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ABSTRACT

Perovskite solar cells (PSCs) have a great attention due to their remarkable

performance and a high-quality perovskite film is necessary to achieve high

power conversion efficiency (PCE). The effect of carbon quantum dots (CQDs)

and Zn2? ions on perovskite layer of methyl ammonium lead iodide (MAPbI3)

was investigated. The optical, structural, and morphological properties of per-

ovskite films with different Zn2? ratios and CQDs contents were investigated. It

was observed that 1% ZnCl2 /0.05 mg/mL CQDs perovskite film composed of

uniform grains distribution, complete surface coverage with negligible pinholes,

and a larger grain size of 1.8 lm. In addition, it was found that increasing CQDs

contents to 0.1 and 0.25 mg/mL enlarged the grain size to * 4.2 lm. Moreover,

the incorporation of CQDs enhanced crystallinity and grain size. Consequently,

these improvements were reflected on the solar cell performance and the effi-

ciency of PSCs with additive of 1% ZnCl2-0.05 mg/mL CQDs was improved

from 4.21 to 8.08%.

1 Introduction

Perovskite solar cells (PSCs) have recently flourished

as a good candidate for photovoltaic technology due

to their low cost with a considerable power conver-

sion efficiency and their superior optoelectronic

properties such as high absorption coefficient and

low direct bandgap. Organic-inorganic halide per-

ovskite is commonly applied in PSCs where a

remarkable growth in PCE from 3.18 to 25.7% in a

short time was achieved. However, the low stability

and high sensitivity for humidity and oxygen are the

main problems facing PSCs [1–3]. In addition, the

perovskite film deposited from solution suffers from

the presence of different surface defects such as grain

boundaries, uncoordinated Pb2? and anti-site PbI-

[4]. These defects can form localized trap states and

act as recombination centers for the charge carriers.
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Therefore, the passivation of these defects results in

an enhancement of PSCs performance. There are

several passivation routes employed to passivate the

surface trap states of the perovskite active layer such

as anion replacement, metal cation replacement, and

small molecule additives [5, 6]. Pb2? ions replace-

ment by other divalent cations, like lanthanides,

alkali metals, and transition metals was studied [7–9].

Zinc metal has high abundance in the Earth’s crust

and is a non-toxic metal. In addition, it is a medium-

sized transition metal with an atomic radius of 74.0

pm and this is smaller than the atomic radius of Pb2?

(119 pm) [10]. Zn2? has a suitable valence state and

resistant to reduction and oxidation processes [11].

Zn? has higher chemical activity than Pb2? and

reinforces the ability to coordinate with CH3NH3
?

[12]. Therefore, Zn2? is supposed to have a good

influence on perovskite film morphology. Gold-

schmidt tolerance factor (t) is used to estimate the

type and stability of the crystal structure [13]. This

factor for organometal halide perovskite is ranged

between 0.813\ t\ 1.1 and is expressed by the fol-

lowing equation [14]:

t ¼ rA þ rX
ffiffiffi

2
p

rB þ rXð Þ
ð1Þ

where rA, rB, and rX are the radii of A cation, B cation,

and X anion, respectively. On the other hand, the

tolerance factor of CH3NH3ZnI3 is 1.05 [15]. This

means that Zn2? has the capacity to form CH3NH3-

PbI(1-x)ZnClx perovskite structure. In addition, the

undercoordinated Pb2? cations can be passivated by

forming coordinated bond with electron-rich Lewis

bases to eliminate the positive charge at the per-

ovskite grain surface [16].

The incorporation of carbon-based nanostructures

was added to the perovskite precursor to improve

film quality, surface coverage, obtain large grain size,

and decrease the grain boundaries. The incorporation

of carbon-based nanostructures is also a powerful

solution to increase the stability of PSCs [17–19].

