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ABSTRACT

ZnO is a promising electron transport material with high electron mobility

compared to TiO2 and SnO2. However, its high basicity and the presence of

hydroxyl groups at the ZnO surface induces thermochemical decomposition of

hybrid perovskites though proton transfer reactions. In perovskite solar cells

(PSCs), these deprotonation reactions produce chemical products at the interface

between ZnO and perovskite, which obstacle charge carrier extraction process

and lead to low efficiency of the solar cells. In this work, PC71BM thin films of

three different thickness, 19, 11 and 6 nm, were deposited on top of ZnO layers,

prepared by sol–gel spin coating and annealed at 150 �C. It is found that low

temperature prepared ZnO films contain deep trap states, and the effective

optical band gap of ZnO/PC71BM double layers is slightly reduced with the

thickness of the fullerene derivative. The presence of an interfacial PC71BM layer

on top of ZnO enhances the stability of the upcoming perovskite coatings and

promotes the passivation of trap states at the ZnO surface. Interestingly, the best

PC71BM-passivated PSC, fabricated under relative humidity (RH) of 60–65%,

achieves a maximum power conversion efficiency (PCE) of 13.3%, whereas those

PSCs with only ZnO as the electron transport layer show an average PCE of

5.5%. However, the stability under continuous illumination of PC71BM based

PSCs is significantly lower than expected, probably due to the PC71BM degra-

dation under high RH conditions.
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1 Introduction

Planar heterojunction hybrid perovskite solar cells

(PSCs) have attracted extensive attention due to their

exceptional power conversion efficiency (PCE) higher

than 20% [1]. Part of the current progress is owing to

development in different metal oxide electron-trans-

port layers (ETL) such as TiO2, WO3, SnO2, ZnO, in

addition to organic molecules like fullerenes and

their derivatives [2]. Because of the variety of ETL

and the diverse issues or constraints referred to the

efficient electron extraction and long-term stability

[3, 4], surface and interface engineering methodology

is a critical procedure to defect passivation and band

alignment in order to improve charge transport pro-

cess between the ETL/perovskite interface and the

electrodes [5–7]. The performance of planar PSCs is

quite sensitive to the interface properties, in particu-

lar the ETL surface at the n-i-p structure, which can

influence the perovskite film morphology and crys-

tallinity [8]. During the PSCs operation, photogener-

ated charge carries must transfer across the interfaces

in order to be collected. Thus, the interfacial defects

and the charge distribution considerably impact on

the stability and performance of the PSCs [9].

Until now, several surface or interface organic

modifiers deposited on top of the ETL have been

reported. Among them, phenyl-C61-butyric acid

methyl ester (PC61BM) thin film and buckminster-

fullerene (C60) as well as their combination (PC61-

BM ? C60) have been used to modify the TiO2/

perovskite interface, facilitating the electron extrac-

tion and inhibiting the formation of trap states [10]. In

WO3, the surface modification by cesium carbonate

(Cs2CO3)/PC61BM bilayer is used to reduce the

charge recombination, improving the open circuit

voltage (Voc) and fill factor (FF). Likewise, C60 is used

to passivate the grain boundaries in the perovskite

films, resulting in a reduction of the hysteresis phe-

nomena [11, 12]. On the other hand, a fullerene

derivative, 9-(1-(6-(3,5-bis (hydroxymethyl) phenoxy)

-1-hexyl) -1H-1,2,3-triazol-4-yl) -1-nonyl[60]-

fullerenoacetate (C9), is employed to suppress charge

recombination and passivate the oxygen-vacancy-re-

lated defects on the surface of the SnO2. The PSCs

based on C9-modified SnO2, enhances the photogen-

erated charge extraction and improves the perovskite

optoelectronic properties [13]. Eventually, the intro-

duction of PC61BM as interface modifier in ZnO

based PSCs, has been a reliable way to reduce de

presence of hydroxyl groups at the ZnO semicon-

ductor surface, alleviating the thermochemical

decomposition of CH3NH3PbI3 films and therefore

reduced the interface defect states [14, 15].

