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Abstract

Herein, we will present recent progress in the compact layer (CL) or hole blocking

layer (HBL) which is known as an important layer and not as an essential layer for

perovskite solar cells (PSCs). The CL involves an effective role to enhance

efficiency in PSCs. Thus, any change, modification, and replacement in this layer

will have a profound effect on the performance and improvement of some

characteristics such as photo-stability, durability and hysteresis effect. These

changes can improve the applications of PSCs in the flexible cell, industrial mass

production, high-scale manufacturing. In this review, we will present recent

studies on CLs.
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1. Introduction

Energy consumption is rising and energy sources, especially fossil fuels, are finish-

ing. Therefore, the demand for renewable, accessible energies has increased signif-

icantly. After discovering the photovoltaic effect in 1839 [1], solar cells appeared

and attracted a lot of attention to convert solar energy into electricity. Among the

various types of solar cells, PSCs were more important and impressive because

perovskite materials, used as a light absorber in PSCs, have excellent advantages
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such as a great light absorbing capability, small exciton binding energy, direct band

gap, and outstanding charge carrier mobility [2, 3, 4, 5]. PSCs structures include a

conductive substrate such as fluorine doped tin oxide (FTO), an electron transport

layer (ETL) which involves a compact layer (CL) and a mesoporous scaffold layer

(for mesoporous PSCs), perovskite layer as an absorber, hole-transporting material

(HTM), and a metal electrode. There are two structures for PSCs. Mesoporous PSCs

(MS-PSCs) structures and planar (P-PSCs) structures. In usual MS-PSCs, meso-

scopic scaffold layer formed by small size TiO2 NPs creates a structure with little

spaces which restricts perovskite grains growth inside TiO2 scaffold and produces

many voids, results to augment carrier recombination and leakage currents in

PSCs. Therefore, Quasi-mesoscopic PSCs (QMPSCs) are induced as the other

kind of PSCs suggesting enough big spaces to grow superb quality perovskite layer

with big grain size and fewer voids [6, 7]. In P-PSCs devices, mesoporous scaffold

layer is removed and ETL only includes CL. They can operate well due to the am-

bipolar nature of perovskite [8]. P-PSCs devices involve the simplest structure and

fabrication processing due to removing high temperature sintered mesoscopic layer.

Also, P-PSCs can be fabricated with a low-temperature process, which is suitable for

making flexible solar cells [9, 10, 11, 12]. Many efforts have been made to improve

the efficiency and stability of solar cells, which contain many studies on various

layers in PSCs structures. In this review, we are focused on articles presented for

CLs. The CL or HBL or ETL is a critical layer in the PSCs because it hinders the

direct contact between the holes, made in perovskite layer or HTL, and FTO. There-

fore, it will diminish charge recombination and augment the open-circuit voltage

(VOC) [13, 14, 15]. It should be pointed that charge recombination will decrease

charge collection ability, the short-circuit current (JSC) and the fill factor (FF) as

well as VOC in PSCs [16]. The CL is an electron selective layer which can collect

the photo-generated electrons from the perovskite layer and transport electrons to-

ward FTO [17, 18]. Therefore, it is essential that CLs involve compact uniform films

without pinholes and cracks to obtain high efficient PSCs [19]. Furthermore, CLs

with optimized thickness are very essential [20]. A thick CL will increase the dis-

tance of electrons to transport from the perovskite layer to the FTO, leads to decrease

the charge transport. But a thin CL will not cover the FTO effectively. Thus the FTO

layer contacts with the perovskite layer directly, leads to the charge recombination

with formed holes in the perovskite layer. The optimized thickness of TiO2 as a

CL reported via traditional methods, the spin-coating method, is 50e100 nm [20].

In fact, CL thickness is related to the balance between hole blocking capability

and carrier transport loss. Full coverage and adequate thickness increase hole block-

ing ability. Suitable film thickness decreases the carrier transport loss [21]. An

appropriate CL should include some properties, such as reduced transport resistance

which enhances electron extraction, good transparent in the visible light region,

appropriate conduction band (CB) level which matches CL energy levels with the

perovskite layer well to decrease energy loss. In addition to, superior electron
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mobility, low-temperature preparation process are important [22, 23, 24]. However,

in inverted PSCs which ETL placed promptly on top of the perovskite layer instead

of HTL, the ETL should fully cover the perovskite layer to protect the perovskite

layer from deleterious oxygen and moisture effects. Also, the used solvents in the

deposition process of the ETL should be considered [25, 26, 27, 28]. The TiO2 layer,

as a famous CL, has been used from dye-sensitized solar cells (DSSCs) generation to

PSCs [29, 30, 31, 32, 33, 34, 35]. The TiO2 as an intrinsic n-type semiconductor

along with a wide band gap exhibits a substantial role in augmenting electrons trans-

portation and preventing recombination phenomenon between the FTO and HTM

layer. It contains advantages such as chemical stability, inexpensive and suitable

CB. But, TiO2 has disadvantages such as low electron conductivity due to low car-

rier density and low electron mobility which can produce unsuitable charge transport

in the perovskite [36]. Also, the photoactive nature of TiO2 CL indicates a detri-

mental effect on perovskite layer stability [37]. Moreover, Snaith et al. [38, 39]

showed that the charge traps and the oxygen vacancies in the TiO2, activated by ul-

traviolet (UV) light, can decrease the efficiency of converting light into electricity

and power conversion efficiency (PCE) in PSCs. Therefore other materials were pro-

posed to replace TiO2 to improve its properties. It’s important to be mention that

conventional methods for fabrication TiO2 CLs such as spin-coating and spray py-

rolysis need a high-temperature sintering procedure which increases the costs and

stops the fabrication of flexible devices. Other methods such as atomic layer depo-

sition (ALD) [16], electrochemical deposition [40, 41], high pressure pressing [42],

and chemical bath deposition (CBD) [43] could not utilize low temperature process-

ing. In this review, we will present PCSs with different CLs which involve various

morphologies, fabrication methods and also some PCSs structures without CL. The

presented articles can provide appropriate solutions to solve disadvantages and prob-

lems in the CLs.
2. Main text

2.1. Replacing of TiO2 CL with various CLs

As previously mentioned, the TiO2 CL indicates low electron extraction owing to its

relatively poor carrier mobility. So, semiconductors with higher carrier mobility are

used to replace them. Wang et al. [44] used Cadmium selenide (CdSe) nanocrystal as

ETL or CL for P-PSCs due to its high electron mobility (more than TiO2), solution-

processing ability at low-temperature sintering (140 �C) and tunable band gap [45,

46, 47, 48]. An average PCE ¼ 11.7% obtained which was higher than that of the P-

PSCs devices with TiO2 as CL (9.0%). However, both devices showed the obvious

hysteresis. The existence of a hysteresis effect, lack of similarity of J-V curve which

observes by changing the direction and scan rate, will reduce the accuracy of

measured performance. Dong et al. [49] reported SnO2-CL-based MS- PSCs by
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the sol-gel method which showed higher JSC than that of TiO2 CL based MS- PSCs,

due to higher mobility and electrical conductivity of SnO2 than that of TiO2. In addi-

tion, the SnO2-CL devices indicated a faster Photoluminescence (PL) decay than that

of the TiO2-CL devices. Because SnO2-CL has high efficient carrier extraction as a

result of higher carrier mobility or lower CB level of SnO2-CL. Nevertheless, high

charge recombination in SnO2-CL devices decrease VOC and fill factor (FF) in com-

parison to TiO2 devices. Dong et al. [50] employed a CL including a blended-

interfacial-layer (BIL), composed of FTO, SnO2, TiO2, and perovskite in MS-

PSCs. The FTO layer was adorned with salient spots of SnO2 nanocrystals. FTO-

SnO2-based MS-PSCs indicated smaller series resistance (Rs) and larger shunt resis-

tance (Rsh) in comparison to the FTO/TiO2-based ones. Consequently, charge

recombination decreased effectively and the dark current increased in FTO-SnO2

compared with FTO/TiO2-based ones. The PCE (18.16%) was higher than that of

TiO2/FTO MS-PSCs (PCE ¼ 17.27%). Also, the hysteresis effect this device

improved compared with that based on TiO2 CL. However, the MS-PSCs (without

SnO2 CL or TiO2 CL) indicated serious hysteresis due to the high recombination. In

structures of FTO-SnO2 and FTO-TiO2 without mesoporous scaffold, FTO-SnO2

based structure exhibited better durability. Because TiO2 can excite by UV light

easier than SnO2 which causes TiO2 operates as a photocatalyst, as a result, acceler-

ates the decomposition of perovskite. Another kind of metal oxides is zinc oxide.

The ZnO CL with low temperature solution-process has good electrical property

and high charge mobility. But, ZnO CL showed poor thermal stability. Some strate-

gies were used for the improvement of instability: using high-temperature for the

exclusion of excessive OH� groups and residual chemicals on the ZnO surface

[51], aluminum doping to modify its interface property [52] and deposition of poly-

mers between the perovskite and ZnO layers to prevent direct interaction [53]. Zhao

et al. [54] utilized aluminum-doped zinc oxide (AZO) as CL which showed the PCE

value of 12.6% similar to P-PSCs with TiO2 CL but with an outstanding thermal sta-

bility. AZO devices improved stability in comparison to ZnO devices (low-temper-

ature-processed) and ZnO nanoparticles devices (sintered ZnO nanoparticles at 400
�C). Deprotonation of the methylammonium cation by the ZnO surface produces

methylamine and PbI2. Deprotonation of the methylammonium cation (available

in perovskite structure) occurs more easily at ZnO surfaces while deprotonation is

difficult in AZO, owing to this fact that the acidic property of ZnO has increased

by doping of aluminum. The more acidic metal oxide surfaces provide more thermal

stability [51]. In fact, the enhancement of the thermal stability was related to a

decrease in the Lewis acid-base reaction between perovskite and CL. The prominent

conductivity and transmittance of AZO layer introduced it as a good transparent

conductive electrode where was used instead of FTO and ITO in a simple cell struc-

ture: glass/AZO/perovskite/Spiro-OMeTAD/Au. In comparison with expensive ITO

and FTO which is difficult to etch, AZO is low-cost and easy to etch. Also, the work

function of AZO was 4.6 eV which provides a good charge transfer between
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perovskite and AZO and so a great electron collection efficiency. The studies have

indicated that ZnO as a CL shows some advantages, high electron-transport prop-

erty, relatively wide bandgap, and electron mobility better than that of TiO2 [21,

55, 56, 57, 58, 59, 60]. The high electronic mobility enhances the photo-

generated electron transport and therefore provides the fabrication of PSCs devices

without hysteresis. But, the existence of charge recombination in interfacial of the

ZnO/perovskite decreases the efficiency. Furthermore, ZnO/perovskite interface

shows the little chemical stability especially, at a temperature above 90 �C. Because,
the methylammonium (MAþ) cations in perovskite material can be quickly deproto-

nated by ZnO, release methylamine and decompose the perovskite film [51]. As a

result, the passivation of ZnO surface (as CL) can improve the stability and effi-

ciency of PSCs, as well as remove the hysteresis effect. Cao et al. [61] passivated

ZnO surface by a thin MgO layer and protonated ethanolamine (EA), providing a

CL with a great electron transporting and results in a hysteresis-free, stable and effi-

cient PSC (Fig. 1). High hole-blocking property of MgO would diminish the charge

recombination at ZnO/perovskite interface [62, 63] and hence, promoted stability

and cell performance. During EA coordination with Mg, the proton on the hydroxyl

end group of EA is quickly eliminated [64]. Mg onto ZnO surface will convert the

neutral chelation structure in EA into a charged monodentate structure. The charged

monodentate structure provides accessible protonated amine groups for fabricating

of electrostatic interaction between NH3
þ and I� from perovskite, elevating the great

electron transport from perovskite to ZnO and providing PSCs with efficiency up to

20.05% with no hysteresis effect. Instead of conventional TiO2 CL, a composite of

ZnO/Zn2SnO4 was used by Li et al. [65] in PSCs through spray pyrolysis. ZnO in-

volves an excellent electronic mobility (205e300 cm2 V. s�1) than that of Zn2SnO4

