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ct of DIO additive on charge
extraction and recombination in organic–inorganic
hybrid MAPbI3�xClx perovskite solar cell

Liping Peng, *ab Wei Xiea and Changquan Yanga

In this article, we fabricated a plane structure perovskite solar cell of ITO/PEDOT:PSS/MAPbI3�xClx/PCBM/

Al. With 1% of 1,8-diiodooctane (DIO) additive in the perovskite, the solar cell's efficiency greatly increased

from 10.39% to 13.57%. On the one hand, the DIO additive is advantageous to enhance the thin-film degree

of crystallinity, and it can enhance the perovskite thin film's electrical polarization characteristic, leading to

an increase in the built-in electric field, and promote charge extraction and separation and transport

processes. On the other hand, the DIO additive can also enhance the charge extraction speed in the

perovskite solar cell photoelectric conversion process, and further increase the power conversion

efficiency (PCE) of the perovskite solar cell. In addition, in the perovskite solar cell device there occurs

the monomolecular recombination effect; the DIO additive introduced into the perovskite can effectively

reduce the trap-induced monomolecular recombination effect, and enhance the solar cell's PCE.
1. Introduction

In recent years, many authors1–4 have reported that in an
acceptor material, adding a third component material (additive)
could effectively control the active layer's morphology. Using
this method may lead to great economies in device post-
processing, simplify device preparation technology, and allow
realization of the most optimized efficiency. Additive selection
is very closely related to materials systems; if the compatibility
of donor and acceptor materials is not good in the active layer,
the degree of phase separation will greatly increase aer form-
ing the thin lm. Therefore, the selected additive material
needs to have good compatibility with the donor and acceptor
materials, and the boiling point of the additive must be higher
than that of the main solvent material. When adding the
additive to the donor and acceptor materials, if the donor and
acceptor materials were a uniform mixture, but the degree of
phase separation was small, they still could not form an inter-
penetrating network structure. Hence, controlling the degree of
phase separation of donor and acceptor materials is very
important in the active layer. It is useful for the donor material's
transport properties, which can promote power conversion
efficiency (PCE) enrichment. In experiments, the use of an
additive is a good and simple method to control the degree of
phase separation. For example, Su et al.5 added a small amount
of 1,4-diiodobutane to PBTTPD : PC71BM, which effectively
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increased PBTTPD crystal characteristic, reduced PC71BM
aggregation, promoted the donor–acceptor cross-penetrating
network structure, and enhanced PCE to 7.3%. Peet et al.6

added alkyldimercaptan to PCPDTBT : PCBM solution, which
increased the molecular chain interaction and enhanced the
hole mobility, leading to the PCE of perovskite solar cell
reaching 5.5%. In the perovskite eld, Alex et al.7,8 added
a certain amount of 1,8-diiodooctane (DIO) to a perovskite
polymeric precursor solution to improve the perovskite's
morphology. The addition of DIO could increase the perov-
skite's crystalline property, and enhance the thin lm's rate of
coverage, improving the PCE of the perovskite solar cell from
9.0% to 11.8%. Yang et al. added DIO to control the morphology
and structure of CH3NH3PbI3 perovskite thin lms, and
increased the PCE of perovskite solar cells from 4.5 to 9.0%.9

It is well known that charge recombination is an important
energy loss in the light current formation process. In a polymer/
perovskite solar cell, according to the electron–hole pair prop-
erty differences, charge recombination can occur, including
geminate recombination and nongeminate recombination.10

Geminate recombination is where the active layer absorbs the
same photon to generate an electron–hole pair, and the elec-
tron–hole pair is held together by the Coulomb force before
separating the free carrier. In nongeminate recombination,
a different photon is absorbed to generate an electron–hole
pair, and the electron–hole pair will recombine by the Coulomb
force in the transport process. Usually, in an experiment, we can
distinguish the geminate recombination from nongeminate
recombination by observing the recombination time and the
dependency relation of recombination process and carrier
concentration. Specically, the geminate recombination
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra08563c&domain=pdf&date_stamp=2018-12-01
http://orcid.org/0000-0002-5490-924X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08563c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008070


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 1
1:

25
:2

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
process happens very quickly, on a timescale at the nanosecond
level, and it has no relation to the carrier concentration. But
nongeminate recombination is related to carrier concentration,
and the process happens on the microsecond and millisecond
timescale aer initiation.