Among the various carbon-based nanostructures,

CQDs possess attractive properties of high stability,

good conductivity, low toxicity, simple synthetic

routes as well as comparable optical properties to

QDs [20–22]. Guo et al. detected the interaction

between CQDs and MAPbI3 by infrared spectra and

they noted that the vibration peak of C=O in CQDs

was shifted from 1713 to 1705 cm-1. This shift

indicates a strong interaction between CQDs and

MAPbI3 [23]. Ma et al. introduced three different

concentrations of CQDs (0.1, 0.15, and 0.2 mg/mL)

and reported an enhancement in photoluminescence

intensity, carrier lifetime, and PCE from 15.67 to

18.24%. They found that PSC with 0.15 wt% CQDs

remains 73.4% of its initial PCE after 48 h in the dark

at ambient temperature and 80% relative humidity

[24].

Herein, the incorporation of CQDs as a passivator

for the grain boundaries along with Zn2? ions to

passivate the uncoordinated lead ions and partially

substitute Pb2? ions to form a stable perovskite

structure are carried out. The effect of three ratios of

CQDs (0.02, 0.05, 0.10 and 0.25) combined with the

doping ratio of 1% ZnCl2 on the optical, structural

and morphological properties of perovskite layer are

investigated. The conventional structure of PSCs

composed of ITO/TiO2/active layer/spirto-OMe-

TAD /Carbon is fabricated and evaluated.

2 Experimental work

2.1 Materials

Lead iodide, methylammonium iodide (MAI),

lithium bis-(trifluoromethanesulfonyl)imide (Li-

TFSI), 4-tert-butyl pyridine (tBP), dimethylsulfoxide

(DMSO) and chlorobenzene were obtained from

Sigma-Aldrich. Spiro-OMeTAD (2,20,7,70-tetrakis

(N,N-di-p-methoxyphenylamine)-9,90-spiro-bifluo-

rene) was purchased from Ossila. Zinc chloride was

received from Merck. N, N dimethylformamide

(DMF), sodium hydroxide 98% was purchased from

Fisher Scientific. Titanium (IV) isopropoxide (98%)

and acetylacetone were got from Across Organics

and Alpha Chemika, India, respectively. Fluorine-

doped tin oxide (FTO) with 15 Ohm/B was bought

from Nanocs Company, USA.

2.2 Synthesis of CQDs

CQDs were synthesized by aldol condensation reac-

tion. Specifically, 8 g of NaOH was dissolved in 40

mL of acetone under vigorous stirring for 1 h, and

this mixture was kept at room temperature for 120 h.

The formed solid mixture was neutralized with 1 M

HCl, separated centrifugally at 4000 rpm for 20 min,
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and washed with deionized water several times.

Then the final produced CQDs were dried at 80 �C
for 24 h [25].

2.3 TiO2 and carbon paste preparation

To prepare TiO2 precursor solution, 0.6 mL of tita-

nium (IV) isopropoxide was added to 0.4 mL of

acetylacetone and mixed by stirring for 30 min. Then

9 mL of ethanol was added to this mixture with a

continuous stirring for 30 min [26]. The carbon paste

was prepared according to previously reported work

[27]. A mixture with 30 wt% carbon black and gra-

phite powder with ratio of 1:3 in chlorobenzene was

stirred for 30 min. After that, 10 wt% of ethyl cellu-

lose dissolved in chlorobenzene was added and stir-

red for 1.0 h.

2.4 Perovskite precursors preparation

Perovskite precursors with different compositions

were prepared in the nitrogen-filled glove box

(Innovation Technology Company). The pristine

CH3NH3PbI3 precursor was prepared by dissolving

159 mg MAI and 461 mg PbI2 in 1.0 mL DMF:DMSO

(3:7 v/v) with a continuous stirring overnight at

60 �C. A stock solution of CQDs (5.0 mg/mL) sus-

pended in DMF was prepared. The second doped

perovskite precursor with ZnCl2 of different ratios

was synthesized as (MAI) (PbI2)1-x (ZnCl2)x where

(x = 1, 3, and 5%) [28]. Finally, the third precursor

was CQDs of 0.02, 0.05, 0.1, 0.25 (mg/mL) combined

with 1% ZnCl2 doped perovskite.