(ZSO) (10e15 cm2 V. s�1) [65, 66]. Also, ZSO compound is a transport-conducting

oxide with high electron mobility and stability [67]. Moreover, ZnO/ZSO CL optical

transmittance is better than that of TiO2 CL. Thus the ZnO/ZSO CLs have better op-

tical feature. In comparison to the TiO2 CLs, the ZnO/ZSO CLs indicate higher JS,

due to the better electron collective capability and higher carrier mobility, therefore
Fig. 1. Cross-sectional SEM image of a MS-PSC device with ZnOeMgOeEAþ as ETL. (Reprinted

with permission from Ref. [61]. Copyright 2018 John Wiley & Sons, Inc).
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improve the photovoltaic performance. JSC improves from 16.77 mA/Cm2 (MS-PSC

with TiO2 CL) to 19.71 mA/Cm2 (M-PSC with ZnO/ZSO CL) and PCE improves

from 10.19% to 12.03%. More distinct PL quenching phenomenon happened for

MAPbI3/ZnO/ZSO/FTO structure which was attributed to more easily the photo-

generated electrons extraction in the ZnO/ZSO CL due to the suitable energy

band level. CB level of ZnO/ZSO locates in the lower level than that of TiO2,

thus electron injection increases from mesoporous TiO2 to ZnO/ZSO CL. In spite

of promising performance, VOC is lower than that of TiO2 CL devices. It is attributed

to the recombination in ZnO/ZSO CL because of higher roughness confirmed by

atomic force microscopy (AFM) results. Nevertheless, Rs for ZnO/ZSO CL cell is

lower than that of TiO2 CL cell, because of smaller thickness and higher carrier

mobility of the ZnO/ZSO CL. One of the other materials used as CLs is Quantum

dots (QD). QD such as PbS, CdSe, and CdS QDs exhibited pinhole-free and

thickness-controllable CLs by using the spin-coating method [68, 69]. Also, Tu

et al. [70] demonstrated a pinhole-free and ultrathin CL based on TiO2 quantum

dots (QDs) with high crystallization and 3.6 nm diameter. PSCs performance was

examined by spin-coating three kinds of materials with a similar thickness about

50 nm: colloidal TiO2 QDs (QD CL), titanium diisopropoxide bis (acetylacetanoate)

precursor solution (TAA CL), and aqueous TiCl4 (TiCl4 CL). TiCl4 CL, TAA CL

and QD CL PSCs show PCE of 12.54%, 14.01% and 16.98%, respectively. The per-

formance improvement for the TiO2 QD CL PSC is attributed to an increment of FF

and VOC. as a result of small Rs, and large Rsh. Impedance spectroscopic (EIS) indi-

cated the lowest Rs and the highest Rsh value for device-based QD CL. The lowest Rs

is related to the lower contact and the bulk resistance in QD CL. The highest Rsh

value shows reduction in short circuits or current leakages [71]. Lower Rs and higher

Rsh create a higher FF and a large electron mobility [72]. QD CL PSCs exhibit large

charge injection properties and small internal resistance. The reason for the various

charge collection features is such defects as Ti3þ ions, residual chemicals, and hy-

droxyl groups [73]. Gao et al. [74] modified TiO2 nanorod arrays (TiO2-NAs) by

chalcopyrite CuInS2 quantum dots (CuInS2 QDs) through solvothermal method.

The CuInS2 QDs are photovoltaic materials with suitable bandgap (1.6 eV) and

high absorption coefficient (105 cm�1), as well as little toxicity [75]. Because, the

CL and valence band (VB) of chalcopyrite CuInS2 QDs are matched appropriately

with that for TiO2 and perovskite, therefore, charge transfer from perovskite to the

TiO2 CL and light harvesting can be enhanced, which improves device performance.

The rough surface of the QD-modified TiO2 nanorods, in comparison to the smooth

surface of the unmodified TiO2 nanorods, can create a bigger surface area and supe-

rior contact with the perovskite film. Consequently, many channels will be produced

by the utilization of TiO2-CuInS2-NAs for the charge collection and transportation.

This QD-modification promotes the light absorption and improves the perovskite

crystallization. The best PCE ¼ 11.7% acquired by optimized the QD growth time

(12 hours, layer thickness of 8 nm) which was higher than PCE value for a cell using
on.2018.e00912
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nanoarrays without QD modification (PCE ¼ 8.9%) [76]. A solution-processed car-

bon quantum dot (CQDs)/TiO2 composite was used by Li et al. [77] as a CL in P-

PSCs. CQD is a kind of carbon nanomaterials composed of separate, quasi-

spherical nanoparticles with sizes lower than 10 nm, which presents good light har-

vesting property and promising optical, electrical features [78]. The CQDs enhance

the energy levels matching between the perovskite and TiO2 CL that improves elec-

tron mobility and electron extraction between the TiO2 and perovskite layers. Thus

enhance JSC (21.36 mA. cm-2). With the optimized CQDs amount (10 wt %), the

average PCEs of PSCs enhanced from 12.7% to 17.5%. By using of CQDs/TiO2

CL, the hysteresis effect is suppressed due to the efficient charge transport at the

perovskite/TiO2 interface and the decreased electron transport potential barrier be-

tween perovskite and CL interface [79]. In addition to metal oxides, fullerene, and

its derivatives (C60, PC61BM, ICBA, and PC71BM) are extensively utilized as elec-

tron extraction materials in the low-temperature fabrication of PSCs [80, 81, 82].

The performance of PSCs with these fullerene materials did not show large improve-

ment, except PC71BM. Furthermore, PC61BM is expensive and shows variable per-

formances due to the lack of morphological controllability under sintering conditions

[83]. In comparison with PC61BM and metal oxides, n-type organic small molecules

[84] have gotten much attention as ETL, because they can be synthesized easily and

modified for matching their energy levels with the perovskite energy levels. Besides,

introducing sulfur species into their molecular structure is very easy, which leads to

enhance the interfacial reaction between the perovskite and the ETL via S-Pb or S-I

bonding [85, 86]. Wang et al. [87] utilized sulfur-containing n-type small molecule

hexaazatrinaphtho[2,3-c] [1,2,5]thiadiazole (HATNT) as CL or ETL in low-

temperature and solution-processed P-PSCs. Fig. 2 shows synthetic routine of

HATNT. Device with HATNT indicates higher VOC and JSC in comparison to the

device with PC61BM as CL. This high VOC is attributed to the more perfect band
Fig. 2. Synthetic routine of HATNT. (Reprinted with permission from Ref. [87]. Copyright 2017 John

Wiley & Sons, Inc).
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alignment between CL and the MAPbI3 film. In fact, the superficial lowest unoccu-

pied molecular orbital (LUMO) level in the HATNT produces a superior electrically

contact with the MAPbI3 layer, leading to a larger potential difference between the

electron and hole and transport layers (higher VOC) [56, 88]. The electron mobility of

the HATNT (1.73 � 10�2 cm2 V�1 s�1) is higher than that of the PC61BM, which

has an important role in increasing JSC in HATNT devices. Interfacial interaction be-

tween the perovskite and the HATNT via S-I or S-Pb bonding [85, 86] and effective

suppression of photo-generated charge recombination at the perovskite/CL as well as

high VOC and JSC are useful to improve devices performance. PCE ¼ 16.2% for

PC61BM-based device improves to PCE ¼ 18.1% for HATNT device. Devices

with molecules PC61BM or HATNT show slight hysteresis because the perovskite

and these molecule clusters cannot quickly penetrate into each other [89], thus

decrease ions motion in the perovskite and hysteresis effect. An important topic

about the TiO2 CL is the presence of deep trap states on its surface which creates

a high leakage current and charge recombination. A predominant strategy to

decrease these trap states in order to produce highly efficient PSCs is interface engi-

neering. Shahiduzzaman et al. [90] showed interfacial engineering of TiO2 CL by a

thin layer (10 nm thickness) of N-phenyl[60]fulleropyrrolidine (PNP) which was an

inexpensive organic material with a simple one-step solution-processing. The PNP is

used as an interfacial modifier for TiO2 CL instead of using expensive PCBM. Modi-

fication, improved perovskite crystallization, and enhanced charge mobility and

electrical properties for TiO2. Also, charge separation improved from perovskite

layer to the ITO electrode, because of perfect alignment of PNP energy levels

with perovskite energy levels. As a result, JSC with PNP became higher than that

of PCBM (from 11.90 to 21.44 mA cm�2). The PNP indicated larger contact angles

of water droplets than PCBM, because of the hydrophobic nature of the phenyl

group in PNP. Thus, moisture entrance into the perovskite layer strongly was pre-

vented in PNP devices. In fact, the PNP interfacial layer between TiO2 and perov-

skite layers augmented the value of photo-generated charge carrier sites and

decreased the trapping of charges and accumulation at the TiO2 interface. These ef-

fects enhanced photovoltaic parameters of the PNP devices compared with those of

devices without PNP. JSC enhanced from 11.90 to 21.44 mA cm�2, FF from 0.49 to

0.56 and PCE enhanced from 5.12 % to 8.38%. It is worthwhile to mention that CLs

with higher CB level than FTO CB level indicate an outstanding blocking effect.

Thus, charge recombination blocking effect for any passivation layer depends on

CB level of utilized material. Nb2O5 with a more negative CB than that of TiO2

is effective for blocking of recombination. The Nb2O5 was used as an excellent

CL in MS-PSCs (Al2O3 as a mesoporous layer). The device with Nb2O5 CL pre-

sented significantly higher VOC (1.11 V) than that of the device with TiO2 CL.

This was ascribed to high recombination blocking effect by Nb2O5 CL, which

was proven from the dark smaller current. Because, Al2O3 is an insulator, dark cur-

rent moves by electron transport from FTO to the Spiro-OMeTAD layer or the
on.2018.e00912
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perovskite layer. This result proposes that Nb2O5 CL blocks recombination much

better than TiO2 CL. Nevertheless, JSC in Nb2O5 CL cell was smaller than that of

the TiO2 CL cell, because the Nb2O5 CL slightly hinders electron transfer from

perovskite to FTO. Thus, thinner and denser Nb2O5 CL should be used to decrease

resistance and the electron injection barrier from perovskite to FTO in order to

further improvement of the cell performance, JSC, FF and PCE [91]. Tan et al.

[92] reported a strategy for contact-passivation by chlorine-capped TiO2 nanocrys-

tal. Anatase TiO2 nanocrystals (NCs) with a diameterw5 nm were synthesized via a

nonhydrolytic method and then Cl-capped TiO2 NCs (TiO2-Cl) with 12 % of Cl

respect to Ti atoms were produced through the reaction of benzyl alcohol with

TiCl4 at 85 �C [93, 94]. The perovskite films quality and charge transfer on both

CLs (TiO2-Cl, TiO2 without passivation) were the same. This suggests that quality

and interfacial charge transfer are not the major reasons for improving performance

by TiO2-Cl. The charge recombination lifetime (tr) in a TiO2-Cl device was predom-

inantly higher than that of the TiO2 device. It means slower charge recombination at

the TiO2-Cl/perovskite interface. Density functional theory (DFT) results proved

that interfacial Cl atoms decrease deep trap states formation on the perovskite sur-

face, as a result, enhance surface passivation and decrease recombination at the

TiO2/perovskite contact. Also, The Cl atoms produce powerful electronic coupling

and chemical binding at the TiO2/perovskite P-PSCs [95]. Consequently, hysteresis-

free P-PSCs with PCEs of 20.1% for small-area devices (0.049 cm2) and 19.5% for

large-area devices (1.1 cm2) were obtained. The developing of low-cost, easy and

low-temperature processes for fabrication of TiO2 CLs with high electron extraction

ability to create PSCs with high PCE and without hysteresis effect, have been at-

tracted much attention. Byranvand et al. [96] reported TiO2 CL modified with p-

type ionic salt CuI by a simple one-step spin-coating process (CuI@TiO2). CuI is

an inexpensive and stable hole conductor [97]. Electrons cannot be extracted via

the CuI islands because the CB energy of CuI (-2.2 eV) is higher than that of perov-

skite (-3.93 eV). However, they can be predominantly extracted to the TiO2 layer at

interface formed between perovskite and TiO2 layer. The p-type nature of CuI, con-

taining small Cuþ and large I� ions at the interface between perovskite and TiO2 CL,

hinders the back-recombination and enhances electron extraction. In addition, the

higher conduction and valence band energy levels of CuI in comparison with those

of TiO2 can induce a shift of TiO2 band edge and decrease trap states density. Thus,

increase the VOC and FF values in devices. Since the recombination rate (hundreds

nanosecond scale) is much slower than the extraction rate (tenths nanosecond scale)

[98] even if a part of the generated holes moves to CuI, positive CuI can pull the

electron to the interface between TiO2 and perovskite layer which enhances electron

extraction and decreases nonradiative recombination (Fig. 3). The optimized device

indicates negligible hysteresis, which is attributed to removing trap sites and high

electron extraction by CuI@TiO2 as a CL. In fact, the improvement in the PCE

(PCE ¼ 13.5% for unmodified CL to PCE ¼ 19% for modified CL) was related to
on.2018.e00912
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Fig. 3. The figure of interface with various amount of CuI islands. Without CuI, electronehole recom-

bination occurs easily, and with CuI, electrons are pulled to the interface between the perovskite and

TiO2 and are extracted owing to the formed dipole moment. However, too many CuI islands on TiO2

block the electrons passway. (Reprinted with permission from Ref. [96]. Copyright 2017 John Wiley

& Sons, Inc).
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the p-type nature of CuI, which can pull electrons in the direction of the perovskite/

TiO2 interface, leading to a shift of the energy levels and prominent electron extrac-

tion with a low trap density.

