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Abstract: Although perovskite solar cells containing methylamine cation can show high power conversion efficiency, stability
is a concern. Here, methylamine-free perovskite material Cs,FA;_[Pbl; was synthesized by a one-step method. In addition, we in-
corporated smaller cadmium ions into mixed perovskite lattice to partially replace Pb ions to address the excessive internal
strain in perovskite structure. We have found that the introduction of Cd can improve the crystallinity and the charge carrier life-
time of perovskite films. Consequently, a power conversion efficiency as high as 20.59% was achieved. More importantly, the
devices retained 94% of their initial efficiency under 1200 h of continuous illumination.

Key words: methylamine-free; photo-stability; lattice strain; cadmium doping

Citation: Y Chen, Y Zhao, Q F Ye, Z M Chu, Z G Yin, X W Zhang, and J B You, Improved efficiency and photo-stability of
methylamine-free perovskite solar cells via cadmium doping[J]. J. Semicond., 2019, 40(12), 122201. http://doi.org/10.1088/1674-

4926/40/12/122201

1. Introduction

Organic—inorganic hybrid metal halide perovskite solar
cells have become popular in solar cells in recent years due
to their low cost and high-power conversion efficiency!'-5l,
The power conversion efficiency of solar cells that contain
methylamine has made great progress in the past five
yearsl6-19), the newest record 23.7% has been very close to
that of GaAs, CdTe, and silicon solar cells. However, the instabil-
ity of these devices has restricted their practical applica-
tion''-14, Methylamine (MA) compound has been con-
sidered as one of the issues that affect stability. Therefore,
keeping the balance in the stability and the power conver-
sion efficiency of solar cells is a key problem. One important
trend to replace methylamine has been the use of more com-
plex perovskite compositions, ranging from double cations
(CsFA, RbFA)'>-18] triple cations (CsRbFA)'9. However, the
highest efficiency of MA-free perovskite solar cells has only
been about 20%.

In this manuscript, a methylamine-free perovskite Cs,FA;_,-
Pbl; was synthesized by one-step method and the solar cell de-
livered a remarkable efficiency beyond 20%. In addition, we in-
corporated smaller cadmium ions into B site of perovskite to
partially replace the Pb ions, the crystallinity has been im-
proved and the charge carrier lifetime has been extended. Con-
sequently, the solar cells with Cd showed 20.59% PCE and,
more importantly, the photo-stability of perovskite solar cell
has been significantly improved.
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2. Experimental

2.1. Materials

The SnO, colloid precursor was obtained from alfa aesar
(tin (IV) oxide), dimethylformamide (DMF), dimethyl sulfoxide
(DMSO) and chlorobenzene (CB) were purchased from alfa
aesar. Anhydrous lead iodide (Pbl,), cadmium iodide (Cdl,)
and cesium chloride (CsCl), were obtained from Sigma Ald-
rich. Formamidine iodide (FAI), formamidine chloride (FACI)
were purchased from Xi'an Polymer Light Technology Corp.

2.2. Perovskite solar cells fabrication

ITO glass was cleaned by sequentially washing with deter-
gent, deionized (DI) water, acetone, and isopropanol (IPA). Be-
fore spinning, the ITO was cleaned by UVO for 10 min. A com-
pact thin layer of SnO, nanoparticle film was then spin
coated at 4000 rpm for 30 s, subsequently annealed on a hot
plate at 150 °C for 20 min in ambient air. Perovskite precurs-
ors with and without Cd doping were prepared. For the con-
trol precursor, the molar ratios of Pbl, : FAI : FACI : CsCl are
1.55:1.5:0.3:0.1. For the precursor with Cd doping, a 2%
molar of Cdl, had been introduced. These materials were dis-
solved in a mixture solvent (DMSO : DMF = 9 : 1). The precurs-
or solutions were then spin coated onto the SnO, layer at the
speed of 2000 rpm for 60 s by one-step process, and
chlorobenzene (200 uL) was dropped on the perovskite films
surface as anti-solvent at the speed of 5000 rpm for 30 s. The
films were then annealed at 150 °C for 20 min in ambient air
(30%-40% humidity). The hole transporting layer was then
spin coated on top of the perovskite film at the speed of
2000 rpm for 30 s using 2,2',7,7-tetrakis(N,N-dip-meth-
oxyphenylamine)-9,9"-spirobifluorene (Spiro-OMeTAD) solu-
tion. 1 mL Spiro-OMeTAD solution consisted of 72.3 mg
Spiro-OMeTAD, 35 uL bis(trifluoromethane) sulfonimide lithi-
um salt (Li-TFSI) stock solution (260 mg Li-TFSIin 1 mL acetoni-
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Fig. 1. The morphology of perovskite films with and without Cd doping.