In addition, according to the internal carrier contributing to
the recombination effect, charge combination can also be
divided into monomolecular recombination and bimolecular
recombination.11 The probability of bimolecular recombination
contacts is related to two kinds of carrier densities of electrons
and holes: R f ne, nh, (where R is the probability of recombi-
nation and ne, nh are the density of electrons and holes,
respectively). However, the probability of monomolecular
recombination is only related to one kind of carrier density, that
of either electrons or holes: R f ne or R f nh. In general, if
a device has no trap state, photoexcitation generates electrons
and holes, and the recombination process belongs to bimolec-
ular recombination. But in a device having trap and defect
states, the device has a mass of trap states (holes or electrons),
electrons and holes can recombine with these defect charges,
the probability is related to one kind of carrier density, and this
trap-assisted recombination process belongs to monomolecular
recombination. At present, many methods have been used to
study the recombination process in polymer/perovskite solar
cells; for example, time-of-ight,12 steady-state current–
voltage,13 impedance spectroscopy,14 photoinduced charge
extraction by linearly increasing voltage, photo-CELIV,15 tran-
sient absorption and transient photoconductivity,16 etc. Cowan
et al.17 used the impedance spectroscopy and steady-state
current–voltage methods to study the charge recombination
mechanism in the PCDTBT and P3HT system. They found that
bimolecular recombination was the main recombination
process when the device was in the open circuit voltage condi-
tion, and the bimolecular recombination process was a voltage-
dependent and charge concentration process. Koster et al.18

utilized the steady-state differential current to study the bimo-
lecular recombination process of a P3HT:PCBM solar cell under
different annealing conditions. Mozer et al.15 reported
a detailed study of the charge mobility and charge recombina-
tion dynamics process under different delay time and light
intensity and applied bias by photo-induced charge extraction
by linearly increasing voltage.

Given all this, an additive not only can control the degree of
phase separation of donor and acceptor materials but also can
effectively suppress charge recombination. In this article, we
fabricated an ITO/PEDOT:PSS/MAPbI3�xClx/PCBM/Al structure
solar cell, utilized the additive of DIO to improve the perov-
skite's thin-lm morphology and to increase the perovskite
solar cell's PCE. We studied the perovskite thin lm's surface
morphology and electrical polarization properties by the light
absorption characteristic, X-ray diffraction (XRD), scanning
electron microscopy (SEM), atom force microscopy (AFM), and
capacitance–voltage relationship, utilized the transient photo-
current method to study how the additive affects the charge
transport and collection process, and utilized the different light
intensity current–voltage curve characteristic to analyze the
This journal is © The Royal Society of Chemistry 2018
inuence of the additive on the charge recombination
mechanism.

2 Experimental section
2.1 Perovskite material preparation

CH3NH3I, PbI2 and PbCl2 were purchased from the Materials
Co. in Canada and Alfa Aesar Co. in China. PbI2, PbCl2 and
CH3NH3I3 (2 M : 1 M : 1 M) were dissolved in N,N-dime-
thylformamide (DMF; Aldrich Co.) as the precursor solutions.19

All of the precursor solutions were stirred at 80 �C for 12 h,
which when the mass concentration was 30 wt% gave polymeric
precursor solution. The hole transport layer used PEDOT:PSS
(AI4083, Sigma-Aldrich), purchased from Bayer Co., Germany.
The electron transport layer used phenyl-C60-butyric acid
methyl ester (PC60BM) material, purchased from Banhe Tech-
nology Co. The PC60BM concentration was 20 mg mL�1, dis-
solved in chlorobenzene (Aldrich Co.), and stirred at 80 �C for
6 h. Electrodes for anode and cathode were ITO and aluminum
(Al) electrodes, respectively. The whole device structure is ITO/
PEDOT:PSS/perovskite/PCBM/Al.