2.5 Fabrication of perovskite solar cells

Perovskite solar cells were assembled using a planer

conventional structure of FTO/c-TiO2/active per-

ovskite layer/spiro OMeTAD/carbon electrode. FTO

substrates were etched with Zn powder and 2.0 M

HCl and then sequentially cleaned with Helmanix,

deionized water, acetone and isopropanol. Two lay-

ers of compact titanium oxide (c-TiO2) were spun,

where 60 lL of TiO2 solution was deposited onto the

cleaned FTO substrate at 2000 rpm for 30 s and dried

at 100 �C for 10 min. The obtained c-TiO2 films were

sintered at 450 �C for 30 min [26]. Inside the nitrogen-

filled glove box, the perovskite layers were spun onto

FTO/c-TiO2 through two steps process at 1000 and

4000 rpm for 10 and 30 s, respectively.

Chlorobenzene (100 lL) was quickly and continu-

ously dropped on the perovskite layers for 10 s prior

to the end of the second step. The obtained FTO/c-

TiO2/ perovskite layers were annealed at 100 oC for

20 min [29, 30]. A thin layer of spiro-OMeTAD

(70 mg/mL in chlorobenzene) doped with 18 lL
lithium bis (trifluoromethanesulfonyl) imide (Li-

TFSI) solution (520 mg Li-TFSI in 1 mL acetonitrile),

and 33 lL TBP (4-tert-butylpyridine) was coated at

2000 rpm for 20 s and oxidized in air for 60 min.

Finally, the carbon counter electrode was fabricated

by using the doctor-blade technique and dried at 100

�C for 20 min [27].

2.6 Characterization techniques
and measurements

The absorption spectra of perovskite films were

investigated using UV–vis spectrophotometer (Evo-

lution 600 double beams scanning spectrophotome-

ter, Thermo Scientific, USA). Fourier transform

infrared (FTIR) spectra of the CQDs were obtained

using (Spectrum BX 11 spectrometer FTIR LX 18-5255

Perkin Elmer). The photoluminescence spectra were

recorded for the different perovskite layers coated on

glass substrate by fluorescence spectrophotometer

(Perkin Elmer-LS 55). The contact angle of a drop of

water and perovskite surface was measured using a

contact angle goniometer (Ramé-hart CA instrument,

model 190-F2). X-ray diffraction (XRD) patterns were

obtained using XRD, D2 PHASER, Bruker and the

X-ray source was Cu target generated at 30 kV and 10

mA. The morphology of perovskite films was inves-

tigated by scanning electron microscope (SEM ‘‘JEOL-

IT200’’, Japan) at an acceleration voltage of 25 kV. The

morphology of CQDs was confirmed by field emis-

sion transmission electron microscope (FE-TEM)

(JEOL JEM -2100 F, Japan). Atomic force microscope

(AFM) (Shimadzu, SPM 9700, USA) was used to

image the topography in the tapping mode for the

perovskite layers deposited on FTO/c-TiO2 film. The

photovoltaic performance was evaluated in air under

simulated illumination generated by Xenon lamp at

intensity of 680 W/cm2, which was calibrated by

monocrystalline Si standard solar cell. Current den-

sity-voltage characteristic curves under darkness and

illumination were obtained by using Autolab Poten-

tiostat/Galvanostat PGSTAT 204 with a scan rate of

100 mV/s in forward bias.
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3 Results and discussion

The formation of CQDs is proposed via the synthesis

of aromatic clusters by aldol condensation from ace-

tone assisted by NaOH as illustrated in Fig. 1a. The

aldol reaction of acetone in presence of alkaline

medium can occur and result in the formation of an

unsaturated ketone. Afterward, the polymerization

process of this unsaturated ketone forms oligomers

with extended carbon chains which curl and inter-

twine to produce CQDs. The absorption of the as-

prepared CQDs depicted in Fig. 1b has two peaks at

around 235 and 300 nm attributed to p–p* transition
of C=C (carbonic core) and n–p* electronic transition,
respectively [31, 32]. To examine the fluorescence

properties of CQDs, PL spectra of CQDs dissolved in

DMF at different excitation wavelengths

(340–460 nm) are recorded and illustrated in Fig. 1c.