trile), 30 uL 4-tertbutylpyridine, and 1 mL chlorobenzene. Fi-
nally, 100 nm of Au counter electrode was thermal evapor-
ated on top of hole transporting layer using a shadow mask.
The effective area of the device was 0.108 cm? and a
0.0737 cm? metal mask was used to define the accurate act-
ive cell area.

2.3. Device characterization

The morphology of perovskite films was measured
by a field-emission scanning electron microscopy (FEI
NanoSEM650), using an electron beam accelerated at 0.5 to
30 kV, enabling operation at various currents. The X-ray diffrac-
tion (XRD) patterns (6-26 scans) of the perovskite films were
collected with a Rigaku D/MAX-2500 system, using Cu Ka (A =
1.5405 A) at 40 kV and 200 mA. Steady state photolumines-
cence (PL) measurement was conducted by FLS980 spectro-
meter (Edinburgh, England), Time-resolved photolumines-
cence (TRPL) was measured by Edinburgh F900 spectromet-
er (England), both PL and TRPL were manipulated in ambi-
ent air. X-ray photoelectron spectroscopy (XPS) was carried
out using the Thermo Scientific ESCALab 250Xi system, with
200 W monochromated Al Ka (1486.6 eV) radiation and a
500 nm X-ray spot. The J-V characteristics of the photovolta-
ic cells were measured using the Keithley 2400 source meter,
under simulated one-sun AM 1.5 G illumination with a solar
simulator (Enli Technology, Taiwan). The light intensity was
calibrated by KG-5 Si diode. The external quantum efficiency
(EQE) was manipulated using an Enli Tech (Taiwan) measure-
ment system. The illumination stability test was carried out in
the nitrogen glove box and white LED arrays were used for
continuous illumination.

3. Results and discussions

We have checked the morphology of perovskite films
with and without Cdl, by scanning electron microscopy
(SEM). As shown in Fig. 1(a), the perovskite film without Cdl,
is very uniform and the crystal size is about 500 nm. The intro-
duction of Cl ions in the precursor could assist the growth of
the perovskite crystallinity20-24l, After incorporating Cdl, into
perovskite, the crystal size has been significantly improved
over 1 um (Fig. 1(b)), but there are a few holes in the thin
film due to the uneven crystal size. The mechanism behind
this is not very clear at present.

To study the influence of Cd incorporation on the
growth of perovskite crystals, X-ray diffraction measurement
has been carried out. From the Fig. 2(a), we can find that the
XRD peaks of the film without Cdl, are mostly from the per-

ovskite diffraction patterns and only a small amount of Pbl,
are observed. The intensity of XRD diffraction peaks of the per-
ovskite film with Cdl, has been greatly improved, which indic-
ates that the crystallinity of perovskite films has been pro-
moted, which is consistent with the SEM results. In addition,
the diffraction peaks of Pbl, has also been enhanced in the
films with Cdl,, indicating more residual Pbl, in the film. This
can be explained because Cdl, has occupied the Pbl, site.