Nevertheless, the fact that the organic modifica-

tions via fullerenes and their derivatives deposited

on TiO2, WO3, SnO2 and ZnO have led to remarkable

advances for interlayers and improvements in the

photovoltaic parameters, most of organic molecule

based research for planar PSCs even still report the

fabrication of high performance devices carried out in

a well-controlled environment (nitrogen or argon

filled glove box), which today results in high cost for

eventual long-scale manufacturing [16, 17]. More-

over, the state-of-the-art progress towards high-per-

formance metal oxide semiconductors as the ETL for

PSCs, still remain in discussion. It is a well-known

fact that, the deposition of the ETL require high-

temperature processing (temperature[ 350 �C) for

an optimum film formation [18, 19]. Low-tempera-

ture processing metal oxide semiconductors exhibit

poor electrical properties due to the presence of

diverse defects and impurities [20, 21]. However,

compared with other metal oxides, ZnO based films

fabricated even at low-temperature processing can

crystallize at approximately 150 �C, which is of par-

ticular interest when using flexible substrates [22].

Likewise, ZnO offers advantages as exceptional

optical transparency and higher electron mobility

than TiO2, SnO2 and WO3 under the aforementioned

conditions [23–25].

In this work, we propose the use of a ZnO thin film,

fabricated at low temperature with a slow cooling

procedure, as an electron transport layer in per-

ovskite solar cells. Furthermore, the modification of

the ZnO/CH3NH3PbI3-xClx (perovskite) interface is

carried out by a middle layer of 6-Phenyl C71 butyric

acid methyl ester (PC71BM) to promote the perovskite

growth and avoid the thermochemical decomposition

of CH3NH3PbI3-xClx coating. The PC71BM deposition

process consist in coating PC71BM solutions, pre-

pared with different conditions, on top of ZnO films.

The resultant samples were annealed at 100 �C for

10 min in a conventional oven. The procedure is

totally performed in air under high relative humidity

(RH) of 60–65%. We demonstrate that the interme-

diate PC71BM layer enhances the photovoltaic

parameters of perovskite solar cells (PSCs). The

average efficiency of ZnO based planar PSCs is
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increased in average from 5.5% to 12.9% when a

PC71BM layer is inserted between ZnO and per-

ovskite. Finally, the best PSC achieves a 13.3% PCE

and retain 68.2% of its original efficiency after 100

mW cm-2 continuous irradiation for approximately

30 min under ambient conditions.

2 Experimental section

2.1 ZnO/PC71BM thin film deposition
and characterization

The ZnO precursor was prepared by dissolving

109.75 mg zinc acetate dihydrate (Zn(CH3COO)2-
2H2O, Fermont, 99.9% ACS) and ethanolamine

(MEA, Fluka, 99.0%) in a mixture of 10 lL acety-

lacetone (CH3COCH2COCH3, Sigma-Aldrich,

Reagent Plus 99%) and 1 mL 2-methoxyethanol

(Sigma-Aldrich, 99.9%). The molar ratio of MEA/Zn

was maintained at 1 and the concentration of zinc

acetate was 0.5 M. The solution was magnetic stirred

for 1 h at 60 �C until yielding a clear and homoge-

neous appearance. Afterward, the solution was aged

for 12 h at room temperature prior to deposition.

Zinc precursor solution was spin-coated onto clean

glass or fluorine-doped tin oxide (FTO) coated glass

slides at 3000 rpm for 30 s. Then, the coated samples

were thermally treated in a furnace (Lindberg, ISB) at

150 �C for 3 h. The heating rate was 10 �C/min. ZnO

film samples were left cooled down gradually to

room temperature (slow cooling).

PC71BM ([6-Phenyl C71 butyric acid methyl ester,

Sigma-Aldrich 99%) solutions were prepared by

dissolving 10, 6 and 2 mg separately in 1 mL

chlorobenzene (C6H5Cl, Sigma-Aldrich, ACS reagent,

99.5%), sample A, B and C, respectively. Each of them

was magnetically stirred at 700 rpm during 1 h at

70 �C. PC71BM precursor solutions were dynamically

spin-coated at 6000 rpm for 30 s on top of ZnO films.