It is noticed that the fluorescence intensity is

decreased, and the emission peak is red shifted from

500 to 550 nm as kex is increased from 340 to 460 nm,

respectively. This reveals a wavelength dependence

photoluminescence behavior of CQDs. The tunable

emission wavelength and intensity of CQDs originate

from the broad size distribution, surface defects and

surface states. It is noted that the fluorescence emis-

sion results from the radiative recombination of

electron-hole pairs and consequently the decline in

fluorescence intensity confirms the presence of sur-

face trap states. The tunable of CQDs size affects the

nature, content of sp2 hybridized sites and value of

the band gap [33–35]. To study the surface structure

and composition of CQDs, FTIR analysis is carried

out as represented in Fig. 1d. The stretching vibration

at 3434 cm-1 is assigned to OH group. The CH and

CH2 stretching vibrations from the residues of methyl

groups of acetone are located at 2965 and 2928 cm-1,

respectively. In addition, the vibrational bands at

1710 and 1643 cm-1 are attributed to C=O and C=C,

respectively [25, 36].

FE-TEM investigation is carried out to obtain the

structure and morphology of CQDs. TEM image

illustrates the homogenous and well dispersed

spherical CQDs with a diameter ranged between 5

and 9 nm as shown in Fig. 2a. The high resolution

TEM image of a single crystal displayed in the inset
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of Fig. 2a indicates the crystalline nature of CQDs

with a lattice space of 0.24 nm and this is compatible

with (002) of graphite structure [37, 38]. Selected area

electron diffraction (SAED) is a technique applied

alongside TEM to determine the crystallinity and

crystal nature of CQDs. The single-crystalline

diffractogram depicts a regular pattern of bright

spots. If there are more contributing crystallites in

polycrystalline material, the diffraction image results

from a superposition of individual single crystals.

This superposition contains diffraction spots of the

crystallographic planes in all orientations. In case of

SAED of CQDs taken from one or a few single crys-

tals, the diffractogram depicts a regular pattern of

bright spots as represented in Fig. 2b [39].

The crystalline structure of the synthesized CQDs

is identified via XRD analysis. As depicted in Fig. 2c,

CQDs exhibit XRD patterns with broad peaks on a

huge characteristic hump [40]. CQDs have a strong

peak at 29.27�, which is ascribed to (002) (JCPDS,

Card No. 75-1621) [41]. In addition, there is a small

peak centered at 55.08� assigned to (004). Both (002)

and (004) represent the characteristic planes of gra-

phitic carbon in the synthesized CQDs [41, 42].

However, sharp, and faint peaks located at 17.05� and

44.07� are attributed to (103) and (101) planes,

respectively. This confirms the co-existence of both

graphitic and amorphous carbon nature in the syn-

thesized CQDs [40]. It is found that the percentage of

crystallinity or the percent relative crystallinity (Xc) is

61% [43].

By applying Bragg’s Law, the interlayer spacing

(d-spacing, dhkl) of the characteristic peak (002) is

0.31 nm which is lower than the graphitic interlayer

spacing (0.33 nm) [42]. The lower value of d-spacing

indicates the small crystalline nature of the synthe-

sized CQDs. It is noted that the broadening of (002)

plane suggests the ultrafine crystallite size of CQDs.

Thus, to estimate the average crystallite size (D) of

the CQDs, Debye-Scherrer’s equation is applied to

the diffraction peaks of the CQDs (Eq. 2) [44] :

D ¼ Kk
b cos h

ð2Þ

where K is a shape factor of 0.89, k is the wavelength

of X-rays, b is full width at half maximum (FWHM),

and h is Bragg’s diffraction angle [45]. The baseline

correction and Gaussian fitting are applied to XRD

patterns [see Fig. 2d] to estimate the FWHM and

D values as listed in Table 1. The mean crystallite size
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of the CQDs of 1.17 nm corresponds to the most

intense peak (002). Moreover, XRD patterns demon-

strate that the CQDs contain graphene oxide (GO)

with a peak located at 9.66o for (001). The crystallite

size and the d-spacing of the GO are 1.82 and

0.92 nm, respectively [46]. The high value of d-spac-

ing for GO is assigned to the intercalation of water

molecules, oxygen-functional groups, and other

structural defects between graphitic layers [47, 48].

