 35 mg/ml + 15 mg/ml
o\ M
5
S MAPDbI;(110)
2
@ Pbl,(110) 35 mg/ml
QL N Aceftn T‘\:..JL....__.JL e —
£
15 mg/mi
P e I
| ! | ! 1 ! | ! | ! |
10 15 20 25 30 35

26 (degree)
Figure 2-9. X-ray diffraction patterns for the perovskite film prepared by sequentially spins
of the 35 and 15 mg/ml MAI solutions and those prepared by a single spin of 35 mg/ml

and 15 mg/ml solutions.
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For the perovskite films prepared using solutions with high MAI concentrations,
the annealing process is critical to convert all the LDPs into perovskite structure and to
achieve desired electronic properties.[47] The LDPs formed at MAI concentrations higher
than 15 mg/ml (Figure 2-6c) are converted to MAPbI3 perovskite with the post deposition
annealing (Figures 2-2k&m). This is likely to be the reason for the grain size enhancement
for MAI concentrations above 20 mg/ml. Since the post annealing treatment is similar for
all of the concentrations, the average size of grains does not change significantly in high

MAI concentrations (> 20 mg/ml) (Figures 2-3 and 2-4).

2.7 Impact on Device Performances

To study the effect of the phase and morphology of perovskite films on the
photovoltaic device performance, we fabricated perovskite solar cells using the two-step
method. In these devices, Poly(3-hexylthiophene) (PsHT) was used as the hole-transporting
material (HTM) because it is sensitive to the morphology, porosity, and grain size of the
perovskite films.[174] Figure 2-10 shows the MAI concentration dependent variations of
the critical parameters of PV devices, including power conversion efficiency (PCE), short-
circuit current density (Jsc), fill factor (FF) and open-circuit voltage (Voc) for devices
prepared under two different annealing conditions (150 °C for 5 min and 100 °C for 15
min). The highest device efficiency of around 9% was achieved at both low (9 mg/ml) and
high (40 mg/ml) concentrations, while the intermediate concentration (15 mg/ml) result in
the lowest efficiency of less than 2%. The low efficiency is likely due to the incomplete

perovskite conversion which significantly affect the total light absorption and the series
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resistance, resulting in a reduction of Jsc and FF. Moreover, the differences in size of the

grains and the film morphology cause performance discrepancy.

(a) 10 | |._ ._l 'R I TR N T (b) 20 | I |-‘ |l| I T I
= B 16 — —
2 B < 124 =
2 L £
o - . L
E L Q
L = g F
| -8~ 150 C|
- 100°C
4 I T I T I“ l\I T I 1 I T I T
8 9 1015 25 35 45 8 9 1015 25 35 45
MAI concentration (mg/ml)
(c) [ (d) 1000
— 950 — —
= 900 — —
< i > 850 - =
g B E
w - 8 800 — —
- >
- 750 — Y —
L . 0
i 700 4 = g 'E' 150 C .
) -2 100 °C
650 __l_l_l_l_l‘\ q T T T | T T T
8 8 105 3 B4 8 9 1015 25 35 45
MAI concentration (mg/ml) MAI concentration (mg/ml)

Figure 2-10 Effect of the MAI concentration and the post annealing condition on critical
parameters of (a) PCE, (b) Jsc, (c) FF and (d) Voc under a standard AM 1.5G illumination
(100 mW/cm?). Note that the average values were derived from measurements on more

than 20 devices.

The devices with large sized cuboids formed in a low MAI concentration solution

(e.g. 9 mg/ml) show higher values of Jsc and FF than that with a similar phase composition
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but prepared in a higher MAI concentration (30 mg/ml), which is likely due to the increased
light scattering[175] and a lower grain boundary density[26].

Post deposition annealing temperature also influences on the device performance.
The perovskite devices annealed at 100 °C show similar variation of the device
performance parameters as a function of the MAI concentration. However, in the high MAI
concentration region, the devices annealed at 100 °C performed more poorly than those
annealed at 150 °C due to the residual LDP structures which are stable at a temperature
below 150 °C.[47]

Our best performing devices were prepared using 2,2',7,-7'-tetrakis(N,N-di-p-
methoxy-phenylamine)-9,9'-spirobifluorene (spiro-MeOTAD) as the HTM. The best
efficiency of 10.8%, with 1020 mV Voc, 17.0 mA/cm? Jsc, and 62.5% FF was achieved
with the MAPDIs films prepared using the 9.5 mg/ml MAI solution (Figure 2-11).
Comparably, a competitive efficiency of 10.7%, with 1022 mV Voc, 16.1 mA/cm? Jsc, and
65.4% FF was achieved at the MAI concentration of 40 mg/ml. This demonstrates that both
low and high MAI concentrations can be used for fabricating high performance perovskite

devices in the n-i-p structure.
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Figure 2-11 Current voltage (J-V) characteristics for the best devices (with spiro-

MeOTAD) under a standard AM 1.5G illumination (100 mW/cm?).

2.8 Conclusion

In conclusion, we have demonstrated the conversion rate, grain size, and
morphology of MAPDIs perovskites formed in the two-step methods depend on the
concentration of the MAI solution. We showed that in the two-step solution process, the
perovskite formation behaviors are dominated by Ostwald ripening, the blocking layer
formation, and the LDPs formation when reacting with the MAI solution with various
concentrations. The formation of the LDPs grain boundaries which facilitates the MAI
diffusion and improves the perovskite conversion may be used to prepare thick and uniform
perovskite films. With the assistance of LDPs, we were able to prepare conformal and
dense films of phase pure perovskite. High efficiency devices were achieved by using both

low concentration and high concentration MAI solutions. This indicates the two-step
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method can be used to prepare high performance perovskite devices by manipulating the

MA\I concentration.
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Chapter 3

Enhanced Grain Size, Photoluminescence, and
Photoconversion Efficiency with Cadmium Addition
During the Two-Step Growth of Methylammonium
Lead lodide

Control over grain size and crystallinity is important for preparation of
methylammonium lead iodide (MAPbI3) solar cells. In this chapter, we explore the effects
of using small concentrations of Cd?* and unusually high concentrations of
methylammonium iodide (MAI) during the growth of MAPbIs in the two-step solution
process. In addition to improved crystallinity and an enhancement in the size of the grains,
time resolved photoluminescence measurements indicated a dramatic increase in the carrier
lifetime. As a result, devices constructed with the Cd-modified perovskites showed nearly
a factor of two improvement in the power conversion efficiency (PCE) relative to similar
devices prepared without Cd addition. The grains also showed a very higher degree of
orientation in the <110> direction, indicating a change in the growth mechanism, and the
films were compact and smooth. We propose a Cd-modified film growth mechanism that
invokes a critical role for low dimensional Cd perovskites to explain the experimental

observations.

71



3.1 Introduction and Motivation

Thin film solar cells based on organic-inorganic metal halide perovskites have
become highly attractive over the past several years with solar to electric power conversion
efficiencies (PCEs) reaching 22.1%.[17] Methylammonium lead iodide (CH3NH3Pbls,
MAPbDI3), and related perovskite materials possess high absorption coefficients, long
minority carrier lifetimes and diffusion lengths, desirable optical band gaps, and carrier
collection can be highly efficient when these materials are paired with appropriate electron
and hole transport materials (ETMs and HTMs, respectively).[1, 25, 26, 30, 66, 159]
Moreover, MAPDIs solar cells can be fabricated via solution-based routes, with the
potential for low-cost scale-up to large area manufacturing. This combination of attributes
may give perovskite solar cells (PSCs) an advantage over currently available commercial
photovoltaic (PV) technologies. Importantly, recent life cycle assessment studies show that
the toxicity impact of the lead used in the formation of the absorber layer is negligible[122]
and that perovskite solar modules possess the shortest energy payback time.[121]

Several challenges must be overcome before the full potential of PSCs can be
realized. Composition control is important to avoid the presence of undesirable phases,[47,
69] and morphology control is desired to achieve smooth, continuous, and compact
perovskite films to avoid shunts and reduce surface recombination rates.[175, 176] Control
over grain size and crystallinity is extremely important for reducing the density of charge
traps which can control the recombination rates of photoexcited carriers.[43, 177]

The development of the two-step deposition method by Burschka et al. was a major
advance in perovskite film formation.[25] In their pioneering work, a Pbl> layer was spin-

coated from a dimethylformamide (DMF) solution onto a mesoporous TiO> film and then
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converted to MAPDI3 by exposure to methylammonium iodide (MAI). With this approach
the PCE of MAPDI3 perovskite solar cells was immediately improved from 12 to 15%.[25]
The approach relied upon the formation of a thin (150 — 300 nm) mesoporous TiO> layer
with high transparency and electron mobility. Such films are a by-product of tremendous
research in the dye sensitized solar cell community and have been achieved in only a few
labs.[25][40][26][57] PCEs have been pushed to 17% with this approach in the basic
MAPDI3 device.[26] An optimized mesoporous TiO; scaffold allows the Pbl, solution to
partially penetrate so that a high surface area Pbl> film can be formed. Such a film can be
converted into the perovskite phase upon exposure to MAI, although the resultant grains
are still relatively small (c.a. 100 — 300 nm). In an effort to produce high efficiency devices
in the so-called planer structure, i.e. without fabrication of the mesoporous TiO: layer,
investigators have engineered porosity into the Pbl, layer by adding n-butanol,[77]
MAL,[53] or 4-tert-butylpyridine[54] to the Pblo/DMF precursor solution, or by employing
DMSO as a solvent.[55] The resulting high surface area porous Pbl; layers can also be
readily converted to MAPDI3 but, once again, the resultant grains are not as large as desired.
Even with porous layers there is a need to balance the degree of Pbl, conversion while
seeking to avoid the formation of MAI-rich precipitates that lead to poor device behavior.
Consequently, researchers typically use MAI concentrations of 50-70 mM to optimize the
PCE.[53, 54, 77] Without porosity in the Pbl. layer, MAI diffusion is hindered and the
conversion to MAPDI3 is incomplete.[54, 75] Interestingly, Zhang et al. produced devices
with PCEs of 1.5% or 10.7% depending on whether the Pbl, seed layer was compact or

porous.[54]
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In an effort to decouple the perovskite conversion process from the need to prepare
Pbl2 in a porous configuration, we explored the effects of including small concentrations
of Cd?* into unusually high concentration MAI (250 mM) solutions.

This idea was originally begun with the observation of impressive grain size
enhancement when we prepared perovskite films on a cadmium sulfide (CdS) layer. We
had been trying to replace the TiO2> ETL layer using CdS, and these perovskite devices
were fabricated in the structure of SnO2:F/CdS/MAPbIs/spiro-MeOTAD/Au. Once we
characterized the surface morphology of the perovskite films that fabricated on the CdS
layer, a tremendous improvement in the grain sized was observed (Figure 3-1). Since all
the processing are similar, we speculated that the grain size improvement may be due to
the incorporation of Cd?* in the nucleation and growth process of the perovskite formation.
We then tested perovskite film formation on a TiO2 layer with the addition of Cd?*, which

was introduced by adding a small amount of CdCl; in to the MAI solution.

Figure 3-1. Surface SEM images of MAPbIz films prepared on a TiO; layer and a CdS

layer using the two-step sequential deposition method.

74



We found that the large grains could be retained by including small concentrations
of CdCl; into the MAI solutions, and that a high degree of Pbl, conversion could be
achieved without the formation of deleterious MAI-rich precipitates. In addition, the
solution-phase Cd incorporation route also led to a dramatic enhancement in the carrier
lifetime as determined by time resolved photoluminescence (TRPL) measurements. As a
result, the PCE of finished devices was enhanced by nearly a factor of two relative to
devices constructed without Cd addition. The grains also showed a very high degree of
orientation in the <110> direction, and the films were more compact and smooth. To
explain the experimental results, we propose a film growth mechanism that invokes a

critical role for low dimensional Cd perovskites.