Then, the ZnO/PC71BM based films were annealed at

100 �C for 10 min in a conventional oven under

atmosphere condition.

Thickness of ZnO and ZnO/PC71BM based films

was estimated by contact profilometry using an

Ambios XP 200 system. The thicknesses of ZnO and

ZnO/PC71BM A, B and C double layers were: 37 nm,

56 nm, 48 nm and 43 nm, respectively. It suggested

that the thickness of PC71BM A layer was about

19 nm, that of PC71BM, about 11 nm, and PC71MB C,

about 6 nm. Transmittance and reflectance spectra of

film samples were analyzed in a Shimadzu 1800 UV–

VIS spectrophotometer. The sheet electrical photore-

sponse of ZnO and ZnO/PC71BM samples was esti-

mated with a Keithley 619 electrometer-multimeter

and a Keithley 230 programmable voltage source unit

under adjusted dark/light conditions. The electrical

current–voltage (I-V) curves in the dark conditions of

ZnO and ZnO/PC71BM films were measured using a

digital Keithley 2400 four-wire source unit.

The photoluminescence (PL) spectra of the afore-

mentioned films were obtained in a PerkinElmer LS-

55 fluorescence spectrometer. X-Ray Diffraction

(XRD) patterns of film samples were obtained by a

Rigaku DMax-2200 system (Cu-Ka radiation with

k = 0.15406 nm) at 2h detection angle from 5� to 70�.
The pH value of the ZnO precursor solution was

obtained in an Orion Aseries Thermo Fisher Benchtop

meter.

2.2 Perovskite solar cell fabrication
and characterization

FTO coated glass substrates with a sheet resistance of

15 X/sq (Greatcell Solar) were partially etched with

1 M hydrochloric acid (HCl) and zinc powder, (Fer-

mont, 99.3%). The etched FTO substrates were

cleaned using Extran� MA 02 detergent, deionized

water, acetone, and isopropyl alcohol [(CH3)2CHOH,

IPA] in stages of 10 min and then dried by air flow.

Later, the substrates were treated with a UV/Ozone

ProCleaner� system for 20 min. Three types of ZnO/

PC71BM based films were deposited on top of etched

and cleaned FTO substrates by using the previous

described procedure: ZnO/PC71BM A (PC71BM

10 mg mL-1), ZnO/PC71BM B (PC71BM 6 mg mL-1),

ZnO/PC71BM C (PC71BM 2 mg mL-1) and ZnO as

reference.

To prepare the perovskite precursor solutions,

0.2 M methylammonium iodide (CH3NH3I or MAI,

Lumtec, 99.5%) and 0.02 M methylammonium chlo-

ride (CH3NH3Cl or MACl, Lumtec, 99.5%), were

dissolved in a mixture of 1 mL anhydrous IPA

(Sigma-Aldrich, 99.5%) and 1 lL anhydrous N,N-

dimethylformamide (HCON(CH3)2, DMF, Sigma-

Aldrich, 99.8%). Likewise, 0.95 M PbI2 (Lumtec,

99.9%) was dissolved in 1 mL DMF. Perovskite films

were deposited by the spin-coating technique under

ambient conditions with RH of approximately

60–65%. To achieve ideal deposition of PbI2 on

J Mater Sci: Mater Electron



PC71BM film, PbI2 solution was first spin-coated

dynamically at 3700 rpm for 40 s on top of ZnO/

PC71BM films (also in ZnO). Then MAI ? MACl

solution was added dropwise as the spinning speed

increased from 3700 to 4500 rpm for 10 s. This

sequential procedure was performed in order to

reduce the PC71BM film dissolution or delamination

due to DMF solubility properties [26]. ZnO and ZnO/

PC71BM with perovskite precursor coatings were

annealed at 100 �C for 10 min in a conventional oven

under atmosphere conditions. Scheme 1 exhibits such

preparation process that was carried on in ambient

conditions.