XRD patterns for doped perovskite films with dif-

ferent ratios of ZnCl2 are displayed in Fig. 3a. The

peaks of (110), (220), and (310) planes are located at

14.138, 28.458, and 31.828, respectively. The crystalline
structure of perovskite films is a tetragonal structure

and agrees with the previous work [49]. It is noted

that the diffraction peak of (110) plane is shifted

toward lower angles with increasing doping level of

Zn content due to the substitution or incorporation of

Zn ions in the perovskite lattice as shown in Fig. 3c

[50]. The intensity of (110) and (220) planes is

enlarged as ZnCl2 concentration increases and

FWHM of (110) plane becomes smaller, and this

indicates an enhancement in the crystallinity of ZnCl2
doped perovskite films. The enhancement in the

crystallinity of ZnCl2 doped perovskite films can be

also attributed to the strong coordination interaction

between Zn2? and CH3NH3
?. Zn2? is a stronger

Lewis acid than Pb2? and this influences the crys-

tallization growth during the annealing process [51].

However, PbI2 degradation phase of (001) plane and

located at 12.78 appears at 3 and 5% of Zn2? is

attributed to excess ZnCl2 concentration and this

decomposes the perovskite structure [49].

XRD patterns of 1% ZnCl2/CQDs based perovskite

films with different CQDs contents are depicted in

Fig. 3b. It is observed that the crystallinity of CQDs

based perovskite films is enhanced and attained the

optimal at 0.05 mg/mL with a reduction of impurity

and degradation peak of PbI2. It is found that the

crystalline peaks of the perovskite films are attributed

to the tetragonal structure. The absence of extra peaks

in XRD pattern of perovskite films with addition of

CQDs indicates that the CQDs do not affect the per-

ovskite crystal structure. This is confirmed by the

fixing of the angle position of (110) plane shown in

Fig. 3d upon the incorporation of CQDs [23]. CQDs

addition improves crystallinity of ZnCl2/CQDs

based perovskite films due to the interaction between

the CQDs surface functional groups and perovskite.

Therefore, CQDs are adsorbed at the grain bound-

aries and restrict the evaporation of the solvent dur-

ing film formation. This delays perovskite growth

and improves the crystallization process [52]. Gen-

erally, the incorporation of CQDs along with 1%

ZnCl2 with a small amount (less than 0.05 mg/mL)

can enhance the crystallinity of the perovskite film.

The absorption spectra of MAI (PbI2)1-x(ZnCl2)x
perovskite films with x = 0, 1, 3, and 5% have onset

peaks around 775 nm as displayed in Fig. 3e. It is

noticed that the absorbance of 1% ZnCl2 doped film is

increased due to the improvement of crystallinity of

the perovskite films. However, the absorbance of

MAI (PbI2)1-x(ZnCl2)x perovskite films with 3 and 5%

Zn2? contents is reduced. This reduction results from

the poor quality of the prepared films as confirmed

by XRD and SEM [28]. The optical bandgap of the as-

prepared pristine and 1% ZnCl2 doped perovskite is

determined using Tauc plots as depicted in the inset

of Fig. 3e. The bandgap is slightly increased from

1.576 eV for the pristine film to 1.586 eV for 1% ZnCl2
doped film [53]. Consequently, this small increment

in the bandgap can be attributed to the participation

of the more electronegativity of halogen chloride ions

(the electron binding energies increase as Cl-[-

Br-[I-) [54]. Figure 3f presents the absorbance

spectra of 1% ZnCl2 along with 0.02, 0.05, 0.1, and

0.25 mg/mL CQDs perovskite films. The spectra

exhibit higher absorbances than 1% ZnCl2 and

Table 1 Crystallographic

parameters from XRD patterns

of CQDs

No. hkl 2hXRD [o] 2hJCPDS [o] dhkl (XRD) [nm] FWHM [Radian] D [nm]

CQDs 1 (103) 17.05 8.53 0.5199 0.1069 1.31

2 (002) 29.27 14.63 0.3051 0.1227 1.17

3 (100) 41.07 20.54 0.2198 0.1289 1.15

4 (101) 44.70 22.35 0.2027 0.0701 2.14

5 (004) 55.83 27.92 0.1647 0.1082 1.45

DAverage = 1.45 ± 0.36 nm

GO 1 (001) 9.66 4.83 0.9156 0.0763 1.82
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pristine films within the region from 450 to 550 nm.