3.2  Experimental Details
3.2.1 Perovskite Films Preparation

1in. X 1in. FTO coated glass substrates (TEC 15, Pilkington) were cleaned in an
ultrasonic bath with Micro-90 detergent for 1 h and then rinsed for 1 h in de-ionized water.
The samples were thoroughly dried using nitrogen gas and transferred to a nitrogen filled
glove box with (~0.1 ppm H20 and Oz). An ~50 nm thick compact TiO- film was prepared
by spinning a 0.3 M titanium diisopropoxide bis (acetylacetonate) in ethanol onto the FTO
substrates. The deposited layer was dried at 125 °C for 5 min and then annealing at 500 °C
for 30 min in air.[164] The MAPbIs perovskite layer was formed by reacting a Pbl. seed
layer with a 250 mM solution of MAI in IPA. A mixture of MAI (250 mM) and CdCl; (7.5
mM, 10 mM, and 15 mM) in IPA was used in the Cd-assisted deposition. The Pbl. layer

was deposited by spin-coating a hot (~70 °C) solution of 1 M Pbl; in anhydrous DMF at
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5000 rpm for 30 s, followed by drying at 100 °C for 15 min. After cooling to room
temperature, the MAI-IPA solution (with and without CdCl) was preheated to 70 °C and
spin-coated onto the Pbl. layer. The reaction was competed by heating to 150 °C for 5 min

on a hot plate.

3.2.2 Thin Film Characterization

SEM (Hitachi S-4800) images and XRD (Rigaku Ultima Il1) spectra were gathered
from films prepared on FTO/glass substrates that were coated with a compact TiO: layer.
Films were directly deposited onto soda-lime glass substrates to obtain UV-vis absorption
(PerkinElmer Lambda 1050), PL, TRPL data of MAPDbIz films and XRD of (MA).Cdl4
LDPs.

Steady state photoluminescence measurements were obtained at several locations
on the MAPbIs samples with 532 nm CW excitation from the film side (laser spot size of
~140 pm, integration time of 0.5 s, laser intensity of 140 mW/cm?) at room temperature.
The PL signal was detected with a Symphony Il CCD detector (Horiba) after a 300 g/mm
grating monochromator. Time resolved photoluminescence measurement at different
locations of the samples were performed with a time correlated single photon counting
module (Becker & Hickel Simple Tau SPCM 130-E/M module). A 532 nm pulsed laser
(beam diameter of ~100 um micron) was used as a source of excitation. Samples were
excited with ~10° photons/pulse/cm? at the peak emission wavelength, as determined from
the steady-state PL measurement. The PL signal was detected by PMT hybrid detector after
a Horiba IHR 320 monochromator (900 g/mm, 850 nm blaze) grating. Decay curves were

fitted to a bi-exponential decay function.
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3.2.3 Device Preparation

After deposition of the compact TiO2, an ~150 nm thick mesoporous TiO> layer
was deposited by spin-coating a diluted TiO: paste (Dyesol 18NR-T) in ethanol (1:7 w/w)
at 5,000 rpm for 30 s. The deposit was dried at 125 °C for 5 min prior to annealing in air
at 550 °C for 30 min. Then MAPbI3 absorber was formed using the two-step solution
method as described above. The hole transport layer was made by dissolving 73.3 mg of
2,2',7,-7'"-tetrakis(N,N-di-p-methoxy-phenylamine)-9,9’-spirobifluorene (Spiro-
MeOTAD) in 1 ml of chlorobenzene with two additives; a 28.8 pL aliquot of tert-
butylpyridine and a 17.6 pL aliquot of a lithium bis(trifluoromethanesulfonyl)imide (Li-
TFSI) solution in acetonitrile. The latter was obtained from a stock solution (520 mg Li-
TFSI /mL). The film was formed by spinning 80 puL of the mixture at 3,000 rpm for 30 s
on the perovskite layer. Finally, devices were completed by depositing 40 nm of gold as a

back electrode with a 0.08 cm? active area using thermal evaporation.

3.2.4 Device Characterization

J-V characteristics were measured under simulated AM1.5G illumination using a
Keithley 2440 digital source meter and a solar simulator (Newport model 91195A-1000).
The light intensity of the simulator was calibrated using a standard Si solar cell. The
external quantum efficiency (EQE) measurements were acquired from wavelength range
of 300-800 nm using a PV measurements Inc., model IVQE8-C QE system without bias

voltage.
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3.3 Grain Size Enhancement with the Addition of CdCl2

Figure 3-2 compares the SEM images of the films formed with and without 10 mM
CdCl; in the MAI solution that was used to convert the Pbl, seed layer. Note that other
concentrations were also examined, but 10 mM CdCl, was found to produce the best results
(see the Appendix B). The effect of the CdCl addition is evident in that well defined, large
grains are present in the Cd incorporated samples (Cd_MAPbDI3) immediately after
spinning, while samples prepared without CdCl, show poorly defined and poorly
crystalline films with obvious gaps between grains. The inclusion of 10 mm CdCl;
increased the grain sizes fivefold, from ~200 nm to ~1 pum. After the 150 °C step that is
conventionally used to complete the perovskite formation in the two-step process, SEM
showed that the crystallinity in the samples formed without CdCl, (Figure 3-2e) had
improved dramatically even though the grain size was not substantially increased.
Similarly, the grain size of the as-deposited film produced with CdCl, was also not
substantially increased with the 150 °C reaction step (Figure 3-2f). However, there is
evidence for smaller grains having merged into larger ones, and the spaces between grains
have been more completely filled and the film is more dense and compact. An additional
significant change is the improved electrical conductivity at the grain boundary edges.
Before heating, Cd_MAPbIs films showed high contrast at the grain edges, consistent with
charging during SEM imaging.

Cross-sectional SEM images revealed that single, flat-topped grains extended
through the entire film thickness when CdCl., was employed (Figure 3-2d & h), while the
grains were jumbled and less well organized for the conventional MAPbI3 synthesis

(Figure 3-2¢c & g). The cross-sectional images also revealed that the film thickness had also
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increased by ~100 nm when Cd was used. Evidently, Cd incorporation improves grain
growth in both lateral and vertical directions, resulting in the formation of a larger volume
of perovskite material. This result is consistent with the UV-vis absorbance spectra (Figure
3-3), in which the Cd-modified film shows the strongest absorption at the perovskite band

edge (~750 nm).

Figure 3-2. SEM images of the surface of as-spun MAPDI3 thin films prepared (a) without
and (b) with 10 mM CdCl; addition to the MAI solution. (c and d) Cross-sectional view of
the as-spun MAPbI3 perovskite films that display in the panels of (a) and (b), respectively.

Panels (e) and (f) show the data corresponding to (a) and (b), respectively, after heating to
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150 °C. (g and h) Cross-sectional view of the MAPbI3 perovskite films that display in the

panels of (e) and (f), respectively.
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Figure 3-3. UV-vis absorbance spectra of standard (MAPDbI3) and Cd-modified perovskite

(Cd_ MAPDI3) thin films.

3.4 Improved Degree of Crystallinity and Preferred Orientation

X-ray diffraction data (Figure 3-4) confirmed that the degree of crystallinity was
dramatically improved when CdCl, was added to the MAI solution. Both Cd_MAPDI3 and
MAPDI3 films showed characteristic X-ray peaks for the tetragonal perovskite phase (space
group 14/mcm),[47, 52] but the intensity of the (110) peak at 20 = 14.1° was larger by a
factor of ~6.5 for the Cd_MAPbIs film, and its full-width-half-maximum value was

reduced by a factor of 1.6.
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Figure 3-4. X-ray diffraction spectra of Pbl> seed layer and MAPbIs perovskite films
prepared with the standard and Cd-modified two-step deposition methods after the post-
deposition heating. The spectrum for the material prepared with 57 mM MAI was
multiplied by a factor of 4 to allow the peaks to be clearly seen on the same scale. The
characteristic XRD peaks belong to MAPbIz perovskite (stars), Pbl, (diamonds) and

FTO/c-TiOz substrate (circles).

Similar changes were observed for the (220) diffraction peak. In addition to a much
higher degree of crystallinity, the data indicates that the crystallites comprising the
Cd_MAPDI3 film are nearly completely oriented along the <110> direction. In contrast,

the crystallites produced without Cd exhibited more random orientations (Table 3.1).

81



Table 3.1: Calculated orientation index values for the XRD peaks of MAPDbI3 and Cd_
MAPbI3 perovskite films.

Peak (hkl) | MAPbIs  Cd_ MAPbIs

110 2.49 3.02
200 1.52 0.35
211 1.69 0.48
202 2.39 0.33
220 1.31 2.23
310 0.85 0.22
224 0.27 0.09
330 0.20 0.13

The orientation index was calculated using XRD peak areas as follows.

Mhki

Orientation index = % (3.1)

Y hkll;

Where, M is the XRD peak area from the thin film and I is the XRD peak area from
a MAPbI3; powder sample. The MAPbIs powder was prepared by mixing Pbl> and MAI
(in DMF) ina 1 to 1 molar ratio, followed by drying.

For comparison, Figure 3-4 also shows the XRD pattern that resulted when the
Pbl> films were processed with 57 mM MAI. In this case, the poor crystallinity and the
remaining Pbl, are clearly evident. The highest intensity peak at 26 = 14.1 ° can be
deconvoluted into two components from (002) and (110) planes (Figure 3-4), which is a
characteristic feature of the tetragonal structure.[47] With the addition of Cd?* the (110)
peak shifted to higher values of 26. This is likely due to a change in the lattice parameter

associated with substitution of the smaller Cd?* species onto Pb?" sites.
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3.5  Verifying the Cd?* Involvement in the Improvement in Grain Size and

Crystallinity

To determine that Cd, rather than CI,[178, 179] was responsible for the observed
changes in film growth we prepared additional films using Cd(CHsCOz2). (cadmium
acetate) and CH3NH3sCl as additives to the MAI solution. Concentrations were chosen to
produce the same Cd and CI concentrations as was experienced with CdCl». The perovskite
films prepared with Cd(CHsCO2). showed a similar enhancement in the grain size and
crystallinity as was found with CdCl,, while no change in the films characteristics relative
to the control preparation were observed when CH3NH3Cl was employed (Figure 3-5).
Consequently, we can be confident that Cd species, rather than Cl, are responsible for these

observations.

Figure 3-5. The SEM images of MAPDIs thin films prepared with (a) cadmium acetate (10
mM/250 mM MAI) and (b) methylammonium chloride (20 mM/230 mM MAI) additives,

respectively.

3.6  Effect of Cd Incorporation on the Optoelectronic Properties of the Perovskite
Films
Steady-state and time-resolved photoluimnescence measurements were performed
to determine the effect of Cd incorporation on the optoelectronic properties of the
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perovksite films. For these measurements, the films were deposited on soda-lime glass
without electron and hole transport layers in an effort to minimize carrier collection at the
surfaces and allow the intrinsic characteristics of the perovskite film to govern the
recombination Kinetics (see the Section 3.2). The PL emission (Figure 3-6a) from the
MAPbIs films made without Cd was relatively weak and centered at 753 nm, while the PL
emission from Cd_MAPDbI3z samples was red-shifted to 768 nm, narrower, and more intense
by a factor of ~9. The increase in PL intensity and the reduction in the linewidth indicates

a significant reduction in trap-mediated, non-radiative recombination.
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Figure 3-6. (a) Steady state PL spectra from sample excited with 140 mW/cm? of 532 nm
laser light and (b) intensity-normalized time resolved PL decay measured from the longest
mean lifetime MAPbI; and Cd_MAPbI; samples excited with ~10%° photons/pulse/cm? at
the peak emission wavelength, as determined from the steady-state PL measurement shown

in part (a) (see Experimental Details in the see the Section 3.2).