The hole transport layer (HTL) precursor solution

was prepared by dissolving 80 mg Spiro-OMeTAD

(Lumtec, 97%) in 750 lL of chlorobenzene (Sigma

Aldrich, 99.5%), 28.8 lL of 4-tert-butylpyridine

(Sigma Aldrich, 96%) and 16 lL of Li-TFSI solution,

which consisted of 260 mg of Li-TFSI (Sigma Aldrich,

99.95%) in 500 lL of acetonitrile (Sigma Aldrich,

99%). 80 lL of the HTL precursor solution was spin-

coated on top of perovskite films at 5000 rpm for 30 s

in a nitrogen gas filled glove chamber. Later, samples

were left drying in air for 12 h. Finally, samples were

transferred to the thermal evaporator system, and

80 nm thick gold (Au) film was deposited at a rate of

1 Å s-1 on top of the HTL layer at pressures below to

1 9 10-5 Torr.

Photocurrent density–voltage (J-V) curves of the

perovskite solar cells were tested under ambient

conditions using simulated AM 1.5G irradiation (100

mW cm-2) through an Oriel 81,174 Class-AAA solar

simulator. The light intensity was calibrated with a

National Renewable Energy Laboratory-certified

monocrystalline Si photodiode. Furthermore, a mask

of 0.105 cm2 defined the active illumination area of

the devices. The number of total sweep points was

241, with a reverse scan direction from 1.1 to - 0.1 V

and a forward scan direction from - 0.1 to 1.1 V. The

solar cells were not pre-illuminated before the volt-

age scanning process.

3 Results and discussion

ZnO thin films annealed at 150 �C and cooled down

slowly to room temperature show crystalline struc-

ture with (100), (002), (101), (102), (110), (103), (112)

and (201) planes of polycrystalline hexagonal wurt-

zite crystal structure with no preferred orientation

(Fig. S1). No other peaks are observed, suggesting

that only single-phase ZnO has formed in these films.

The cooling rate is quite important for the crys-

tallinity of ZnO films. If the ZnO samples are sud-

denly cooled down from 150 �C to room temperature,

the crystallinity would be reduced (Fig. S1) and the

deep defect density would be increased, reflected in

their photoconductivity (Fig. S2) and PL spectra

(Fig.S3).

Steady-state PL spectra of the ZnO layers, with and

without the PC71BM film and excited at 325 nm

wavelength, are exhibited in Fig. 1. Reports suggest

that the PL emission spectrum of ZnO consists of two

emission bands, the ultraviolet (UV) emission band

(370 to 400 nm) and a broad band in the visible region

of the spectrum (400 nm to 700 nm) [27]. UV emis-

sion occurs due to the recombination of free excitons,

which correspond to the energy difference between

the top of the valence band (VB) and the bottom of the

conduction band (CB) [28], and it appears in all

samples. Moreover, the intensity of the UV emission

peak of the ZnO thin film decreases when the thick-

ness of the PC71BM layer is larger, which can be

attributed to a non-radiative recombination process

[29, 30]. Emissions in regions at approximately

Scheme 1 Dynamic

deposition process to prepare

PC71BM layer on top of ZnO

low-temperature films. Three

types of PC71BM films are

used: PC71BM A, PC71BM B,

PC71BM C

J Mater Sci: Mater Electron



400 nm and 700 nm are known as deep-level emis-

sions and denote the levels allowed within the for-

bidden band of the semiconductor. Likewise, the

width of the band presumably comes from an overlap

of several different deep-levels emitting at some quite

close wavelengths [27, 31, 32].