The spectra verify the valuable impact of introducing

CQDs with ZnCl2 on perovskite film quality.

Figure 4a–d depicts SEM photographs to investi-

gate the effect of ZnCl2 on the nucleation and crystal

growth process of perovskite film with different
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ratios of zinc chloride (1, 3, and 5%). It is observed

that pristine film exhibits non-uniform grains with an

average grain size of 197 nm and few pinholes. The

grain size of 1% ZnCl2 perovskite has enlarged to be

about * 340 nm and this film is uniform, dense, and

compact. In addition, for 3 and 5% ZnCl2 perovskite

films, the grain size is significantly increased to

* 1.5 lm, and the pinholes and cracks are observed

at the grain boundaries. This affects the film quality

and generates leakage paths and it is expected to

reduce the photovoltaic performance [55]. Jin. et al.

compared the effect of ZnCl2 and ZnI2 on the mor-

phology of perovskite to determine whether the

crystal grain size is mainly associated with Zn2? or

Cl-. They concluded that the perovskite film pre-

pared with ZnI2 has a grain size similar to ZnCl2
revealing the crucial impact of Zn on the crystal

growth process [28]. It is expected that during the

perovskite crystal growth, the small portion of Zn2?

ions substitute Pb2? ions location in the perovskite

framework to change the crystallization process. The

higher chemical interaction between Zn2? and

anions, along with a strong coordination function

with organic groups, produces doped perovskite film

with a higher grain size [51].

In addition, SEM images of CQDs with different

contents incorporated into 1% ZnCl2 doped per-

ovskite films are illustrated in Fig. 5a–d. The obtained

1% ZnCl2 /0.05 mg/mL CQDs perovskite film has

uniform grains, high surface coverage with negligible

pinholes, and large grain size of * 1.8 lm. For 0.1

and 0.25 mg/mL of CQDs, the grain size of 1% ZnCl2
doped perovskite films is enlarged to * 4.2 lm.

However, the high content of CQDs is synchronized

with the appearance of pinholes inside and between

the grains. Guo et al. proposed a decrease in the grain

size with increasing CQDs content [23]. This is con-

tradictory to our results. CQDs incorporated with

ZnCl2 lead enlarged to the grain size and this reveals

a good impact of CQDs incorporation with ZnCl2 for

getting a compact perovskite film with negligible

defects.

AFM analysis is carried out to study the effect of

incorporation of ZnCl2 and CQDs on topography of

perovskite films. Figure 6a–c displays AFM images of

pristine, 1% ZnCl2, and 1% ZnCl2-0.05 mg/mL CQDs

based perovskite films, respectively. The bright

500 nm

500 nm 500 nm

500 nm

(a)

(c) (d)

(b)Fig. 4 SEM surface images of

MAI(PbI2)1-x(ZnCl2)x, x= 0,

1, 3, and 5% (a–d),

respectively
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regions represent the highest peaks, while the dark

regions refer to the deep valleys and pinholes [56].

The arithmetical mean roughness (Ra) values are

17.2, 22.9, and 19.4 nm for pristine, doped 1% ZnCl2,

and 1% ZnCl2/0.05 mg mL-1 based CQDs perovskite

films, respectively. After adding ZnCl2 (1%), the

roughness of the perovskite film has slightly

increased and negligible grooves are observed com-

pared with the pristine film. On the other hand, the

roughness of 1% ZnCl2-0.05 mg/mL CQDs based

perovskite film is slightly reduced again.