Consistent with the steady state PL data, TRPL measurements (Figure 3-6b)
showed that the PL decay was significantly slowed in Cd_MAPbIz samples. The TRPL
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decays for both Cd_MAPbI; and MAPbIz samples were well-fit with a bi-exponential
function having two decay constants (Table 3.2). The initial PL decay for both types of
samples is associated with an initial relatively fast process with a time constant, t1, of ~5-
6 ns. After the initial fast decay, there is a slow decay component with a time constant, .
that is very different in the two kinds of films. The excitation wavelength that we used in
this study (532 nm) is more sensitive to the surface. Previous reports demonstrated that the
excitation light of 532 nm has a penetration depth ~80 nm in perovskite.[180, 181]
Therefore, 11 and 12 can be assigned to the surface charge recombination and deeper sub-
surface or bulk charge recombination, respectively. While the MAPDI3 films formed by the
standard two-step deposition process showed a slow decay time constant of 103 ns, 1> for
the sample prepared with Cd had a value of 266 ns. Furthermore, the yield of the long-
lifetime component was also improved for the Cd_MAPbI; samples, from 82 to 88%.
Overall, Cd inclusion increased the mean lifetime (Table 3.2) from 86 to 237 ns, an increase
of nearly a factor of 3. The increase in PL intensity and lifetime indicates that the non-
radiative recombination rates have been slowed in the Cd_MAPbIz samples. Unfortunately,
there is no data in the literature which allows us to compare our findings to theoretical
expectations for defect levels that might be introduced during Cd substitution for Pb,
although Shi et al.[182] did comment that substitution could occur. Our observation of
longer PL lifetimes with Cd substitution suggests that no new defects are introduced.
Furthermore, the red-shift in the PL emission that is observed can be favorably compared
to the band gap reduction that has been calculated by Navas et al.[183] for Cd substitution
in Pb-based perovskites. In addition, a red-shift in the PL emission peak with the grain size

enhancement for polycrystalline films, and a red-shift in the bulk emission compared to the
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surface emission for single crystals has also been reported. [181, 184] Further, charge
carrier life times are also improved with these red-shifts. Therefore, the reduction in the
band gap with the Cd-modified films may also be due to the reduced recombination with
the formation of highly-crystalized large grains (grain size and crystallinity improvements

shifted the optoelectronic properties of the film toward the single crystal).

Table 3.2: Bi-exponential fitting time constants and mean lifetime of the carriers (average

over three different sample spots).

) ) Mean lifetime

Sample 11 (NS) Yield 1 % T2 (NS) Yield 2 % (ns)

ns
Standard

) 5.2 18 103 82 86
Perovskite

Cd-modified

) 6.3 12 266 88 237

Perovskite

3.7 Perovskite Formation Mechanism with Cd?*

To develop an understanding of the mechanism that leads to the enhancement in
grain size and crystallinity we first consider the basic nucleation and growth mechanisms
of MAPbI; perovskite in the two-step process without Cd. Once MAI is introduced to the
Pbl2 seed layer, MAI interacts with the Pbl. framework to form the perovskite phase. As
described in Chapter 2, the density of MAPDIs nuclei is determined by the concentration
of MAI in the IPA solution .[26] At high MAI concentrations the Pbl, can be partially
dissolved and the nucleation of the MAPDI3 can be viewed as occurring in a nearly

homogeneous manner.[75] In this case a relatively large number of nuclei are created, there
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is little preferred orientation, and the grain growth is diffusion limited. Under these
conditions, the perovskite film is comprised of relatively small, randomly oriented grains.
Additional consideration of the phase diagram[47] indicates that LDPs are present when
the MAI concentration is high. Consequently, the as-deposited film is highly defective and
poorly ordered (Figure 3-2a & c). The LDPs and small crystallites can be converted into
material with improved crystallinity and higher electronic quality by the simple post-
deposition heat treatment (Figure 3-2e & Q).

The dramatic improvement in grain size observed when Cd is included is clearly
connected to a change in the growth process. Heterogeneous nucleation is suggested by
the fact that the addition of Cd to the MAI solution leads to MAPDI3 films that are highly
oriented. However, note that the Pbl> film is oriented in the <001> direction, which would
be consistent with templating of (202) perovskite planes (Figure 3-7 & 3-4), but the
Cd_MAPDI; films are oriented in the <110> direction. Note also that the grain sizes and
shapes are very different in the Pbl, and Cd_MAPDI3 films. While the Cd_MAPDI3 films
are compact with 1-2 micron grains, the Pbl. seed layer is terraced and slightly porous

(~6%)[185] with grain sizes on the order of a few hundred nanometers (Figure 3-7 ¢ & d).
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Figure 3-7. (a) Simulated crystal structure of Pbl, projected in [001] direction and MAPDbI3
perovskite projected in [202] direction. Both the Pbl, (001) and MAPbIsz (202) planes
possess a hexagonal lattice. The center lattice site in the MAPDbIs (202) plane is not

occupied. Lattice mismatch between these two structures is ~ 3%. (c) Low and (d) high

magnification SEM images of surface of the Pbl, seed layer.
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To develop more insight, optical absorption spectroscopy was performed on the
Cd-containing MAI solutions. Absorption in the range of 300 — 325 nm was ascribed to the
formation of molecular complexes (Figure 3-8). The solutions were optically clear for at
least a week, indicating that the Cd-based MAI complexes do not interact or coalesce. In
contrast, addition of 10 mM Pb ions to MAI solutions lead to turbid solutions and
precipitation, indicating the growth of larger particles. Evidently, the surfaces of the Cd
complexes are terminated in such a way that they are less reactive than their Pb counterparts

such that they do not readily agglomerate.
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Figure 3-8. UV-vis absorbance spectra of 250 mM MAI in IPA, with and without 10 mM

CdCls.

X-ray studies of films formed by deposition of the Cd-MAI complexes onto glass
substrates (Figure 3-9) revealed diffraction peaks at 20 of 9.1°, 16.7°, and 25.2°. The XRD

pattern indicates that the solution phase complexes are most likely Cd-based LDPs such as
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(CH3NHz3)2Cdls.[6, 186] Note that similar X-ray signals were also observed in the as-
deposited Cd_MAPbIs films, but they disappeared after the films were subjected to the
mild post-deposition heating (Figure 3-9). Thermal gravimetric analysis (TGA) showed
that the decomposition of the (CHsNHs).Cdls material initiated at ~200 °C, in strong

similarity to TGA data for MAPbI3[47] (Figure 3-10).
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Figure 3-9. X-ray diffraction (XRD) spectra of MAI, MA2Cdls, and Cd-modified MAPbI3
films with and without post-deposition heating. XRD spectra of MA2Cdls was acquired
using a thin film that was deposited on a glass substrate by spin coating a solution that was
prepared by mixing MAI and CdCl> (3 to 1 molar ratio) in IPA. Prior to XRD measurement

the MA,Cdls sample was heated to 150 °C for 15 min.
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Figure 3-10. Thermogravimetric (TGA) analysis of MA2Cdl4 in N2. The heating ramp was

2°C/min.

With all of the data in hand we can speculate on a possible mechanism by which
the small grain <001> oriented Pbl, seed layer can be transformed into the large, compact
grains of MAPDIs with nearly complete <110> orientation. First, because the growth of the
large oriented grains occurs immediately upon introduction of the Cd-containing MAI
solution, without the need for any annealing process, it is very likely that the Pbl film is
not dissolved, reacted, and re-precipitated as MAPDbIs. This so-called
dissolution/precipitation reaction has been evoked to describe the growth of the smaller,
randomly oriented crystallites that typically result from the two-step process[75] (Figure

3-2e & g). As an alternative, we can consider a process in which the Pbls octahedra that
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comprise the Pbl, are not moved significantly from their initial positions but, instead, are
rotated and transition from edge sharing to corner sharing coordination with incorporation
of MAL. In this view, the large grain sizes are a consequence of the conversion of the <001>
Pbl> seed layer proceeding in an organized fashion as might be expected for a topotactic
process. Apparently, the Cd-LDPs serve as a type of flux or catalyst for enabling the
transformation. The concept is similar to the solution-liquid-solid growth mechanism that
has been developed for understanding the growth of 111-V crystals.[187] In the present
case, the fluxing species is the Cd-LDPs which are formed in the MAI solution. When the
MAI solution is introduced to the Pbl. seed layer the Cd-LDPs will have a high affinity for
the Pbl. terrace edges. At the interface, mixed-metal LDPs may form with some degree of
interdiffusion. Since the (CH3NHz3)2Cdls structure consists of cadmium iodide octahedra
nanostructures (sheets) encased in an organic MA* matrix in an open configuration,[6] Cd-
LDPs interfaced to Pbl, grains should provide low energy pathways for incorporation and
transport of MA" and | species. In this way, the phase transformation of the parent Pbl
film to MAPbIs would be facilitated. The difference in grain size of the initial Pbl> and
final MAPDIz films can be rationalized by two-dimensional annealing that could be
additionally facilitated by the presence of the Cd-LDP flux. This recrystallization process
fills the pin-holes and voids between grains, resulting in the observed large grains with a
reduced grain boundary area. Returning to the SEM image of Figure 3-1b, the high contrast
edges of the grains in the as-deposited Cd_MAPbI3 film can now be understood as being
due to the presence of electrically insulating Cd-LDPs that are left decorating the edges of
the grains. Interestingly, EDS scans of both surface and cross-sectional views did not detect

any Cd, indicating that the Cd concentration is below 1%. The subsequent heat treatment
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decomposes the LDP structure and integrates the Cd more fully into the MAPDI3 structure
(Figure 3-1f). With respect to the photoexcited carrier lifetimes (vide supra), the benefits
of the grain growth apparently outweigh any detrimental effects associated with Cd

doping.[182, 183]

3.8 Impact of the Increased Grain Size and Carrier Lifetime on the Photovoltaic

Device Performance

To determine the impact of the increased grain size and carrier lifetime on the
photovoltaic device performance, solar cells were fabricated based on Cd_MAPbI3z and
MAPDI3 thin films in the FTO/c-TiO2/m-TiO2/MAPDIs/spiro-MeOTAD/Au configuration.
Current-voltage (J-V) were collected under simulated AM 1.5G solar spectrum at light
intensity of 100 mW/cm?. We note that this non-optimized cell configuration with a
relatively thin mesoporous layer was adopted to allow relatively high throughput
experimentation and investigation of the impacts of the Cd-induced grain growth. Figure
3-11 shows that the PCEs for the 30 films that were turned into full devices fell into two
narrow and distinct ranges. Note that the low PCE for the devices formed without Cd (~7%)
using 250 mM MAI should be compared to a value of 10.8% which is typical for cells
made on TiO> layers produced in our labs using an MAI concentration that optimizes
efficiency without Cd (57 mM, see Figure 3-4). This latter value can then be compared to
a state-of-the-art device formed with similar processing but with a more fully optimized
TiO; electron transfer bilayer (15-17%).[25, 26] Devices made from Cd_MAPDbI3 with 10

mM CdCl, and 250 mM MAI vyielded efficiencies that were approximately twice the
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average efficiency of the 250 mM MAI MAPbI3 devices using a similarly unoptimized

TiO2 bilayer.
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Figure 3-11. Histogram of efficiencies for devices prepared from MAPDbIz and Cd_MAPbDI;

thin films.

Table 3.3 shows that the improved PCE for the devices made with Cd_MAPDbI3
comes from increases in the open circuit voltage (Voc), short circuit current density (Jsc),
and fill factor (FF). Note that a Voc value of 1.06 V for the champion Cd_MAPDbI3 device
is very close to the highest value of 1.15 V at the time that this experiment conducted,[188]
consistent with the reduction in the associated trap density (N¢) and the associated non-
radiative recombination rates. J-V Hysteresis appeared in both devices of standard and Cd-
modified perovskite films (Figure 3-13) and the hysteresis factor[189], H slightly improved

with the addition of Cd from 42 % to 39 %. With an average value of 17.8 mA/ cm?, which
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is substantially lower than the highest record value of 23.5 mA/cm? at the time that the

experiment conducted,[188] it is clear that the Jsc is the primary factor that limits the

performance of the devices.

