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Stability of organometal halide perovskite solar
cells and role of HTMs: recent developments and
future directions

Fhsan Raza,? Fakhra Aziz® and Zubair Ahmad @ *<

Perovskite solar cells (PSCs) have recently emerged as one of the most exciting fields of research of our
time, and the World Economic Forum in 2016 recognized them as one of the top 10 technologies in
2016. With 22.7% power conversion efficiency, PSCs are poised to revolutionize the way power is
produced, stored and consumed. However, the widespread use of PSCs requires addressing the stability
issue. Therefore, it is now time to focus on the critical step i.e. stability under the operating conditions
for the development of a sustainable and durable PV technology based on PSCs. In order to improve the
stability of PSCs, hole transport materials (HTMs) have been considered as the paramount components.
This is due to the fact that most of the organic HTMs possess a hygroscopic and acidic nature that leads
to poor stability of the PSCs. This article reviews briefly but comprehensively the environmental stability
issues of PSCs, fundamentals, strategies for improvement, the role of HTMs towards stability and various
types of HTMs. Also the environmental parameters affecting the performance of perovskite solar cells

rsc.li/rsc-advances

1. Recent advancement in PSCs

For the first time, in 2006, Miyasaka and co-workers' reported
the potential use of perovskite as a light absorbing material (e.g.
methylammonium lead bromine CH3;NH;PbBr;) in dye sensi-
tized solar cells and stated the power conversation efficiency
(PCE) as 2.2%.? In 2009, they replaced bromine with iodine and
demonstrated a slight increase in the efficiency i.e. 3.8%* (all
devices were unstable). Later, in 2011, Park and colleagues
fabricated perovskite based highly efficient quantum-dot (QD)
sensitized solar cells and reported a PCE of 6.5%.> Despite
a considerable leap in power conversion efficiency (PCE),* QDs
tend to dissolve in the redox electrolyte. Hence, Park and
Gratzel introduced the first solid-state mesoscopic solar cell
based on perovskite nanocrystals, mesoporous TiO, layers and
spiro-MeOTAD as hole transporting material (HTM) and boos-
ted the PCE to 9.7% along with long term stability (~ for 500 h).
Afterwards, Snaith and co-workers introduced meso-
superstructured solar cells (MSSCs), in which they replaced
non conducting Al,O; with mesoporous conducting n-type TiO,
and reported a PCE of 10.9%.% An improvement in efficiency to
12% was reported after the combined efforts of M. K.
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including temperature, moisture and light soaking environment have been considered.

Nazeeruddin, Gratzel, Seok and co-workers.® In their work, they
introduced a layered sandwich type structure in which three
dimensional nanocomposites of mesoporous (mp)-TiO,, with
methylammonium lead triiodide CH;NH;Pbl; as light harvester
and polymeric hole transport materials were used. Seok's group
further improved efficiency to 12.3% with the same structure
but mixed halide CH3;NH;Pbl; ,Br, perovskites.' For the first
time, Huckaba et al.** studied low cost TiS, p-type contact
material (30 times lower in price as compared to spiro-
OMeTAD) as HTM, synthesized by a simple two step hot injec-
tion method and reported 13.5% PCE. In early 2013 during the
European Materials Research Symposium, two groups reported
efficiencies above 15%."* Gratzel's group reported 15% by using
mesoporous TiO, and two-step sequential of lead iodide (PbL,)
with improved morphology. While Snaith's group reported
15.4% efficiency with better morphology. They used simple
structure of CH;NH,PbI;_,Cl, deposited by two-source thermal
evaporation method. M. K. Nazeeruddin and group demon-
strated 15.4% PCE using newly synthesized benzothiadiazole
substituted derivatives, 4-(3,5-bis(trifluoromethyl)phenyl)-7-(5'-
hexyl-[2,2"-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole (CF-BTz-
ThR) as HTM and aligned TiO, nano bundles (TiO, NBs) as
ETL and fabricated high performance CH;NH;PbI; PSC."* M. K.
Nazeeruddin et al.'* investigated low-temperature solution
processable deoxyribose nucleic acid (DNA)-hexydecyl trimethyl
ammonium chloride (CTMA) as HTM and (6,6)-phenyl C61-
butyric acid methyl ester (PCBM) as electron-acceptor layer in
inverted p-i-n configuration based perovskite solar cells and
reported 15.86% PCE. Late in 2013, Seok and co-workers used
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CH3;NH;Pb(I, _,Br,); as light harvester and poly(triarylamine)
as HTM and gained 16.2%" PCE. C. K. Teak and fellows
studied easily accessible zinc phthalocyanines including
tetra-tert-butyl ZnPc, tetra-5-hexyl-2,2’-bisthiophene-
substituted zinc phthalocyanines (ZnPcs) and tetra-5-
hexylthiophene- as hole transporting materials in mixed
ion perovskite [FAPDbI;], g5 MAPbBr;], 15 based solar cells and
achieved PCEs of 13.3%, 15.5% and 17.5% for TB-ZnPc, HBT-
ZnPc and HT-ZnPc, respectively.'® Their work paved the way
for solution processed ZnPc derivatives as stable and cost
effective hole transport materials for wide scale, efficient and
inexpensive energy production applications. Earlier in 2014,
again Seok and group members reported an efficiency of
17.9%." P. Sanghyun et al. designed star shaped D-7-A type
HTMs including a rigid quinolizino acridine (FA-CN) and
a flexible triphenylamine (TPA-CN) as central unit and donor
part, alkyl-substituted terthiophene as a conjugated bridge
and malononitrile as an electron acceptor. Dopant free FA-
CN and TPA-CN based devices exhibited PCEs of 18.9% and
17.5%, respectively, under AM 1.5 illuminations.”® M. K.
Nazeeruddin and fellows demonstrated 19% PCE with
stabilized performance for 1000 h under continuous light
illumination by adding large organic cation guanidinium
(Gua) into MAPDbI;.* For the first time, M. K. Nazeeruddin
and fellows introduced a simple and highly reproducible
approach to obtain highly efficient hybrid perovskite solar
cells by combining 10% of formamidinium (FA) with meth-
ylammonium lead iodide (MAPbI;) and reported 20.2%
PCE.>® M. K. Nazeeruddin and group studied a combination
of triple Cs/MA/FA cation by adding a small amount of
inorganic cesium (Cs) and achieved highly efficient PSCs with
stabilized PCEs of 21.1% and outputs at 18% under opera-
tional conditions after 250 hours.”* Their work opened the
doors for other scientists and researchers to explore alkali
metals like K, Li, Na and Rb as cations for perovskites.>* Some
researchers and scientists form Korea reported 22.1% PCE by
introducing additional iodide ions into the organic cation
solution.”” Recently in 2017, a team from Korean Research
Institute of Chemical Technology (KRICT) developed
a perovskite based solar battery cells and boosted the power
conversion efficiency upto 22.7%'® (the highest PCE on
record so far).