The Gaussian fit of the steady-state PL spectra of

the ZnO/PC71BM based films which exhibit multiple

peaks at the UV and visible regions are shown in

Fig. 2. The deconvolution of these spectra gives a

semi-quantitative description about the emission

peaks at the UV region that appear at approximately

382 nm for ZnO and 395 nm for the ZnO/PC71BM

coated films. This emission is widely discussed in

literature and it is commonly associated to different

recombination mechanisms, such as, transitions

related to structural defects or surface excitonic con-

tribution [33, 34]. However, the emission bands at the

visible range are not conclusive when using a PC71-

BM interface modifier deposited on a low-tempera-

ture treated ZnO. We deduce that the blue-green

luminescence region is associated with interstitial Zn

(Zni) oxygen vacancies (VO), oxygen interstitials (Oi),

Zn vacancies (VZn) and antisite oxygen (OZn), as

reported in literature [31, 35]. On the other hand,

luminescence at the blue region is frequently associ-

ated to Zni and VZn defects in ZnO structures; the

peak located at 419 nm is assigned to interstitial

defects of Zn-to-Zn (Zni) [36]. The transition from the

extended Zni defects to the valence band causes the

emission of peaks between 440 and 460 nm [30, 37].

The peak with the emission around 480 nm is asso-

ciated with the transition between the Zni level

closest to the conduction band and the Zn vacancy

levels formed near the valence band [29]. Further-

more, the emission peaks that appear between 480

and 508 nm are known as green emissions. Several

reports propose that these emissions come from VO

or VZn [38–40]. As we shifted toward longer wave-

lengths in the spectrum, we observe yellow and

orange emissions between 528 to 580 nm, which are

probably transition induced at deep levels by neutral

OZn/Oi and ionized Oi, respectively [38]. Moreover, a

new emission peak is observed in the PC71BM coated

films at approximately 565 nm, which can be attrib-

uted to interstitial oxygen (Oi).

The optical transmittance and reflectance spectra of

ZnO, ZnO/PC71BM and PC71BM films, as well as the

Tauc plots, were evaluated and presented in Fig. 3a

and b, respectively. The absorption coefficient of the

samples was calculated by the modified Lambert–

Beer equation for transparent films. It is observed

that a 3.02 eV of band gap (Eg) value is obtained for

our ZnO layer. To prepare a low-temperature ZnO

thin film, the pH value adjustment of the precursor

solution with buffer solutions (pH 4–10) led to a

remarkable reduction in the band gap value [41–43].

In our case the buffer solutions increased the pH

value of the Zn precursor solutions from 7 to 8.7,

which is the reason for a relatively low Eg value. On

the other hand, the presence of PC71BM reduces the

transmittance spectra of ZnO/PC71BM double layers

between 390 and 600 nm, consequence of the optical

absorption of PC71BM. As a result, the effective Eg

value of the double layers are 2.60, 2.65 and 2.68 eV

for PC71BM A, B and C based samples in that order.

The increase of the effective Eg value is consistent

with the decrease of the PC71BM film thickness, 19, 11

and 6 nm, respectively.

The electrical properties of ZnO and ZnO/PC71BM

double films under direct bias voltage are measured

at transversal and horizontal directions, as shown in

Fig. 4a and b, respectively. The transversal configu-

ration (inset of Fig. 4a), exhibit the measurement of

differential electrical resistance (RD) along the ZnO

and ZnO/PC71BM A, B, C thickness direction. In this

case, the electrons move from one electrode to

another through the entire thickness of the layers,

which consist of 37 nm for ZnO, 56, 48 and 43 nm for

ZnO/PC71BM A, B, C double layer samples. Addi-

tionally, the I-V curve of a FTO substrate is included

as reference. The values of RD for each sample are

obtained from the slope of the I-V curves at the lower

voltage zone (\ 0.3 V) and listed in Table 1. As

Fig. 1 Photoluminescence spectra of ZnO thin film and three

types of ZnO/PC71BM double layers

J Mater Sci: Mater Electron



expected, the RD value of ZnO is lower than the

ZnO/PC71BM samples. The addition of the fullerene

layer increases the ZnO resistance from 62.5 X to

309.6 X for 19 nm thick PC71BM A, 127.6 X for 11 nm

Fig. 2 Photoluminescence spectra with deconvolution of a ZnO b ZnO/PC71BM A c ZnO/PC71BM B d ZnO/PC71BM C film samples

Fig. 3 a Transmittance (T) and reflectance (R) spectra of ZnO and ZnO/PC71BM double layers b Tauc plots in logarithmic scale of ZnO

and ZnO/PC71BM double layers

J Mater Sci: Mater Electron



thick PC71BM B and 71.4 X for 6 nm thick PC71BM C.