2.2 Perovskite solar cell device preparation

Firstly, laser-patterned, ITO-coated glass substrates were
cleaned by ultrasonic oscillation in an alkaline, aqueous
washing solution for 15 min. Aerwards, they were rinsed
successively with deionized water, ethanol and acetone, then
placed into an O3 condition using ultraviolet treatment for
30 min. PEDOT:PSS was deposited by spin-coating at 5000 rpm
for 30 s to give a thickness of 40 nm. All thickness measure-
ments of thin lms used surface step prolers (Brooker Co.,
Germany). Aerwards, the prepared perovskite (MAPbI3�xClx)
was spin-coated on the PEDOT:PSS thin lm at 1000 rpm for
10 s, followed by 4000 rpm for 35 s. The thin lm was imme-
diately annealed at 70 �C for 80 min. Aer cooling down,
PC60BM (20 mg mL�1 in chlorobenzene) was spin-coated on top
of the perovskite lm at 2000 rpm for 45 s, followed by spin-
coating an interface-modifying layer of PEIE (0.1 wt%, in
anhydrous 2-propanol) at 5000 rpm for 60 s. Finally, 80 nm thick
Al layers were thermally deposited as the top electrodes under
a vacuum of 4 � 10�4 Pa to fabricate perovskite solar cells with
an area of 9 mm2. All devices were encapsulated by epoxy resin
in a glove box for experimental measurements. The device
structure is shown in Fig. 1. The DIO (Aldrich) concentrations
were 0.2, 0.6, 1.0 and 1.5 wt%, added into the perovskite poly-
meric material as the precursor solution, and heated with stir-
ring for 12 h at 80 �C.

2.3 Device characteristic measurement

Photovoltaic measurements were conducted using an AM 1.5
solar simulator equipped with a 450 W xenon lamp (Newport).
The power output was adjusted to match AM 1.5 global sunlight
(100 mW cm�2 by using a reference Si solar cell). Current
density–voltage (J–V) curves were obtained by applying an
external bias to the cell and measuring the generated photo-
current with a Keithley model 2400 digital source meter. The
RSC Adv., 2018, 8, 40298–40307 | 40299
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Fig. 1 Perovskite solar cell structure and DIO molecular structure.
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voltage step and delay time of photocurrent were 10 mV and 100
ms, respectively. A similar data acquisition system was used to
determine the monochromatic incident photon to electric
current conversion efficiency. Under full computer control, light
from a 300 W xenon lamp was focused through a Gemini-180
double monochromator onto the photovoltaic cell to be
tested. The monochromator was incremented through the
visible spectrum to generate IPCE(l), dened by IPCE(l) ¼ 12 400
(Jsc/l4), where l is the wavelength, Jsc is the short-circuit
photocurrent density (mA cm�2), and 4 is the incident radia-
tive ux (mW cm�2). Photovoltaic performance was measured
by using a metal mask with an aperture area of 10 mm2. The
measurements were performed under bias light. The cross
section of the device was measured by using a Zeiss Jemini FEG-
SEM instrument at 5 kV with magnication of 250k.

Fig. 2 shows the XRD patterns for the different DIO doping
concentrations of 0.2, 0.6, 1.0 and 1.5 wt%. From the XRD
results, we found that the pure perovskite shows several main
peaks, the corresponding diffraction angles being 14.1�, 28.4�,
31.9�, respectively. It is evident that the materials fabricated
from perovskite solutions crystallize in a tetragonal crystal
structure. XRD reections conrm the MAPbI3�xClx perovskite
structure with lattice parameters a ¼ b ¼ 8.8724 Å and c ¼
Fig. 2 XRD patterns for the pure and variously DIO-doped perovskite.

40300 | RSC Adv., 2018, 8, 40298–40307
12.5475 Å for the control sample and a ¼ b ¼ 8.8650 Å and c ¼
12.5370 Å for the sample with 1% DIO additive. In addition, in
the XRD pattern there also appears a small peak at 12.6�,
attributed to PbI2. When we added the DIO to the perovskite,
the DIO additive has no effect on the perovskite phase structure,
and no new peak appears. The DIO addition, on the one hand,
makes the grain size of perovskite become larger; on the other
hand, it increases the PbI2 grain size, making its phase structure
characteristic become more prominent.

Fig. 3 shows SEM images of the pure and 1% DIO-doped
perovskite thin lms. We observed that both samples show
full coverage on the substrate with the absence of pinholes. The
perovskite grain size appears to be signicantly enlarged by the
addition of DIO, increasing from an average value of 25.6 to
50.5 nm for control and DIO-modied samples, respectively,
and there is an increase the crystallinity of the perovskite thin
lm. We note that the SEM imaging is only sensitive to the
surface of the lm. We presumed that the grains are predomi-
nantly propagating throughout the thickness of the lm, but
cannot exclude the possible presence of smaller crystallites at
the buried interface.
3. Results and discussion
3.1 Additive's effect on device efficiency and perovskite thin-
lm morphology