Table 3.3: Solar cell performance metric for devices made with Cd_MAPDbI; and MAPbI3

films.

Sample Voc (V) Jsc (MA/cm?) FF (%) PCE (%)

Control

Average 0.91+0.03 123+1.4 58.65 + 8.66 6.5+0.7
Champion 0.92 12.5 62.06 7.1
With CdCl;

Average 1.04 £0.01 17.8+£0.3 70.42 £ 0.99 13.1+£0.3
Champion 1.06 17.9 72.59 13.8

To explore the origin of the low Jsc values the external quantum efficiency (EQE)
was measured. Consistent with the J-V measurements, the champion Cd_MAPbIs device
showed an EQE response that was higher than the response of the champion MAPDI3
device across the entire wavelength range (Figure 3-12). Of particular note is the long
wavelength response which was reduced for both devices. Poor long wavelength response
is generally associated with poor collection of the photocarriers that are generated deep
within the device. To gain more insight, the EQE data was corrected by the transmission
spectral data for the glass/FTO/c-TiO2/m-TiO2 portion of the device that reduces the
amount of light admitted into the perovskite absorber. Thus, the internal quantum

efficiency (IQE) could be evaluated (Figure 3-12).
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Figure 3-12. (a) J-V measurements (See the Figure 3-13 for characteristics variation of
champion cells from groups of control and Cd-modified deposition with forward and
reverse scan) (b) EQE, IQE spectra, and integrated current densities of CH3NH3Pbls
perovskite solar cells with (blue) and without (red) CdCl, additives. The integrated
photocurrent density values were 11.22 and 17.7 mA/cm? for devices prepared with
standard and Cd-assisted MAPbIs, respectively. These values were in good agreement with

the experimentally measured Jsc values (Table 3.3).

IQE data shows that the current collection for the Cd_MAPbI; sample is fairly high
across the full spectrum (average of 83 % from 460 to 750 nm), while the IQE for the
MAPbIs control device is still poor at wavelengths longer than ~450 nm. The poor long
wavelength response from the control MAPbIz film indicates that the dominant
recombination mechanism is associated with traps that reduce the probability of harvesting
photoexcited electrons in the HTM at the back of the device. Evidently, the inclusion of
Cd during synthesis improves the collection of photoexcited electrons by reducing the
effective value of charge trap density. On the other hand, the relatively high but flat IQE

for the Cd_MAPDI3 film suggests that the film’s thickness should be increased to more
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thoroughly absorb the incident light. Because the transparent conductor/ETL portion of
our devices has not been optimized for transmission, it is interesting to estimate the
theoretical maximum for Jsc of the device by integrating the IQE data. In this case, we
would expect a Jsc of 21.4 mA/cm?, which would give rise to a 16.4% device with all other

parameters held constant.
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Figure 3-13. Comparison of J-V characteristics (forward and reverse scans) from the
champion cells. The hysteresis index, H, was calculated using the following

1) °¢ JrW)Av~f)°¢ Jp(V)av
¢ p(V)av

equation.[189] H = ; Without Cd =42 % and With Cd =39 %
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3.9  Conclusion

We have shown that Cd salts introduced into the MAI precursor solution can allow
the use of higher MAI concentrations and significantly improve the quality of MAPbI3
perovskite films prepared by the two-step method. The grain size and crystallinity were
strongly enhanced, and the <110> oriented Cd_MAPbI; films exhibited increased carrier
lifetimes and solar cell device efficiency with improved reproducibility. The growth
mechanism clearly changes, and the resultant films demonstrate improved carrier lifetimes.
Using an unoptimized TiO> bilayer, we showed that the PCE of perovskite solar cells can
be improved with Cd*? incorporation during the film preparation. The Cd-assisted
deposition method may provide way to improve the quality of films grown by high rate

deposition processes.
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Chapter 4

Impact of Divalent Metal Additives on the Structural
and Optoelectronic Properties of Methylammonium
Lead lodide Perovskite Prepared by the Two-Step
Solution Process

In this chapter, we investigate the effect of inclusion of small concentrations of
divalent metal cations of Mg?*, Ca*, Fe?*, Co?*, Cu?*, Zn?*, and Hg?* on the structural and
optoelectronic properties of MAPbI3 perovskite materials prepared by the two-step
deposition process, and compared with the inclusion of Cd?* that discussed in Chapter 3.
We found that the incorporation of small concentrations of Fe?*, Co?*, Cu?*, Zn?*, or Hg?*
can also enhance the grain size dramatically. The maximum grain size increased from
~500 nm to ~2 pm and ~5 pum with the addition of Zn?*, and Fe?*, Co?*, Cu®"or Hg?",
respectively. However, only the Zn?*, and Fe?* addition showed an improved charge carrier
lifetimes than the control without any additives, indicating that Zn?*, and Fe?" can
substitute the role of Cd?* in the nucleation and growth process of MAPbI; perovskite. In
addition, Zn?*, and Fe?* were identified as potential candidates for Pb?* substitution in the

lead halide perovskites.
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4.1 Introduction and Motivation

Typically, the crystallinity, grain size, and morphology of the perovskite film in
PSCs are crucial to the optoelectronic properties of the films and the performance of the
devices.[26] These factors determine the density of trap states (N:), which causes non-
radiative recombination of charge carriers and energy loss in the devices.[43, 44] To
enhance solar cell performance, N; has to be reduced. One effective way is to enhance the
grain size of the perovskite films, which can greatly reduce the grain boundary and decrease
N: at boundaries. Furthermore, the diffusion length and mobility of carriers can be
improved significantly in large grains.[43] In addition to the grain size and crystallinity,
surface morphology of the methylammonium lead iodide (MAPbI3) perovskite film is also
crucial to achieve better performance in the PV devices. Poor surface coverage and rough
surfaces cause high surface charge recombination and significantly affect the charge carrier
collection.[175, 176] In Chapter 3, we have demonstrated that Cd?* addition during the
two-step growth of MAPbIs enhances grain size and photoluminescence, and thus the
photoconversion efficiency. However, due to the toxicity of the Cd, we wanted to find any
other possible metal cation/s that can substitute the role of the Cd?*. In this chapter, we
compare the effects of including small concentrations of other possible divalent metal
cations of Mg?*, Ca?*, Fe?*, Co?*, Cu?*, Zn?*, and Hg?" during the two-step fabrication

process, and compared with the Cd?*.
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4.2  Experimental Details

Thin film fabrication and characterization are similar to the Cd-modified MAPDI3
and explained details in the section 3.2. In brief, MAPbIs perovskite films were prepared
on the compact TiO2 (c-TiO) coated F-doped SnO; (FTO) glass (TEC 15; Pilkington NA)
substrates. A Pbl> seed layer (~350 nm) was first deposited on the c-TiO> layer (~ 50 nm)
by spin-coating a hot solution of 1 M Pblz in N,N-Dimethlylformamide (DMF), followed
by annealing at 100 °C for 15 min to evaporate the solvent and crystalize Pbl,. Then
solutions of 250 mM methylammonium iodide (MAI) in isopropanol (IPA) with 10 mM
MCI; (where; M is Mg, Ca, Fe, Co, Cu, Zn, or Hg) were spin coated on the Pbl; seed layer
to form metal-modified (Mg-, Ca-, Fe-, Co-, Cu-, Zn-, or Hg-modified) MAPbI; films. A
solution of 250 mM MALI in IPA was used to prepare the control sample. After the MAI
was spin coated, samples were annealed at 150 °C for 5 minutes to complete the MAPDbI3
perovskite formation reaction. The films were characterized using scanning electron
microscopy (SEM), X-ray diffraction (XRD), UV-vis spectroscopy, and steady-state and
time-resolved photoluimnescence (PL and TRPL). PL measurements were obtained at
several locations on the MAPbIz samples with 532 nm CW excitation from the film side
(laser spot size of ~140 pm and intensity of 140 mW/cm?) at room temperature. TRPL
measurements were performed with a time correlated single photon counting module
(Becker & Hickel Simple Tau SPCM 130-E/M module) using a 532 nm pulsed laser (beam
diameter of ~100 um) as a source of excitation. Samples were excited with ~10%°
photons/pulse/cm? at the peak emission wavelength, as determined from the steady-state

PL measurement.
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4.3  Grain Size Enhancement

For all the metals, except for Fe?*, a formation of pin-hole free surfaces with a full
coverage on the substrate (Figure 4-1b, c, h, i, m, & 0) was observed. Films with the
addition of Fe?* contained voids between grains, forming pin-holes. Addition of Fe?*, Co?",
Cu?*, Zn?*, and Hg?" improved the grain size dramatically (more than the Cd?*), but the
grain size for Mg?*, Ca?* remained similar to the control.

Smooth MAPbIz thin films were formed with the addition of these metal salts, while
films prepared by the standard method were rough and contained impurities (high contrast
spots) on the surface (Figure 4-1a & d). The maximum grain size increased from ~200 nm

to 5 um with the addition of Fe?*, Co?*, Cu?*, or Hg?*, and to ~2 pum with the Zn?*.
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Figure 4-1. Surface (a, b, ¢, g, h, i, m, n, & 0) and cross sectional (d, e, f, j, k, I, p, g, &)
SEM images from the MAPbI; films without (a & d) and with Mg?* (b & e), Ca?* (c & f),

Fe?* (g &j), Co?* (h & k), Cu?* (i & ), Zn** (m & p), Cd?** (n & ), or Hg?* (0 & r) addition.
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The cross sectional images (Figure 4-1j, k, i, p, & r) revealed the formation of a
single grain throughout the entire film thickness for Fe?*, Co?*, Cu?*, Zn?*, and Hg?*. Films
modified with Mg?*and Ca?* consisted of stacked formation of small grains (Figure 4-1e
& f). Some small grains were found on the edges of the large perovskite grain in the films
when Fe?*, Co?*, Cu?*, Zn?*, and Hg?" were used (Figures 4-1g, h, i, m, & 0), which is
likely due to the phase segregation of metal chlorides and/or Fe-, Co-, Cu-, Zn-, and Hg-

based low dimensional perovskites (LDPS).

4.4 Impact on Crystallinity

Figure 4-2a compares the XRD spectra of MAPDIs films prepared with and without
metal additives. All MAPDI3 films showed characteristic peak positions belonging to the
tetragonal perovskite phase (space group 14/mcm).[47, 52] With the addition of Mg?*, Ca?*,
Cu?*, Cd?* or Zn?* peak position of the (110) (at 26 angle of 14.1°) shifted to higher values
of 20 (Figure 4-2b). The peak shift increased in the order Ca?* < Cd?*< Zn?* < Cu?* < Mg?*.
This is likely due to crystal lattice distortion that occurs with substitution of Pb?* by a
smaller cation, and the peak shift is consistent with the order of reducing ionic radii (the
ionic radii reduces in the order Ca?* (100 pm) > Cd?* (95 pm) > Zn?* (74 pm) > Cu?* (73
pm) > Mg?* (72 pm)),[190] which causes the perovskite unit cell to shrink, leading to the
increases in 20. Interestingly, the addition of Fe?*, Co?" or Hg?* resulted in a splitting of
the peaks, which can be attributed to the formation of Fe-, Co-, or Hg-based organic-
inorganic halides such as MABX3 and (MA)2BXs (Where; B = Fe, Co, or Hg, and X =l or
CI).[191-194] Furthermore, XRD peaks at 26 angle of ~11.5° were observed from the films

made with Ca®*, Mg?*, Fe?*, and Hg?* additives, which can be attributed to the Ca- Mg-,
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Fe-, or Hg-based LDPs (Figure 4-2c).[47, 191, 194] These LDPs lead to the excitonic
absorption at ~360 nm that is seen in the absorbance spectrum (Figure 4-3a).