It should be mentioned that the decomposition and deterioration of the perovskites

via moisture can be affected by CL. Li et al. [99] utilized a composite of large p-con-

jugated graphdiyne (GD) into cross-linkable fullerene [6,6]-phenyl-C61-butyric

styryl dendron ester (C-PCBSD) as a CL. Graphdiyne (GD), as a large p-conjugated

carbon material involves a natural band gap and stiff 2D network. Also, (C-PCBSD)

material has been employed in polymer solar cells and PSCs accompanied by high

long-term stabilities [100, 101, 102]. The strong pep interaction between the two

highly p-conjugated GD and C-PCBSD in the CPCBSD: GD composite produced

the C-PCBSD molecules to have an ordered stacking with a face-on direction

(Fig. 4), which is beneficial for electron transfer and perovskite growth with a higher

crystalline and multiple ordered crystal direction parallel to the C-PCBSD: GD sub-

strate. This improves perovskite crystallization, leading to efficient charge transport

and high JSC (23.30 mA/cm2). The C-PCBSD: GD film involved superb electron

mobility (over 6 times improvement in the electron mobility for C-PCBSD), suitable

energy-level and efficient charge extraction. The increment of VOC (from 1.06 V to

1.11 V) is attributed to the alignment effect of C-PCBSD in tailoring the energy
on.2018.e00912
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Fig. 4. Molecule structures of PCBSD and Graphdiyne and schematic illustration for the face-on stacked

C-PCBSD film owing to the p-p stacking interaction between. (Adapted from Ref. [99] with permission

of Elsevier).
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levels between the TiO2 and perovskite layers. It should be noted that cell stability

extremely depends on the surface wetting features. The contacting angles of water on

TiO2/C-PCBSD: GD and TiO2 were 97.2� and 8.9�, respectively. This shows that
C-PCBSD: GD films have a poor wettability. As a result, the C-PCBSD film can

form an adhesive film with suitable moisture resistance, which can prevent the

decomposition of the perovskites by moisture. Thus, C-PCBSD: GD film provides

more stability. In addition to moisture stability, UV stability is also important. Supe-

rior UV stability is very significant when devices involve outdoor applications,

extremely in places with higher altitudes than ground level and space regions. Where

UV light is usually intensive [103]. The low stability of TiO2-based PSCs under UV

irradiation can be ascribed to the light-provided desorption of absorbed oxygen in

TiO2 surface [104] and also, the large photocatalytic activity of TiO2 [37]. In fact,

TiO2-based PSCs indicate an intrinsic instability against UV irradiation, where
on.2018.e00912
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oxygen adsorbed at surface oxygen vacancies reacts with photo-generated holes in

TiO2, producing deep traps. These oxygen vacancies at TiO2 surface (either rutile

or anatase phases) operate as deep traps for charge recombination under UV irradi-

ation [8]. In addition, UV-induced degradation of the perovskite film at the TiO2/

perovskite interface happens due to a high photocatalytic reaction on the defective

sites of oxygen vacancies upon band gap excitation of TiO2, resulting in the decom-

position of the perovskite thin film. Some methods have been suggested to increment

of the UV light stability such as, the using of UV inactive inorganic materials instead

of TiO2 such as Al2O3 [104], utilization of down-shifting materials on TiO2 [105],

using mesoporous SnO2 as CL [106], utilization of a buffer layer as a modifier be-

tween TiO2 and perovskite layer such as CsBr [37, 107], and using alternative BL

such as La-doped BaSnO3 to increase PSCs photo-stability [108]. It is mentioned

that PSCs with TiO2 as CL decrease the UV light stability. However, the using of

iron (III) oxide as CL shows a significant improvement in photo-stability because

of the low photocatalytic activity of iron (III) oxide. Luo et al. [109] used iron(III)

oxide as ETL. Cell structure involved in situ grown a-Fe2O3 nanoislands on the

compact a-Fe2O3 which deposited on FTO layer by a one-step deposition method.

Iron(III) oxide (a-Fe2O3) is one of the most thermodynamically stable iron oxides

with n-type semiconducting features [110]. Because of its much lower CB level en-

ergy(z0.3 eV) in comparison to TiO2 [111], it is a good electron extraction material.

Also, high charge recombination rate and low diffusion lengths of the hole [112] are

useful to decrease the photocatalytic activity of a-Fe2O3 and enhance the UV stabil-

ity. The geometry of a-Fe2O3 nanoislands film leads to excellent light transmittance,

because the gaps between nanoislands enhance enough light transmittance and nano-

islands size and increase the light scattering phenomenon. Also, a-Fe2O3 nanois-

lands film leads to large surface area contact to perovskite, and thus sufficient

electron extraction. The high electron transport from the perovskite to the

nanoisland-based film prevents negative ionic carrier accumulation at the perov-

skite/a-Fe2O3 interface, which leads to a negligible hysteresis [113, 114, 115]. A

promising PCE (18.2%) obtains which is larger than that of the PSCs with these

CLs, Zn2SnO4 [116], WOx [117], ZnO [21], SnO2 [36,72], and CdS [118], as

well as organic phenyl-C61-butyric acid methyl ester (PCBM) [119]. Chen et al.

[120] also, utilized an atomic stacking transporting layer (ASTL) based on 2D

atomic sheets of titania (Ti1�dO2) as a CL. 2D atomic sheets of titania (Ti1�dO2) op-

erate as a superior high-k dielectric material with εr > 100 even at thicknesses with a

few nanometers [121]. They are fabricated by the exfoliation of an original layered

K0.8Ti1.73Li0.27O4 crystal via a mild chemical process [121, 122]. The atomic sheets

of 2D titania, indicate the negligible density of oxygen vacancies with a larger band

gap and expanded UV transparency, thus show much better UV stability compare to

traditional TiO2 CLs. They are useful for fabrication of flexible PSCs due to no high-

temperature sintering process. Liu et al. [123] presented stacking n-type materials,

TiO2 and SnO2 as CL in P-PSCs. The Stacking of TiO2 (deposited by spray
on.2018.e00912
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pyrolytic) and SnO2 (deposited by spin coating aqueous colloidal) together can pro-

vide higher performance than that of bilayer devices [124, 125] and popular CLs

(TiO2 or SnO2). It indicates a PCE ¼ 18.03% without hysteresis effect and a

long-term stability (w91% efficiency >90 days at 30% relative humidity without

encapsulation). In addition to stability under a harsh condition with intense UV illu-

mination, at 60 �C, 60% humidity is better than that of single TiO2 and SnO2 CLs.

There are many oxygen vacancies or Ti3þ sites at TiO2 surface. Long time UV irra-

diation can react with oxygen in the air and induce an unstable charge transfer com-

plex [126]. The hole in the VB, on bandgap extraction of TiO2, can be recombined

with the electron at the oxygen site and leads to desorbing the oxygen [104]. This

creates a free electron in the CB and a positively charged oxygen vacancy site at

the TiO2 surface, then the free electron can be recombined with the excess holes

rapidly. However, the suitable alignment between the highest occupied molecular

orbital (HOMO) of HTL and the stacked n-layer CB can result in excellent electrons

extraction (Fig. 5). Therefore, the defects generated at TiO2/perovskite interfacial

will be passivated and the hole transfer to TiO2 is completely prevented by SnO2,

which decreases recombination. Consequently, the stability and the performance

improve by passivating of the defective interface. In TiO2 CLs with lower charge

mobility and shallower CB level, happen more electron accumulation at the interface

of TiO2/perovskite, thus show a severe hysteresis with inferior efficient. By inserting

a layer of SnO2 between the layer of TiO2 and perovskite, SnO2 can be fully used to

gather and transfer charge. Stacked n-layer shows negligible hysteresis in compari-

son to that of a pure TiO2 sample. One type of PSCs is the flexible cell. The plastic

substrates were used in flexible PSCs instead of glass substrates. However, the poor

thermal stability of plastic substrates leads to challenges for flexible PSCs. As a

result, fabrication of ETLs or CLs with a room temperature processing is critical.
Fig. 5. (a) Diagram of energy levels of TiO2 with other functional layer in the device according to their

energy band. (b) Diagram of energy levels of stacked n-layer with other functional layer in the device

according to their energy band. (Adapted from Ref. [123] with permission of Elsevier).

on.2018.e00912

by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00912
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 Published

(http://creativecommons.org/li

Article Nowe00912
Chu et al. [127] demonstrated utilization of modified ZnO CL with a [BMIM]BF4
ionic liquid (IL-BF4) on a cheap substrate (PET/ITO) by a room temperature solution

method. [BMIM]BF4 ionic liquid modification extremely decreases the contact bar-

rier between ZnO and perovskite and increases the carrier mobility (three times).

Therefore enhances the charge extraction and significantly lowers the photoelectron

loss. In addition to, it creates perovskite film with larger and more homogeneous

grains and great crystallinity owing to the smoother interface with high wettability

(high hydrophilic IL-BF4). Furthermore, modification of ZnO CL by 0.05% IL-

BF4 produces dipolar polarization layer between the ZnO CL and perovskite, leads

to energy level tailoring and the charge extraction enhancing. Thus, flexible PSC in-

dicates a maximum JSC, VOC, FF as well as a maximum PCE of 12.1% (1.4 times of

the non-modified one). Mahmud et al. [128] demonstrated highly stable, low-

temperature sol-gel processed ZnO CL modified with 2% cesium compounds such

as CA (cesium acetate) and CC (cesium carbonate). Modification with CA (Zn-

CA CL) produces perovskite with large grain due to the pinhole-free, compact

and smooth surface of the underlying CA. But, Modification with CC (Zn-CC

CL) produces perovskite with smaller grain because of the dendritic grain

morphology of the underlying CC. Photovoltaic parameters for Zn-CA CL devices

are superior to those of Zn-CC CL. The high VOC in Zn-CA CL devices is related to

higher grain size perovskite film on top of CA film which decreases recombination.

However, lower VOC in Zn-CC CL devices is related to rough perovskite surface

topography (10.50% higher than perovskite at CA) which creates a shunting path

in Zn-CC CL [129]. The high JSC in Zn-CA CL devices is related to the high n-

type conductivity of CA and low electron injection barrier for the photo-generated

electrons from perovskite layer to Zn-CA CL which provides more efficient electron

extraction capability [130]. Electrode polarization phenomena are suppressed in

larger grain sized perovskite in Zn-CA CL devices, thus, these devices show reduced

photo-current hysteresis effect. Besides, the stability of Zn-CA CL device is 400%

higher than that of Zn-CC CL. Hu et al. [131] used a low temperature (w100 �C)
solution process for fabrication of cerium oxide (CeOx) as an ETL instead of

PCBM in inverted PSCs. CeOx is an inexpensive n-type semiconductor with a

wide bandgap, good transparency, and high-temperature stability. Comparing to

PCBM, CeOx enhanced the carrier extraction by a better energy level adjustment

with the perovskite. Also, CeOx indicated a supreme hole blocking ability due to

its lower HOMO level energy. Compared to PCBM ETL, a dense CeOx can perform

as a diffusion barrier for protecting perovskite against moisture and metal electrode

against corrosion. Thus, CeOx, devices are further stable than PCBM devices. Kim

et al. [132] developed a naphthalene diimide (NDI)-based polymer with strong elec-

tron withdrawing dicyanothiophene (P(NDI2DT-TTCN)) as ETL (Fig. 6) in inverted

PSCs instead of the PCBM ETL. NDI has the highest electron-withdrawing back-

bones and strong electron transport features. In addition, the dicyanothiophene is

a strong electron accepting unit, because of the introduction of the strongly
on.2018.e00912
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Fig. 6. Schematic illustration of the device architecture based PCBM and P (NDI2DT-TTCN), respec-

tively. (Reprinted with permission from Ref. [132]. Copyright 2018 John Wiley & Sons, Inc).
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electron-withdrawing dicyano group. Comparing to PCBM film, P(NDI2DT-TTCN)

film can form an ordered pep stacking with face-on orientation among the polymer

chains more effectively. As a result, it will increase better vertical charge transport

than the PCBM film and indicate good electron transport. The performance of

P(NDI2DT-TTCN) device (PCE ¼ 17.0%) is higher than that of PCBM device

(PCE ¼ 14.3%), which is the highest photovoltaic performance with negligible hys-

teresis in polymeric ETLs. Choi et al. [133] introduced a thin film of heteropolytung-

state, lithium silicotungstate (Li4SiW12O40), produced by a low temperature

(150 �C) solution process as CL in P-PSCs. Heteropolytungstates are a polyanionic

nanocluster with a cage-like framework structure combined with tungsten oxide

octahedral and a hetero-metal ion placed at the center of the framework. Among

different heteropolytungstates, silicotungstate (SiW12O40
4-) involves high electron

mobility. Also, SiW12O40
4- can be prepared simply by a solution process at low tem-

peratures. The crystallographic structure of SiW12O40
4- (Fig. 7a) includes four

W3O10
2- clusters and one Si4þ ion located at the center of the framework. The

FTO substrate should be modified to deposition of Li4SiW12O40 (Li-ST) on FTO.