Ye et al.”® and fellows performed n-type doping of bis(1-[3-
(methoxycarbonyl)propyl]-1-phenyl)-[6,6]C62 (Bis-PCBM) with
decamethylcobaltocene (DMC). The device exhibited smooth
surface morphology, good solvent resistance and improved
device stability. The maximum PCE of 20.14% was
reported.”® M. Qian and co-workers examined the device
performance by anode modification in which they doped silver
nano-particles (Ag NPs) with poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS)
and cathode interfacial modification by adding a solution pro-
cessed bathophenanthroline (sBphen) in CH3;NH;Pbl;_,Cl,
based PSC. Using this approach, they exhibited PCE as high as
15.75%.>* Z. Wang and fellows demonstrated solution pro-
cessed PEDOT:PSS-GeO, composite films as a hole transport
layer in planar structure PSC. The device exhibited PCE of
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15.15% and fill factor (FF) of 74%.>* Zheng et al*® studied
various solution processed interfacial layers of transition metal
oxides (TMOs) including molybdenum oxide (MoOj3), vanadium
oxide (V,0s), germanium dioxide (GeO,) and chromium trioxide
(CrO3). Among these V,05 film showed highest work function
(5.2 eV) with best hydrophobic property at a contact angle of
72.2°.V,05 based organic solar cells (OSCs) and perovskite solar
cells (PSCs) exhibited PCEs of 8.36% and 14.13%, respectively.
When wused as a composite with PEDOT:PSS, the
PEDOT:PSS:V,05 based PSCs showed improved device perfor-
mance with PCE of 18.03%. Wang et al.”” developed an efficient
and stable hole transport material tetra-
fluorotetracyanoquinodimethane (F4-TCNQ)-doped copper
phthalocyanine-3,4’,4" 4"-tetra-sulfonated acid tetra sodium
salt (TS-CuPc) in planar structure PSCs by solution processing.
Using TS-CuPc:F,-TCNQ as the hole transporting material, they
achieved PCEs of 16.14% for p-i-n structure and 20.16% for n-i-p
structure, respectively. Li et al*® developed copper salts
(cuprous thiocyanate (CuSCN) or cuprous iodide (Cul)) doped
spiro-OMeTAD based solution processed, stable hole transport
materials. By p-doping they improved device performance and
enhanced the PCE from 14.82% to 18.02%. Z. Wang and co-
workers developed a thin perylene underlayer using solution
processed method. The multifunctional perylene improved the
overall device performance and significantly enhanced the PCE
from 12.67% to 17.06.”° Such rapid improvement in less than 5
years suggests that organometal halide perovskites are indeed
a new class of solar absorber. Fig. 1 provides the general view on
the efficiency trends of perovskite solar cells from 2009 to 2017.

2. Stability of perovskite solar cell

Recently, over the past few years, hybrid organic-inorganic
halide perovskites have been developed as potential candidates
for photovoltaic applications. Device instability and degrada-
tion under ambient conditions restrict them for commerciali-
zation. Stability is currently one of the most investigated topics
in PSCs. The devices that exhibited higher efficiencies compa-
rable to silicon-based devices were degraded quickly. To
improve the device stability, a basic understanding of the
stability should be acquired. Factors that have an impact on the
stability of perovskites have been explored. Normally, degrada-
tion in perovskites is caused by air (moisture & oxygen), UV-
light, elevated temperature and chemical degradation as
shown in Fig. 2. Here below, the stability has been categorized
into two types which includes chemical stability and thermal
stability.

2.1. Chemical stability

The chemical stability of perovskite solar cells refers to a series
of chemical reactions under various conditions and atmo-
spheres. The main factors that affect chemical stability in PSCs
are oxygen, moisture and UV light. Many reports regarding
aforementioned factors have addressed the degradation issues
in PSCs. During the process of fabrication, testing and assem-
bling, moisture and oxygen might have direct influence on the
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Fig.1 General view on the efficiency trends of perovskite solar cells from 2009 to 2017.

stability during the reaction process.***' Niu et al.** studied the
moisture effect on CH;NH;PbI; perovskite. They suggested that
CH;NH;PbI; is highly sensitive to moisture and gets easily
degraded.®>** They presented degradation mechanism as
mentioned below in eqn (1)-(4). They reported that in the
presence of moisture CH;NH;PbI; decomposes into CH;NH;I
and Pbl, as shown in reaction (1). In reaction (2), CH3NH;I
further decomposes into CH;NH, and HI. HI can react in the
following two ways. One way is using redox reaction method in
the presence of oxygen (3). The second is photochemical
method in which, HI breaks down into H, and I, under UV
radiation as shown in reaction (4).

CH;NH;Pbl; < Pbl, + CH;NH;I (1)
CH;3NH;I < CH3;NH, + HI (2)
4HI + O, < 21, + 2H,0 (3)

Hl & H,+ 1, (4)

A similar impression was reported by Walsh et al that
MAPDI; is partially decomposed on exposure to moisture®.
They proposed that a single molecule in H,O known as Lewis
base, reacts with MAPbI; and extracts one proton from ammo-

nium leading to intermediates. Furthermore, these
Moisture and
oxygen
Structural

. UV exposure
transformation

Thermal

. - Sealing issues
instability 8

Chemical
instability

Fig. 2 Various factors which affect the stability in PSCs.
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intermediates may decompose into HI, CH;NH, and solid Pbl,.
Gong et al.* studied the degradation phenomena in perovskite
solar cells. They reported DR3TBDTT as hydrophobic hole
transporting material (HTM) with improved stability suggesting
DR3TBDTT as moisture resistant potential candidate.*® Aristi-
dou and co-workers studied the combined effect of light and
oxygen on the stability of CH3;NH,;PbI; perovskite. They
observed that the reaction between superoxide (O, ) and
methylammonium moiety of the perovskite layer turned out to
be the cause of degradation in CH;NH;PbI; perovskite.** Snaith
et al* studied the stability
superstructured solar cell (MSSC) under UV radiation for the
first time. They identified the instability due to light induced
desorption of oxygen which is adsorbed on the surface of
mesoporous TiO,. The instability issue was resolved by imple-
menting an insulating mesoporous Al,O; scaffold as a substi-
tute of n-type mesoporous TiO,. The Al,0; based MSSC showed
improved stability and stable photo currents under continuous
full spectrum of sunlight over a period of 1,000 h.** Hitoshi
et al.*® studied the stability of CH;NH;PbI; perovskite without
encapsulation under one sun irradiation (AM 1.5). They
observed that the decomposition appeared at the interface
between TiO, and CH;NH;PbI;. For this they proposed possible
reaction at the interface between TiO, and CH;NH;PbI; as given

in eqn (5)(7):

in TiO,-sensitized meso-

217 < I, + 2e™ [at the interface between TiO, and
CH;NH;PbI;] (5)
3CH31\IH3Jr « 3CH3NH2T + 3H+ (6)
[T+ +3H" +2 < 3HI? (7)

As far as the stability under illumination is concerned,
a study is conducted by adding Sb,S; at the interface of TiO, and
CH;NH;Pbl;. With addition of Sb,S; as a surface blocking layer,
the stability of CH;NH;Pbl; was significantly improved.®®
Komarala et al.*’ demonstrated the UV degradation in TiO,
based CH;NH;Pbl; using down-shifting (DS) YVO4:Eu** nano-
phosphor layer. The europium (Eu®**) doped yttrium vanadate
(YVO,) has a specific 4f electronic structure. This material

This journal is © The Royal Society of Chemistry 2018
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converts absorbed UV light into visible light which is then
absorbed by CH;NH;Pbl;. Using this approach, they achieved
~8.5% enhancement in the photocurrent and improved
stability of PSC under UV light exposure.

2.2. Thermal stability

According to the International Standards IEC 61646, at 85 °C
long term stability is required to compete with silicon-based
technology. Several factors affect thermal stability in perov-
skites devices such as intrinsic temperature (due to perovskite
material itself), electrodes degradation and charge transporting
layers i.e. hole transport materials (HTM) and electron transport
materials (ETM) degradation. Gratzel et al*® examined the
thermal behavior of the perovskite materials and analyzed
thermal properties of their individual components. They
observed the tetragonal to cubic phase transition in Pbl,
precursor based perovskite which might affect thermal stability
in perovskite. Pisoni et al*® studied the thermal conductive
properties of MAPDbI;. In their experiments, large single crystals
and polycrystalline samples showed very low thermal conduc-
tivity. Such low thermal conductivity could not allow light
deposited heat to spread out quickly; this may cause mechan-
ical stress and affect the performance of photovoltaic device.
Snaith et al.*® investigated thermal and moisture stability in
perovskites. They employed a new class of hole transporting
material polymer-functionalized single-walled carbon nano-
tubes (SWNTs) embedded in an inert polymer matrix and ach-
ieved thermal stability. Conings et al.** explored the intrinsic
instability of perovskite material during heating at 85 °C. They
reported the soft matter nature of perovskite layer by investi-
gating morphological, electrical, chemical and optical charac-
teristics of this new class of material. This experiment was
performed in pure dry N,, pure dry O, and at ambient atmo-
sphere with 50% relative humidity for 24 h in the dark.** Their
results revealed that degradation starts at 85 °C, and its rate is
reliant on surrounding atmosphere.

