Front. Optoelectron. 2018, 11(4): 360-366
https://doi.org/10.1007/s12200-018-0847-4

RESEARCH ARTICLE

High fill factor over 82% enabled by a biguanide doping
electron transporting layer in planar perovskite solar cells

Ru GE, Fei QIN, Lin HU, Sixing XIONG, Yinhua ZHOU ()

Wuhan National Laboratory for Optoelectronics, School of Optical and Electronic Information, Huazhong University of Science and Technology,
Wuhan 430074, China

© Higher Education Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract N-type doping in electron transport materials is
an effective way to improve the electron collection and
enhance the performance of the perovskite solar cells
(PSCs). Here, for the first time, an antibiotic and
antimicrobial compound of 1-(o-Tolyl) biguanide (oTb)
is used to dope the electron transport material of phenyl-
Ce1-butyric acid methyl ester (PCBM). The oTb doping
into the PCBM can increase the conductivity and reduce
the work function of the PCBM. The oTb doping can
significantly enhance the fill factor (FF) of the perovskite
solar cells with the structure of glass/ITO/NiO,/MAPbI;/
(oTb)PCBM/(PEIE)/Ag. For the cells without PEIE
(polyethylenimine ethoxylated) coating, the oTb doping
increases the FF from 0.57 to 0.73. S-shaped of the current
density-voltage (J-V) characteristic under illumination is
removed after the oTb doping. For the cells with PEIE
coating between the (0Tb)PCBM and Ag, the oTb doping
increases the FF from 0.70 to 0.82. These results show the
potential of the oTb as an n-dopant in the applications of
perovskite solar cells.

Keywords perovskite solar cells, n-doping, biguanide, fill
factor (FF), electron transporting layer

1 Introduction

Perovskite solar cells have been attracting extensive
attention in both academia and industry due to their
rapidly growth in the power conversion efficiency (PCE)
[1], along with their advantages in cost, weight, manu-
facturing, flexibility and color tenability [2—6]. Planar
inverted “p-i-n” architecture has been widely studied [7],
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owing to their potential in easy fabrication, device
flexibility and possibility of fabricating multi-junction
cells [8-10]. The interface between electron transporting
layer (ETL) and top metal electrode plays a critical role in
high-performance perovskite solar cells. Fullerene or its
derivatives have been generally used as the electron
transporting layer in the p-i-n planar architecture [11,12].
A commonly used derivative is phenyl-Ce-butyric acid
methyl ester (PCBM) [13,14]. The direct contact between
the PCBM and metal electrode Ag is not favorable for
electron transport [15,16]. Typically, an S-shape can be
observed in the current density-voltage (J-V) character-
istics of cells under illumination, thus resulting in the poor
device performance (particularly low fill factor (FF))
[14,17]. One effective solution is to insert a separate
layer, such as polyethylenimine ethoxylated (PEIE) [18]
and bathocuproine (BCP) [19], between PCBM and Ag to
enhance the contact and therefore improve the electron
extraction. The insertion of the separate layer increases the
complexity of the device fabrication. In addition, the
processing solvent for this layer has to be very careful
since the organic-inorganic halide perovskite films are very
sensitive the polar solvents [20—-22]. Another strategy is to
adopt a dopant in fullerene derivatives [12,23,24]. The
doping can simultaneously enhance the conductivity and
shift the work function of the electron transporting layer,
and therefore improve the contact between the fullerene
and the metal electrode [15,17,25-27]. This strategy is
technically simple and effective. However, the effective,
low-cost and air-stable n-dopants are still fewly reported in
the literature. The search of the such n-dopants is still
going on for the community.

Here, for the first time, an antibiotic and antimicrobial
compound of 1-(o-Tolyl) biguanide (oTb) is used to dope
the PCBM and demonstrate the effectiveness as the
electron transporting layer in the inverted perovskite
solar cells. The oTb doping can increase the conductivity
and lower work function of PCBM. Very impressively,
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when the oTb doped PCBM films used the electron
transporting layer, the FF of planar perovskite solar cells
(glass/ITO/NiO,/MAPDI;/(0Tb)PCBM/Ag) is signifi-
cantly enhanced from 0.57 to 0.73, S-shape in the J-V
characteristics under illumination is removed after the oTb
doping. For the cells with PEIE coating between the (0Tb)
PCBM and Ag, the oTb doping increases the FF from 0.70
to 0.82.

profiler (Dektak XT, Bruker Corp). Work function of
PCBM and doped PCBM were conducted by Kelvin Probe
(KP020). The J-V characteristics of all devices were
measured by a Keithley 2400 source-measure unit inside a
N»-fillerd glove box under illumination of one sun.
Time-resolved photoluminescence were measured using a
Delta Flex Fluorescence Lifetime System monitored at
750 nm.