500 nm

500 nm

500 nm

500 nm1 µm

1 µm

1 µm

1 µm

(1a) (2a)

(1b) (2b)

(1d) (2d)

(1c) (2c)

Fig. 5 SEM images of 1% ZnCl2 perovskite film surface with different CQDs concentrations 0.02, 0.05, 0.1 and 0.25 mg/mL (a–d),

respectively
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Current density versus voltage (J–V) curves are

measured to investigate the effect of ZnCl2 and CQDs

on the PSCs performance. Figure 7a presents J–V

curves of pristine FTO/c-TiO2/perovskite/carbon

electrode, FTO/c-TiO2/1% ZnCl2 doped per-

ovskite/carbon electrode, and FTO/c-TiO2/1%

ZnCl2/0.05 mg mL-1 CQDs perovskite/carbon elec-

trode under illumination power of 680 W/m2.

Fig. 6 AFM images of perovskite films; pristine (a), 1% ZnCl2(b), and 1% ZnCl2/0.05 mg mL-1 CQDs (c)

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.001

0.01

0.1

1

10

100

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2)

Voltage(V)

1% ZnCl2/0.05 mgmL-1 CQDs
1% ZnCl2
Pristine

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
2
4
6
8
10
12
14
16
18
20
22
24

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2)

Voltage(V)

1% ZnCl2/0.05 mgmL-1 CQDs
1% ZnCl2
Pristine

(a) (b)Fig. 7 J–V curves of pristine

FTO/c-TiO2/

perovskite/carbon electrode,

FTO/c-TiO2/ 1% ZnCl2 doped

perovskite/carbon electrode,

and FTO/c-TiO2/1% ZnCl2/

0.05 mg mL-1 CQDs

perovskite/carbon electrode

under forward scan mode and

illumination power of 680

W/m2 (a), Semi log dark J-V

curves (b)
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Table 2 summaries the photovoltaic parameters for

the perovskite solar cells with different additives. By

introducing 1% ZnCl2, Voc and Jsc are improved

compared to the pristine perovskite solar cell. It is

found that Voc and Jsc for pristine PSCs are 0.56 V and

16 mA/cm2 while for 1% ZnCl2/0.05 CQDs PSCs are

0.78 V and 23.5 mA/cm2, respectively. On the other

hand, FF value is slightly decreased. This reduction

could be caused by the insufficiency of carrier

extraction at c-TiO2 layer and carbon counter elec-

trode interfaces. The shunt (RS) and series (RSH)

resistances have impact on the FF. The lower value of

RSH results in parasitic current pathways in parallel

to the ideal diode and the high value of RS shifts the

working point due to a parasitic voltage drop over

the series resistance [57]. The series resistance losses

occur due to the recombination process at carbon

electrode/spiro-OMeTAD [58] and c-TiO2/per-

ovskite interfaces [59]. In addition, the incorporation

of CQDs with ZnCl2 (0.05:1% respectively) shows a

significant increase in Jsc to about 23.5 mA/cm2 with

a low saturation current as shown in Fig. 7b. This

suppresses charge carrier recombination and enhan-

ces shunt resistance and consequently achieves PCE

of 8.08%.

4 Conclusion

Zn2? ions were incorporated into the perovskite

structure as a substitutional dopant to Pb2?. CQDs

passivated the trap states on perovskite films and

enlarged the gain size. The introduction of Zn2? in

perovskites yielded a compact, denser and pinholes

free film with a larger grain size. In addition, the

incorporation of CQDs produced a remarkable

enhancement in grain size with negligible surface

defects and an improvement in the crystallinity.

ZnCl2 (1%)/0.05 mg/mL CQDs perovskite film

illustrated uniform grains distribution, high surface

coverage with negligible pinholes and a larger grain

size of 1.8 lm. By optimizing the ZnCl2 and CQDs

incorporation concentration, the device exhibited

PCE of 7.61 and 8.08% for FTO/c-TiO2/1% ZnCl2
doped perovskite/carbon electrode, and FTO/c-

TiO2/1% ZnCl2/0.05 mg mL-1 CQDs per-

ovskite/carbon electrode, respectively.
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characteristics of PSCs with

different additives

Device Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

Pristine 16 0.56 32 4.21

1% ZnCl 2 20.5 0.75 33.7 7.61

1% ZnCl 2 /0.05CQDs 23.5 0.78 30 8.08
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