More importantly, we have observed that the diffraction
angles from perovskite diffraction patterns in the film with
Cdl, have shifted to smaller angles. For example, the diffrac-
tion angles of (100) plane has shifted from 14° to 13.96° (In-
set of Fig. 2(a)). According to the Bragg equation 2dsin@ = nA,
and it is concluded that the perovskite lattice constant of thin
film with Cdl, is larger than that of thin film without Cdl,.
This could be due to the lattice strain relaxation: the lattice
strain originates from the ionic size mismatch between the A
cation and the lead halide cage size, resulting in perovskite
structure distortions and BXy octahedra tilting25-271, Incorpo-
rating the smaller Cd ions to replace partially Pb ions can de-
crease the Pb-I-Pb distortion angles, and thus expands the oc-
tahedral cage and restores the perovskite structure(23],

X-ray photoelectron spectroscopy (XPS) was carried out
to check the existence of Cd in the perovskite films, the Cd
3d core energy level has been tracked and it is found that
there are two strong peaks located at 405.6 and 412.5 eV,
which correspond to the Cd 3ds,, and Cd 3ds,,, respectively.
This result confirms that the existence of Cd in the per-
ovskite films.

We checked the steady photoluminescence (PL) of the per-
ovskite films with and without Cdl, (Fig. 2(c)), we found that
the PL intensities are obviously increased after introducing
Cdl, into perovskite, this could be due to the improvement of
crystallinity of perovskite films (Fig. 1).

We also found the PL spectra peak of perovskite film has
a slightly red shift and the result can be explained by the per-
ovskite film with Cdl, has a lower band gap value. Due to the
perovskite film without Cdl, trend to be the tetragonal phase
under the excessive lattice strain as a result of the ionic size
mismatch2¢], and the doping of Cd can maintain the cubic
phase of perovskite by relaxing lattice strain. The cubic phase
had a lower band gap than the tetragonal phase, therefore
the PL spectra peak of perovskite film with Cdl, has a slightly
red shift!28l,

To further explore the charge carrier, time-resolved photo-
luminescence (TRPL) was then carried out. As shown in
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Fig. 2. (Color online) Crystal characteristic and optoelectronic properties of perovskite films with and without Cd doping. (a) X-ray diffraction
(XRD) of the perovskite films with and without Cd doing. (b) X-ray photoelectron spectroscopy (XPS) of the perovskite film with Cd doping. The
Cd 3d core energy level was recorded. (c) Photoluminescence of the perovskite films with and without Cd doping. (d) Time-resolved photolu-

minescence (TRPL) of the perovskite films with and without Cd doping.

Fig. 2(d), the perovskite film with Cdl, shows significantly
slower PL decay than that of perovskite film without Cdl,.
The decay lifetime of perovskite film is considered as a key in-
dicator of the deposited films quality: a longer carrier life-
time means better crystalline and lower defect density. To
study the carrier lifetime quantitatively, the kinetics of charge
carrier recombination be established by the follow kinetic
equation. We use a bi-exponential decays!?! model to fit the
PL decay curves, which includes fast and slow components T
and 1, respectively39],

I(t) =Aexp(=t/T) + Aexp (~t/T5) . (1)

The fitted results are shown in Table 1. In this kinetic de-
cay model, the fast component 1; was usually related to carri-
er recombination caused by surface defects, and the slow com-
ponent T, was related to recombination caused by bulk per-
ovskite defects. Photo-generated carriers was formed in per-
ovskite films under laser excitation. Because there is no trans-
porting layer, the extraction process cannot have happened
and the photo-generated carriers have only recombined
through radiative recombination and non-radiative recombina-
tion. The two processes are opposite, the former goes
through the energy loss process through emission, while the
latter goes through the energy loss process in the form of re-
combination with defects etc. Under this open circuit condi-
tion, stronger PL intensity and longer PL lifetime are usually
caused by low density defects.

Through our fitting equation, we can estimate that the 7
and 1, of control film without Cdl, are 144 and 1192 ns, re-
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Table 1. Fitted data from TRPL spectra.