2 Experimental section
2.1 Materials

1-(o-Tolyl) biguanide (oTb), and polyethylenimine
ethoxylated (PEIE) were purchased from Sigma-Aldrich.
Nickel acetate tetrahydrate Ni(CH;COO),-4H,O from
Alfa Aesar, monoethanolamine and methoxyethanol from
Sigma-Aldrich were prepared for NiO, precursor solu-
tions. The NiO, precursor contained 0.3 g Ni
(CH5COO0),-4H,0 and 0.1 g monoethanolamine in 10 g
methoxyethanol. Methylamine iodide (MAI), Pbl, for
perovskite precursor and PCBM ( > 99%) were purchased
from Xi’an Polymer Light Technology Corp.

2.2 Device fabrication

The indium tin oxide (ITO)-coated glass (CSG Holding
Co. Ltd., Shenzhen) substrates process a sheet resistance of
10 Q. The ITO glass was cleaned in sequential ultrasonic
baths of detergent in deionized water, deionized water,
acetone and 2-propanol for 20 min. NiO, precursor
solutions were spin-coated on cleaned ITO, following an
annealing at 200°C for 10 min and 400°C for 20 min. After
that, the ITO/NiO, films were treated by air-plasma for 3
min and transferred to N,-filled glovebox. Then, the
perovskite layer was deposited on NiO, films. The
precursor solution (1.3 mol MAI: 1.3 mol Pbl, in GBL:
DMSO = 7:3) was spin-coated by a consecutive two-step
spin-coating process at 1000 r/min for 10 s, and 4000 r/min
for 20 s. The anti-solvent toluene (approximately 200 pL)
was quickly dropped onto the center of the films with a
delay time of 28 s after the beginning of the spin-coating.
Then, the substrate was annealed on a hot plate at 100°C
for 10 min. PCBM solutions (20 mg/mL in chlorobenzene)
with different doping ratio by oTb were fabricated on the
perovskite layer at a speed of 2000 r/min. PEIE (0.1 wt.%)
was spin-coated on the films to form an around 5-nm-thick
interface-decorating layer. Finally, 100-nm-thick silver
electrode was deposited on top of PEIE with the pressure
of 5 x 1077 Torr using a thermal evaporator (Mini-spectros,
Kurt J. Lesker)

2.3 Film and device characterization

The thicknesses of films were measured through a surface

3 Results and discussion

Figure 1 shows the chemical structure of the oTb and the
PCBM. Biguanides are often used as drugs for diabetes
mellitus, prediabetes or malaria. The oTb generally act as
an antibiotic and antimicrobial compound [28]. Here, we
introduce this compound into the field of solution-
processed electronics. The biguanide group in oTb has
the electron-donating property, which may have the doping
effect like amidine [25]. In addition, the tolyl group in 0Tb
makes the compound more soluble in organic solvents, and
more compatible with PCBM. The n-doping can be
achieved by mixing, which reduces the complexity and
cost of manufacturing. The doping effect is demonstrated
by the performance of the perovskite solar cells with the
structure of ITO/NiO,/MAPDI;/(0Tb)PCBM/Ag, as shown
in Fig. 1. It is an inverted perovskite solar cell structure,
with perovskite MAPbI; (CH3;NH;Pbls) as the active layer
to absorb the incident photons. (0Tb)PCBM represents the
pristine or oTb-doped PCBM films with various doping
concentrations as the electron transporting layer. Further-
more, we also fabricated perovskite solar cells with the
structure of ITO/NiO,/MAPDI;/(0Tb)PCBM/PEIE/Ag,
where PEIE is inserted between the electron transporting
layer and the Ag metal electrode to further enhance the
electron collections of the devices [29].