We deduce that the interface resistance of ZnO/

PC71BM A (247.1 X) is larger than that of ZnO/

PC71BM C (8.9 X), which can increase the series

resistance and affect the photovoltaic performance of

the PSCs. Moreover, the I-V curves of the PC71BM-

modified ZnO films show a nonlinear rectification

behavior at voltages out - 0.3\V\ 0.3 range, sim-

ilar to the non-ideal Schottky diodes. The I-V curves

were fitted in the Schottky-diode current equation to

obtain the ideality factor n. The ideality factor n val-

ues were greater than 10 for the entire ZnO and

ZnO/PC71BM based devices (16.6, 15.6, 14.3, 13.7 for

ZnO and ZnO/PC71BM A, B, C samples, respectively,

see Supporting Information), which could be attrib-

uted to an accumulation of the electrical charge at the

interface, as well as to the defects in the depletion

region due to the polycrystalline structure of the ZnO

films [43].

At horizontal configuration (inset of Fig. 4b), the

current flows from one electrode to another through

the surface of the film (single or bilayer). Figure 4b

exhibits transient electrical photoconductivity of the

ZnO and ZnO/PC71BM based samples at 10 V bias

voltage under non-illuminated conditions for the first

20 s, then under illumination for another 20 s, and

under non-illumination once again for the last 20 s. It

is observed that the photoconductivity of ZnO thin

film is almost annihilated by non-photoconductive

PC71BM layers, as expected. The exposure to light

under high moisture conditions could compromise

the charge transport mechanisms in the ZnO/PC71-

BM based samples by the formation of deep-level

trap states [44]. We deduce that the electric charac-

terization supports the presence of diverse defects

discussed at the PL characterization. Furthermore,

the slightly increased dark conductivity with the

presence of PC71BM suggest the possible surface

passivation of low-temperature annealed ZnO films.

Steady-state PL spectra of the perovskite layers

deposited on the ZnO substrates with and without

PC71BM are shown in Fig. 5. A perovskite film is

included as reference. The perovskite emission peak

(775 nm) is present in all ZnO/perovskite (PVK)

samples and its intensity largely depends on the type

of the underlayer. As discussed in the steady-state PL

spectra characterization of the ZnO/PC71BM based

samples, a similar effect occurs attributed to non-

Fig. 4 a Transversal current–voltage (I-V, dark conditions) and

b transient bulk or sheet electrical conductivity curves of ZnO and

ZnO/PC71BM based films. Insets: measurement schemes

Table 1 Bulk or sheet conductivity and differential resistance of ZnO and ZnO/PC71BM based films

Samples Film thickness (nm) Bulk conductivity, r (X cm)-1 Differential resistance, RD (X)

r Dark r Light

ZnO 37 3.66E-07 9.17E-04 62.5

ZnO/PC71BM A 56 4.15E-07 5.50E-07 309.6

ZnO/PC71BM B 48 5.61E-07 8.04E-07 127.6

ZnO/PC71BM C 43 9.26E-07 1.17E-06 71.4
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radiative recombination of the system. It is observed

that the intensity of the PL peak at 775 nm is signif-

icantly reduced when the perovskite is deposited on

the ZnO and ZnO/PC71BM A, B, C double layers.

This reduction reflects the extraction of photogener-

ated charge carriers from the perovskite film to the

ZnO layer. When inserting PC71BM layers at the

ZnO/PVK interface, the intensity of the PL peaks

decreases even more, enhancing the charge transfer

at the ZnO/PC71BM interfaces and could promote an

increment in the short-circuit current density in the

PSCs, as will be seen later on.

The chemical stability of perovskite films deposited

on the ZnO and ZnO/PC71BM A, B, C double layers

is evaluated by physical observation (photographs)

and optical absorbance spectra, as showed in Fig. 6.