Misra and co-workers demonstrated degradation in encap-
sulated MAPbI;. They observed no degradation when MAPDI;
was exposed to 1 suns (1 sun = 100 mW c¢cm™?) at 25 °C for 60
minutes, while MAPDI; started degrading when the temperature
rose from room temperature to 45-55 °C.*> N. G. Philippe
et al.*** investigated thermal stability by studying the ratios of
I/Pb and N/Pb using hard X-ray photoelectron spectroscopy
(HAXPES). The measurements were performed at room
temperature, 100 and 200 °C for 20 minutes. As observed,
MAPDI; started to decompose into Pbl, [eqn (8)] with increase in
temperature from room temperature to 100 °C and then to
200 °C. The estimated I/Pb and N/Pb ratios gained form
HAXPES results, revealed that MAPbI; to Pbl, ratio modified
form 85: 15 to 70 : 30 and to 0 : 100 respectively.*

MAPbI; — Pbl, + CH;NH, 1 + HI{ (8)

Park et al.*® reported a good thermal stability in FAPbl;
perovskite at an annealing temperature of 25 °C for 15 min.
Similarly, Zhao et al* demonstrated excellent thermal
stability in FAPbI; perovskite annealed at 160 °C for 80 min. Jin
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et al.*® proved that FAPDbl; is more thermally stable as
compared to MAPDbI; or any other perovskite.* Han et al.>®
introduced tetrathiafulvalene derivative (TTF-1) as a hole
transporting material (HTM) into PSCs. They achieved 11.03%
PCE with improved stability as compared to spiro-OMeTAD
(PCE ~ 11.04%). Meng et al** revealed stable perovskite
device structure with no hole transporting layer (HTL) and
achieved PCE of 10.5%. Similarly, Conings et al.** and yang
and co-workers reported thermal instability due to electron
transporting layers i.e. ZnO and TiO,.*"*?

3. Strategies for improving stability

Several strategies have been addressed in the literature that can
be adopted to improve stability issues in PSCs.

3.1. Modification in perovskite structure

One of the proposed strategies to improve stability is to tune
ABXj structure. Here A is a cation, B is a divalent metal ion and
X is a halide. Seok et al.*® have demonstrated an improved
stability against moisture by controllable tuning of halide
composition. Thiocyanate (SCN) group is a class of stable
pseudohalogen having comparable properties of halogen. They
can be used to tune the X halide composition to achieve best
device stability. SCN™ has similar ionic radius as compared to
I". Y. Chen and co-workers introduced a planar cell structure
using MAPbI; ,(SCN), and reported good device stability with
remarkably high reproducibility.®® Without encapsulation,
MAPbDI;_,(SCN), retained 86.7% of its average efficiency at 70%
RH for over 500 h, while MAPbI; lost 40% of its original
efficiency.**

Few research groups proposed routes to improve stability by
tuning methylammonium as a cation with inorganic. Fully
inorganic cesium-based perovskite has gained interest due to its
potential of tolerating elevated temperatures. CsPbX; based
perovskites have demonstrated outstanding thermal stability.
Furthermore, cesium cation can also stabilize the FAPbI; crystal
structure. Lee et al.>® reported that cesium not only increases the
efficiency via stabilization of black FAPbI3 perovskite phase but
also improves film stability under light illumination and
humidity environment. S. I. Seok's group demonstrated that
under humid environment the stability of perovskite can be
significantly enhanced by doping bromide with MAPDI;.*"*¢
They prepared (MPSC) devices using mixed halide perovskite
MAPD(I, _,Br,);. To test the stability, the un-encapsulated
devices were exposed to controlled humidity under ambient
conditions. At 35% humidity, all devices exhibited no signifi-
cant degradation in PCE. But when the humidity increased to
55%, MAPD(I, gBro); and MAPD(I, ,1Brg )3 based devices
showed good stability. On the other hand, MAPbI; and
MAPD(I,.04Brg.06)3 based devices degraded rapidly. The devices
based on MAPb(;,Br,); (x = 0.2) exhibited enhanced stability
under high humid environment due to compact and stable
crystal structure.

RSC Adv., 2018, 8, 20952-20967 | 20955
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3.2. Addition of filters/thin layers

Another approach to increase stability of the perovskite devices
against UV light and moisture is the addition of a very thin layer
between the perovskite and hole transport layers or electron
extracting layers. Several hydrophobic layers have been intro-
duced as moisture barriers between the perovskite layers and
spiro-OMeTAD. The purpose of these layers is to block any
moisture diffusion through the hole transport layers to prevent
device degradation. The layers should be thin enough to allow
charge transfer and thick enough to block moisture ingress. An
ultra-thin layer of Al,O; was deposited between perovskite
absorber and spiro-OMeTAD using atomic layer deposition
(ALD). The device exhibited improved stability with 90% of the
initial value at 50% RH for 24 hours without illumination.
Guarnera et al.>” reported improved device performance and
stability by introducing a spin-coated layer of alumina nano-
particles between the perovskite layer and spiro-OMeTAD. Ito
et al.*® reported improved device stability under illumination by
employing Sb,S; as a buffer layer between perovskite absorber
and TiO,. Li and co-workers stabilized the perovskite device by
inserting a layer of CsBr between the perovskite and TiO,.*®
Pathak et al.*® developed Al-doped TiO, and reported enhanced
device stability and performance under full light exposure.
Besides improved device stability, Al-doping has negative
impact on charge extraction efficiency that results in a reduced
photocurrent. To overcome this issue, neodymium (Nd) doping
was introduced instead of Al doping. Nd-doped mesoporous
TiO, based devices demonstrated steady state efficiency of
18.2% with improved stability as compared to their undoped
counterparts. In order to improve the device photo-stability,
Zheng and co-workers completely replaced TiO, with CdS as
an n-type layer. After continuous exposure of light for 12 h, CdS
based devices retained more than 90% of their initial efficiency,
while TiO, based devices experienced a decrease in their effi-
ciency from 15.4 to 3.1%.%

To solve the stability issues for perovskite solar cells, a novel
interface engineering approach was introduced by J. Chen and
group members. In which they developed a versatile ultrathin
2D perovskite (5-AVA)2Pbl4 (5-AVA = 5-ammoniumvaleric acid)
passivation layer at back contact between perovskite and CuSCN
interface. By using back contact interface engineering, they
achieved improved device performance along with photo and
moisture stability.**

4. Role of HTM in stability

The HTMs are the major components of the PSCs which have
much effect on the stability of PSCs. Stability depends on
hydrophobic property and morphology of the HTM as well as
the interface between HTM and perovskite layer. Organic HTMs
are used in the most efficient perovskite solar cells. Hole
transportation and retardation of charge recombination are
their main function. So far, HTMs in perovskite solar cells
mainly involve nitrogen-based donors such as 2,2',7,7'-tetrakis-
(N,N-di-p-methoxyphenylamine)-9,9’-spiro-bifluorene  (spiro-
OMEeTAD), poly-(triarylamine) (PTAA), and so on. Due to the

20956 | RSC Adv., 2018, 8, 20952-20967
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triangular pyramid configuration of sp® hybridization of
nitrogen atom, large intermolecular distances are present in the
structure. As a result, they suffer from low hole mobility, low
conductivity, or both, in their pristine form. Therefore, “redox
active” p-type dopants, such as Li-bis(trifluoromethanesulfonyl)
imide (Li-TFSI), have been commonly adopted to increase
conductivity and thereby improve cell performance. However,
such dopants have aggravated cell performance degradation
because of their tendency to become liquid or to absorb mois-
ture from air and get dissolved in the moisture. J. Liu et al.*®
used tetrathiafulvalene derivative (TTF-1) as a hole transport
material (HTM) in a perovskite solar cell. The HTM did not use
any dopant and resulted in the stability better than the one that
uses spiro-OMeTAD, a p-type dopant.