At first, positive charges were created on the FTO layer by using hydrochloric

acid, then, the substrate was inserted into an L-lysine aqueous solution. In this

step, the L-lysine carboxyl group (a short-chain amino acid) is joined to the FTO

substrate, while the positive amine group is standing upward from the FTO. There-

fore, the hydrophobic surface of the FTO changes to a highly hydrophilic surface. In

fact, the wettability of FTO glass improves. Finally, SiW12O40
4- polyanion of Li-ST

can be connected to the NH3
þ terminal group of L-lysine by electrostatic attraction

(Fig. 7b). As a result, a thin Li-ST buffer layer can fully cover the surface of the FTO
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Fig. 7. (a) Crystal structure of SiW12O40
4- (b) schematic diagram describing the formation of Li-ST

buffer layer. (Reprinted and adapted with permission from Y.H. Choi, et al., ACS Applied Materials

& Interfaces. 9 (2017) 25257e25264. Copyright (2017) American Chemical Society; Ref [133]).
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layer. The CB of SiW12O40
4- is (-4.55 eV) and its band gap is (3.4 eV). Therefore

photo-excited electrons in the perovskite layer can be easily transferred into

SiW12O40
4- and then transported to the FTO (-4.8 V). The fabricated device by

Li-ST (60 nm thickness) indicates PCE ¼ 14.26% which is higher than that of the

PSC with TiO2 layer processed at 150 �C (TiO2-150) (PCE ¼ 12.27 %). In compar-

ison with PSC with TiO2 layer prepared at 500 �C (PSC-TiO2-500), PSC-Li-ST-150

showed similar JSC (22.16 mA cm-2) and VOC (0.993 mV) and lower FF (64.81 %.),

showing more transporting electrons resistance through CB in the Li-ST layer than

the TiO2-500 layer. The Time-resolved photoluminescence (TR-PL) spectra mea-

surement indicates that the Li-ST layer transports electrons from perovskite to CL

more effective than the TiO2-150, because of its more electron mobility. Thus, Li-

ST is a good candidate for CL or ETL materials that can be used instead of TiO2

in fabricating of flexible PSCs. However, it is less effective than TiO2-500 in trans-

porting electrons. All structures of this section are presented in Table 1. In summary,
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Table 1. Structures and

Structure

ITO/CdSe/CH3NH3PbI3/Spiro-

FTO/SnO2/TiO2Mesoprous/CH

FTO/SnO2NC/TiO2Mesoprous

Glass/AZO/CH3NH3PbI3/Spiro

FTO/ZnO-MgO-EAþ/TiO2Me

FTO/ZnO/ZnSO4/TiO2Mesopr

FTO/TiO2 QDs/TiO2Mesoprou

FTO/TiO2-CuInS2-NAs/CH3N

ITO/CQD-TiO2/CH3NH3PbI3-

ITO/PEDOT:PSS/CH3NH3PbI

ITO/TiO2/PNP/CH3NH3PbI3/S

FTO/Nb2O5/AL2O3Mesoprous

ITO/TiO2-Cl/Cs0.05FA0.81MA0

FTO/CuI@TiO2/CH3NH3PbI3/

FTO/TiO2/PCBSD:GD/CH3NH

FTO/a-Fe2O3/a-Fe2O3nanoisla

FTO/(Ti1�d O2)/CH3NH3PbI3-

FTO/stacking TiO2 and SnO2/

PET/ITO/ZnO-IL-BF4/CH3NH

ITO/ZnO-CA/MA0.6FA0.4PbI3

ITO/NiOx/CH3NH3PbI3/CeOX

ITO/Spiro-OMeTAD/CH3NH3

FTO/Li-ST/CH3NH3PbI3/Spiro

FTO/Nb doped-TiO2/TiO2Mes

FTO/Ta doped-TiO2/TiO2Mes

FTO/La dopedTiO2/TiO2Meso

FTO/Mg dopedTiO2/TiO2Mes

FTO/Sm doped TiO2/CH3NH3

FTO/Nb dopedSnO2/(FAPbI3)

FTO/Ta dopedTiO2/CH3NH3P
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suitable CLs include some properties such as reduced transport resistance which en-

hances electron extraction, good transparency in the visible region, relatively wide

bandgap, appropriate conduction band (CB) level which matches CL energy levels

with the perovskite layer to decrease energy loss and improve electron mobility and

electron extraction between the TiO2 and perovskite layers. Also, suitable band

alignment between CL and the perovskite film increases VOC. Higher electron

mobility (more than TiO2) increases the photo-generated electron transport, JS,
photovoltaic parameters for PSCs with alternative CLs and dopedTiO2 CLs.

JSC (mA.cmL2) VOC (V) FF PCE (%) References

OMTAD/Ag 17.40 0.99 0.68 11.7 [44]

3NH3PbI3/Spiro-OMTAD/Ag 20.31 0.85 0.43 7.44 [49]

/CH3NH3PbI3/Spiro-OMTAD/Ag 22.31 1.03 0.79 18.16 [50]

-OMTAD/Au 20.2 0.94 0.67 12.6 [54]

soprous/CH3NH3PbI3/Spiro-OMTAD/Au 23.08 1.12 0.77 20.05 [61]

ous/CH3NH3PbI3/Spiro-OMTAD/Au 19.70 1.03 0.59 12.03 [65]

s/CH3NH3PbI3/Spiro-OMTAD/Au 22.48 1.06 0.71 16.98 [70]

H3PbI3/Spiro-MeOTAD/Au 17.6 0.98 0.69 11.7 [74]

XClx/Spiro-MeOTAD/Au 20.4 1.09 0.78 17.5 [77]

3/HATNT/LiF/AL 21.38 1.07 0.78 18.1 [87]

piro-OMTAD/Ag 21.44 0.91 0.56 8.38 [90]

/CH3NH3PbI3-XClx/Spiro-OMTAD/Au 11.70 1.11 0.67 8.8 [91]

.14PbI2.55Br0.45/Spiro-OMTAD/Au 22.3 1.19 0.81 21.4 [92]

Spiro-OMTAD/LiF/AL 23.6 1.07 0.75 19 [96]

3PbI3/Spiro-OMTAD/Au 23.30 1.11 0.78 20.19 [99]

nd/MAIPbI3/Spiro-OMTAD/Au 20.9 1.01 0.76 16.2 [109]

xClx/Spiro-OMTAD/Au 21.48 0.97 0.73 15.24 [120]

FA0.85MA0.15Pb (I0.85Br0.15)3/P3HT/Ag 22.3 1.08 0.75 18.03 [123]

3PbI3/Spiro-OMTAD/Au 22.9 0.94 0.55 12.1 [127]

/Spiro-OMeTAD/Ag 23.61 1.01 0.69 16.45 [128]

/Ag 20.43 1.05 0.76 16.4 [131]

PbI3/P(NDI2DT-TTCN)/Ag 22 1 0.77 17 [132]

-MeOTAD/Au 22.16 0.99 0.65 14.26 [133]

oprous/CH3NH3PbI3/Spiro-OMTAD/Ag 19.07 1.02 0.73 14.21 [134]

oprous/CH3NH3PbI3/Spiro-OMTAD/Ag 19.21 1.03 0.73 14.41 [134]

prous/CH3NH3PbI3/Spiro-OMTAD/Au 21.8 1.03 0.69 15.31 [141]

oprous/CH3NH3PbI3/Spiro-OMTAD/Au 18.34 1.08 0.62 12.28 [145]

PbI3/Spiro-OMTAD/Ag 19.13 1.04 0.71 14.10 [146]

0.85(MAPbBr3)0.15/Spiro-OMTAD/Au 22.36 1.08 0.73 17.57 [147]

bI3/P3HT/Ag 22.1 0.85 0.42 8.17 [148]
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and thus provides the fabrication of PSCs without hysteresis. CLs with higher CB

level than FTO CB level displays outstanding blocking effect and high recombina-

tion blocking effect leading to higher VOC.
2.2. PSCs with doped TiO2 CL

One of the disadvantages of TiO2 is its low electron conductivity due to low carrier

density. An effective strategy to modify electronic property, is doping of TiO2 with

some elements [134]. Previous studies showed that incorporating metal ions as dop-

ants in the TiO2 CL can improve the device performance via some effects. In

aluminum doped TiO2, aluminum dopant passivates the electronic trap sites in

TiO2 CL. Therefore increases performance and stability in PSCs [16]. However,

niobium, zinc, magnesium and cesium dopants suppress recombination process

and facilitate charge extraction [135, 136, 137, 138, 139]. Yttrium doped TiO2 im-

proves charge extraction in PSCs [140]. J. Song et al [134] investigated the effect of

or niobium (Nb) and tantalum (Ta) dopant on TiO2 CL. 3%Ta and 3% Nb dopants

could increment the electron conductivity of TiO2. The PSCs fabricated with Ta or

Nb-doped TiO2 indicated conversion efficiency improvement from 13.66% (pure

TiO2) to 14.41% (Ta-doped TiO2) and 14.21% (Nb-doped TiO2). PL and EIS ana-

lyses confirmed the doped-TiO2 could hasten electron transfer rate and diminished

the recombination at TiO2/perovskite interface. Besides, doped TiO2 CL effectively

suppressed the J-V hysteresis due to increased conductivity. Li et al. [141] prepared

lanthanum (La) doped TiO2 CL by spray pyrolysis method. Scanning electron mi-

croscopy (SEM) images reveal lanthanum dopants increment the stability of anatase

phase and suppress the crystal growth in the high-temperature process [142, 143].

Thus enhance the smoothness of TiO2 layers. La dopants improve electrons transport

in TiO2 layers, As a result, diminish electrons accumulation and reduce the recom-

bination at TiO2/perovskite interfaces. In addition, La dopants induce oxygen va-

cancies on the surface of TiO2 grains. These oxygen vacancies trap electrons

prevent charge recombination [144]. Moreover, X-ray diffraction (XRD) result re-

veals La-doped TiO2 inhibits MAPbI3 decomposition after 200 h aging under light

irradiation, which means the improvement of photo-stability in PSCs. Wang et al.

[145] reported PSCs with thin Mg-doped TiO2 as CL. Mg-doped TiO2 provides

different effects. Mg-doped TiO2 creates a higher CB and lower VB which match

better with porous TiO2 and perovskite energy levels and thus will diminish the en-

ergy loss via better electron transportation. Mg-doped TiO2 provides a wider band

gap with better optical transmission features and thus increases JSC values. Further-

more, the downshifted VB improves holes blocking ability, reducing charge recom-

bination and as a result, obtains a better JSC and FF. A longer electron lifetime and a

smaller contact resistance which confirm a low charge recombination, leading to

enhancement of VOC and the JSC. Also, upshifted CB leads to moving electron

quasi-Fermi level upward and increasing of VOC and FF values. In fact, ion doping
on.2018.e00912
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in metal oxide is employed to obtain a suitable energy level, increment of carrier

mobility and improvement of the film morphology. Xiang et al. [146], doped

TiO2 CLs with samarium (Sm), a rare earth element, by adding samarium trinitrate

into the titanium precursor solution. Sm doping relatively raises the Fermi level for

the CLs and decreases the charge recombination, leads to a higher VOC. In addition,

Sm doping reduces the energy barrier between the CH3NH3PbI3 layer and TiO2 CL,

results in enhanced charge transport and JSC. PSCs with 0.3% Sm3þ ion doped into

TiO2 indicate better PCE (14.10%) than nondoped devices (PCE ¼ 12.78%). Ren

et al. [147] used Nb-doped SnO2 (Nb: SnO2) as a CL processed by a low-

temperature solution method. The amount of PCE for Nb: SnO2 CL device improved

to 17.57% in comparison to that of the single SnO2 CL (15.13%). This improvement

is related to the excellent electronic and optical features of the Nb: SnO2 layer, such

as large electron mobility (due to effective passivation of electron traps) and appro-

priate electrical conductivity which provides better JSC and FF. Also, Nb: SnO2 CL

provides a high VOC due to the reduced charge recombination. Ranjan et al. [148]

reported tantalum (Ta) doping of TiO2 CL in the structure of FTO/Ta-TiO2/

CH3NH3PbI3/P3HT/Ag with introducing poly-3-hexylthiophene (P3HT) as inex-

pensive and stable HTLs instead of expensive Spiro-OMeTAD. Tantalum (Ta) is

a good element for doping in TiO2. Because the ionic radius of Ta5þ ion (0.64

AB) is similar to Ti4þ (0.61 AB), it will appropriately substitute Ti4þ sites in the

TiO2 network without the producing of secondary phases. Ta doping shifts down-

ward to Fermi level of TiO2 and creats driving force for the electron transfer from

the perovskite LUMO to the TiO2 CB, resulting in higher JSC. Furthermore, EIS

measurement reveals a low Rs, related to augmented charge transport with Ta-

doping, and a high Rsh owing to the more recombination resistance of doped films

and reduced leakage paths. PSC devices with Ta doping of 3.0% indicate a 40%

improvement in PCE in comparison to un-doped TiO2. Some studies showed that

most of the doping methods involve a similar way for mixing TiO2 precursor with

dopant precursor solution [136, 138, 140, 149, 150, 151, 152, 153, 154, 155,

156]. These doping methods exhibit disadvantages such as sophisticated procedures,

high-temperature processing (500 �C), low control of film quality along with low ef-

ficiency, which hinders the using of doped TiO2 film for large-scale industrial fabri-

cation of PSCs in some substrates. To solve this problem, Liang et al. [157]

suggested a one-pot solution-processed procedure with the lowest temperature (70
�C) to produce monotonous crystallized metal-doped TiO2 film as big as 15 � 15

cm2. A big-area metal-doped TiO2 (W, Ta, Nb, or Sn as the dopant) is produced

by doping chloride precursors of niobium (V), tin (IV), tantalum (V) to tungsten

(VI). These dopants can remove deep traps of TiO2, and also, incorporate new states

near CB which increases JSC (W or Sn dopant) and FF (Ta, W, or Sn dopant) via

decreasing carrier recombination and increase electron transport. Ta-doped TiO2

predominantly increases VOC as a result of its higher CB in comparison to undoped

TiO2. Besides, Nb
5þ ions result in a reduced interfacial carrier recombination and an
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increased carrier transport, leading to a promising improvement in JSC, VOC, and FF.