Fig. 4 shows the current–voltage (I–V) characteristic curves of
the perovskite solar cell with the DIO concentration changing
from the 0.2 wt% to 1.5 wt%. We found the PCE of the perov-
skite solar cell rst increased and then decreased. When the
DIO additive concentration reached 1.0 wt%, the PCE also
reached the maximum of 13.57%. From Table 1, we thought the
reason for the PCE increase with the DIO additive concentration
mainly came from the short-circuit current (Jsc) that increased
quickly. Compared with the no DIO addition device, for which
Jsc was only 17.30 mA cm�2, when DIO was added into the
perovskite, Jsc increased quickly, the maximum Jsc being 19.76
mA cm�2 when the concentration of DIO was 1.0 wt%. This
showed that the interior charge transport properties were
enhanced aer inserting the DIO additive into the perovskite.
With continuing increase of DIO to 1.5 wt%, the PCE began to
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 SEM images of the perovskite thin film: (a) pure perovskite; (b) 1% DIO doping. Grain size of (c) pure perovskite and (d) 1% DIO-doped
perovskite.

Fig. 4 Current–voltage characteristic curves of perovskite solar cell
with various DIO concentrations.
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decrease; the greater DIO addition will affect the thin-lm
surface morphology, leading to a decrease in Jsc.

Fig. 5 shows the ultraviolet-visible absorption spectra of pure
perovskite thin lm and 1% DIO additive-doped perovskite thin
lm. From Fig. 5, we found that the absorption intensity of the
perovskite thin lm increased from 300 nm to 750 nm
This journal is © The Royal Society of Chemistry 2018
wavelength range when 1% DIO was added to the perovskite,
leading to the number of photoinduction-generated carriers
also increasing in the perovskite, resulting in an increase in the
device's short-circuit current. Fig. 6 shows the surface
morphology and surface potential distribution, measured by
AFM. The AFM measurement results showed that the pure
perovskite thin-lm surface was uniform and smooth, its crystal
size was small, and the roughness was RMS¼ 26.6 nm.With the
addition of DIO, the perovskite thin lm's aggregation extent
was increased, the crystal size was obviously enlarged, and the
aggregation extent was also increased, with RMS ¼ 52.5 nm.
These results showed that the DIO additive is useful to increase
the perovskite's crystal properties, and increased the perovskite
thin lm's light absorption intensity, further conrming the
results in Fig. 5. This also agreed with results reported in the
literature.20 In addition, Fig. 6(b and d) shows that the perov-
skite surface potential decreased aer 1% DIO addition. This
indicated that the DIO additive could enhance the perovskite
thin lm's electric polarization properties, which is useful for
charge separation and transport, and for enhancing the device's
PCE.

From Fig. 7 showing the device's capacitance–voltage (C�2–

V) relation, we found the device's built-in potential increased.
From Fig. 7 showing the 0% and 1% DIO-doped perovskite solar
cell C�2–V curve in the illumination condition, we obtained that
the built-in potential of the 0% DIO doping was Vbi ¼ 0.63 V,
and that of the 1% DIO doping was Vbi ¼ 0.67 V. This indicated
RSC Adv., 2018, 8, 40298–40307 | 40301
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Table 1 Perovskite solar cell's short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF) and efficiency with the additive of DIO and with
no additive

Concentration of
DIO additive (wt%)

Open-circuit
voltage (V)

Short-circuit
current (mA cm�2) Fill factor Efficiency (%)

0 0.91 17.30 0.66 10.39
0.2 1.00 17.59 0.67 11.79
0.6 0.99 19.58 0.68 13.18
1 1.01 19.76 0.68 13.57
1.5 1.02 17.01 0.68 11.80

Fig. 5 Ultraviolet-visible absorption spectra of pure perovskite thin
film and that with 1% DIO addition.
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that the DIO could enhance the device's built-in electrical eld,
because the thickness was the same for the 0% and 1% DIO-
doped perovskite thin lms. The built-in potential enhance-
ment meant the built-in electrical eld was also increased, and
the increased built-in electrical eld has an important effect on
charge transportation and extraction.
3.2 Additive's effect on the charge transportation and
collection process