For instance, M. K. Nazeeruddin and co-workers reported
molecularly engineered star-shaped D-m-A dopant free hole
transport materials comprising rigid quinolizino acridine (FA-
CN) and a flexible triphenylamine (TPA-CN). By this approach,
they observed improved device efficiency and significantly
enhanced stability as compared to doped spiro-OMeTAD under
light soaking (100 mW c¢m ™) conditions.® In an atom or atomic
lattice, electron hole or hole is the absence of electron at
a position where an electron could exist. For example, helium
has two electrons in its atom, if an electron leaves helium, an
electron hole is created. This also makes the helium atom
positively charged. In metal, electrons and electron holes move
in a similar way. In an electric field, the movement of holes
slows down and results in slow performance of the electronic
device. Further, F. Zhang and fellows synthesized and charac-
terized two novel thiophene based HTMs, Z25 and Z26 and
demonstrated a simple strategy by adding double bonds to the
structure of hole transporting layers. This double bonding
benefits hole mobility in Z26 based device which improves PCE
to 20.1% and the device was more stable than Z25 and spiro-
OMEeTAD based devices.®

5. Hole transport materials (HTMs)

Solid state hole transport materials can be categorized into
three main classes: organic, inorganic and hybrid. Table 1
provides a close look on the HTMs with their efficiencies and
stabilities. Each type has different pros and cons, which will be
discussed in the following sections.

5.1. Organic hole transport materials

Organic hole transport materials can be further categorized into
small molecule HTMs and polymeric HTMs.

5.1.1. Small molecule HTMs. Low molecular weight
organic materials are economical, simple to synthesize, easy to
modify and possess solution processable nature.** This section
review summarizes the research on small molecule HTMs used
in standardized PSCs device structures. Spiro-OMeTAD (Fig. 3)
is one of the most widely used organic small molecular HTMs
and has produced highly efficient devices.®* The problem with
spiro-OMeTAD is its cost and poor hole mobility. To overcome
these factors many HTMs have been introduced with almost

This journal is © The Royal Society of Chemistry 2018
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Table 1 Types of HTMs along their efficiencies and stability
Name Efficiency Stability References
Spiro-OMeTAD 20.6% — —
P3HT 20% 800 h 64
725 16.9 Higher than spiro-OMeTAD (300 h) 63
726 20.1 Higher than spiro-OMeTAD (800 h) 63
DBTP 18.09 Higher than spiro-OMeTAD (81% retention after 792 h or 33 days) 65
TTA 16.7 Tested for 300 hours 66
SYN1 11.4 Outclass performance than spiro-OMeTAD based devices (value not mentioned) 67
PARA1 13.1 Outclass performance than spiro-OMeTAD based devices (value not mentioned) 67
TPA-ZnPC 13.65 Higher than spiro-OMeTAD (value not mentioned) 68
Q221 10.37 200 h 69
Q222 8.87 200 h 69
ZnPcNO,-OPh 14.35 Higher than spiro-OMeTAD (tested for 33 days, PCE decreased to 4%) 70
CuPcNO,-OPh 12.72 Higher than spiro-OMeTAD (tested for 33 days, PCE decreased to 18%) 70
Ag:NiOx 16.86 Higher than organic HTM (tested for 30 days, PCE mentioned over 80%) 71
BPNS 16.4 Lower than spiro-OMeTAD 72
PEDOT:PSS 20 Higher stability than pristine PEDOT:PSS based HTM 73
MoO, 15.8 Shows high stability in moisture 74
Triazatruxene 15 Hydrophobic in nature (value not mentioned) 75
PVK 12.1 Tested until 1000 h (more stable than PEDOT:PSS) 76
Me-QTPA 9.07 Higher than spiro-OMeTAD (tested for 600 h. Shows hydrophobicity) 77
Me-BPZTPA 8.16 Tested for 600 h 77
FePc-Cou 9.40 Tested for 10 h 78
NiPc-Cou 10.23 Tested for 10 h 78
DEPT-SC 11.52 Tested until 250 h 79
TTPA-BDT 18.1 Show good thermal stability (value not mentioned) 80
TTPA-DTP 15.6 Show good thermal stability (value not mentioned) 80
TEOS — (Stable for 1200 hours) 77
MeO of 12.7%. The lower PCE (3.3%) for PY-1 was due to insufficient
hole injection. The addition of pyrene core in arylamine deriv-
atives introduced electron-blocking capability surpassing that
of spiro-OMeTAD, while keeping synthesis cost lower.*”> Chen
et al.® developed a Cs;, truxene-core (Trux-I) using OMeTAD. Its
distinct structure resulted in an excellent hole mobility, greater
than the spiro-OMeTAD. Grisorio et al.®** further modified the
Me Trux-I and synthesized a new molecule Trux-II. In the case of p-i-
MeO n device structure both Trux-I and Trux-II exhibited better
performance with PCE for Trux-I = 10.2%, Trux-II = 13.4% as
compared to the reference samples using spiro-OMeTAD (with
9.5% PCE). Rakstys et al.*® have synthesized two-dimensional
triazatruxene-based derivatives series (triazatrux I-IV) using
a simple synthesis procedures to produce low cost devices.
Among this series triazatrux-II structure exhibited PCE of
Me

Fig. 3 Molecular structure of spiro-OMeTAD. This figure has been
adapted from ref. 82 with permission from American Chemical
Society.

same features as offered by spiro-OMeTAD, which are discussed
below.

Pyrene core and truxene core based HTMSs. First, alternate
HTMs appeared in 2013 by Seok et al.® The pyrene core (as
given in Fig. 4) was introduced in arylamine derivative mole-
cules and it replaced the spiro-bifluorene core in spiro-
OMeTAD. The three categories of pyrene achieved PCE of
3.3%, 12.3% and 12.4% for PY-1, PY-2 and PY-3 respectively,
while under same conditions the spiro-OMeTAD exhibited PCE

This journal is © The Royal Society of Chemistry 2018

17.7%, while spiro-OMeTAD based reference device showed
PCE of 17.1%.

X1 X2
O MeO OMe
‘O * i ‘NH©/

3
PY-1:X1=X and X2, X3, X4 = H
PY-2: X1, X2, X3 =X and X4 = H
PY-3; X1, X2, X3, X4 = X

Fig. 4 Molecular structure of pyrene-based HTMs. This figure has
been adapted from ref. 82 with permission from American Chemical
Society.
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Phenothiazine based HTMs. Phenothiazine is an important
candidate in designing high-mobility organic semiconductors.*®
Structure of phenothiazine based HTMs is shown in Fig. 5.
Recently, Grisorio and group developed and made two pheno-
thiazine based (PH-I and PH-II) molecules.”” When used as
HTMSs, PH-I realized PCE of 2.1% whereas PH-II showed PCE of
17.6% which is very near to 17.7% for spiro-OMeTAD.*”

Thiophene, bithiophene and tetrathiophene HTMs. Liu et al.®®
have developed thiophene based HTMs (Thio-I and Thio-II)
using dibromo thiophene and arylamine. PCE of 15.13% was
achieved for Thio-II HTM which was 40% higher than that of
Thio-I. Under same conditions spiro-OMeTAD as HTM
surprisingly produced a PCE of 8.83%. Whereas, Rakstys et al.*
prepared a bi-thiophene based derivative known as BTHIO.
BTHIO based devices unveiled 19.4% PCE which was a slightly
higher PCE (with improved stability) than that of reference
device using spiro-OMeTAD. Also, Zimmermann et al.*® estab-
lished electron rich tetra-thiophene based HTMs (TETRATH I-
IV). TETRATH-I reported 18.1% PCE along with higher thermal
stability as compared to spiro-derivative. The results indicated
that high performance, thermal stability and low-cost PSCs can
be designed using tetrathiophene.