The doping concentrations of 0.1, 0.3, 0.5 and 1 wt.%
are studied, relative to the weight of PCBM. The (0Tb)
PCBM films were fabricated by spin-coating chloroben-
zene solutions consisting of 20 mg/mL PCBM and oTb
dopants. To understand the effect of the doping, we
evaluated the conductivity of the (0Tb)PCBM films on the
insulated glass substrates with transmission line method
(TLM) to avoid the influence of contact resistance. The
device structure of TLM measurement is shown in Fig. 2
(a). The conductive channels are the silver electrodes
created by the vapor deposition, with the channel width (a)
of 1 mm and the length (/) of 0.1 mm (L), 0.2 mm (2L), 0.3
mm (3L) and 0.4 mm (4L), respectively. By measuring the
I-V curves of the two adjacent silver electrodes with the
length of nl (n =1, 2, 3, 4), we can obtain the resistance
(R,.;), which consists of intrinsic resistance and contact
resistance. The R,;-n curve is then drawn with n as the x-
axis, which slope is the resistance (R) corresponding to the
channel of length L. Using this TLM method, we can
obtain a conductivity by the following equation PSCs [30]:
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where d denotes the film thickness measured by a surface
profiler. The conductivity of the pristine PCBM film is
about 7.44 x 1077 S/cm. As the 0Tb-doping concentration
increases, the conductivity of the film increases slightly,
reaching 2.11 x 107 S/cm (1 wt.%). The increase in film
conductivity indicates the doping effect of the oTb
addition. Figure 2(b) also shows the work function (WF)
of the films, which were fabricated on ITO glass substrates.
The WF of PCBM decreases from 4.55 to 4.47 eV upon
addition of 1 wt.% oTb. We conclude that the addition of
oTb shifts the WF of PCBM upper which is beneficial to
the electron collection by the Ag electrode.

J-V characteristics in Fig. 3(a) show the performance of
the devices under AM 1.5 G conditions (100 mW/cm?)
with a structure of glass/ITO/NiO,/MAPbI3/(0Tb)PCBM/
Ag. There is an “S-shape” in the J-V characteristic under
illumination of the control device with a pristine PCBM
electron transporting layer, due to the poor electrical
contact between the PCBM and Ag. The “S-shape” in the
J-V curves gradually removes with the increase of the oTb
concentration, showing an improved electron extraction
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property. Table 1 summarizes the photovoltaic parameters
of these devices. We can see that the open-circuit voltage
(Voc) values of the doped devices are higher than that of
the control device (1.03 V). The short-circuit current
density (Jsc) of the 0.1 wt.% oTb-doped device is 20.64
mA/cm?, higher than that of the pristine PCBM, but it
decreases as the concentration further increases. The most
changed parameter of the photovoltaic properties is the
FF, which increases from 0.57 (pristine PCBM) to 0.73
(1 wt.% oTb-doped). Figure 3(b) represents the statistical
date of ten devices fabricated with pristine and doped
PCBM electron transporting layer at various oTb concen-
trations, respectively. The average FF values of oTb-doped
devices are much higher than that of pristine PCBM-based
one. It increases with the increasing oTb concentration,
resulting in the enhancement of the PCE. With the tradeoff
of FF and Jsc, when the oTb doing concentration is 0.1 wt.
%, the perovskite solar cell (glass/ITO/NiO,/MAPbI;/
(oTb)PCBM/Ag) delivers a maximum PCE of 14.73%.
For comparison and further optimization of the solar
cells, cells with the structure of glass/ITO/NiO,/MAPbI5/
(oTb)PCBM/PEIE/Ag are also fabricated. A PEIE layer is
inserted between the (0Tb)PCBM and Ag electrode. The
PEIE coating is used to further enhance the electron

Fig. 1 Chemical structure of 0Tb and PCBM, and device structure of planar perovskite solar cells with the pristine or 0TB doped PCBM
as the electron transporting layer. Devices with and without PEIE layer between the (oTb)PCBM layer and Ag electrode are both

fabricated for comparison
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Fig. 2 (a) Device structure of the conductivity measurements (transmission line method) for the samples of (0Tb)PCBM,;
(b) conductivities and work functions of pristine and oTb-doped PCBM films with different doping concentrations
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extraction [31]. The J-V characteristics of the cells with
different concentration of oTb doping are shown in Fig. 4.
Their photovoltaic parameters are summarized in Table 2.
Comparing with the cells without PEIE coating, these cells
with PEIE shows higher performance. There is no “S-

shape” in the J-V curves under illumination. For the
pristine PCBM-based cell, it displays a Voc of 1.06 V, Jsc
of 20.55 mA/cm? and FF of 0.70. This confirms the
positive effect of the PEIE role for electron extraction. The
oTb doping into the PCBM electron transporting layer can