The intensity of the (110) XRD peak for the Mg-, Ca-, Fe-, Co-, Cu-, Zn-, and Hg-
modified films was much lower than that for the Cd-modified film, and decreased in the
order of Cd > Cu > control > Fe > Zn > Mg > Co > Ca > Hg. The reduced XRD intensity
indicates a lower degree of crystallinity in the Mg-, Ca-, Fe-, Co-, Cu-, Zn-, and Hg-
incorporated films (Figure 4-2a). This result is consistent with the UV-vis absorbance
spectra (Figure 4-3), in which the Cd-modified film with the highest degree of crystallinity
shows the strongest absorption at the perovskite band edge (~750 nm). In contrast, though
the addition of Fe?*, Cu?*, Co?*, Zn?*, and Hg?* enhanced the grain size, the lower degree

of crystallinity of MAPDI3 grains led to reduced optical absorption.
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Figure 4-2. (a) XRD spectra of the MAPDI3 perovskite control film and the films prepared
with Mg?*, Ca®*, Fe?*, Co?", Cu®", Zn?*, Cd?*, and Hg?" additions in the two-step

deposition. Zoom-in XRD spectra for the (b) perovskite (110) peak, and (c) LDP peaks.
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Figure 4-3. UV-vis absorbance spectra of control without any additive and Mg-, Ca-, Fe-,

Co-, Cu-, Zn-, Cd-, and Hg-modified films.

4.5 Impact on Optoelectronic Properties

Addition of the Fe?*, Co?*, Cu?*, Zn?*, and Hg?* divalent metal cations assists the
formation of large grains; however, these metals may introduce deep-level charge trap
states. To examine this possibility, PL and TRPL measurements were performed to
determine the effect of these metal cation inclusion on the optoelectronic properties of the
perovskite films (Mg?* and Ca®" were also measured for comparison). The PL emission
(Figure 4-4a) from the MAPbIs film was centered at 753 nm, consistent with the reported
value for the MAPDI3 thin films.[195] For all the metals, the perovskite emission peak
exhibited a red shift (~10-20 nm) with respect to the control sample (753 nm), indicating a
decrease in the band gap between the valence-band-maximum (VBM) and the conduction-
band-minimum (CBM) of the perovskite. Further, all the metals other than the Co?* showed

a narrowed PL emission peak. PL emission peak from the Co-modified MAPbIs film was
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broad and had a shoulder peak (Figure 4-4a), indicating an increased defect density and a
formation of mid gap defects in the film.

There could be several reasons for the band gap reduction in the MAPDI3 films with
the metal incorporation. One reason could be that the substitution of the Pb?* sites by these
metal cations in the MAPDbI3 system alters the interaction with the ions in the network and
leads to the changes in the band gap.[183, 196, 197] Formation of shallow defects could
also be a potential reason.[85, 180] In the case of Co?*, the peak at ~ 880 nm is likely
belonged to transition due to mid gap defects. The emission peak ~763 nm could be due to
the transition associated with either shallow defects or band to band transition from a
reduced band gap that changed by the Co?* substitution. Another possible reason for the
red-shifted PL emission peak in the Mg-, Ca-, Fe-, Cu-, Zn-, Cd- and Hg-modified films is
an improved surface passivation. As described in Chapter 3, the excitation wavelength of
532 nm is more sensitive to the surface (penetration depth ~80 nm). Therefore, if there is
an improved surface passivation, then we should observe an improved t1 for these
perovskite films compared to the control.

The TRPL decays (Figure 4-4b) for all the films were well-fit with a bi-exponential
function having two decay constants (Table 4.1). As predicted based on the PL data, for all
the metals, except for Co?*, an improved 11 was observed, indicating improved surface
passivation of the perovskite grains. Therefore, the red-shift in the PL emission peak with
the Mg?*, Ca?*, Fe?*, Cu?*, Zn?*, Cd** and Hg?* inclusion is likely due to the reduced
surface charge trap density due to the surface passivation, and/or Pb?* substitution by these

metal cations, and/or formation of shallow defects.
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Only Fe- and Zn-modified perovskite films showed increased t1 and t> compared

to the control sample. It is likely due to the result of combining grain boundary passivation

and grain size enhancement. However, the high yield of 71 indicates that a possible charge

extraction to the small Fe- or Zn-based impurities on the surface of perovskite grain (Figure

4-1g & m) which would limit the PV device performance. The 12 of the Fe_ MAPbI3 film

(255 ns) was approximately similar to that of the Cd_MAPbI3 (266 ns), but lower in the

Zn_MAPDI3 (155 ns), indicating that the deep level trap states density in the bulk of the

Zn-modified MAPDIs is higher than that of the Fe- and Cd-modified films.

Table 4.1: Bi-exponential fitting time constants and mean lifetime of the carriers for the

Mg-, Ca-, Fe-, Co-, Cu-, Zn-, Cd- and Hg-modified, and control films (average over three

different sample spots).

Metal additive | t1 (ns) Yield1% | 12 (ns) Yield 2 % | Mean lifetime (ns)
Standard 5.2 18 103 82 86

Mg 16 39 61 72 50

Ca 19 39 69 61 49

Fe 34 25 255 75 200

Co 34 42 58 36 23

Cu 9.5 30 104 70 76

Zn 30.8 51 155 49 91

Cd 6.3 12 266 88 237

Hg 8.9 22 78 74 60
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Both 1 and 1> for the Co-modified film were lower than the control, indicating
higher surface and bulk recombination. This is consistent with the steady-state PL
measurements (Figure 4-4a). This could be due to the formation of Co-based perovskite
and/or CoCl, segregation. The Cu?* incorporation slightly improved the surface-lifetime
component t1. However, the high yield of 11 compared to the control indicates an existence
of surface defects. The bulk-lifetime component t> was similar to the control sample,
indicating an approximately equal density of non-radiative recombination centers in the
control and Cu-modified films. This is consistent with the crystallinity of the control and
Cu-modified films (Figure 4-2a). Since the Cu?* incorporation forms large grains (Figure
4-11i), the density of grain boundary decreases, reducing the non-radiative recombination
centers. Therefore, Cu?* inclusion may have formed deep level charge trap states in the
MAPDI3 film.

The Mg?*, Ca?*, or Hg?" incorporation improved the surface passivation of the
perovskite grains, resulting in an improvement in surface-lifetime component t:. However,
the high yield of 1 compared to the control indicates an existence of surface defects. The
reduced T2 explains that the Mg-, Ca- Hg-based impurities (LDPs or metal chlorides) can
introduce non-radiative recombination centers which reduce the possibility to separate

photoexcited charge carriers.
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Figure 4-4. (a) Normalized PL spectra and (b) intensity normalized TRPL decay of control

(MAPbDI3), Mg-, Ca-, Fe-, Co-, Cu-, Zn-, Cd-, and Hg-modified of perovskite films.

46  Conclusion

Inclusion of the divalent metal cations of Fe?*, Co?*, Cu?*, Zn?*, or Hg?" also
enhanced the grain size dramatically, but only the Fe-, and Zn- modified films showed an
improved charge carrier lifetimes than the control without any additives, indicating that the
addition of Zn?*, and Fe?* can also change the nucleation and growth process of MAPDbI3
perovskite, and improve the material quality. In addition, Zn?*, and Fe?* were identified as
potential candidates for Pb?* substitution in the lead halide perovskites.

Since the concentration was not varied during the experiment, further research is
needed to develop a precise control of Mg?*, Ca?*, Fe?*, Co?*, Cu?*, Zn?*, and Hg?*

concentrations in the MAPbIs film that could lead to the improvement of the structural and

optoelectronic properties of the film.
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Chapter 5

Selective Cd Removal from CdTe Surface for High
Efficiency Te Back Contact Formation in CdTe Solar
Cells

Formation of a Te-rich surface or a Te layer on the CdTe absorber is beneficial to
the formation of a low barrier contact at the back junction in CdTe solar cells. Regardless
of the CdTe fabrication method, surface etching or direct deposition processes are widely
used to form Te-rich CdTe surfaces or Te layers. In this chapter, we show that
methylammonium iodide (CHsNHzl, MAI) can simply and controllably react with the
CdTe surface to produce elemental tellurium. Both X-ray diffraction and Raman
spectroscopy confirmed formation of a Te layer. P-type doping on the CdTe surface was
conducted by diffusing a small amount of Cu through the Te layer. The Te layer, which is
located between the p-type doped CdTe surface and the back electrode, reduces the
Schottky barrier height and band bending at the back contact, improving the open circuit
voltage (Voc) and fill factor (FF) in CdTe solar cells. MAI concentration, MAI reaction
time and temperature, and the amount of Cu used for the doping of the treated devices were
optimized with an Au back electrode. CdS/CdTe samples that were treated with 125 mM

MAI solution and heated to 125 °C for 10 minutes showed the best power conversion
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efficiency (PCE) of 14.1%, while the best efficiency of a standard device without treating
was 13.0%. Further, this improved efficiency was achieved with less Cu than the standard.
PCE for the devices with the indium tin oxide (ITO) back electrode was also improved
from 11.0% to 12.2% with the MAI treatment, indicating the formation of a Te layer
adjacent to the p-type doped CdTe surface is a potential technique for the fabrication of

high efficiency transparent or bifacial CdTe solar cells.

51 Introduction and Motivation

CdTe solar cell technology is one of the most well-established approaches for
preparing high efficiency, low cost, and stable thin films photovoltaics (PV). [198] With a
direct band gap of 1.45 eV, CdTe is an ideal absorber material for single junction solar
cells, and a power conversion efficiency (PCE) as high as 22.1% has recently been
achieved. [17] Creating an efficient and stable back contact is necessary to achieve high
efficiency CdTe solar cells that exhibit long-term stability. [199] Since CdTe has a high
electron affinity, a high work function metal is required to form a low resistance ohmic
contact; however, no metals have a work function high enough to form an ohmic contact
with p-type CdTe (Figure 5-1a). Therefore, CdTe/metal junctions typically result in a
Schottky barrier (Figure 5-1d). This increases the back junction recombination and causes
lower device performance.[199-203] A typical method to reduce this barrier height is to
add Cu to the back contact with (Figure 5-1h & i) or without (Figure 5-1e-f) a Te layer,
and, more recently, a Te layer without the Cu (Figure 5-1g).[204, 205] The added Cu
diffuses to the CdTe, doping the CdTe surface as a p* region, or/and forms a CuxTe

degenerate semiconductor layer.[203, 206-209] The layer that consists of this p* region
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or/fand CuxTe layer is called a buffer layer. With increasing carrier density of the buffer

layer, back barrier height (¢v) and barrier width (wds) reduces, increasing the conduction

band near the interface (Figure 5-1b,e, & ).[210]
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Figure 5-1. Energy band diagram of (a) CdTe and metal back electrode, (b) CdT with a Cu-

doped layer, which formed closer to the surface, and metal back electrode, and (c) CdTe,

Te, and metal back electrode before contacting. Panel (d) shows the formation of Schottky

barrier at back contact when the CdTe and metal back electrode are contacted together.

Panels (e), and (f) represents the change of the band bending with the introduction of Cu.

The barrier height (¢b) and barrier width (w¢p) reduces, and the conduction band near the
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interface increases with increasing the carrier density of the buffer layer ((e) < (f)), which
formed by diffusing Cu to the CdTe, to dope the CdTe surface as a p* region, or/and form
a CuxTe layer. Energy band diagram of CdTe, Te buffer layer, and metal back electrode
after being connected (g) without and (h) & (i) with Cu addition. Note that the panels (h)
& (i) represent the change in energy band diagrams, which are shown in the panels (e) and

(F), respectively, after the Cu incorporation.