Triazine based HTMs. 12.5% and 10.9% PCEs were reported
for TRIAZ-I and TRIAZ-II (as shown in Fig. 6) respectively re-
ported by Ko and group.®* Lim et al.®* introduced two triazine-
core star-shaped HTMs known as TRIAZ-III and TRIAZ-IV.
They observed enhanced PCEs of 13.2 and 12.6% for TRIAZ-III
and TRIAZ-1V, respectively, which are close to 13.8% achieved
using spiro-OMeTAD.

Benzotrithiophene and squaraine HTMs. Ontoria et al.®® have
acquired three benzotrithiophene based HTMs (BZTR-1, BZTR-1I
and BZTR-III) using cross-coupling reactions between various
benzotrithiophene and triphenylamine derivatives with 18.2%
PCE. In a simmilar manner, Benito et al.** have designed tri-arm
(BZTR-IV) and tetra-arm isomers (BZTR-V). The corresponding
PSC devices exhibited outclass performance and achieved PCEs
of 19 and 18.2% for BZTR-IV and BZTR-V, respectively with good
stability under temperatures upto 430 °C. Recently, Paek et al.*®
developed squaraine-based HTMs (SQ-H, SQ-OC¢H,3). From
these HTMs, PCEs of 14.74% for SQ-H and 14.73% for SQ-
OCgH;; were obtained while under same conditions the spiro-
OMeTAD produced 15.33% PCE.

OMe OMe
» »
T/J g
SASSOAS!
Me0” 7 NENNF “0OMe

PH-I
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Fluorene and spiro-fluorene HTMs. Rakstys et al.*® developed
bifluorenylidene based HTM (FL-I) with a lower band gap and
a HOMO level similar to spiro-OMeTAD. FL-I, 50-times less
expensive than spiro-OMeTAD, showed a PCE of 17.8%, which
is comparable to 18.4% produced by spiro-OMeTAD. To
enhance the electrical conductivity of the device, different
dopants were used in HTMs which decreased the stability while
increasing cost of the device. Keeping this in view, Wang et al.”
developed a dopant free HTM (FL-II) which comprised of poly-
triarylamine unit (N-benzene) and spiro-OMeTAD. FL-II
exhibited a PCE of 12.39% without dopants and 16.73% with
dopants. While on other hand 14.84% and 5.91% values were
reported using spiro-OMeTAD. Considering the device stability,
Reddy and group introduced two fluorene based HTMs (FL-III
and FL-IV) by Suzuki coupling reaction. Both, FL-III and FL-IV
showed high hole mobility, good solubility and long-term
device stability. These materials have been employed as
substitute of spiro-OMeTAD in PSCs and substitute of
PEDOT:PSS in organic bulk-heterojunction (BHJ). In PSC, the
reported PCE was 17.25% for FL-III. While for BH]J it was 7.93%.
The reference PCEs were 16.67% and 7.74% for spiro-OMeTAD
and PEDOT:PSS, respectively.”® Tiazkis et al®® have examined
the characteristics of fluorene based HTMs. They observed that
by replacing an aliphatic group to the meta- and para-positions
of triphenylamine fragments, the charge transport, hole
extraction and molecular planarity properties could be modi-
fied. In meta- substitution case, they observed inferior perfor-
mance because of the non-favorable geometry, but in case of
para-substitution, recorded PCE values were in the range of 9-
16.8%, almost approaching the PCE of spiro-OMeTAD as
a reference (17.8%).

Spiro-FL-I was designed by Bi and co-workers with excellent
recorded PCE of 19.8%, comparable to that of spiro-OMeTAD
(20.8%) reference sample. Also, FL-I based devices exhibited
less hysteresis, outstanding reproducibility and better stability
under specific (dry and dark) conditions.'® Keeping in view
similar design structure, 3D-spiro-fluorene-based HTMs (spiro-
FL-II and spiro-FL-III) were designed by Xu et al.*** Spiro-FL-III
showed higher hole-mobility, deeper HOMO level, better solu-
bility and improved film properties as compared to spiro-
OMeTAD. The spiro-FL-III also yielded impressive PCE of
20.8% much higher than the 18.8% PCE of spiro-OMeTAD with

OMe

J

PH-II

Fig. 5 Structure of phenothiazine based HTMs. This figure has been adapted from ref. 86 with permission from Springer Nature.
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Fig. 6 Structure of triazine based HTMs. This figure has been adapted from ref. 91 with permission from Royal Society of Chemistry.

magnificent stability after six months long-term aging. However,
the spiro-FL-II achieved PCE of 13.6% with same order of hole
mobility as does the spiro-OMeTAD. The overall materials cost
was around 1/5 as compared to spiro-OMeTAD. The reported PCE
values for these HTMs were upto 20%.'*> Saliba et al'® have
proposed a new class of HTMs FDT. When used as HTM in
mesoscopic type configuration, the device exhibited highest PCE
of 20.2% for small molecule HTMs. FDT are less expansive (~$60
g™ ') and soluble in toluene that is less hazardous than chloro-
benzene, which is used to dissolve spiro-OMeTAD.

Carbazole based HTMs. The attractive photophysical proper-
ties like intense luminance, reversible oxidation process, low
synthetic cost, flexible carbazole reactive sites and the
outstanding charge transport properties make this class of
compounds prominent and novel for cost effective HTMs for
PSCs.*1%1 Wang et al.'*® reported a carbazole based CA-I
compound made by a two-step reaction process using less
expensive commercially available materials. CA-I, exhibited

This journal is © The Royal Society of Chemistry 2018

good hole mobility and better conductivity than spiro-OMeTAD
and showed a PCE of 12.3%.""° Leijtens et al.'*® have designed
two, simple lithium salt-free, carbazole based HTMs, varied by
the alkyl group (CA-II and CA-III). When applied in the PSCs in
oxidized form, the devices produced results comparable to
spiro-OMeTAD based devices. Other examples include two arms
and three arm structures, connected via TPA, phenylene or
diphenylene core units (CA-IV, CA-V and CA-VI). Using these
systems, the highest PCE of 14.79% was achieved. Wang et al.**®
developed carbazole based derivatives (CA-VII and CA-VIII) with
biphenyl core.

Xu et al.*** have demonstrated two carbazole-core based
HTMs (CA-IX and CA-X). Under similar conditions, in solid state
DSSCs, CA-X based device achieved PCE of 6%, higher than that
of CA-IX (4.5%) and spiro-OMeTAD (5%) as a reference. Due to
superior performance of CA-X as compared to CA-IX and spiro-
OMEeTAD in solid state DSSC, CA-X was further investigated in
PSC as HTM and achieved PCE of 9.8% as compared to 10.2%