Doped TiO2 PSCs showw25% improvement in PCE compared with undoped PSCs.

Table 1, shows structures and photovoltaic parameters for PSCs described in

sections.
2.3. PSC structures without CL

The TiO2 metal oxide is extensively employed as an ETL or CL, however, it includes

high temperature for sintering process (400e500 �C) which is not appropriate for

making of the flexible PSCs and increments costs for producing purposes. High tem-

perature suppresses the using of flexible plastic substrates such as polyethylene naph-

thalate (PEN) and polyethylene terephthalate (PET) because they cannot tolerate high

temperatures (higher than 150 �C). By eliminating CL from a device, the temperature

of preparation process can be below 100 �C. Also, simple and low-cost PSCs will be

created [158]. It’s worth saying that the exciton binding energy in CH3NH3PbI3 is 50

meV [159]. This means that more than 98% of the photogenerated excitons will ther-

mally dissociate in normal operating temperatures. Thus the perovskite can act as an

inorganic semiconductor thin film without a requirement for the high surface area to

separate excitons. Consequently, The CL is not certainly necessary for fabrication of

PSCs devices [59]. For the first time, Liu et al fabricated an effective P-PSCs without

CL with a suitable PCE ¼ 13.5%. This exhibits that the CL is not crucial for all effi-

cient PSCs. The simplified device showed relatively higher JSC and VOC than those of

devices with TiO2 CL, implyingmore photocurrent generation and less carrier recom-

bination [160]. In this work, the superb-quality polycrystalline perovskite layer was

fabricated by two-steps spin-coating procedure, involving a substantial role in the

improvement of photovoltaic parameters. However, devices with TiO2 CL indicated

a higher FF than simplified devices due to a smaller serious resistance. Liu et al. [59]

fabricated a P-PSCs without CL and with a P3HT as an HTL. Device based on the

ITO/ZnO/CH3NH3PbI3/P3HT/Ag structure indicated JSC ¼ 18.8 mA/cm2, VOC ¼
0.94 V, FF ¼ 66.0% and PCE ¼ 11.7%. However, ZnO free device indicated

JSC ¼ 17.2 mA/cm2, VOC ¼ 1.01 V, FF ¼ 66.5%, and PCE ¼ 11.6%. In addition,

the ZnO-free devices with Spiro-OMeTAD as HTL showed PCE w13.5% similar

to PCE ¼ 13.7% for CL free devices with Spiro-OMeTAD as HTL. The VOC is

w1 V for both of the P3HT and Spiro-OMeTAD devices. This exhibits the absence

of a CL does not provide high charge carrier recombination. The PL spectra showed

approximately complete quenching after contacting with the two hole transport ma-

terials (P3HT and Spiro-OMeTAD), but, only w40% of PL quenching happened

when the perovskite was connecting to either ZnO or ITO. This means that carrier

extraction at the perovskite/HTL interface is much better than carrier extraction at

the ZnO or ITO/perovskite interface. The high performance in the ZnO-free devices

have been illustrated by highly effective hole extraction at the perovskite/HTL inter-

face, quickly depleting the perovskite from holes and as a result suppresses
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bimolecular recombination. The absence of surface recombination in the ZnO-free

devices can also be owing to residual unreacted PbI2 after the CH3NH3I dipping

step. A residual PbI2 layer near the transparent electrode can operate as a built-in

HBL [161]. However, ZnO CL creates additional surface recombination pathways.

The ZnO CL devices have a reduced contact resistance due to favorable energy level

alignment of the ZnO and perovskite CB levels. However, they have a decrease in the

recombination resistance, because ZnO can produce high surface energy sites that

provide substantial surface recombination [162]. The reason for the loss in VOC in

MS-PSCs with TiO2 as a CL was investigated by Kulkarni et al. [163]. For this pro-

pose, three different CLs were used, TiO2 compact layer (TiO2 CL), MgO thin layer

(MgO TL) and a bilayer of TiO2 and MgO (TiO2-MgO bilayer). MgO TL (5nm) on

FTO enhanced the VOC of the TiO2MS-PSCs (from 0.86 (for (TiO2 CL) to 0.98 V) in

spite of having many pin holes. However, the MgO layer on 50e60 nm TiO2 CL

(TiO2-MgO bilayer) did not indicate many variations in VOC (from 0.86 to 0.9 V).

These results proved that there is a logical recombination loss via trap, produced

by recombination within TiO2 itself and through back transport of electron from

FTO to TiO2, which is famous for the mirror effect. Thus, the increment of VOC by

the MgO TL is most probably due to blocking the recombination way at FTO/

TiO2 interface, not at TiO2/Spiro-OMeTAD or TiO2/perovskite interface. Further-

more, the cells with and without TiO2 CL exhibited similar VOC, which proved

that the TiO2 CL is not very necessary for inhibiting back transfer of the electron

from FTO into perovskite or HTM. The schematics of feasible recombination mech-

anisms have been shown in Fig. 8. It indicates a MgO layer on TiO2 CL or on FTO

cannot inhibit the recombination between porous TiO2 and HTM or perovskite. Also,

charge recombination at HTM and perovskite interface will not be affected by every

change in the CL. As a result, the substantial increase in VOC by MgO TL compact

layer is not owing to prevented back transfer from FTO to perovskite or HTM. It

should be mentioned that there are trap states in TiO2 CL [164] prepared by solution

methods, which can provide trap-assisted recombination in TiO2 [104, 165, 166, 167]

and at the interface with perovskite, leading to a loss in VOC. This kind of VOC loss

can be confirmed by the open circuit voltage decay (OCVD) measurement. Similar

and fast voltage decay has been shown in TiO2 CL and TiO2-MgO bilayer devices

whereas slow voltage decay has been shown in MgO TL device. Thus, OCVD

(Fig. 9) confirms a logical loss in VOC in TiO2 CL itself. TiO2-MgO bilayer does

not indicate much increment in VOC, because the recombination at FTO/TiO2 inter-

face is not suppressed. However, the little increment (from 0.86 to 0.9 V) is owing to

passivation of superficial traps in TiO2 CL by MgO TL. Results reveal that major

reason for the loss in VOC and performance in MS-PSCs with TiO2 CL is recombina-

tion at FTO/TiO2 interface.

Sandoval-Torrientes et al. [168] used a mixture of perovskite and chemically modi-

fied fullerenes with the various electron accepting in fabrication of CL-free cells.
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This procedure provides simple efficient devices with high stability. The devices

with various derivative fullerenes do not show differences in their photo-stability.

Also, all perovskite: fullerene derivative mixture layers showed the same water con-

tact angle, and as result the same behavior against moisture. This indicates that

fullerene core itself is a major reason for stability. Amount of PCE for PSCs with

mixed films (fullerene or derivatives) is further than that of the device with perov-

skite film without fullerene. Furthermore, solar cells based on mixture films with

fullerene derivatives showed better performance than unmodified fullerene. Thus
Fig. 9. Open-circuit voltage decay (OCVD) measurement of TiO2 CL (blue trace), MgO TL (red trace)

and TiO2-MgO bilayer (black trace). (Adapted from Ref. [163] with permission of Elsevier).

on.2018.e00912

by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00912
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 Published

(http://creativecommons.org/li

Article Nowe00912
chemical modified fullerenes have a useful effect. Fullerenes derivatives with less

electron accepting result in an increment in the VOC. Also, fullerene derivatives

with a binding site for a more efficient interaction with perovskite are more benefi-

cial. Huang et al. [169] designed a P-PSCs device without CL by Ultra-violet/ozone

(UVO) treatment of FTO substrate. UVO treatment, utilizing as an atomic level sur-

face cleaning procedure, can decrease the connection angle of the polar solvents.

Consequently, the perovskite solution completely distributes on the substrate and

produces a smooth film with full coverage. This improved perovskite film provides

efficient charge transfer and light absorption. Thus enhances the JSC and VOC.

Furthermore, UVO treatment can promisingly eliminate the residual organic species,

increment the surface between the perovskite and the FTO layer and will reduce en-

ergy losses, enhance the FF by decreasing the Rs and increasing the Rsh. Therefore,

FTO substrates with UVO treatment increment PCE value. In FTO substrates

without UVO treatment, the perovskite film on FTO shows many pinholes and voids

which cause straight contact between FTO and HTL and decrease resistance shunt-

ing paths and light absorption. Thus this device shows smaller Rsh, lower perfor-

mance than that of the device with UVO treatment. In order to enhance the

charge extraction efficiency in CL-free PSCs and reduce the hysteresis, FTO must

involve a large interfacial area that can be covered by perovskite completely. Yu

et al. [170] modified the surface of the FTO to a hierarchically porous surface by us-

ing electrochemical etching to improve charge extraction at the FTO/perovskite

interface. By using of etched FTO (E-FTO) instead of the purchased pristine FTO

(P-FTO) whose monotonous surface consists of large and sharp SnO2 crystals, ob-

tains a significant increase in JSC. This increment is ascribed to the accelerated expul-

sion of unbound electrons in the perovskite due to a high interface area between the

perovskite and the E-FTO (Fig. 10). A substantial performance acquired for the

E-FTO-based PSC (PCE ¼ 19.22%) which was related to high light capturing pro-

duced by a scattering effect and strong interfacial contact provided via much better

surface wettability. Also, the hysteresis effect remarkably decreased in E-FTO

because of fast migration of free electrons and efficient charge transfer at the E-

FTO/perovskite interface which leads to fewer trapped electrons.

Hu et al. [60] used Cesium carbonate solution to modify an indium-tin-oxide (ITO)

surface (ITO: Cs2CO3) in P-PSCs without CL. Cs2CO3 salt will form sub-microscale

spots on the ITO substrate after solvent evaporation. The surface morphology with

Cs2CO3 spots is similar to that of the pristine ITO surface. Thus the Cs2CO3 cannot

form a continuous compact film on the ITO. Efficient performance (PCE¼ 15.1%) is

attributed to generated Cs-O bonds on the ITO surface which can tailor the work

function [171] and provide much better ohmic contacts between the perovskite

and ITO layer [172]. Also, this device without CL has stability similar to that of

TiO2 CL device. Zhu et al. [158] introduced a CL free PSCs by a

diketopyrrolopyrrole-based copolymer (P) as an HTL. This P-HTL has great hole
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carrier mobility, good stability, and an efficient energy level matching to perovskite.

Also, its low temperature (below 100 �C) and low-cost fabrication with an excellent

cell performance and simple cell structure make it useful for commercial applica-

tions. By replacing of P3HT as HTL with the P-HTL (Fig. 11), efficiency improves

from 6.62% to 10.80%. The P-HTL-based device shows higher JSC, because the

HOMO level of P is relatively higher than the HOMO level of perovskite, leading

to a low injection barrier between the perovskite layer and P-HTL. Furthermore,

the slightly large energy barrier between the LUMO of P and MoO3 can remarkably

suppress electrons to diminish likely charge combination loss at the anode. As well

as the mobility of P is higher than that of P3HT which is useful to hole transportation

in HTL and hole collection by the anode. In spite of that the efficiency of P-based
Fig. 11. (a) Molecular structure of P and (b) P3HT. (Reprinted and adapted with permission from Q.

Zhu, et al., Compact layer free perovskite solar cells with a high-mobility hole-transporting layer,

ACS Applied Materials & Interfaces. 8 (2016) 2652e2657. Copyright (2016) American Chemical Soci-

ety; Ref [158]).
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devices is lower than that of Spiro-OMeTAD-based devices, uncomplicated and

low-cost synthesis of P are the best advantages for more industrial production. Yu

et al. [173] fabricated highly efficient CL-free PSCs via strongly disturbing penetra-

tion of HTM into FTO layer by large grain perovskite film crystallized by solvent

annealing procedure [104, 174]. The perovskite film can operate as a CL or HBL

as well as an excellent sensitizer. Thus device performance can depend on grain

size and thickness of perovskite layer. The results showed that over the ca. 700

nm perovskite grain size will prevent the HTM from permeating into the film due

to the increased compactness and reduced grain-boundaries. As a result, a great

PCE of 18.20 % obtained by using of 51 and 58 wt% based perovskite in which

the perovskite can be crystallized with an ideal grain size (0.6e1 mm) and suitable

coverage. By increasing of perovskite grain size, electron migration from perovskite

to FTO was accelerated, because crystallinity improved and trap density in perov-

skite decreased. Furthermore, the HTMwas more effectively deposited on the perov-

skite films including low surface roughness (51 and 58 wt%-based MAPbI3
according to AFM). This accelerated hole-migration into the HTM. Moreover, these

highly crystalline grains have intrinsic advantageous such as the long charge carrier

diffusion length and lower defects. Thus, decrease non-radiative recombination and

improve VOC in 51 and 58 wt% based PSCs. Table 2 shows structures and photovol-

taic parameters for this section.
2.4. Morphology effect

Wu et al. [16] investigated the effect of nanoscale pinholes in TiO2 CLs on the device

performance. TiO2 CLs were fabricated by using different methods, involving

atomic layer deposition (ALD), spin coating, and spray pyrolysis. Surface

morphology for these TiO2 CLs indicated that the density of nano-scale pinholes

was remarkably lower in the ALD-based TiO2 CL, but TiO2 CLs with spin coating
Table 2. Structures and photovoltaic parameters in PSCs without CLs.