Doping of the CdTe surface is often conducted by deposition of a thin Cu layer on
the CdTe surface, followed by annealing. [209, 211] For the CuxTe fabrication, the Cu
deposition is conducted on a Te-rich CdTe surface or separately deposited Te layer on the
CdTe surface. [205-207] Depending on the reaction temperature, Cu diffuses to the bulk
CdTe, doping the surface as a p* region, or reacts with the Te, forming a CuxTe layer. [205-
207] To fabricate a Te-rich surface or a Te layer on the CdTe layer, wet-chemical surface
etching processes, such as bromine-methanol (BrMeOH), which uses a diluted solution of
bromine in methanol [199], nitric-phosphoric etch (NP etch), which uses a mixture of nitric
and phosphoric acid in water [212], and dry etching in Ar plasma [213] are commonly
used. Alternatively, either physical vapor deposition (close space sublimation (CSS) [214]
or evaporation [204]) or chemical bath deposition (CBD) [215] have also been used to form
a Te layer on the CdTe absorber.

In Chapter 3 we explained that MAI, which is one of the main precursors used in
the fabrication of lead halide perovskite solar cells, readily forms (CH3zNH3).Cdls
(MA:Cdls) perovskite with Cd?* ions. So, a question raised whether MAI can extract Cd

from CdTe surface leaving Te. To answer this question, MAI thin films, which were
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fabricated on the CdTe surface by spin-coating MAl/isopropanol (IPA) solutions, were
reacted with the CdTe surface, and characterized the surface using XRD and Raman
spectroscopic analysis, and SEM imaging. After reacting the MAI on the CdTe surface,
formation of a layer of elemental Te was noticed, indicating that MAI can extract Cd from
CdTe surface leaving Te. With this finding, we introduced a new wet-chemical process to
form a Te layer on the CdTe surface using, MAI solutions. Facile preparation, reduced
toxicity, and high controllability are the main advantages of this process.

Current density-voltage (J-V) characteristics showed significant improvements in
open circuit voltage (Voc) and fill factor (FF) with the MAI treatment. Improved Voc and
FF, resulted a higher PCE (14.1%) in the MAI treated devices relative to standard devices
prepared without any surface treatment (13.0%). We investigated the effect of MAI
concentration, and MAI reaction time and temperature on the surface morphology,
structure, and device performance. Furthermore, the amount of diffused Cu for MAI treated
devices was also optimized. The optimized MAI treatment was applied to improve the PCE
of CdS/CdTe solar cells with a transparent indium tin oxide (ITO) back electrode from
11.0% to 12.2%. Temperature dependent J-V measurements were conducted to investigate
the effect of the MAI treatment on the back contact barrier height (¢n). The Schottky barrier
height at the back contact for both Au and ITO electrodes dramatically reduced with the

MAI treatment, consistent with the improved Voc and FF.
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5.2  Experimental Details
5.2.1 MAI Surface Treatment

CdS and CdTe were deposited onto glass substrates, which are consisted of a pre-
deposited stack of a transparent conductive oxide (TCO) and a high-resistance
transparent (HRT) layer (Figure 5-2) using a commercial vapor transport deposition
process. The TCO and HRT layers are made of fluorine-doped SnO; (FTO or F:SnO) and
intrinsic SnO; (i-SnOz), respectively. CdCl, was deposited on the CdTe film by dropper
using a saturated methanolic solution. Samples were heated at 387 °C in dry air for 30 min
to activate the device. [216] Excess CdCl, was removed by thorough rinsing with

methanol.

(a)

(b)

Figure 5-2. (a) Schematic of a regular CdS/CdTe solar cell. (b) Cross sectional SEM

image of a CdS/CdTe solar cell with a Cu/Au back contact that used in the study.

The CdTe surface was then covered with 500 uL of MAI in anhydrous IPA at
different concentrations ranging from 67.5 mM to 500 mM. After letting the solution sit
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on the CdTe layer for 40 s, the sample was spun at 4000 rpm for 20 s to form a thin MAI
film on the CdTe surface (Figure 5-3a). The samples were then heated at 110 °C, 125 °C,
150 °C or 175 °C for 10 min (For the 150 °C, different annealing times ranging from 5 min
to 20 min were used) (Figure 5-3b), followed by thorough rinsing using anhydrous IPA

(Figure 5-3c).

MAI in IPA IPA

MAI thin film MAI thin film

FTO

1150 oc C\ —

Reacting the MAI film
with the CdTe surface

(@) (b) (c) (d)

Cleaning the surface A Te layer formed CdTe

Formation ofa MAI film

Figure 5-3. (a) Preparation of the MAI thin film on the CdTe surface. (b) Reacting the
MAI thin film with the CdTe surface. (¢) Removing the access MAI and MA.Cdl4

perovskite by IPA, (d) leaving Te on the CdTe surface.

5.2.2 Film Characterization

X-ray diffraction (XRD) patterns of the films were recorded from 26 = 20° to 50°
with a 0.02° step size and a scanning speed of 0.5°/s using a Rigaku Ultima Il X-ray
diffractometer. Surface scanning electron microscope (SEM) images of the films were
obtained using a field emission scanning electron microscope (Hitachi S-4800). Raman
spectra of the films were obtained at room temperature from 50 to 500 cm™ using a LabRam
confocal scanning microspectrometer (Horiba-Jobin Yvon) equipped with a He-Ne laser

with line excitation at 632 nm.
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5.2.3 Solar Cell Preparation

After reacting the MAI thin films with the CdTe surface and cleaning the surface,
different thickness (from 0.5 to 5 nm) of Cu and 40 nm of Au were deposited by thermal
evaporation without breaking the vacuum. The samples were then annealed at 150 °C for
45 min. Individual cells were scribed on a 3 mm x 3 mm grid. [217] The active area of the
fabricated solar cells is 0.08 cm?. For the devices with a transparent back electrode, the Cu
diffusion was completed prior to the deposition of 125 nm of ITO layer by sputtered from
a3” ITO target (Lesker) onto a room temperature CdTe in an Ar atmosphere with a pressure

of 3mTorr at a 100 W power.

5.2.4 Solar Cell Characterization

J-V characteristics were measured using a Keithley 2440 digital source meter and
a solar simulator (Newport model 91195A-1000) configured to simulate AML.5
illumination. A NIST-traceable Si reference solar cell was used to calibrate the light

intensity.

5.2.5 Low Temperature J-V Measurements

For low temperature J-V measurements the devices were placed in a closed-cycle
helium cryostat, and the temperature was varied from 180 to 300 K. A LabVIEW program
interfaced to the temperature controller and a Keithley 2400 source-meter allowed for
automatic data acquisition. Dark J-V curves were collected while scanning from -0.5 to

+1.5V at 0.01V/s.
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5.3 Results and Discussion

5.3.1 XRD spectroscopy analysis

XRD was used to investigate the effect of MAI treatment on the CdTe structure.
The XRD spectra (Figure 5-4) of the CdTe samples treated with varying concentration of
MAI all show three main diffraction peaks at 26 of 23.8°, 39.3°, and 46.4°, corresponding
to diffractions from the (111), (220), and (311) crystalline planes of cubic CdTe,
respectively. [218] After the MAI treatment, a new XRD peak at 27.5° appeared. This peak
is likely due to hexagonal Te (PDF: 97-009-6502) structure, suggesting that MAI treatment

selectively removes Cd from the surface.

i - [MAI] =) =
105 : = 500 mM & 5
3 by 375 mM 2 2
3 4] S T —125mM
g 10 E —— Standard
:'? .
7 i
3
g 10" *
- :
E _
2
10 =

I L] T T T I T T T T I T T T L] I T T T T I T T T T I T T T L I

20 25 30 35 40 45 50
20 (degrees)

Figure 5-4. X-ray diffraction patterns from MAI treated (using 125 mM, 250 mM, 375

mM, and 500 mM MAI solutions) and untreated CdS/CdTe (standard) samples.
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5.3.2 Variation of the Surface Morphology

To examine the impact of MAI treatment on the morphology of the CdTe surface,
we obtained SEM images (Figure 5-5) of the samples. Figure 5-5a shows the surface
morphology of a CdCl, treated CdTe sample. The morphology of the CdTe surface
dramatically changed after MAI treatment. Figures 5-5b and 5-5c¢ show the surface
morphology of a CdTe sample after reacting with a MAI thin film formed by spin coating
a 125 mM MAI solution on the CdTe surface. Here, small islands less than 100 nm in
diameter were found on the CdTe surface. These islands evidently consist of Te. Reacting
the CdTe surface with methylammonium bromide (MABr) (Figure 5-5d) or
methylammonium chloride (MACI) (Figure 5-5¢) thin films also showed the formation of
these small islands. However, the size of the islands decreases in the order MAI > MABr
> MACI. To determine at which step these Te islands were formed, MAI was deposited as
above, but the sample was rinsed with IPA prior to heating (henceforth referred to as the
cleaned sample). Te islands were not observed on these cleaned samples (Figure 5-5f),

indicating heating is a necessary step for Cd removal.
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Figure 5-5. SEM images of (a) CdCl treated CdTe sample. Panels (b) and (c) show the
surface morphology of a MAI treated sample using a 125 mM MA\I solution and heated for
10 min, in low (b) and high (c) magnifications. Panels (d) and (e) show the surface
morphology of (d) MABr and (e) MACI treated CdTe samples using 125 mM MABr and
MACI solutions, respectively, and heated for 10 min. (f) Surface morphology of a CdTe

sample, with the MAI rinsed prior to heating.

122



5.3.3 Raman Spectroscopy Analysis

To better understand the surface of the films, Raman spectroscopy analysis (Figure
5-6) was performed on MAI, MABTr, and MACI treated samples using 125 mM MAI,
MABr and MACI solutions, respectively and heated for 10 min at 150 °C, a cleaned sample,
and a standard. Raman spectra of all the samples showed the presence of LO phonons of
CdTe (LO(CdTe)) peak at 165 cm™* and the E(Te) mode peak at 108 cm ™1 [219, 220]. After
the MAI, MABr, and MACI treatment, two new distinct peaks appeared at 123 cm™ and
143 cm™. These peaks are likely due to the A(Te) and E(Te) modes [219, 220]. The
calculated integrated peak intensity of the highest intense peak at 123 cm™ was reduced in
the order MAI (3245 a.u.) > MABr (746 a.u.) > MACI (666 a.u.), indicating a reduction of
the Te volume in the order MAI, MABT, and MACI, respectively. This is consistent with
the SEM observation of size reduction of the Te islands in the order MAI > MABr > MACI.

Once again, no evidence of the Te islands were observed for the cleaned samples.
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Figure 5-6. Raman spectra from MAI, MABTr, and MACI treated samples using 125 mM
MAI, MABr and MACI solutions, respectively, and heated for 10 min at 150 °C, a cleaned

sample, and a standard.

5.3.4 Formation of a Te Layer

As explained in Chapter 3, MAI, which is one of the main precursors used in the
fabrication of lead halide perovskite solar cells, readily forms (CH3sNH3).Cdls (MA2Cdls4)

perovskite with Cd?* ions. [79, 80] In those studies, MAI was mixed with CdCl in an IPA
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solution, and MA,Cdls perovskite spontaneously formed in solution at room temperature

(Figure 5-7).

Isopropyl
alcohol (IPA) MA,Cdl,

CdCl,

Figure 5-7. CdCl, participation in an IPA solution and complete dissolution with the

addition of MAI due to the formation of MA2Cdl4 perovskite.

Here, the data from the cleaned samples indicate that the perovskites do not
spontaneously form in solution. The Te island formation only occurs after the sample was
heated. Therefore, the formation of a Te layer can be explained by the following reaction
(Figure 5-8a).

MAI (s) + CdTe(s) —*— MA,Cdl,(s)+Te(s) (5.1)
Because, MA,Cdl, perovskite is soluble in IPA[79, 80], the MA2Cdl4 can be rinsed, leaving
a Te layer behind on the CdTe film (Figures 5-8b, 5-3d & 5-5b,c ). The formed Te layer is

~80 nm thick, as determined from the cross-sectional SEM images (Figure 5-9).
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Figure 5-8. (a) Extracting Cd from the CdTe surface by forming MA,Cdls. (b) Removing MA,Cdl4

and excess MAI.