RSC Adv., 2018, 8, 20952-20967 | 20959
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PCE obtained by spiro-OMeTAD based device as a ref. 117. Kang
et al.** have designed a group of dendritic carbazole based star
shaped HTMs (CA-XI, CA-XII and CA-XIII) and studied their
performance in PSCs. Because of crystallization during the
fabrication process, the trimeric structures showed good
conductivity than the dimeric ones. When used as HTM, CA-XIII
exhibited a PCE of 13% which is comparable to PCE of 13.76%
achieved by spiro-OMeTAD based PSC. Zhang et al.*” developed
two new carbazole based materials (CA-XIV and CA-XV) utilizing
commercially available di-substituted and tri-substituted
phenyl derivatives. The CA-XV based PSC achieved slightly
higher PCE of 13.1% as compared to 11.4% and 12.0% for CA-
XIV and spiro-OMeTAD, respectively. Daskeviciene et al'*’
proposed a simple one-step synthesis for a low cost HTM (CA-
XVI). When used as HTM, the PSC exhibited PCE of 17.8%,
comparable to a reference device of spiro-OMeTAD. Chen
et al.'" proposed a tetra-substituted carbazole-based HTM (CA-
XVII) using a three-step synthesis process and low-cost mate-
rials, which produced a PCE of 17.81%. Zhu and fellows have
designed a carbazole-based molecular material using a tetra-
phenylene core (CA-XVIII). The device showed good thermal
stability and energy levels with a PCE of 12.4%. The achieved
PCE is close enough to the one obtained from doped spiro-
OMEeTAD device."” Zhu et al.*™ recently synthesized a chain of
carbazole derivatives having variation in the 2,7 and 3,6 posi-
tions (CA-XIX, CA-XX and CA-XXII). Among these materials, the
2,7 substituted derivatives (CA-XX and CA-XIX) resulted in good
stability because of highly twisted structure and PCEs of 16.74%
and 14.92%, respectively. While 3,6 substituted derivative CA-
XXII reported a PCE of 13.3%. Recently, Wu et al.**® have
proposed a carbazole based HTM including electron deficient
benzothiadiazole (BT) core (CA-XXIII). The addition of a BT unit
in biphenyl structures in CA-XXIII increased the intermolecular
interactions, improved hole mobility, charge transport and
thermal stability of the compound. When used as HTM, a PCE
of 16.87% was reported for CA-XXIII, higher than 15.53% ach-
ieved by spiro-OMeTAD PSC.

Hole transporting materials based on benzodithiophene and
dithienopyrrole cores. M. K. Nazeeruddin et al.** have observed
and designed two new classes of HTMs based on benzodithio-
phene (BDT) and dithienopyrrole (DTP) cores. They substituted
BDT and DTP central cores with four N,N-bis(4-methoxyphenyl)
aniline units through the 2- and 3-positions of thiophene rings
giving rise to the tetrakistriphenylamine (TTPA) derivatives. The
substitution of the inner core benzene ring of BDT by a pyrrole
ring in DTP allows addition of an extra heteroatom to the
system, which provides a stronger electron donating charac-
teristics. They reported that HTM based on BDT core demon-
strated outclass performance with 18.1% as compared to DTP
based HTM (15.6%) and spiro-OMeTAD based device (17.7%).
This superior performance of TTPA-BDT based HTM was ach-
ieved due to better alignment of HOMO (—5.36 eV) with the
perovskite's valence band (—5.65 eV), lower reorganization
energy (0.1.1 eV) and higher fill factor.

Other small molecular materials HTMs. Zong et al.® have
introduced two binaphthol based derivatives (NPH-I and NPH-
II) which vary in the aromatic or aliphatic linkage to

20960 | RSC Adv., 2018, 8, 20952-20967
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binaphthol unit. The HOMO levels of both materials were well
aligned with that of perovskite and PCE values reported were
similar to that of spiro-OMeTAD. Li et al.*** have designed two
different HTMs by varying m-linker unit (biphenyl vs. carbazole:
OMe-I and OMe-II) and obtained PCEs of 16.14% and 18.34%
for OMe-I and OMe-1I, respectively. Petrus et al.*** have studied
the problem of reducing HTM synthetic costs. They introduced
a material with 3,4-ethylenedioxy thiophene (EDOT) as a central
core (EDOT-AZO). EDOT-AZO was synthesized under ambient
conditions using simple one-step Schiff base condensation
chemistry of amine and aldehyde of EDOT with cost effective
precursors. EDOT-AZO is the least expensive HTM reported so
far in the context of PSCs (cost of EDOT-AZO is around $10 g~ ).
As an HTM, EDOT-AZO reported a PCE of 11% comparable to
11.9% as obtained by spiro-OMeTAD based device.

5.1.2. Polymer hole transport materials. Poly(triaryl amine)
(PTAA) was the first ever and the most efficient polymer based
HTM, which was tested in PSCs. Seok et al.'®* used PTAA in
mesoscopic structure and formed a zig-zag-like pattern; the
reported PCE was 12%. Using mixed perovskites (MAPbBr; and
FAPDbI;) and immense optimization process, the PCE was
enhanced to 20%."*""** Furthermore, PTAA is a high cost
material (~$2000 g~ *).*® P3HT and PEDOT:PSS are prominent
conducting polymers and have been employed as HTMs."*
PEDOT:PSS has been mostly employed in inverted planar PSCs
and possesses features like compatible valence band with
perovskite, low temperature processability and excellent film
properties. The highest efficiency of 18.1% was achieved using
PEDOT:PSS with hydrogen iodide (HI) as additive and perov-
skite.” The main constraint of PEDOT:PSS is its hygroscopic
nature.

The improvement of the device stability through the intro-
duction of the stable and efficient conducting polymer-based
HTMs have been documented by Lim et al*****®* They re-
ported the use of high-work function self-organized hole
extraction layers (SOHELs) to attain the improved PCE."*® A
SOHEL accomplishes good energy level alignment with ioniza-
tion potential level of CH3;NH;Pbl; in such a way that it
increases built-in e-potential, Js., FF and V,..***"*®* They also
compared the results of the PEDOT:PSS based PSCs with those
incorporating SOHEL' and found that the offset energy at the
hole extraction layer and the photoactive layer can be reduced
by collective energy level alteration of the SOHEL. They also
made-up a flexible PSC on PET/ITO substrate using SOHEL and
reported the PCE as high as 8.0%."**

Dubey et al.** reported a diketopyrrolopyrrole based polymer
known as PDPP3T and achieved a PCE of 12.32% comparable to
12.34% reported for spiro-OMeTAD based PSC. An
additional interesting attribute, the PDPP3T based PSC
produced slower device degradation having a decrease in PCE to
60.6% of its initial value in 172 h. On the other hand, spiro-
OMEeTAD based device decreased the PCE to 83% of its initial
level in the same time. Stringer et al.*** have reported a carba-
zole based co-polymer, PCDTBT, a familiar donor material in
organic BH]J devices. The PCDTBT device after being doped with
LiTFSI and TBP achieved a PCE of 15.9% almost equal to that of
spiro-OMeTAD device. Yu et al.**' investigated a co-polymer

This journal is © The Royal Society of Chemistry 2018
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based on PCPDTBT. The highest ever reported PCE of 15.1%
was achieved for PCPDTBT based polymers, when
PCPDTBT was doped with 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (FATCNQ). Zhou et al'*? have
designed a hyper-branched carbazole based polymer (HB-CZ)
using one-step Suzuki coupling method. When employed as
HTM, the device showed a PCE of 14.07%, higher than the PCE
of 9.05% and 6.60% reported for P3HT and PCz based devices,
respectively. Liu et al.**® have proposed a highly m-extended
copolymer PDVT-10 as HTM with an excellent hole mobility of
8.2 cm® V' s and achieved a PCE of 13.4% without doping
that is considered the highest reported PCEs for dopant-free
polymer HTMs.

Liu and fellows have proposed a carbazole based non-
conjugated polymer (PVCz-OMeDAD), having a non-
conjugated polyvinyl sequence and a hole transporting OMe-
DAD unit.*** The OMeDAD moiety increased hole transporting
potential of the material. The PCE of 16.09% was observed,
which is, much better than that of 9.62% obtained by spiro-
OMEeTAD based device used as a reference. Gaml et al.*** have
implemented benzodithiophene based polymer PBDTT-FTTE,
as hole transporting material in PSCs. After doping, 3% of
diiodooctane with PBDTT-FTTE, the device exhibited same
performance as traditional spiro-OMeTAD based devices in an
inert atmosphere with increased FF and V.. Diiodooctane
doped PBDTT-FTTE device achieved a PCE of 11.6%, whereas on
the other hand the un-doped PBDTT-FTTE based cells exhibited
a PCE of 10.3%.