Structure JSC
(mA.cmL2)

VOC

(V)
FF PCE

(%)
References

ITO/CH3NH3PbI3/P3HT/Ag 17.2 1.01 0.66 11.7 [59]

FTO/MgOTL/TiO2 Mesoprous/CH3NH3PbI3/
Spiro-OMTAD/Au

16.65 0.99 0.53 8.89 [163]

FTO/CH3NH3PbI3:fullerene derivative/
Spiro-OMeTAD/Au

16.1 1.06 0.74 12.7 [168]

FTO/CH3NH3PbI3-xClx/Spiro-OMeTAD/Ag 17.1 0.97 0.62 10.67 [169]

FTO/CH3NH3PbI3/Spiro-OMTAD/Au 22.81 1.12 0.75 19.22 [170]

ITO/Cs2CO3/CH3NH3PbI3/Spiro-OMTAD/Au 19.1 1.05 0.72 14.4 [60]

ITO/CH3NH3PbI3/P/MoO3/Ag 18.47 0.88 0.67 10.80 [158]

FTO/CH3NH3PbI3/Spiro-OMTAD/Au 21.45 1.13 0.75 18.2 [173]
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and spray pyrolysis methods showed a relatively high density of nano-scale pin-

holes, leading to increase charge recombination and decrease VOC compared with

an ALD-based TiO2 CL device. Devices without a CL provided low performance

with low JSC, VOC, and FF values. This is ascribed to the significant contact between

the FTO and perovskite and/or HTM. Conversely, after adding a CL, the device per-

formance improved. This proves the importance of the CL in the device. The best

performance with best parameters was for ALD based TiO2 CL. The ALD-TiO2-

based cell exhibited higher Rsh than the other devices, providing predominant sup-

pression of charge recombination and leading to its higher VOC. The Rs of the ALD-

TiO2-based cell was less than those of the spin-coat and pyrolysis TiO2-based de-

vices. The higher Rsh and lower Rs provide a larger FF. Also, JSC of the ALD-

TiO2 CL device was higher than those of other devices. Because the absorption

spectra of perovskite films for different TiO2 CLs are almost similar, the improved

JSC may be related to a smaller number of dead points provided by pinholes. Studies

have revealed that perovskite crystallization depends on the surface features of the

substrates. Obviously in CH3NH3PbI3 perovskite film, when the substrates covered

with ammonium or amino group, smooth and high crystalline perovskite films would

grow. Zuo et al. [175] demonstrated a method to modify the substrate with self-

assembling monolayers of 3- Aminopropanoic acid (C3-SAM) onto ZnO CL. This

improves the morphology of CH3NH3PbI3 perovskite film via the enhanced wetting

between the ZnO substrate and perovskite. The AFM and SEM images reveal the

extended crystalline domains in the lateral orientation with the morphology change

of perovskite film from rod-like to plate-like via deposition of C3-SAM on ZnO. It is

ascribed to the enhanced substrate miscibility with perovskite, where the amino

group changes into ammonium via hydrogen ion exchanging and adds into the crys-

talline structure of perovskite. The using of C3-SAM can improve the energy level

matching and electronic coupling between the ZnO and perovskite which enhances

the carrier extraction. Improvement of interfacial energy level alignment can be

related to the formation of a permanent dipole moment (Fig. 12). An improvement

in device performance showed the increment of PCE from 11.96% to 15.67% via

deposition of C3-SAM on CL. Yella et al. [176] deposited a nanocrystalline TiO2

(with rutile phase) as a CL (w25 nm) on FTO substrate by hydrolysis of TiCl4
(200 mM) at 70 �C. The rutile nanoparticles produced by chemical bath deposition

can adjoin greatly to the FTO, thus more calcination or sintering process is not neces-

sary for the formation of the TiO2 CL. The formation of rutile phase in low temper-

ature instead of anatase phase (as the stable low-temperature TiO2 phase) is

attributed to the using of a TiCl4 precursor which can create rutile nanoparticles

by hydrolysis, and also FTO substrate which involves a rutile crystal structure for

induction of epitaxial growth of rutile nanoparticles. The rutile TiO2 cell provides

much better performance (PCE ¼ 13.03%) than an anatase TiO2 produced by spin

coating of TiCl4 at high temperature (450 �C) (PCE ¼ 3.7%). This was explained

by the formation of an intrinsic contact between the nanocrystalline rutile TiO2
on.2018.e00912
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and the perovskite layer in a huge interfacial area which enhances extracting photo-

generated electrons much better than the anatase film. Thus, high efficiency with a

remarkably high VOC (1110 mV) will obtain. Ren et al. reported that the PSCs

with amorphous TiO2 CLs exhibit better performance than PSCs based on annealed

anatase TiO2 CLs. A room temperature process was used for fabrication of TiO2 CL

in PSCs by sputtering amorphous TiO2. Amorphous TiO2 is extensively transparent

over the solar spectrum and enhances electron extraction ability and decreases inter-

face transfer resistance. Besides, its Fermi energy level can coincide with the LUMO

of the perovskite in comparison with anatase TiO2 [177]. The outstanding wettability

of amorphous TiO2 against perovskite solution is useful for enhancing the contact

between TiO2 and perovskite layer. However, amorphous TiO2 involves some dis-

advantages comparing to anatase TiO2 such as higher electron traps density, slower

electron transport, and slightly weaker transmittance which have an important role in

the VOC of P-PSCs [178]. The performance of PSCs depends on the crystallinity of

TiO2. Huang et al. [179] investigated TiO2 films with various crystallinities by DC

magnetron sputtering without any post thermal treatments and at room temperature.

The inserted crystallized grains can improve the general crystallinity and reduce the

trap state density in film and somewhat increment the transmittance. Thus, will

reduce the structural disorder and improve the electron transport efficiency. Partly

crystalized TiO2 (PC-TiO2 CL) with 26.3% crystallinity indicated the best photovol-

taic performance comparing with amorphous TiO2 (am-TiO2 CL), anatase TiO2 (an-

TiO2 CL). Maximum JSC in PC-TiO2 is related to a smoother surface which

confirmed good quality of perovskite film, smaller interface resistance, and lower

trap states density. Thus, superior electrons extraction is provided. Also, oxygen va-

cancies for hole conducting diminished which reduced the carrier transport loss and
on.2018.e00912
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improved visible light transmittance as well as harvesting ability [180]. PC-TiO2 has

maximum FF owing to increase charge extraction and decrease carrier transport loss.

The VOC was determined by the difference between the CB position of CL and

valence band position of HTL (energy band diagram shown in Fig. 13). Therefore

the increase of VOC was expected for an-TiO2. The PCE of the device based on

PC-TiO2 CL (15.76%) was better than that based on am-TiO2 CL (13.3%) and an-

TiO2 CL (12.9%). A low temperature (150 �C) processed PSCs was fabricated by

Kogo et al. [181] with an ultrathin (8 nm) amorphous TiOx CL along with brookite

TiO2 as a CL. Hydrophilic surface of brookite TiO2 nanoparticles enriched with hy-

droxyl groups, providing an inter-particle connection via dehydration reaction at low

temperature (150 �C) and thus, creates a mesoporous layer. This brookite mesopo-

rous layer operates as well as traditional anatase TiO2 mesoporous prepared at

500 �C. This PSC with TiOx/brookite TiO2 presents high efficiency up to 21.6%

along with high VOC and FF up to 1.18 V and 0.83, respectively. Su et al. [182] re-

ported a mossy structure TiO2 as CL in MS-PSCs by electrodeposition (ED) method.

This three-dimensional interfacial contact provides a full covered ultrathin

morphology and also a firmly anchoring effect for the TiO2 layer to reduce the con-

tact resistance and enhance efficient electron transport [183]. Thus, lower ohmic

resistance (lower Rs), higher Rsh and higher FF will be provided in this ED method

comparing with other methods (dip coating (DC), spin coating (SC), and spray py-

rolysis (SP)). The hole-blocking ability for various CLs (prepared with various

methods) was examined by cyclic voltammetry (CV) of the FTO layer coated by

them (Fig. 14). In CV voltammograms, larger values of DEp means slow electron

transportation kinetics. The cathodic peak current (IPC) of the CV is related to the

reacting area of the electrode (A) according to the RandleseSevcik equation (IP ¼
k�n3/2 �A� c�D1/2 � y1/2) when other parameters in a reaction are constant. (n)

shows the number of electrons transferred in the redox couple, (n) indicates the

scan rate, and (D) shows the diffusion coefficient. Covering the FTO surface with

a CL decreases the reaction area for the redox reaction, resulting in a reduced IP.

Thus, the ratio of (IPC (CL)/IPC (FTO)) can be employed as an index to confirm

the surface coverage by a CL. ED-CL indicated the highest performance comparing
Fig. 13. Energy band diagram of the PSC. (Adapted from Ref. [179] with permission of Elsevier).
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Fig. 14. CV waves of bare FTO, DC-CL, SC-CL, SP-CL, and ED-CL. The values were recorded at a

scan rate of 50 mVs-1 in 0.5mM K4Fe(CN)6 and K3Fe(CN)6 with 0.5M KCl aqueous solution. (Reprinted

with permission from Ref. [182]. Copyright 2018 John Wiley & Sons, Inc).
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with other CLs, according to the largest DEP and smallest IPC (CL)/IPC (FTO) for

ED-CL. The CV waves of DC-CL and SC-CL indicated a Nernstian shape, proving

charge transfer proceeded by pinholes. However, the CV waves for SP-CL and ED-

CL were considerably broadened from the ideal Nernstian shape, confirming that

charge transfer happened by a tunneling effect [184]. Field emission scanning elec-

tron microscopy (FESEM) images for SPCL and ED-CL indicate good surface

coverage, confirming charge transfer in the film via electron tunneling. Also,

FESEM images show pinholes in SC-CL and unsuitable surface coverage in DC-

CL. The tendency of JSC, VOC, and FF indicated the order of ED-CL > SP-CL >

SC-CL > DC-CL. Because the perovskite layer was fabricated by the similar pro-

cess, therefore, JSC can affect the charge extraction and collection ability of the

TiO2 scaffold and CL. In addition, ED-CL showed the lowest hysteresis among

the CLs because of the highest charge extraction ability and lowest Rs. The PCE

improved from 10.71 for CL-free PSC to 15.48% for ED-CL PSC which was accord-

ing to improve FF (from 0.619 to 0.748) and JSC (from 17.33 to 19.86 mA. cm-2).

Results show that the existence of a CL can improve JSC, but a CL will have a

more important effect on FF than JSC in MS-PSC. Table 3 shows photovoltaic

parameters.

Wang et al. [185] proposed a CL-assisted nucleation and growth approach to fabri-

cate P-PSCs. This is a method for the crystal engineering of perovskite materials by

using of CPTA (C60 pyrrolidine tris-acid) as a CL which can produce a nucleation

matrix for the coordination of PbI2 (CPTA: PbI2). Thus, provides a controllable

nucleation density with a high electron transport feature. In fact, octahedral coordi-

nation structure was formed via chelation of Pb2þ with carboxylic acid groups of

CPTA, leading to heterogeneous nucleation center with a remarkable decrease in
on.2018.e00912

by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00912
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 3. Photovoltaic parameter. (Reprinted with permission from Ref. 182.

Copyright 2018 John Wiley & Sons, Inc).

Type of CL JSC (mA/cm2) VOC (mV) FF PCE (%)

CL-Free 17.33 0.998 0.619 10.71

DC-CL 19.46 1.059 0.618 12.71

SC-CL 19.06 1.060 0.675 13.64

SP-CL 19.76 1.048 0.695 14.39

ED-CL 19.86 1.051 0.748 15.48
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configurational entropy loss [186] and nucleation barrier, therefore accelerates

tetragonal perovskite phase formation. Furthermore, the carboxylic acids of CPTA

are attached to OH groups on the ZnO CL and operate as a chemical protective inter-

facial between ZnO and the perovskite. These OH groups on the ZnO, as Lewis acid

sites, can deprotonate methylammonium ion (MAþ) and then decompose perovskite

crystals into a yellow film. A 0.30 molar ratio of PbI2 to CPTA was employed to

improve the crystallization of perovskite, resulting in a PCE of 20.20% along with

a VOC ¼ 1.114 V, JSC ¼ 22.36 mA cm�2, FF ¼ 81.13%, and less hysteresis effect.