Table 1 Photovoltaic performance of the perovskite solar cells with the device structure of ITO/NiO,/MAPbI;/(0Tb)PCBM/Ag. Note: there is no
PEIE coating between the (0Tb)PCBM and Ag electrode

doping concentration of 0Tb into PCBM Voc/V JSC/(mA~cm’2) FF/% PCE/%
pristine PCBM 1.03 20.0 0.57 11.7
0.1 wt.% oTb 1.06 20.64 0.68 14.7
0.3 wt.% oTb 1.06 19.50 0.69 14.2
0.5 wt.% oTb 1.08 19.19 0.71 14.6
1 wt.% oTb 1.05 18.73 0.73 14.2
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Fig. 3 (a) J-V curves of the planar perovskite solar cells; (b) FF standard box plots of the perovskite solar cells with the structure of ITO/
NiO,/MAPDI;/(0Tb)PCBM/Ag, where the (0Tb)PCBM denotes pristien or oTb-doped PCBM films with different doping concentrations
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Fig. 4 (a) J-V curves of the planar perovskite solar cells (PSCs); (b) FF standard box plots of the PSCs with the structure of ITO/NiO,/
MAPbDI3/(0Tb)PCBM/PEIE/Ag, where the (0Tb)PCBM denotes pristien or oTb-doped PCBM films with different doping concentrations,

and a PEIE layer is inserted between the (0Tb)PCBM and Ag electrode
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Table 2 Photovoltaic performance of the perovskite solar cells with the device structure of ITO/NiO,/MAPbI3/(0Tb)PCBM/PEIE/Ag. A PEIE

coating is inserted between the (0Tb)PCBM and Ag electrode

doping concentration of 0Tb into PCBM Voc/V Jsc/(mA-cm™>) FF/% PCE/%
pristine PCBM 1.06 20.55 0.70 15.1
0.1 wt.% oTb 1.06 20.25 0.80 17.1
0.3 wt.% oTb 1.07 19.89 0.80 17.1
0.5 wt.% oTb 1.07 19.13 0.81 16.6
1 wt.% oTb 1.06 18.65 0.82 16.1

further enhance the solar cell performance. The Ve and
Jsc do not increase as the doping concentration increases.
Again, the oTb doping can significantly enhance the FF of
the cells. Statistical FF values of 20 devices for each
doping concentrations are shown in Fig. 4(b). When the
oTb doping is 0.1 wt.% relative to the PCBM, FF of the
cells increases to over 0.8 from 0.7 (cells with pristine
PCBM). The FF reaches 0.82 when the doping concentra-
tion is 1 wt.%. Such high FF is rarely reported in the
literature. The high FF confirms the potential of the oTb
doping into the electron transporting layers. It should be
noted that after adding PEIE layer, the FF of devices with
different oTb doping ratios does not increases as much as
the devices without PEIE. This is because the PEIE also
improves the electron collection. The devices with PEIE
(no 0oTb) can provide a FF of 0.70. The FF can be further
enhanced to 0.82 after oTb doping. When the oTb doping
concentration is 0.1 wt.%, the perovskite solar cells with
the PEIE coating delivers the highest PCE of 17.13%.
Time-resolved photoluminescence (PL) decay of the
samples [glass/MAPbI;/(0Tb)PCBM] are shown in Fig.
5. When the oTb doping ratio increases, the decay time of
the samples becomes longer. The prolonged lifetime might
be associated with trap passivation on the surface of
perovskite films [22].

= PCBM

PCBM (0.1% oTb)
PCBM (0.3% oThb)
PCBM (0.5% oTb)
PCBM (1% oTb)

normalized PL/a.u.

0.01F
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Fig. 5 Time-resolved photoluminescence (PL) decay of glass/
MAPbBI;/(0Tb)PCBM with different doping ratios

4 Conclusions

In this work, we demonstrate that an antibiotic and
antimicrobial compound of 1-(o-Tolyl) biguanide (oTb)
can be used as a dopant into PCBM for solution processed
electronics. The addition of oTb can increase the
conductivity and reduce the work function of the PCBM
film. The oTb doped PCBM as the electron transporting
layer can significantly enhances the FF of planar inverted
perovskite solar cells. For the cells without PEIE layer
between the PCBM electron transporting layer and Ag
electrode layer, the oTb doping could remove the S-shape
in the J-V characteristics with a FF increase from 0.57 to
0.73. For the cells with PEIE coating, the oTb doping
increase the FF from 0.70 to 0.82. These results show the
potential of the antibiotic and antimicrobial compound of
oTb in the applications of solution-processed electronics.
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