5.1.3. Dopant free hole transport materials. Hole trans-
portation materials (HTMs) play a key role in the performance
of highly efficient PSCs. As mentioned earlier, spiro-OMeTAD
has been the most widely used HTM. But, spiro-OMeTAD
suffers an insufficient hole transportation and low conduc-
tivity in its pristine form. Therefore, additives/dopants like
lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI),****?¢ 4-
tert-butylpyridine (TBP),* and tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(u) tri[hexafluorophosphate] (FK209)*¢ are
used to generate free carriers and to enhance conductivity.
However, these dopants affect the device performance and
stability.

For this purpose, the development of cost effective dopant
free HTMs with improved moisture resistance and carrier
transport properties is required for stable and efficient PSCs.
Huang et al.®®* demonstrated PCE of 18.6% using a dopant free
HTM Trux-OMeTAD, comprising Cs;;, Truxene-core with aryl-
amine terminals and hexyl side chains. M. K. Nazeeruddin
et al® introduced rigid quinolizino acri-dine (FA-CN) and
a flexible triphenylamine (TPA-CN) as dopant free HTMs and
exhibited PCEs of 18.9% and 17.5% for FA-CN and TPA-CN,
respectively, under full sun illumination. M. K. Nazeeruddin
and fellows successfully developed three symmetrical dopant-
free HTMs (KR321, KR353 and KR355) using D-m-A type
architecture. Among these three HTMs, the optimized structure
of KR321 based device showed improved performance with
a PCE of ~19% along with improved stability.”** Heo et al.**®
investigated DFBT (DTS-FBTTh,), dopant free HTM using D'-A-
D-A-D-A-D' (D, D': electron donors, A: electron acceptor)

This journal is © The Royal Society of Chemistry 2018
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conjugated structure and achieved 17.3% PCE. Lee and group
members demonstrated 18.3% PCE using green solvent
processable polymer HTM composed of benzothiadiazole (BT)
and benzo[1,2-b:4,5:b']dithiophene (BDT) (asy-PBTBDT).**”

5.2. Inorganic hole transport materials

From the past several years, inorganic materials have been
studied and implemented as hole transporting materials due to
their unique properties such as appropriate energy levels, good
hole mobility, high chemical stability and low fabrication cost.
However, problem associated with this type of HTMs is the
device stability introduced by a solvent, which can partially
dissolve the perovskite. Nickel oxide (NiO) is the most prom-
ising wide band gap p-type material that was successfully used
as HTMs in DSSC and OPV devices. It has been implemented in
various device structures, like mesoporous carbon electrode-
based PSCs, inverted mesoscopic PSCs and inverted planar
based PSCs. Sarkar et al.**® achieved a PCE of 7.26% by depos-
iting NiO layer on an inverted planar type configuration using
electrodeposition. Chen et al.*** enhanced the performance of
NiO layer and achieved PCE of 11.6% under one-sun-
illumination by varying the thickness and using oxygen
doping. Recently, low temperature solution processed NiOx was
implemented as HTM in n-i-p and p-i-n PSCs structures. The
considerable accomplishment of this work was to present direct
deposition of pre-synthesized NiOx on the top of perovskite
layer (in n-i-p assemblies) without rotting the perovskite film.
The considerable PCE of 15.9% was obtained with negligible
hysteresis."® Duc et al.*** used NiO as HTM in perovskite based
inverted planar configuration and reported a PCE over 16%.

Copper (Cu) has also been successfully investigated to design
cost effective and solution processable Cu based inorganic
HTMs. Kamat et al.** studied copper iodide (Cul) based device
and reported overall PCE of 6%. The low efficiency was due to
low V,.. Other interesting examples of this class of materials
include cupric cuprous oxide (Cu,O) and copper thiocyanate
(CuSCN). Cu,0 is a narrow band gap, low cost, environmental
friendly material with good hole mobility. For such type of
material, the reported PCE was 8.93% with good stability over
30 days in the open air."**'** In 2014, Gratzel et al.*** performed
considerable work on CuSCN as HTM and achieved 12.4% PCE.
CuSCN HTM demonstrated performance owing to effective
charge extraction and charge transportation from perovskite
layer to top electrode. Moreover, a considerable PCE over 16%
was reported by Nazeeruddin et al™® for PSCs using mixed
perovskite (FAPbI; and MAPDbBr;) in addition to CuSCN as p-
type hole transport material.

5.3. Hybrid hole transport materials

Y. Kwon used poly[2,5-bis(2-decyldodecyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione-(E)-1,2-di(2,20-bithiophen-5-yl)ethene]

(PDPPDBTE) as a p-type HTM on a hybrid organic-inorganic
perovskite solar cell.**” The hydrophobicity of the polymer pre-
vented moisture permeation on the porous perovskite hetero-
junction. Z. Fei et al.®* used thiophene based HTMs (Z25, Z26) to
achieve 20.1% efficiency which is similar to spiro-OMeTAD. The
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HTM 726 showed more stability than spiro-OMeTAD and Z25.
The presence of a double bond in the structure of Z26 made the
HTM more stable. Thiophenes are semi-conductors in nature.
Higher hole mobility of thiophene make them an attractive
HTM material. Their interaction with iodine promote photo-
generated hole transport. X. Liang et al.**® argues that HTMs
with high thermal stability and high hole mobility are rare.
Phenothiazine based HTM, SFX-PT1 and SFX-PT2, were devel-
oped and found to be more stable than spiro-PT and spiro-
OMeTAD. Moreover, SFX-PT1, SFX-PT2 and perovskite have
comparable energy levels which make them compatible.
However, SFX-PT1 and SFX-PT2 showed low solubility, which
might be a problem for large scale application.

According to W. Yei et al” HTM made of silver doped
NiOx(Ag:NiOx) showed better performance for an inverted
planar heterojunction perovskite solar cell. In Ag:NiOx, Ag
occupies the substitutional Ni sites and behaves as an acceptor
in NiO lattice. Doping with silver increases hole mobility,
conductivity and stability of NiOx film. The stability of this novel
HTM compared to organic HTMs is drastically higher. Xie
et al.'* reported a high efficiency HTM Li, osMgo.15Ni( gO as an
alternative to original NiOx, which is attributed to enhanced
hole conductivity and charge extraction. According to K. Im, Ti
doped MoO, has high thermal stability due to strong Mo-O
bond.” Moreover, the compound is highly stable in humidity as
well. Another advantage of this HTM is its scalability. Although
the compound is stable in humidity, MoO, has the tendency to
oxidize itself to MoOj in the air. However, doping with titanium
solves this problem to some extent.

H. Li et al™ reports similar stability of 3,4-ethyl-
enedioxythiophene and 9'-spirobifluorene (spiro-OMeTAD)
which is a widely used HTM. Habisreutinger et al.** proposed
polymer-functionalized single walled carbon nano-tube (SWNT)
embedded in an insulating polymer matrix as HTM. Strong
retardation of thermal degradation was observed in the cell as
compared to organic HTMs. Moreover, the proposed HTM was
found to be water resistant. Perovskite and organic HTMs
degrade fast under heat. If poly(methyl methacrylate) (PMMA) is
used for coating perovskite, its thermal stability increases. But,
the coating acts as an insulator as it lacks m-conjugation.
However, combining this insulator with highly conductive
single walled carbon nano-tube, the properties of conventional
HTMs can be achieved along with durability. Carbon nanotubes
(CNTs) are generally insoluble, however when wrapped with
a monolayer of P3HT, they form supramolecular nano-hybrids
(P3HT/SWNT) that are dispersible in common solvents and
can be deposited by spin-coating.