Now, we discuss the effect of the DIO additive on charge
transportation and collection. In the perovskite solar cell, light
can produce electron–hole pairs, and generate free charge
carriers aer electron–hole pair separation. When these free
charges reach the electrode interface, they are extracted and
collected by the electrode. Finally, an optical current is gener-
ated. Of these processes, charge transportation and charge
extraction are the two most important ones, because the
intrinsic trap state of perovskite material leads to the occur-
rence of photo-induced charge capture and decapture process,
leading to a great of loss of photo-induce carriers. In addition,
the imperfect electrode interface causes charge accumulation,
which limits the charge extraction. In our experiment, we
utilized the transient photoconductivity method to study the
perovskite device's charge transportation and extraction
process, used short pulses of light to excite the perovskite solar
40302 | RSC Adv., 2018, 8, 40298–40307
cell, and made the device interior produce a few carriers. These
carriers can as the detection charge to monitor the correlation
of charge extraction time and excited light intensity (carrier
concentration), thus elucidating the photo-generated charge
transportation process. Fig. 8 shows the results for the 0% DIO-
and 1% DIO-doped device's transient photocurrent under
different light intensities. For a short pulse of exciting light, the
device's current increased quickly, and reached the maximum
value; when the pulse of exciting light was stopped, the device's
current little by little decreased with time. From Fig. 8, we found
the light current increased with the increasing exciting light
intensity, because the carrier concentration increased under
higher exciting light intensity, so we can get that the internal
photo-induced generate charge's all number by the transient
photocurrent curve's time integral (see Fig. 9). Fig. 9 shows, for
the 0% DIO- and 1% DIO-doped perovskite thin lms, the
dependency of charge extraction and charge extraction time on
the light intensity. From Fig. 9, we get three pieces of infor-
mation. (i) For both devices, the total number of photo-induced
charges increased with increasing light intensity, indicating
that the device's carrier concentration increased with increasing
light intensity. (ii) Under a denite exciting light intensity, the
total number of photo-induced charges of the 1% DIO-doped
perovskite was greater than that of the 0% DIO-doped device.
The greater number of photo-induced charges indicated that
the DIO additive can increase the charge separation, and
produce more charge carriers to transport to the electrode
interface, at last being collected by the electrode and generating
light current. (iii) The rate of photo-induced charge generation
was quick with the light change in the 1%DIO-doped perovskite
device. This indicated the 1% DIO-doped perovskite thin lm
could produce more effective charge transport channels, and
promote the charge carrier transport to the corresponding
electrode.

For further comparing the decreasing tendency of photo-
induced current, we normalized the transient photo-induced
current curve. The normalization curves are shown in the
insets of Fig. 8. The charge extraction time denes photo-
induced current attenuation time from the maximum value to
1/e of maximum value. Fig. 9 shows, for the 0% DIO- and 1%
DIO-doped perovskite thin lm, the dependency of charge
extraction time on the light intensity. From Fig. 9, we found that
for both devices the extraction time increased with increasing
light intensity. However, under the same light intensity, the 1%
DIO device's charge extraction time is shorter than that of the
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08563c


Fig. 6 Pure perovskite thin film and 1% DIO additive-doped perovskite thin film surface morphology and potential distribution: (a and c)
morphology; (b and d) potential distribution. The measurement range was 10 mm.

Fig. 7 C�2–V characteristic curves 0% DIO- and 1% DIO-doped
perovskite thin films.
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0% DIO device. This indicated that the DIO additive could
obviously enhance the charge extraction speed. From Fig. 9(a)
and (b), with 1% DIO addition, the device could extract more
This journal is © The Royal Society of Chemistry 2018
charge in a short time from the DIO-doped perovskite device,
meaning DIO addition could greatly enhance the device's
charge transportation and collection ability.
3.3 Additive's effect on the charge recombination process

For exploring how the additive affects the charge recombination
mechanism in the perovskite solar cell, we measured the
current–voltage curve of the 0% DIO and 1% DIO devices under
different light intensities (see Fig. 10). Fig. 10(a) and (b) shows
the current–voltage curve of 0% DIO and 1% DIO devices under
different light intensities, respectively; Fig. 10(c) and (d) shows
normalized I–V characteristic curves of 0% DIO- and 1% DIO-
doped devices, respectively. From Fig. 10, we know that the
device's total current (Jtotal) is a function of the light intensity (I)
and applied voltage (V). It includes the two parts of dark state
current (Jdark) and photo-induced current (Jph), namely:21,22

Jtotal(I, V) ¼ Jdark(I, V) + Jph(I, V) (1)

where the photo-induced current can also be expressed as:

Jph(I, V) ¼ qLG(I)PC(I, V) (2)
RSC Adv., 2018, 8, 40298–40307 | 40303
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Fig. 8 Perovskite solar cell transient photocurrent characteristic curves under different light intensities: (a) 0% DIO addition; (b) 1% DIO addition.