Figure 5-9. Cross-sectional SEM images of (a) & (b) MAI treated and (c) & (d) untreated
CdTe devices. Note that the Au layer is clearly visible in the untreated sample, but in the

treated sample, Au is decorated the Te layer.
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The MAI treatment appears to be self-limiting as significant changes in the surface
morphology images were not observed with changes in the MAI concentration (Figure 5-
10). One reason could be that as the Te layer grows, it may form a capping layer for the
CdTe, blocking the contact between the CdTe and the MAI film, hindering the formation
of additional Te. Another reason could be that the MAI source was exhausted during the
reaction and that sufficiently high quantities were not tested here to show significant

differences in Te thickness.

Figure 5-10. Surface SEM images of MAI treated CdTe samples with (a) 125 mM, (b) 250

mM, (c) 375 mM, and (d) 500 mM MAI solutions.

Similar to MAI, MABr and MACI also form Te-rich surface by forming MA2CdBr4
and MA,CdCls perovskites, respectively. However, SEM and Raman spectroscopy

analysis showed that the yield of the Te is reduced in the order MAI > MABr > MACI.
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Since all the processing was similar for these reactions, the data indicates that the formation
energy of MA2CdX4 (where X is I, Br, or Cl) perovskites reduces in the order Cl > Br > I.

It is clear that the MAI treatment selectively removes the Cd from the CdTe surface
through an interaction with the methyl ammonium. It is likely that any defects at this
surface would exist in a higher energy state and be most susceptible to treatment and
removed first. This would suggest that Te layers created through the MAI treatment process
should not only be in better electrical contact with the CdTe underneath due to selective
removal of Cd, but also have fewer interface defects than a Te layer deposited onto the
CdTe surface. As a result, better electrical properties at the back junction can be expected
in the devices with a Te layer formed using this method than devices with an evaporated

or sputtered Te layer.

5.3.5 Device Performances

Complete devices were fabricated to study the effect of MAI treatment on the
device performances. Figure 5-11 shows the open circuit voltage (Voc), short circuit
current density (Jsc), Fill Factor (FF), and PCE data for devices reacted with MAI thin
films fabricated with various MAI concentrations and reaction times with the 150 °C
reaction temperature. Samples treated with 125 mM MAI solution and heated for 10 min
achieved the highest average Voc, FF, and PCE of 824 + 3 mV, 77.1 + 0.6%, and 13.0 +
0.2%, respectively. The average Voc, FF, and PCE for devices made without MAI
treatment were 771 £ 12 mV, 74.2 £ 1.8%, and 11.8 + 0.4%, respectively. The highest
efficiency of 13.5% with Voc of 829 mV, Jsc of 20.8 mA/cm?, and a FF of 78.1% was also

achieved using a 125 mM MAI solution with the 10 min reaction time. The best standard
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device prepared without treating the CdTe surface had a PCE of 12.7% with a Voc of 799

mV, a Jsc of 21.0 mA/cm?, and a FF of 75.9%.
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Figure 5-11. Photovoltaic performances of (a) Voc, (b) Jsc, (c) FF, and (d) PCE of MAI
treated (with various concentrations and reaction times) and untreated CdS/CdTe devices.
Note that the average values presented in the figure were derived from measurements on

more than 20 devices.

We then used these parameters to optimize the reaction temperature. Table 5.1
summarize the photovoltaic parameters and device efficiencies for different reaction

temperatures. The 3 nm of Cu, which is the optimum thickness for our device standard,
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was used in these devices and to determine the optimum concentration and reaction time
(Note that the average and champion device performance of the standard changed in this
study due to a change in the commercial vapor transport deposition process, which used to

deposit the CdS and CdTe layers.)

Table 5.1: Device parameters for different reaction temperatures (At least 20 devices

were measured for the average).

Temp Voc Jsc FF Eff
(mV)  (mA/cm?) (%) (%)

Standard 796+14 21.1+02 746+20 125+04
Best 811 21.3 75.6 13.0

MA treated at
110 °C 818+5 21.2+02 76.2+08 13.2+0.2

Best 821 21.7 76.7 13.7
125 °C 828+3 21.2x+02 766+13 135+£0.3
Best 830 215 77.5 13.8
150 °C 827+3 21204 756+12 13.3x0.3
Best 826 21.7 75.7 13.5
175 °C 8264 21.1x06 749+x12 13.0x04
Best 833 21.4 75.8 13.5

For all treatment temperatures, the treated samples showed higher average Voc than
the standard samples. FF improved with the treatment up to 125 °C, above which it began
to decrease. The Jsc was not affected by the MAI treatment, indicating that the photocurrent
generation in the CdS/CdTe devices is independent of the nature of the back junction of

the device. Treatment at 125 °C resulted in the best performing devices with highest
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average Voc, FF, and PCE 0f 828 + 3 mV, 76.6 + 1.3%, and 13.5 £ 0.3%, respectively. The
highest efficiency of 13.8% with a Voc of 830 mV, a Jsc of 21.5 mA/cm?, and a FF of
77.5% was also obtained with the 125 °C reaction temperature. Interestingly, a significant
change in the Voc was not observed for devices treated above 125 °C, indicating nearly
identical back contact formation.

The back contact of the devices is completed by depositing 3 nm of Cu and 40 nm
of Au followed by a diffusion step at 150 °C. This temperature is insufficient to form CuxTe
[205-207] (Figure 5-12), so Cu is directly diffused through the Te layer into the CdTe
absorber.[205] Therefore, the back junction of our devices is likely to consist of a Cu-
doped CdTe (CdTe:Cu) surface with a Te layer. Doping the CdTe surface by Cu as a p*
region reduces the band bending at the back of the device and narrows the back barrier
(Figure 5-1¢,f).[203] By conducting the numerical simulation using the SCAPS-1D
software, Sites et al. demonstrated a reduction in downward valance-band bending from
the low work function metal to the p-type CdTe with the formation of Te layer (Figure 5-
13).[204, 221] Since the amount of Cu in each of these devices is nominally the same and
the Cu does not react with the Te, the interface between the CdTe and Te are expected to
be equal. Improvements in Voc and FF for the treated devices can, therefore, be attributed
to the reduced downward valance-band bending from the Au to the p-type CdTe with the
formation of Te layer.[204, 221]

For treatment temperatures above 125 °C, the FF, unlike the Voc, begins to
decrease. It is possible that the rapid reaction at high temperature may result in additional

etching at the grain boundaries, which decreases the shunt resistance.
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Figure 5-12. XRD of Cu-doped CdTe from MAI treated (using 125 Mm MAI solution) and

untreated samples, and MAI treated CdTe without Cu doping. Note that the CuxTe peaks

were not observed.[205-207]
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Figure 5-13. Energy-band diagrams for a CdS/CdTe device at 0.8-V bias under
illumination (a) without and with (b) a Te buffer layer. © 2017 IEEE. Reprinted, with
permission, from Tao Song and James R. Sites, Role of Tellurium Buffer Layer on CdTe
Solar Cells’ Absorber/Back-Contact Interface, in IEEE 44" Photovoltaic Specialists

Conference (PVSC), 2017 June 25-30.[221].
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The Cu thickness for the devices treated with 125 mM MAI solution and heated for

10 min at 125 °C was also optimized. The results are shown in the Table 5.2.

Table 5.2: Device performances for different amount of Cu. Note that the average values

presented in the table were derived from measurements on more than 20 devices.

Cu Voc Jsc FF Eff
thickness ~ (mV)  (mA/cm?) (%) (%)
Without MAI treated
0nm 649+14 204+03 684+09 9.0x03

Best 668 20.7 69.5 9.6
3nm 796+14 211+02 746+20 125+04
Best 811 21.3 75.6 13.0

With MAI treated
0 nm 775+3 20.0+0.1 70706 11.0%x01

Best 774 20.3 71.0 11.2
0.5 nm 817+5 21.8+0.1 753+08 134%0.2
Best 820 21.9 76.3 13.7
1nm 821+5 21.7+0.1 749+09 133+0.2
Best 828 21.8 76.1 13.7
2nm 834+2 214+02 772+x09 138=%0.2
Best 831 21.8 77.9 14.1
3nm 828+3 212+02 766+13 13.5%03
Best 830 21.5 77.5 13.8
4 nm 821+2 215+01 76.6+0.7 135+0.2
Best 821 21.6 77.5 13.7
5nm 814+4 215+02 765+11 134%0.2
Best 821 21.9 76.4 13.7
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The untreated devices without Cu showed low Voc and FF values, resulting poor
PCEs due to the high back contact barrier [199-203] and band bending (Figures 5-13a &
5-1d). However, dramatic improvements in the average Voc (126 mV) and FF (2.3) were
observed with MAI treatment even when Cu was not used at the back contact. This is
consistent with the literature and attributed to an enhanced charge carrier collection due to
the reduced downward valance-band bending from the low work function Au to p-type
CdTe (Figure 5-13b & 5-1g).[204, 221] With the deposition of Cu, Voc and FF further
improved, and 2 nm of Cu showed the highest average Voc, FF, and PCE of 834 £ 2 mV,
77.2 £0.9%, and 13.8 £ 0.2%, respectively. The champion device efficiency of 14.1% with
Voc of 831 mV, Jsc of 21.8 mA/cm?, and FF of 77.9% was also achieved with 2 nm of Cu.
For devices with more than 2 nm of Cu, the average Voc decreased gradually, though the
FF appeared to saturate.

Since the Cu diffuses through the Te layer, it acts as a dopant in the CdTe. The
primary mechanism for this is Cu substitution on Cd site as an acceptor.[208] However, p-
type doping of the CdTe is highly compensated by the formation of various other defects
and complexes.[204] The reduction in Cu for the devices with a Te layer compared to the
standard is consistent with the literature and attributed to reduced compensation from Cu.
[204] The p-type doping of the CdTe first decreases, then increases, and then again
decreases with increasing amounts of diffused Cu.[222] The Voc drop observed for more
than 2 nm of Cu is likely due to reduced p-type doping of the CdTe, which increases the

band banding and barrier height at the back contact (Figure 5-1e & f).
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In addition to the improvements in the Voc, FF, and PCE, the standard deviations
of these photovoltaic parameters for the optimized devices were also reduced with the MAI

treatment. This is due to the precise control of the Cd removal process.

4.3.6 Devices with Transparent Back Contact

Since the Te layer reduces the downward valance-band bending from the back
electrode to p-type CdTe, ITO was investigated as a back electrode for MAI treated CdTe
devices. Previous attempt to use a Te layer between ITO and CdTe for transparent devices
required the use of a CuxTe layer.[223] Here, we formed a Te layer at the back interface
of the device using the MAI treatment, followed by Cu diffusion, and deposition of an ITO
layer. Control samples without any surface treatment were also fabricated for comparison.
Device performances with and without MAI treatment are summarized in the Table 5.3.

Without any surface treatment, the control devices without Cu showed poor
performances ~ 5.0 % PCE with low Voc and FF. With the Cu doping, Voc and FF
improved dramatically, resulting a ~11.0% champion device efficiency, due to a reduced
Schottky barrier at the back contact with the p-type doping of the CdTe. With MAI
treatment, significant improvements in Voc and FF, compared to the untreated devices,
were observed and can be attributed to the reduced recombination due to the reduction in
downward valance-band bending from the ITO to the p-type CdTe (Figures 5-13b & 5-
10).[221] Use of a CdTe:Cu surface with the Te layer further increased the Voc and FF.
The Voc of these devices were compatible with the Au counterpart, but the FF values were

lower due to the higher sheet resistance of the ITO (~35 Q/sq.). The best PCE for devices

135



made with ITO back electrode was 12.2% with Voc of 823 mV, Jsc of 21.4 mA/cm?, and

FF of 69.3%.

Table 5.3: The J-V Parameters for ITO back electrode. Note that the average was

taken from the results of more than 20 cells for each back contact structure.