The perovskite precursor films on top of ZnO and

ZnO/PC71BM based films were heated at 100 �C
under ambient conditions (25 �C and RH of 70–80%)

for 0, 5 and 15 min, to observe evidence of the

degradation process at different annealing time. All

samples exhibit a similar behavior and appearance in

the optical absorption spectrum and photographs at

the time 0. Figure 6a. Right after 5 min thermal

treatment, a slight orange color is observed in all

samples. These changes in the film samples exhibit

the beginning of the PVK degradation process to a

PbI2 compounds. Likewise, the absorbance spectra

show a slight decrease below 500 nm. Finally, after

15 min thermal treatment, further degradation is

confirmed in the ZnO/PVK sample (Fig. 6b). It is

noted that the samples with the fullerene coating

exhibit lower degradation. However, an interesting

effect to consider is the probability that the PC71BM

layers can agglomerate more by humidity when they

are thicker (19 nm or 11 nm) than when they are

thinner (6 nm), as observed in the photographs and

the absorbance spectrum. The fact is that a thin

PC71BM layer could absorb less water, thus, reducing

the PVK film degradation. Despite the protective

effect provided by PC71BM against the acid–base

chemistry reaction at the interface of ZnO and per-

ovskite, we conclude that the protection effect is

lower than expected when the samples are exposed

to high moisture conditions, as reported in literature

[45].

Photovoltaic performance of ZnO and ZnO/PC71-

BM A, B and C based PSCs is analyzed. The cell

configuration is: FTO/ETL/PVK/Spiro OMeTAD/

Au, where PVK means perovskite, and exhibited on

the upper right of inset of Fig. 7a. Likewise, the

energetic levels of the ZnO based planar PSCs is

included in the same figure. Figure 7b shows the J-V

curves of freshly prepared PSCs with ZnO, ZnO/

PC71BM A, ZnO/PC71BM B, ZnO/PC71BM C. Table 2

lists the average over 5 cell samples (Fig. S4) and

maximum values of photocurrent density at short-

circuit (Jsc), voltage at open-circuit (Voc), fill factor

(FF), and power conversion efficiency (PCE) in each

type of PSCs. It is observed that ZnO-based PSCs

exhibit an average efficiency 5.5%. However, the

insertion of the PC71BM interface modifier in the ZnO

based PSCs results in an increment of the average

efficiency. The best photovoltaic performance

between the four types of the developed PSCs is

found with ZnO/PC71BM C, giving the highest PCE

of 13.3%. These devices show an average Jsc of

21.61 mA cm-1, Voc of 0.92 V, FF of 0.65 and PCE of

12.9%, and have the smallest standard deviations of

all the photovoltaic parameters.

Table 2 indicates that the average values of Jsc, Voc,

FF and PCE of the PSCs with ZnO/PC71BM double

layers depends significantly on the thickness of

PC71BM layer. The thicker the PC71BM layer, the

lower the photovoltaic parameters. The thickness of

the PC71BM layer influences on the series (Rs) and

shunt resistance (Rsh) of the cells, exhibited in Table 2.

It is observed that Rs value increases with the PC71-

BM layer thickness, from 73 X of 6 nm thick PC71BM

C based PSCs, to 118 X of PC71BM B based PSCs and

312 X of PC71BM A based PSCs, which is consistent

with the electrical resistance of the PC71BM layer. On

Fig. 5 Photoluminescence spectra of ZnO/PC71BM/PVK

multilayers annealed at 100 �C for 10 min, measured with the

incident light on perovskite side. Substrates: FTO coated glass

slide
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the contrary, Rsh reduces with the thickness of the

PC71BM films, from 11,130 to 2806 X, and its reduc-

tion should be related to the increase of the leak

current or to the bimolecular recombination [46]. We

believe that as the thickness of the PC71BM layer

increases, the probability of charge carrier recombi-

nation at that layer increment, leading to the reduc-

tion of Rsh values. It is well known that the increase of

Rs values leads to the diminution of Jsc and FF,

whereas the reduction of Rsh affects mainly on Voc

and FF. The tendencies of the two resistances are

consistent with the photovoltaic parameters of the

tested solar cells.