Fig. 9 (a) Dependency of charge extraction on light intensity and (b) dependency of charge extraction time on light intensity for 0% DIO- and 1%
DIO-doped perovskite thin films.
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where q is the elementary charge, L is the active layer's thick-
ness, G(I) is the generating speed of electron–hole pairs in the
unit volume, and PC(I, V) is the charge collection probability.
Supposing the internal effective electrical eld was enough to
transport all carriers to the electrode interface, and these
charges were collected by the electrode under the appropriate
applied reverse bias (�0.2 V), simultaneously, the photo-
induced current reached the maximum value, namely reverse
saturation current is:

Jph,sat(I) ¼ qLG(I) (3)

Hence, the PC(I, V) or normalization current relationship can
be expressed as:

PCðI ; VÞ ¼ JphðI ; VÞ
Jph;sat ðIÞ (4)

Fig. 10(c) shows normalized I–V characteristic curve of 0%
DIO-doped device under different light intensities. Aer
normalizing, the curve showed that the device change trend was
the same in the �0.2 to 0.4 V range. It showed PC curve change
was not connected with the light intensity change; here, the
main charge combination was monomolecular recombination.
Conversely, when the applied bias voltage was bigger than 0.4 V,
when the applied bias voltage further increased, the device
internal effective electrical eld would decrease, and the
40304 | RSC Adv., 2018, 8, 40298–40307
collection efficiency of charges would reduce. The PC curve has
an obvious dependency relation with the light intensity change,
especially near the open-circuit voltage. When Jtotal ¼ 0, the
reduction of charge collection ability was the most remarkable;
here, the main charge combination was bimolecular recombi-
nation. Fig. 10(d) shows the normalized I–V characteristic curve
of the 1% DIO-doped device. Compared with the 0% DIO-doped
device, in the �0.2 to 0.6 V range, the PC curve has no relation
with the light intensity, indicating the main charge combina-
tion was monomolecular recombination. But when the voltage
changed to the 0.6 V to Voc range, the PC curve has an obvious
relation with the light intensity; here, the main charge combi-
nation was bimolecular recombination.

For further understanding the inuencingmechanism of the
DIO additive on the charge combination process in the perov-
skite solar cell, and making clear the interrelation of the short-
circuit current and the open-circuit voltage and light intensity,
the literature reported Jsc and I show following relation:23,24

Jsc f Ia (5)

where a ¼ 1 indicates the device has a very strong bimolecular
recombination action. Taking double logarithms for the short-
circuit current and light intensity, we obtain Fig. 11. Utilizing
eqn (5) to tting the curve of current-light intensity, a ¼ 0.903
and a ¼ 0.906 for the 1% DIO and 0% DIO devices respectively,
which are almost equal, but a ¼ 1, the curve's deviation is
biggest, indicating the device exhibited a very strong
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08563c


Fig. 10 Current–voltage curves of (a) 0% DIO device and (b) 1% DIO device under different light intensities. Normalized I–V characteristic curves
of (c) 0%DIO-doped device and (d) 1% DIO-doped device. Two regions are represented on the graph indicatingmonomolecular and bimolecular
recombination.
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bimolecular recombination action. Analyzing the above PC
curve, we found that the two devices have a strong obvious
dependency relation with the light intensity near open-circuit
voltage. They showed a serious combination effect, and there-
fore we need to further analyze the interrelation between open-
circuit voltage and light intensity. When the solar cell is illu-
minated, the device's open-circuit voltage was equal to the
Fermi energy level difference of polymer and fullerene,
namely:25

vf ¼ 1

e

�
EFullerence

LUMO � E
Polymer
HOMO

�
� keT

e
ln

�
nenh

Nc
2

�
(6)

where ne and nh are electron and hole concentrations in the
fullerene and polymer under open-circuit voltage state, respec-
tively, Nc is the density of state at energy band edge of fullerene
Fig. 11 (a) Dependency relation of short-circuit current and light intensit
the perovskite solar cell.