ITO with:

CdTe
Best
CdTe:Cu
Best

CdTe
Best
CdTe:Cu
Best

Voc Jsc FF
(mV) (mA/cm?) (%)
Without MAI treated
471+23 204+04 51.3%23
483 21.2 52.6
8104 21.1+04 572x43
807 21.2 64.4
With MAI treated
748 £13 21.0x04 57.9%42
757 21.2 61.8
820+3 21.3+0.2 66.3%+25
823 21.4 69.3

Eff
(%0)

49+0.3
5.4

9.8+0.7
11.0

9.1+0.38
10.0

116+05
12.2

Further, the transmittance reduction caused by the MAI treatment in the near

infrared (NIR) region is only ~6%. (Figure 5-14). Therefore, MAI treatment is a potential

technique for the fabrication of high performance transparent CdTe solar cells that use in

tandem solar cell or window applications.
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Figure 5-14. Transmittance, absorbance, and reflectance of the MAI treated and untreated

CdS/CdTe devices completed with the ITO back electrode.

4.3.7 Back Contacts Barrier Height

To understand the effect of MAI treatment on the back contact barrier height (¢b),
the temperature dependent J-V measurements (measured the temperature dependence of
the current when the device placed in forward bias) were conducted, and the method that
decribed by Niemegeers and Burgelman [224] was used to process the data. A quantitative
assessment of ¢» was determined by considering that the carrier transport is controlled by
thermionic emission. In this case, the current through the interface is governed by the

following equation.

—ed
J T?exp| —2 5.2
c* p( kT j (5.2)
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In(J/T?) vs. 1/ksT was plotted and the slope of the linear fit for the data was used to
estimate the ¢p (Figure 5-15). Table 5.4 shows the calculated ¢, for the champion devices
from the untreated-CdTe/Cu/Au (standard, CdTe:Cu/Au), MAI-treated-CdTe/Au
(CdTe/Te/Au), MAlI-treated-CdTe/Cu/Au (CdTe:Cu/Te/Au), untreated-CdTe/Cu/ITO
(CdTe:Cu/ITO), and MAI-treated-CdTe/Cu/ITO (CdTe:Cu/Te/ITO). Figure 5-16 shows
the J-V characteristics of these champion derives captured under a standard AM 1.5G

illumination (100 mW/cm?) at room temperature.

Table 5.4: Back contact barrier height for devices made with and without MAI treatment.

Device db (V)

CdTe:Cu/Au 0.344 £ 0.010
CdTe/Te/Au 0.293 £ 0.010
CdTe:Cu/Te/Au 0.198 + 0.007
CdTe:Cu/ITO 0.246 + 0.005
CdTe:Cu/Te/ITO 0.130 +£ 0.001
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Figure 5-15. Temperature dependence dark current-voltage (J-V) characteristics and
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CdTe:Cu/Te/ITO back junctions (The current is presented on a logarithmic scale). Note

that the black line is the linear fit to the data.
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Figure 5-16. J-V characteristics of champion devices from the MAI treated and untreated

CdS/CdTe samples with Au or ITO back electrodes.

The barrier height of 344 meV for the CdTe:Cu/Au is consistent with reported
values. [201, 225, 226]. When Te layer is added between the CdTe and Au through the
MAI treatment, the barrier was reduced by 51 meV without even Cu doping. This is
consistent with the simulation of Sites et al. that the downward valance-band bending from
the low work function metal to the p-type CdTe reduces with the addition of Te buffer
(Figure 5-13)[204, 221], reducing the back contact barrier. However, the device
performances from the CdTe/Te/Au were lower than the devices from CdTe:Cu/Au. The
back interface recombination, depends not only on ¢, but also on wé¢y. Although the ¢ is

lowered with the addition of a Te buffer, the w¢, may not be narrowed compared to the
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Cu-doped devices without Te buffer (Figure 5-1e,f, & g), resulting a higher back interface
recombination in the devices with CdTe/Te/Au back junction than the CdTe:Cu/Au
standards. This is likely to be the reason for the low performances in the devices, which
contained a Te buffer layer without Cu doping than the standard Cu-doped CdTe devices
without a Te layer.

When the MAI treated CdTe absorber is doped by Cu, the barrier was further
reduced by 95 meV. This barrier reduction should be accompanied by a further reduction
in band bending of the valance band, which will reduce the amount of recombination at the
back surface (Figure 5-1g-i). Interestingly, for the untreated CdTe samples, ¢y for the ITO
back contact device was ~100 meV lower the standard Au electrode, indicating the band
alignment of ITO is better than that of Au. The ITO ¢p was further reduced with the MAI
treatment, yielding the lowest barrier of the devices measured at 130 meV, over 60% below
the standard device configuration. This result suggests that with further optimization, the
MAI treated CdTe devices with a transparent back contact may perform as well or better
than CdTe:Cu/Te/Au devices. Furthermore, this reduced barrier and band banding should

become more important as the CdTe thickness is reduced for window applications.

5.4  Conclusion

We have shown that methylammonium iodide (MAI) can be simply and
controllably reacted with CdTe surfaces to form a Te layer. MAI extracts Cd from the CdTe
surface by forming the (CH3NH?3)2.Cdls perovskite. SEM and Raman spectra confirmed that
thermal annealing is required for this reaction to occur. It was found that reacting a MAI

thin film formed by spin-coating a 125 mM MAI solution with the CdTe surface at 125 °C
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for 10 min was the optimum MAI treatment. The optimized Cu thickness that used to dope
the CdTe surface for the treated devices was 2 nm.

The technique was successfully applied to increase the performance of CdS/CdTe
devices with an ITO back electrode. The back barrier height reduced with the MAI
treatment for the devices with both Au and ITO back electrodes. Higher Voc and FF
resulted in higher PCEs of 14.1% and 12.2% for the Au and ITO back contacts,
respectively, in the MAI treated devices, compared to the champion standard devices
prepared without any surface treatment of 13.0% and 11.0% for the Au and ITO electrodes,
respectively. Further, only ~6% reduction in transmittance in the near infrared (NIR) region
was observed with the MAI treatment for the CdS/CdTe devices with an ITO back
electrode. Therefore, this technique can be applied to fabricate high performance

transparent CdTe solar cells for tandem solar cell or window applications.
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Chapter 6

Summary and Future Research

6.1  Thesis Summary

This thesis has investigated the solution processing of methylammonium lead
halide perovskite and back interface engineering for high efficiency cadmium telluride
solar cells. The study started with the investigation of nucleation and growth mechanisms
associated with the two-step deposition method, which was the widely used deposition
technique at the time of the study, for preparing perovskite films, and several nucleation
and growth mechanisms were proposed. We showed that the nucleation rate and the critical
size of the perovskite nuclei are dependent on the concentration of the MAI solution. Large
perovskite grains with random orientations are formed when a low concentration MAI
solution is introduced. Once the MAI concentration is increased, the critical nucleus size
decreases and a dense blocking layer of MAPbIz is formed on the Pbl layer. Consequently,
the penetration of MAI molecules is hindered. Further increase in the MAI concentrations
leads to the formation of the low-dimensional perovskites at grain boundaries which
facilitates the diffusion of MAI molecules in to the Pbl, layer and improves the perovskite

conversion.
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However, polycrystalline perovskite thin films fabricated from this method are
consisted of small grains that increases the grain boundaries, resulting a higher charge trap
states. To reduce the density of trap states that controls non-radiative recombination, it is
important to prepare perovskite films consisting of large-sized grains with a high degree of
crystallinity. In the second study, we show that the addition of small concentrations of
Cd?* in the methylammonium iodide precursor solution during the two-step sequential
deposition can significantly improve the grain size and crystallinity of methylammonium
lead iodide perovskite thin films. The grains are highly oriented in the <110> direction
compare to films produced by the standard two-step deposition, indicating a change in the
growth mechanism. Time resolved photoluminescence measurements indicated a dramatic
increase in the carrier lifetime which can be attributed to a reduction in the active trap
density. The effect of improved charge carrier lifetime on the device performances were
tested using an unoptimized TiO> bilayer. Highly reproducible photovoltaic devices were
obtained from the Cd-modified perovskites with a 13.8% device efficiency, while only
7.1% PCE was obtained from the standard two-step process.

In addition to Cd?*, inclusion of Fe?*, Co?*, Cu?*, Zn?*, and Hg?* also improved the
grain size dramatically, but only the Zn?*, and Fe?* addition showed an improved charge
carrier lifetime compared to the control. Therefore, Zn or Fe-based salts can be potential
alternatives for highly toxic CdCl.. Further, Zn?*, and Fe?* can also be better substitutes
for Pb?* to reduce the toxicity in Pb-based perovskites. On the other hand, the inclusion of
Co?*, Cu?*, and Hg?*, though increased the grain size, negatively affected the

optoelectronic properties of the films due to formation of impurities phases.
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We then used the ability of MAI to form metal complexes during contacting metal
cations, for back interface engineering of CdTe solar cells. In this study, we showed that
Cd can be selectively removed from the CdTe absorber by reacting MAI thin films with
the CdTe surface, leaving elemental Te on the surface. This Te layer reduced the back
barrier height for the devices with both Au and ITO back electrodes, decreasing the back
junction recombination, resulting higher Voc and FF, and thus improved PCEs. In addition
to the improved device performance in the CdS/CdTe devices with the ITO back electrode,
the transmittance reduction due to the MAI treatment in the near infrared (NIR) region is
only ~6%. Therefore, this can be a potential treatment for the fabrication of high
performance transparent CdTe solar cells that use in tandem solar cell or window

applications.

6.2  Future Research
6.2.1 Optimizing the metal addition in MAPbI3 perovskite

Defects formation in MAPbI3 films with the metal addition is depends on several
factors, such as concentration of the metal salt, processing method, and reaction
temperature and time. In our study, we used the two-step deposition technique to fabricate
perovskite films, because that was the most successful and widely used method at the time
of the study. However, currently the single-step deposition with anti-solvent drop casting
technique is widely used due to the formation of a dense perovskite film, and thus improved
device performance.[1] Since the base line PCE of the MAPbI3 perovskite solar cells from
this processing method is ~ 18-20%[82, 227] (current PCE in our group is ~16%), future

research can be performed to observe the effects of metal addition for the single-step
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deposition with anti-solvent drop casting method. In addition, future research is expected
to focus on substitution of Pb?* sites by Fe?* or Zn?*, which showed the improved charge

carrier life times in MAPDI3 films.

6.2.2 Fabrication of high efficiency transparent CdTe devices

In our CdTe devices, performance is mainly limited by the Jsc. This is due to the
higher absorption in the thick CdS (~180 nm) layer (Figure 6.1). This can be reduced by
using a thin CdS layer or replacing the CdS layer by large band gap window materials.
Oxygenated-CdS (O:CdS) and (Mg,Zn)O (MZO) are the widely used large band gap
materials in high efficiency CdTe solar cell fabrication. Champion device efficiencies of
~14%, ~16%, and ~16% have been reported for CdTe solar cells with thin CdS, O:CdS,
and MZO respectively.[228] The average Jsc for the devices with O:CdS or MZO window
layers is ~25-26 mA/cm?. If we have a Jsc of 25 mA/cm?, that would give rise to a 16.1%
and 14.2% efficient devices with all other parameters held constant for the Au and ITO
back electrodes, respectively. In addition to the Jsc, FF of the CdTe/ITO devices is also
low due to the higher sheet resistance of the ITO layer (~35 Q/sq.). If we improved the
conductivity of the ITO layer, and therefore the FF, the device efficiency can be further
improved. A FF of 75% with a Jsc of 25 mA/cm? can improve the PCE to 15.4% with the
Voc that we achieved. Therefore, future research is expected to focus on developing a better
window layer and an ITO back electrode for thin CdTe devices, which is beneficial to

achieve higher transmittance in the NIR region.
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the structure of CdS/CdTe:Cu/Te/Au.
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Figure A-1. (a) Current-voltage (J-V) measurements (b) External quantum efficiency
(EQE) spectra of CH3sNH3sPblz (MAPDI3) perovskite solar cells prepared with different

CdCl; concentrations (MAI concentration is 250 mM).
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