The slight increase in the FF is attributed to decrease in defect states and energy traps

and increase in the electron quality of the perovskite films. Deng et al. [187] demon-

strated room temperature processing for fabrication of TiO2 CL by using of titanium

(IV) isopropoxide in isopropanol Ti(OiPr)4. Traditional precursor solution, titanium

diisopropoxide bis(acetylacetonate) in butanol, needs to high temperature (500 �C)
for pyrolysis and forming titania CL because the acetylacetone groups in traditional

precursor have slower hydrolysis [188]. However, Ti(OiPr)4 can easily form a titania

layer at room temperature. Raman spectroscopy shows that TiO2 fabricated by

Ti(OiPr)4 is amorphous (there are no obvious peaks). But, TiO2 fabricated by tradi-

tional precursor shows peaks at 145, 398, 516 and 640 cm�1 for an anatase phase

[189]. TiO2 CL by using of Ti(OiPr)4 is amorphous with organic residues, however,

its electrical and optical properties are relatively similar to the TiO2 CL fabricated at

high temperature. Flexible PSCs fabricated by this the room temperature process

shows a PCE ¼ 14.3% with outstanding mechanical durability and stability. Photo-

voltaic parameters and structures for this section were summarized in Table 4.
2.5. CLs with different fabrication methods

Many techniques have been introduced to fabricate CLs such as spin coating [190],

spray pyrolysis [191], atomic layer deposition [16], electrodeposition [192], thermal

oxidation [193], etc. Among them, spin coating (SC) and spray pyrolysis (SP) are two

solution methods to the fabrication of CLs [39, 194, 195] which the quality of CLs are

intensively depended on process parameters. Also, there are not controllability to

form continuous films in these methods and proper coverage usually increases the
on.2018.e00912
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Table 4. Structures and photovoltaic parameters for CLs with different

morphologies.

Structure JSC
(mA.cmL2)

VOC (V) FF PCE (%) References

FTO/TiO2/TiO2 Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Au

18.74 0.93 0.72 12.56 [16]

ITO/ZnO/C3-SAM/CH3NH3PbI3/Spiro-
OMTAD/MoO3/Ag

22.51 1.07 0.65 14.25 [175]

FTO/TiO2/CH3NH3PbI3/Spiro-OMTAD/Au 17.41 1.11 0.66 13.03 [176]

FTO/TiO2/CH3NH3PbI3/Spiro-OMTAD/Ag
(am-TiO2)

20.99 0.99 0.66 13.30 [179]

(Pc-TiO2) 23.13 1.036 0.68 15.76

(An-TiO2) 19.64 1.05 0.55 12.19

ITO/TiO2/Brookit TiO2/CH3NH3PbI3/
Spiro- OMTAD/Au

22.60 1.18 0.83 21.6 [181]

FTO/TiO2/TiO2 Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Au

19.89 1.01 0.75 15.48 [182]

ITO/ZnO/CPTA:PbI2/CH3NH3PbI3
/Spiro-OMTAD/Au

22.36 1.11 0.81 20.20 [185]

ITO/TiO2/CH3NH3PbI3/Spiro-OMTAD/Ag 20.04 1.00 0.71 14.3 [187]
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film thicknesswhich increments the internal resistance of the cell. However, Electro-

deposition (ED) is an unsophisticated, inexpensive, and scalable technique to achieve

a compact and uniform surface cover without the using of a high temperature or vac-

uum process Furthermore, morphology and film thickness will be simply controlled

by changing of the deposition conditions in ED. Su et al. [192] employed the ED

method for fabrication of an ultrathin TiO2 CL (ED CL) which presents appropriate

surface coverage compared with CL fabricated by the SC method (SC CL). An ED

CL can decrease interfacial recombination, improve blocking ability and enhance

the photovoltaic properties of the PSC compared with an SC CL. Therefore ED

CL indicates better performance (PCE ¼ 13.6%) than SC CL (PCE ¼ 10.42), which

is related to increase JSC and FF in ED CL. The high JSC is ascribed to a low recom-

bination, high charge collection ability. Also, high FF is due to low ohmic resistance

in thin and compact TiO2 CL. Most of the applied methods need to high temperature

(500 �C) for sintering. Thus, restrict the using of substrates. Rajmohan et al. [196]

used reactive magnetron sputtering for fabrication of crystalline anatase TiO2 as a

CL at a low temperature (150 �C). This low temperature process will develop the us-

ing of cheaper and flexible polymer substrates. Polymer substrates provide light and

flexible devices which were used in power generating textiles and flexible electronics

[197]. Before deposition of the TiO2 CL in this work, plasma treatment FTO substrate

with argon and oxygen was carried out for removing the surface organic pollutants

and the improving the coherence between the TiO2 film and the FTO substrate.
on.2018.e00912
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PSC with the plasma treatmented FTO indicated better performance than the un-

treated FTO. A high performance (PCE ¼ 8.7%) acquired with a 76 nm thick CL

at 60 min reactively sputtered. The increment in the VOC is ascribed to the decrease

in recombination due to enhanced electron transport at the plasma treated FTO and

TiO2 interface. Du et al. [198] applied a facile and low-temperature anodic oxidation

(AO) procedure for fabrication of homogeneous and compact titanium dioxide film.

The AO has been utilized to fabricate metallic oxide nanotube and a compact metallic

oxide layer [199, 200]. AO is useful for fabrication of TiO2 at low temperature (below

120 �C), thus enhances the development of flexible PSCs. In this method, the thick-

ness of film and morphology can be adjusted by oxidation voltage and electrolyte

component. In addition, AO is an environmentally friendly method. Ti-coated ITO

glass was placed on the anode section, a TiOx film was slowly formed with the

AO processing. Finally, AO-TiO2 film acquired by sintering TiOx at 120 �C for 40

min. Ethylene electrolyte along with the application of 30 V oxidation voltage was

suitable for providing desirable AO-TiO2morphologywith an optimum thickness be-

tween 50-60 nm. PCE over 13.47% obtained which included higher VOC and larger

FF compare with traditional high temperature processed TiO2 CL. The increment of

device performance is related to more efficient electron transfer from perovskite to-

ward AO-TiO2 layer and the decreased Rs. Another environmentally friendly method

was introduced byWang et al. [201]. It was an easy and a low-cost homogeneous pre-

cipitation method for deposition of CdS film in urea solution with a low temperature

(90 �C). A uniform thin CdS film with proper morphology was achieved by a proper

concentration of urea (1.5 M) which provided a higher interfacial area and electron

mobility. This high electron mobility is useful for electron transportation in the CL

and decrease of RS in cell. Also, uniform CdS film operates as a good scaffold for

the organization of the dense crystalline perovskite layer and a superior junction be-

tween CdS and perovskite layer. Although this method shows low PCE, it is environ-

mentally friendly and can be used for large-scale device fabrication. Traditional

methods used for the preparation of TiO2 CL such as spin coating [40], electrochem-

ical deposition [202] spray pyrolysis [38, 39], and thermal oxidation [203, 204] need

to thermal post-treatment at high temperature (>450 �C) to provide suitable elec-

tronic contact. Such high temperatures not only lead to increment cost and lack of

application in flexible substrates but also increment the presence of pinholes in the

TiO2 CLs [57] which reduces PSCs performance [162]. In addition, these methods

are not suitable for precise controlling of CL thickness. Shalan et al. [205] fabricated

a TiO2 CL via atomic-layer deposition (ALD) without any thermal post-treatment at

high temperature. The ALDmethods indicate advantages such as acting at a low tem-

perature, exact controlling of thickness and providing uniform film [206, 207, 208].

Also, ALD achieves a homogeneous pinhole-free film of TiO2, because it involves

oxidizing precursors at two separate stages without any sintering step after the depo-

sition of the CL. The PCE ¼ 15.03% acquired for optimum thickness of 200 nm for

TiO2 in MS-PSCs. ALD method shows the fabrication of PSCs with acceptable
on.2018.e00912
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reproducibility and a stability over a period of 500 h. In fact, the ALD method is a

beneficial procedure to depose ultra-thin films in nanoscale. PSCs with conversion

efficiency up to 19% were achieved via fabrication of high flatness and compactness

TiO2 by ALD [16]. Despite all these benefits, ALD is an expensive method and needs

to ultra-high vacuum which restricts large-scale fabricating and commercialization of

PSCs. A simple and inexpensive solution-processing method was reported by Anar-

aki et al. [209]. A P-PSCwith great efficiency (PCE¼ 20.8%) was fabricated by SnO2

CL. Spin coating (SC) of a SnCl4 precursor solution in combination with a post-

treatment chemical bath deposition (SC-CBD) was used for the preparation of

SnO2 CL and then the function of this device is compared to those made with other

deposition methods, Spin coating (SC) and ALD method. Devices with solution-

processed SnO2 layers (SC and SC-CBD) indicate an enhanced FF about 80%, but

ALD PSCs indicate lower FFs compared to SC and SC-CBD, which is related to

high Rs as a result of a further resistive and very homogenous SnO2 layer in ALD

PSCs. Higher VOC (1.214 V) acquires for SC-CBD similar to ALD (1.2 V), whereas

lower VOC is for SC method. Thus, the using of the post-treatment by CBD is bene-

ficial to obtaining high VOC. Compare to other deposition methods (ADL, SC), this

combined SC-CBD deposition method presents proper photovoltaic parameters and

the best efficiencies along with improved hysteresis and great long-term photo-stabil-

ity. Ke et al. [193] obtained a thin and very dense TiO2 film by thermal oxidation of Ti

films which coated on FTO layer by radio frequency (RF) magnetron sputtering of a

Ti target. The thickness of the Ti film can be controlled by the time of sputtering. A

400 nm TiO2 porous film was spin coated on the Ti film. Then, the TiO2 CL and the

TiO2 porous layer were sintered in one-step at 500 �C. Duration of sintering, Ti film
can be oxidized to a compact TiO2 and transparent film. The optimum thickness of the

TiO2 CL via thermal oxidation is 15 nm (thinner than the spin coating method with

two-step sintering process). Comparing to the two-step sintering process, this one-

step sintering process results in a lower dark current density with a lower interface

resistance between the TiO2 CL and the porous TiO2 layer and also a lower Rs and

a higher recombination resistance. Therefore, PSCs with thermal oxidation show a

higher JSC and FF, which improve the PCE of the device from 13.47% for spin coating

method to 15.07% for thermal oxidation method. Another thermal oxidation method

for fabrication of the TiO2 CL and scaffold porous layer simultaneously via one-step

sintering process [72] was introduced by Zhao et al. However, it was expensive and

sophisticated which was not appropriate for large area device preparation. Among

various methods such as spray pyrolysis, atomic layer deposition, electrochemical

deposition, thermal oxidation, and spin coating, the dip coating method suggests

many advantages such as solution processing, much better scale-up probability,

and less waste. Hong et al. [210] used a simple and low-cost dip-coating method to

deposit highly TiO2 CL. It does not need to expensive and complicated equipment

and can be used for large area device fabrication. A volumetric ratio (1:13) of an etha-

nolic solution of Ti precursor with optimum thickness (55 nm) of TiO2 CL indicated
on.2018.e00912
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PCE (12.82%), higher than that of a spin-coating method. There are several reports

that use dip coating method for fabrication of TiO2 CL in PSCs [210, 211]. However,

only TiO2 CLs with 40e130 nm thickness were reported which showed that device

performance dropped with increasing of layer thickness due to more charge trapping

and later recombination. Ledezma et al. [212] used a low-cost dip coating method for

fabrication of uniform ultra-thin (5e50 nm) TiO2 CL by using of titanium tetrachlo-

ride (TiCl4) as a precursor as an alternative for titanium isopropoxide. TiCl4 precursor

produces denser film than other precursors, decreases pinholes and increases the per-

formance [213]. Also, shows less hysteresis and more stability. A TiO2 layer with a

thickness up to 20e30 nm improved PCE further than 50% from 5.5% (without TiO2)

tow8.6% (20e30 nm TiO2) due to enhanced JSC. Devices without or with very thin

TiO2 CLs exhibit an“s-shaped” characteristic in the negative voltage range of J-V

curves which is related to collected negative ions at the electron-extracting interface.