Device 7 (ns) 7, (ns)
Without Cd 144 1192
With Cd doping 864 4260

spectively, after introducing Cdl,, these values have been signi-
ficantly extended to 864 and 4260 ns, respectively. The life-
time of 7; has been increased by about 6 times, and the T, of
has been increased by 4 times. The improved carrier lifetime
of perovskite film is related to the reduced non-radiative re-
combination in both surface and bulk, which mainly corres-
pond to the enhanced crystalline quality, increased size of per-
ovskite crystal in the perovskite filmB1,

We fabricated devices with the structure ITO/SnO,/per-
ovskite/spiro-OMeTAD/Au  (ITO: indium tin oxide; spiro-
OMeTAD: 2,2',7,7'-tetrakis(N,N-dipmethoxyphenylamine)-9,9'-
spirobifluorene). Fig. 3(a) shows the light current-voltage
(J-V) curves of the devices with and without Cdl,. It was
found that the device without Cdl, showed open circuit
voltage (Vo) of 1.06 V, short circuit density (J) of
24.72 mA/cm? and the fill factor (FF) of 76.91%, as a result of
power conversion efficiency (PCE) of 20.15%. The remarkable
device efficiency can be attributed to the uniform grain size
of the perovskite thin film. For the device with Cdl,, the
device showed a higher open circuit voltage (1.08 V) com-
pared with the control device, and a J,. of 24.6 mA/cm? and
FF of 77.5%, which finally shows a slightly higher power con-
version efficiency (20.59%) compared with control devices.

......
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Fig. 3. (Color online) Device performance. (a) J-V curves of perovskite solar cells with and without Cd doping, measured under standard AM
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The external quantum efficiency of the different devices is
shown in Fig. 3(b), the integrated short-circuit current dens-
ity of 23.97 mA/cm? and 23.75 mA/cm? are matched well
with the J-Vcurve.

We fabricated a large batch of devices to check the
device performance reproducibility (Fig. 4). It can be easily
found that the Vc and FF are generally increased and the aver-
age device performance has increased from 19.5% to 19.8%
while incorporating Cdl, into perovskite, while the J,. of
devices with Cdl, has decreased slightly. The improved per-
formance could simply be attributed to the better thin film
quality and enhancement of charge carrier lifetime. We can
owe the decrease of J to the holes in the perovskite film,
which can be considered as the parasitic shunt resistance
and share the J,. with the perovskite solar cell. Nevertheless,
the loss of J,. as shown in the Fig. 4(c) can be neglected.

We also tested the long-term photo-stability of our
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devices that had met the requirement of high efficiency (PCE
> 20%). Fig. 5 showed the normalized PCE versus time for
devices with and without Cdl,. The devices were continu-
ously illuminated in nitrogen atmosphere for 1200 h and J-V
tests were carried out. The device with Cd doping showed an
obvious enhancement of photo-stability compared with the
control device. After 1200 h of illumination, the power conver-
sion efficiency of device with Cdl, can still be retained at 94%
of the initial efficiency, while the efficiency of the device
without Cd doping had reduced to less than 80%.

The better stability of the device with Cdl, can be attrib-
uted to the improvement of perovskite crystallinity and the
reduction of non-radiative recombination. Due to the excess-
ive lattice strain, the Pbl, vacancy formation energy in the
control film is relatively low and the perovskite films can eas-
ily produce much internal vacancy defects under the influ-
ence of external energy!?3l. Incorporating the smaller Cd ions

......
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Fig. 5. (Color online) Photo-stability of the devices without and with
Cd doping.

to partially replace Pb ions can weaken the lattice strain
efficiently and increase the Pbl, vacancy formation energy.
Subsequently, the crystal structure becomes more stable.

4. Conclusion

In conclusion, a methylamine-free cation planar per-
ovskite cell (Cs,FA,_Pbls) was fabricated by one-step method
and achieved a high-power conversion efficiency of more
than 20%. In addition, by incorporating smaller Cd?* to par-
tially replace Pb2*, the perovskite thin film quality has been sig-
nificantly improved and the lattice strain of perovskite film
had been released. Consequently, a power conversion effi-
ciency as high as 20.59% with good photo-stability was
achieved. Therefore, we believe that a more efficient and
stable perovskite solar cell can be obtained by doping engin-
eering.
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