The reverse-forward scanned J-V curves of the

PSCs are showed in Fig. S5, indicating relatively high

hysteresis indices (HIs). The solar cells without

PC71BM exhibit the highest HI (61%), and the intro-

duction of PC71BM reduces such value down to 20%.

The hysteresis in perovskite solar cells could be

originated from different origins: ionic migration,

capture and liberation of charge carriers in trap

states, capacitive current and ferroelectric properties

of perovskite [47]. It is reported that fullerene thin

films could reduce (or eliminate) the hysteresis

through passivation of trap states in inorganic semi-

conductors such as TiO2 [48] and SnO2 [49]. The

reduction of hysteresis in this case suggests that

PC71BM makes contribution in the surface passiva-

tion of the low temperature annealed ZnO.

Even though the defects of ZnO are reduced by the

incorporation of the PC71BM modifier, the fullerene

deterioration is inherent when oxygen and high

Fig. 6 Optical absorbance

spectra and photographs of

perovskite on top of ZnO/

PVK, ZnO/PC71BM A/PVK,

ZnO/PC71BM B/PVK and

ZnO/PC71BM C/PVK after

thermal annealing at 100 �C
for a 0 min, b 15 min.

Substrates: Glass

Fig. 7 a Energetic levels and schematic transversal section (inset)

and b J-V curves of ZnO based planar perovskite solar cells: FTO/

ETL/perovskite/Spiro-OMeTAD/Au solar cells, with four different

ETL: ZnO, ZnO/PC71BM A, ZnO/PC71BM B, ZnO/PC71BM C.

PVK: perovskite
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moisture conditions are present. The stability of the

PSCs could be reduced when they are exposed to

long-term operation. The stability test was carried out

at continuous illumination during about 30 min

using a xenon lamp of 100 mW cm-2 of intensity on

the four different types of ZnO-based PSCs. From

Fig. 8, we confirm a decrease in the normalized Jsc
and FF in approximately 20% when the PC71BM

modifier is incorporated. The normalized Voc is not

affected by the use of PC71BM; it retains about 90% of

its original value after the stability test. The total loss

in PCE is about 20% without PC71BM, and between

30 and 40% with PC71BM after the continuous illu-

mination in ambient conditions. It is important to

mention that in previous studies it has been observed

a photo-dimerization process in small organic mole-

cules such as fullerenes under continuous illumina-

tion. This causes a transformation from a Van der

Waals solid to one in which fullerenes are linked by

covalent bonds [50]. Such transformation allows to

the fullerenes be more resistant to a different solvent

attack, however, prolonged light exposure can pro-

duce a significant reduction in charge carrier mobility

which impact on FF and Jsc of the solar cells [51].

4 Conclusions

In this work, PC71BM interface modifier, with a

thickness between 6 and 19 nm, has been deposited

on top of a 150 �C annealed ZnO thin film. According

to photoluminescence analysis, the introduction of

the PC71BM interlayer promote changes on the

defects of the ZnO surface. At a 380 nm wavelength,

a reduction in the emission peak intensity is observed

and attributed to passivation of trap states. The slow

cooling rate is a quite important procedure to ensure

the crystallinity and photoconductivity of the ZnO

samples. The double ZnO/PC71BM films exhibit

optical transmittance of about 70–80% and the elec-

trical conductivity ranges from 5.50 9 10–7 to

1.17 9 10–6 X cm-1. The use of the 6 nm thick PC71-

BM layer ensures an adequate separation within ZnO

and perovskite and, at the same time, induces a

minimum series resistance in order to achieve the

best photovoltaic performance of 13.3% in the ZnO/

PC71BM based planar PSCs. Experimental results

demonstrate that the PC71BM layers suppress to a

certain degree the thermal decomposition of per-

ovskite at the proximity of ZnO. However, weT
ab
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observe that the protection effect of the PC71BM

interlayer under continuous illumination in a high

RH ambient (60–65%) is lower than expected. ZnO

based PSCs lose about 20% of its original efficiency

after 30 min of continuous illumination, whereas

such loss in ZnO/PC71BM based devices is about

30–40%. High humidity should play an important

role in PC71BM degradation.
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