X-ray photoelectron spectroscopy (XPS) measurements prove that the s-shape char-

acteristic is correlated to pinholes in TiO2 CL while it is too thin. Obviously, this ef-

fect will occur by an unsuitable interface which involves trapped ions between the

perovskite and the exposed FTO surface. Nonetheless, when inserting the TiO2

CL, the surface coverage improves gradually. Thus, the electron collection increases

and the s-shape disappears. Another method to the fabrication of CLs is a thermal

evaporation method. The first thermal evaporated-deposited PSCs with proper effi-

ciency (PCE¼ 15%) involved high temperature processed TiO2 CL [214]. Compared

with a spin-coating method, in thermal evaporation method materials can be uni-

formly covered on substrates in particular with an ultrathin layer. Zhao et al. [215]

fabricated an efficient metal oxide-free and annealing-free P-PSCs by thermal evap-

oration of both the fullerene C60 as the ETL and the perovskite as an absorber. The

high performance (PCE¼ 14.9%.) obtained via an ultrathin C60 layer (5.5 nm) which

efficiently transfers the electrons and blocks the holes due to the desired energy level

alignment between C60 and FTO electrodes. The C60 layer not only operates as an

electron-selective contact and HBL but also it provides a proper contact with the

perovskite layer and improves the crystallinity of film. The devices with C60 interfa-

cial layers show high FF and high performance due to slow recombination and fast

electron extraction at the interface between C60 and perovskite layers. A low-

temperature solution-process which simplify manufacturing processes is useful for

roll-to-roll industrial mass production on flexible substrates. Zhang et al. [216] re-

ported a simple and low-temperature solution-processed ligand-exchange procedure

for fabricating of high-quality TiO2 nanocrystals (NCs) in P-PSCs. Generally, oleic

acid (OA) molecules were employed as surface ligands for fabrication of crystalline

and uniform TiO2 nanocrystals. The OA is a long hydrocarbon molecule which in-

volves an important role in the synthesis of TiO2 NCs with high quality and in stabi-

lizing of TiO2 NCs in nonpolar and hydrophobic solvents [217]. However, without

decomposition process in high temperature, OA molecules operate as an insulating

barrier leading to reduce electron transportation in TiO2 CLs. However, these OA
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molecules can be exchanged with BF4- anions in the NOBF4 reagent. Ligand-

exchange can separate insulating AO ligands from TiO2 surfaces and produce

high-quality TiO2 at low temperature (150 �C). This TiO2 CL fabricated by ligand-

exchange (OA-free TiO2 NCs) involves some advantages such as better conductivity,

superior electron transportation, higher Rsh and lower Rs. Thus, OA-free TiO2 CLs

devices improve photovoltaic performance from PCE ¼ 12.7% (for OA-capped

TiO2) to PCE ¼ 19.03% along with low hysteresis and superb reproducibility. In or-

der to decrease the reaction time over traditional non-aqueous solegel synthesis and a

better control of the temperature, pressure and reaction time, microwaves procedure

was used which improves efficiency and reproducibility [218]. Furthermore, this

method indicates high scalability of the film deposition process. Abulikemu et al.

[219] employed a microwave-assisted non-aqueous solegel (MWNASG) method

to the preparation of SnO2 nanoparticles for fabrication of SnO2 CLs. These nanopar-

ticles show ultra-small size and crystallinity to form a compact film. Also, a large

band gap for these nanoparticles shows low defect concentration which is one of

the advantages MWNASG method. SnO2 nanocrystal-based CLs show high trans-

parency which increases JSC (21.2 mA cm-2) compared to its TiO2-based device

(15.8 mA cm-2). In addition to fabrication methods, some the factors can be effective

during the processes. Vivo et al. [213] compared three different precursor solutions

for the preparation of CL by a spin coating method. Titanium tetrachloride dissolved

in water (denoted as c-TiCl4), as well as titanium isopropoxide (TTIP), dissolved in

absolute ethanol (c-EtOH) or in anhydrous isopropanol solution (c-IPA). TiCl4 is an

inexpensive precursor which does not require expensive anhydrous solvents and can

be prepared in water. The prepared films by the TTIP precursor were thinner (w45

nm) than the ones produced from the c-TiCl4 precursor solution (w60 nm). The

optimal film thickness for a spin-coated c-TiO2 layer with no pinholes was between

20 and 100 nm [220, 221], all thicknesses were in this range. The c-TiCl4 film shows

larger anatase crystallites (w25 nm) due to the faster hydrolysis of the aqueous c-

TiCl4 precursor solution. In comparison to anhydrous c-EtOH and c-IPA solutions.

Rsh for c-EtOH and c-TiCl4 cells are similar and relatively higher than Rsh for c-

IPA cells. This is confirmed by the relatively higher VOC values of the c-EtOH and

c-TiCl4 cells (0.95 and 0.93 V respectively) than VOC values of c-IPA cells (0.90

V), which results from the reduced charge recombination [16]. The highest FF values

obtained for c-EtOH and c-TiCl4 cells, which were according to lower RS for them.

These different CLs do not remarkably influence PSCs efficiency due to the similar

titania layers fabrication. However, c-TiCl4 formed CL with bigger crystals which

proposes fewer grain boundaries operating as trap states in the c-TiCl4 film. Thus

the hysteresis effect reduces for c-TiCl4 devices. Also, the c-TiCl4 devices show

the slowest degradation in ambient. But, TTIP devices show the fast degradation.

Because TTIP devices possess smaller crystallite sizes with a higher surface area,

thus their structures change quickly to diminish their surface energies [222]. Li

et al. [223] investigated the effect of precursor concentrations and deposition cycles
on.2018.e00912
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on the performance of PSC. The volume ratios of TiO2 precursor (titanium diisoprop-

oxide bis(acetylacetonate) in 2-propanol) were varied from 1 to 0.25 along with

various cycle numbers from one to four for depositing TiO2 CLs (Table 5). Three-

layer CLs involves a smoother surface with higher compactness than other CLs.

Diluted precursor produced the same thickness of TiO2 CLs. By diluting the precur-

sor solution and increasing deposition cycles, can suppress pinholes in TiO2 CLs. As

a result, the TiO2 CLs obtained bymulti-cycle deposition facilitate electron transport,

improve PSC performance (PCE¼ 14.04% for 3 cycles) (Table 6). The hysteresis for

three deposition cycles was negligible due to a good quality of TiO2 film and more

rapid charge transfer via TiO2. EIS analyses showed that charge recombination

reduced remarkably and the electron transport improved after appropriate cycles of

spin-coating.

Starowicz1et al. [224] compared PSCs with CL fabricated by aged titanium sol-gel

with those of fresh sol-gel. Sol-gel is an inexpensive, easy procedure with high

repeatability. PSCs with TiO2 CL from the fresh sol (deposit 1 hour after prepara-

tion) and from aged sol (the milky one stored for at least 1 month) indicated the

considerable difference in their performance. Devices prepared by aged sol showed
Table 5. Detailed experimental parameters of TiO2 CLs spin-coated on FTO

substrates. (Adapted from Ref. [223] by permission from Springer Nature,

Journal of Materials Science: Materials in Electronics, Improved performance of

perovskite solar cells by optimizing deposition parameters of TiO2 compact

layers, S. Li, et al., Copyright (2017)).

Deposition times Concentration
of TiO2 precursor

Thickness of
TiO2 CLs (nm)

Roughness (nm)

One 1 41 5.63

Two 1/2 50 4.62

Three 1/3 56 3.17

Four 1/4 65 3.36

Table 6. The mean values on VOC, JSC, FF and PCE of at least 25 PSCs under

reverse scan. (Adapted from Ref. [223] by permission from Springer Nature,

Journal of Materials Science: Materials in Electronics, Improved performance of

perovskite solar cells by optimizing deposition parameters of TiO2 compact

layers, S. Li, et al., Copyright (2017)).

Deposition cycles of TiO2 CLs VOC (V) JSC (mA/cm2) FF (%) PCE (%)

One 0.98 18.67 69.91 12.84

Two 0.99 18.70 71.11 13.16

Three 1.01 19.13 72.64 14.04

Four 1.00 19.03 72.13 13.72
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the JSC of 8% higher than the fresh one. Aged sol produces thicker layers (15 nm)

than the one fresh sol at similar spinning conditions due to its higher sol viscosity.

However, the thickness of TiO2 layers can be adapted by changing of the precursor

concentration and spin coating speed. XPS analysis revealed that aged sol TiO2 in-

cludes more defects than the fresh sol. Also, FTIR ATR spectroscopy indicted re-

mained OH band in TiO2 layers fabricated by aged sol even after calcination

which proves the existence of residual crystalline water, leading to degradation of

PSCs. Thus, the TiO2 layer prepared by aged sol was replaced by a similar thickness

of the fresh sol with the same performance. Chenxi Zhanget et al. [225] prepared

TiO2 CLs by various methods, a spin coating method by titaniumdiisopropoxide

bis (acetylacetonate), CBD technique based on hydrolysis of TiCl4, a sol-gel method

by titanium isopropoxide and HCl, and screen-printing of titania paste, respectively.

The surface morphologies of these CLs exhibited an important role in device effi-

ciencies. The CL grown by the sol-gel method is rougher, thicker than the CBD
Table 7. Structures and photovoltaic parameters for PSCs with different fabri-

cation methods.

Structure JSC
(mA. cm�2)

VOC (V) FF PCE
(%)

References

FTO/TiO2/TiO2Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Au

20.01 1 0.68 13.6 [192]

FTO/TiO2/CH3NH3PbI3/Spiro-OMTAD/Ag 18.57 0.96 0.49 8.7 [196]

ITO/TiO2/CH3NH3PbI3-XClx/Spiro-OMTAD/Au 19.08 1 0.71 13.47 [198]

FTO/CdS/CH3NH3PbI3/Spiro-OMTAD/Ag 8.51 0.52 0.51 2.27 [201]

FTO/TiO2/TiO2Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Ag

20.81 1.03 0.70 15.03 [205]

FTO/SnO2/CsMAFA/Spiro-OMTAD/Au 22 1.21 0.77 20.8 [209]

FTO/TiO2/TiO2Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Au

21.97 1.09 0.63 15.07 [193]

FTO/TiO2/TiO2Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Au

20.12 0.88 0.73 12.8 [210]

FTO/TiO2/TiO2Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Ag

13.2 0.97 0.67 8.6 [212]

FTO/C60/CH3NH3PbI3/Spiro-OMTAD/Au 18.3 1.06 0.77 14.9 [215]

FTO/OA-freeTiO2NCs/CsMAF/Spiro-
OMTAD/Au

22.63 1.1 0.76 19.03 [216]

ITO/SnO2/CH3NH3PbI3/Spiro-OMTAD/Au 21.24 1.01 0.66 14.2 [219]

FTO/TiO2/TiO2/Mesoporous/CH3NH3PbI3/
PMMA/Spiro-OMTAD/Au

22.1 0.93 0.59 13.6 [213]

FTO/TiO2/TiO2 Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Ag

19.13 1.01 0.73 14.04 [223]

FTO/TiO2/TiO2Mesoporous/CH3NH3PbI3/
Spiro-OMTAD/Au

21.1 0.91 0.54 10.32 [224]

FTO/TiO2/TiO2Mesoporous/theCH3NH3PbI3-xClx/
Spiro-OMTAD/AgAl

21.46 0.89 0.67 12.80 [225]
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CL. The CL by the spin-coated produces amorphous TiOx films with porous struc-

ture and week coverage of FTO. The screen-printing CL displays a very rough struc-

ture with large cracks. The CL deposited by the CBD displayed rutile nanocrystalline

TiO2 film with superior morphological properties and effective electron collector

along with highly efficient hole-blocking effect. Therefore, the CBD showed the

best amount of PCE (12.80%) in comparison to the amount of PCE (10.48%,

9.05%, 8.92%) for Sol-gel, Spin-coating Screen-printing method, respectively.

Table 7 summarizes structures and photovoltaic parameters in this section.
3. Conclusions

The most important issues regarding the development of PSCs are the improvement

of efficiency, stability in order to industrialization. Different strategies have been pre-

sented for these issues involving using of various cations such as Csþ, Liþ, Naþ, Kþ

and Rbþ in PSCs structures, some cations used instead of CH3NH3, HC(CH2)2, the

replacing of lead with less toxic element such as Sn2þ, Cu2þ, Fe2þ, Agþ, Ge2þ,

Sr2þ, Bi3þ, Sb3þ, and also the utilization of different or mixed anions in perovskites

structures. Moreover, simple methods for preparing cells such as screen-printing,

spraying and ink-jet printing will help to industrialization. The improvement of sta-

bility by utilization of the encapsulation and suitable materials with high inherent

stability will be useful to industrialization. Another strategy to improve efficiency

is interfacial engineering via the material modification in every layer of PSCs (perov-

skite absorber, CL, mesoporous layer, and HTL) leading to appropriate energy level

tuning between adjacent layers to decrease the energy loss, increase the electrical

conductivity and passivate the trap states in the ETL and perovskite films. In this re-

view, we investigated various materials as CLs and different strategies for improve-

ment of their properties. The CL is an important layer in the PSCs to enhance

application and efficiency. CLs should involve specific properties such as excellent

charge carrier mobility, good transparency, and suitable level energy along with

great stability. Also, low cost and low temperatures processes in combination with

simple structures can increase their applications in flexible and roll-to-roll PSCs de-

vices and achieve industrialization goal for PSCs. For high performance PSCs, a uni-

form, pinhole-free CL with superb electron transportability and a low recombination

rate at the interface are very important. In order to enhance the PSCs performance,

charge transport properties of the CL can be remarkably improved with replacing of

some additives or dopants and using some thin wide bandgap metal oxide (e.g.,

MgO) as an interfacial layer. Also, interfacial modifications between the perovskite

absorbers and charge transporting interlayers are very significant to enhance charge

extraction and performance. CLs with the negligible density of oxygen vacancies

with a larger band gap and expanded UV transparency, show a significant improve-

ment in photo-stability and efficiency of converting light into electricity. It seems
on.2018.e00912
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that promising improvement in PSCs can be provided by research on CLs, especially

in P-PSCs with simpler structures. The fabrication of CLs with high resistance

against UV along with increased blocking ability and performance can be very

much appreciated.
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