This journal is © The Royal Society of Chemistry 2018
and polymer, kB is the Boltzmann constant, T is absolute
temperature, e is the elementary charge, EPolymer

HOMO is the donor
polymer ionization potential, and EFullerenceLUMO is the acceptor
fullerene electronic affinity. Transforming eqn (6) into the
relation expression of Voc and light intensity (I), we get the
equation:

dVoc ¼ (kBT/e)ln(I) + const (7)

From the relation of Voc–ln(I), we get dVoc/ln(I) ¼ 2kBT/e,
indicating that the device exhibited a serious monomolecular
recombination action (trap-assisted recombination). When
dVoc/ln(I)¼ kBT/e, it indicated that the device exhibited a serious
bimolecular recombination action. From Fig. 11, the curve of
y, (b) dependency relation of open-circuit voltage and light intensity in

RSC Adv., 2018, 8, 40298–40307 | 40305
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1% DIO voltage change with the light intensity slope was
1.32kBT/e, indicating that the device exhibited mainly bimo-
lecular recombination near open-circuit voltage. This result
supports the previous conclusion, namely, when Voc was bigger
than 0.6 V, the recombination process changed from mono-
molecular recombination to bimolecular recombination for the
device with 0% DIO doping. The curve of 1% DIO voltage
change with the light intensity slope was 1.75kBT/e. This kind of
strong dependency relation of voltage and light intensity indi-
cated the main recombination process was bimolecular
recombination and trap-assisted recombination. Because the
perovskite has a mass of bulk defects, these defects can act as
traps and centers of recombination, and induced the trap to
lead to recombination. But the 1% DIO device voltage change
with the light intensity slope was small (1.32kBT/e), indicating
that the device exhibited a weak trap-induced recombination
effect. Therefore, the DIO additive can reduce the trap state-
induced recombination in the perovskite solar cell, and
enhance the PCE of the perovskite solar cell.

4 Conclusions

In this article, we fabricated a plane structure perovskite solar
cell of ITO/PEDOT:PSS/MAPbI3�xClx/PCBM/Al. We utilized the
additive DIO to improve the perovskite thin lm's morphology
quality, and to enhance the perovskite solar cell's efficiency. We
studied how the DIO additive affects the charge transportation
and collection and recombination physical mechanism by light
absorption, surface morphology and potential, capacitance–
voltage relation, transient photocurrent, I–V curve under
different light intensity, etc. The results are summarized as
follows:

(1) When DIO was added to the perovskite, the light
absorption intensity of MAPbI3�xClx obviously increased. AFM
showed that the surface potential was also obviously increased,
indicating that DIO was useful to enhance the thin-lm degree
of crystallinity, and enhance the perovskite thin lm's electrical
polarization. C�2–V experimental results found that the 0%
DIO- and 1% DIO-doped devices' built-in electrical potentials
were 0.63 V and 0.67 V, respectively. Hence, increasing the
device's built-in electrical eld, and promoting the charge
separation and transport lead to an efficiency enhancement
from 10.39% to 13.57%.

(2) Transient photo-induced current experiment found that
the DIO additive could increase the number of charges extrac-
ted, indicating that DIO addition could enhance the charge
separation, and produce more charge carriers to be collected by
the electrode. In addition, the dependencies of extraction time
and light intensity showed that the charge extraction time of the
1% DIO-doped device was smaller than that of the 0% DIO-
doped device for the same light intensity, indicating that DIO
addition could increase charge extraction speed; namely, it
could greatly enhance the charge transportation and collection
ability.

(3) The current–voltage curve under different light intensi-
ties showed that the 1% DIO and 0% DIO perovskite devices' PC
curves have no connection with the light intensity in the range
40306 | RSC Adv., 2018, 8, 40298–40307
of �0.2 to 0.6 V; here, the main charge recombination was
monomolecular recombination in the device. But when the
voltage range changed to the 0.6 V to Voc, the PC curve has
a strong relation with the light intensity; here, the main charge
recombination is bimolecular recombination process. When
the recombination process happened near Voc, the slopes of
voltage change with light intensity were 1.32kBT/e and 1.75kBT/e
for the 1% DIO- and 0% DIO-doped devices, respectively. For
the device of 0% DIO doping, the voltage and light intensity
have a strong dependency relation showing that the device
recombination includes both bimolecular recombination and
trap-assisted recombination. We hope these results can be used
to promote and help to enhance and develop the high efficiency
and stability of perovskite solar cells.
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