6. Limitations of HTMs

Organic HTMs have several drawbacks including unspecified
molecular-weight, low purity and batch-to-batch varia-
tion.'*>***152 The amorphous nature of small molecule-based
hole transport materials imparts poor hole mobility. Among
organic HTMs, polymers are well known for their good hole
mobility, strong chemical interaction with perovskite and
highest efficiency. These material have high molecular weight

20962 | RSC Adv., 2018, 8, 20952-20967

View Article Online

Review

which doesn't allow easy penetration hooked on the openings of
TiO, scaffold.”® Similarly, PEDOT:PSS with successful
outcomes has a well knows drawback of hygroscopic nature,
which restricts the chemical-stability of PEDOT:PSS based
devices in an ambient environment.'** In case of hydrophilic
materials, all deposition processes need to be carried out in gas
filled glove box and the measurements are performed with
relative humidity (%RH) < 1 and under controlled atmospheric
conditions.” To solve this problem, several types of dopants are
used. Unfortunately, these dopants decrease device stability and
ultimately degrade the PSCs."* For the process of hole extrac-
tion, adequate hole transportation and conductivity are
required. In regular n-i-p structures, a thick HTM layer is nor-
mally deposited to acquire a pinhole free surface on the
perovskite. But, a thick HTM layer produces high series resis-
tance that leads to lower FF and PV performance. To overcome
this issue, p-type doping is commonly used to enhance hole
mobility and conductivity of HTMs. However, an introduction
of additives can affect the device stability, especially for hydro-
philic components that can degrade the perovskite crystals.'>
In case of inorganic hole transport materials, the most common
problem is their solvents which can partially dissolve the
perovskite and consequently affect device performance and
stability.'”> Whereas the transition metal oxides as HTMs hold
a very impoverished film morphology which results in extremely
low quality films.**

7. Research agenda for future studies

The hole transport materials have significant effect on open
circuit voltage (V,.) of the cells as they decrease recombination
resistance and increase series resistance. Apart from the prop-
erties and improved efficiencies several challenges need to be
addressed before the successful development and commer-
cialization of the PSCs. These challenges include hysteresis,
reproducibility of efficient devices, toxicity as well as thermal
and chemical stability. These factors directly or indirectly affect
the stability of the PSCs. The stability of cells is a main hurdle in
the commercialization of PSCs. Various approaches have been
adopted with an aim to enhance the stability of PSCs, but they
have failed to improve long-term performance of PSCs and the
issue is still under debate. Of course, cost must also be kept in
mind while considering the stability issues. If we take a close
look at the energy levels/work function (given in Table 1) of the
possible HTMs used in PSCs, it can be observed that spiro-
OMeTad has least stability however it results in greater effi-
ciency. P3HT with an E, of 2 eV showed an efficiency of 20% and
remained stable for 800 h. Similarly, the work function of the
engineered PEDOT:PSS demonstrated better stability than the
pristine PEDOT:PSS. Hence by gathering the facts regarding
relation between performance and energy/level/work function,
it can be inferred that LUMO/work function beyond 5 eV leads
to better performance of the device.

Thermal and chemical stabilities are also very important
issues which also need to be addressed properly, thermal
treatment is required in the process of formation of perovskite
crystals. Both annealing and storage temperatures are main
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factors due to which degradation in PSCs occurs. Thermal
instability due to HTM can be reduced using HTM free perov-
skites solar cells. Excellent thermal stability has been reported
with HTM free PSCs. For example, L. Etgar et al.*** were the first
to report HTM-free MPSC with a 5.5% PCE. Later in 2014, they
reported enhanced efficiency of HTM-free MPSC to 10.85%.**
Han and co-workers reported fully printable HTM-free MPSC
based on triple mesoscopic layers of low-cost carbon counter
electrode, mesoporous ZrO, and TiO,."*® The device exhibited
good stability and a PCE of 6.64%. Li et al.** performed some
stability tests to check performance of the printable HTM-free
MPSC using (5-AVA),(MA); _,PblI;. The devices remained stable
when exposed outdoors in Jeddah, Saudia Arabia for a period of
consecutive seven days. Furthermore, stable PSC was also re-
ported when the encapsulated device was thermally tested at
80-85 °C for 90 days. Moisture penetration in hole transporting
layer can be restricted by crosslinking the layer. Xu et al.**” re-
ported thermally cross-linked arylamine derivative (N4,N4'-
di(naphthalen-1-yl)-N4,N4'-bis(4-vinylphenyl)biphenyl-4,4'-
diamine) (VNBP).

Electron blocking layer (ETL) can also be used before the
HTM layer and an HTM layer is used before ETL to restrict the
overflow of electron and hole at either side as well as to reduce
the moisture penetration. Xu et al.*® used double layers of
VNBP-M0O; and achieved better stability under harsh condi-
tions. The hysteresis is also an important issue which might be
closely related with long-term stability of the devices.'*®'** There
are few possible reasons for the hysteresis in organic perovskite
solar cells which include charge trapping,**® ion migration,'®**'%
ferro electricity’®'* and capacitive effects.'**'®> By properly
controlling all these factors, hysteresis effects can be reduced.

The cost is another crucial factor that needs to be addressed
beside the stability to introduce PSC technology to the
commercial market for instance, the cost of purified spiro-
OMEeTAD is ~$500-1000 g~ ".8%1% The factors which affect the
cost of HTMs include complex and costly systems required for
purification process. Search for cost effective HTMs started
since the first PSC was introduced. Zhang et al'®” reported
a cost-effective dopant free P3HT as a replacement to spiro-
MeOTAD. Later, Xiao and co-workers demonstrated a new
class of solar cell with polyaniline (PANI) as a sensitizer and as
a p-type hole transporting material.®® In their work, they ach-
ieved a PCE of 7.34% along with long-term stability. Similarly,
few researchers have employed inorganic hole transport mate-
rials. Christians et al'** reported Cul as a hole transport
material. Using cost effective, stable and solution-processable
inorganic material, they showed a remarkable efficiency of
6.0% close to that of 7.9% (obtained for spiro-OMeTAD based
device). However, there must be balance between the cost and
efficiency.

To achieve best performance of PSCs, HTMs must fulfill
following general requirements.

(1) The highest occupied molecular orbital (HOMO) energy
level should be compatible with the valence band energy (VBE)
of the perovskite.
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(2) For efficient hole transportation from perovskite
absorber, HTMs must have sufficient charge carrier mobility
(which ideally should be greater than 107 % cm®> V=" s™1)

(3) HTMs must have air, moisture, photochemical and
thermal stability.

(4) Ideally, HTMs should be solvable in various organic
solvents and have exceptional film formation capability for
device fabrication and processing.

(5) HTMs should be low cost and have environmental
friendly behavior.

In summary, up to now, a selection of organic, inorganic and
hybrid HTMs have been reported in both standard and inverted
PSC configurations. To enhance the PCE and stability of the
PSCs, the following facts related to HTM must be considered.
For the better PCEs, a good energy level alignment and interface
compatibility should be taken into account, primarily. From the
HTM-film quality optimization perspective, it is of utmost
priority that a high-quality consistent HTM film must be
prepared with less defects and desirable conductivity. Such
HTMs can be achieved by optimizing or developing suitable
deposition techniques. As far as the stability is concerned,
additional emphasis should be put on interface engineering,
compatibility and charge transfer kinetics. Furthermore,
detailed understanding of interface charge transfers and
recombination is necessary for developing new HTMs for stable
and efficient PSCs.

8. Conclusion

During the past few years, intensive research interest from
photovoltaic research community has been paid to PSCs.
Perovskites are particularly considered for photovoltaic appli-
cations because they can be obtained from cheap earth-
abundant materials, processed in solution and show high
device performance which is comparable with already imple-
mented commercial technologies. Various techniques have
been adopted to boost the power conversion efficiency (PCE) of
PSCs. However, one key issue to approaching the market with
any strategy is the long-term operational stability of PSC
devices. In this review, the stability issues in PSCs and the role
of HTMs on the stability and their proposed solutions have been
discussed. It can be summarized that the integration of several
types of approaches including interface engineering, composi-
tion engineering and development of hybrid HTMs and
perovskite-inorganic HTM composites besides organic HTMs,
might be important strategies for achieving high efficiency and
better stability of PSCs.
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