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The presence of the heavy elements leads to strong spin-orbit coupling (SOC) in hybrid organic-inorganic pe-
rovskites (HOIPs), which plays an important role in the photovoltaic performance of HOIPs by changing the
populations between bright and dark states. The organic cation is a critical composition and affects SOC via the
interaction with the inorganic cage. In this work, we use magneto-photocurrent measurement to explore the SOC
effect upon using mixed organic cations (methylammonium (MA) and formamidinium (FA)) with different dipole
moments in Pb based perovskites. Magneto-photocurrent measurements showed that the internal magnetic
parameter By is decreased from 402.41 mT to 180.18 mT and 104.58 mT with decreasing the MA/FA ratio. This
provides evidence that changing the internal dipole moment by using mixed organic cations can essentially
change the SOC in HOIPs. Simultaneously, the photocurrent is increased from 21.46 mA/cm? to 22.60 mA/cm?
and 23.08 mA/cm? when the MA/FA ratio is changed from 1:0 to 0.9:0.1 and 0.7:0.3. Above all, our results
indicate that the change in SOC by different organic cations can also be a factor affecting the performance of

perovskite solar cells.

1. Introduction

Hybrid organic-inorganic perovskites (HOIPs) have emerged as a
groundbreaking material for photovoltaic devices, light-emitting diodes,
and lasers [1-4]. HOIP solar cells have achieved a high sunlight to
electricity power conversion efficiency (PCE) of 25.2% in less than ten
years, achieving the highest efficiency of thin-film solar cells, and
comparable to currently commercialized solar cells in market [5]. Great
efforts have been implemented to further improve the performance of
HOIPs, and have a better understanding of the fundamental properties
will point a more effective way for device optimization [6-10].

HOIP with outstanding photovoltaic property typically composed of
ABXj structure (A = methylammonium, formamidinium, Cs; B = Pb?',
Sn2+; X =1, Br, Cl") [11,12]. The presence of relatively heavy ele-
ments (Pb%>" and 17) in HOIPs lead to significant spin-orbit coupling
(SOC) [13], which plays an important role on exciton population change
between bright and dark states that are critical to the photovoltaic
processes in HOIP solar cells [14-16]. Since the electronic structure of
HOIPs is dominated by [BX6]3' inorganic cages [17,18], most previous
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researches have studied the effects of B site metal cations and X site
halide on SOC [19-21]. However, A site organic cation is also of prime
importance because its motion affects the inorganic cage [16,22,23]. To
date, extensive efforts have focused on the effects of A site cation, such
as its effects on bandgap, stability, trap density, and ultimately PCE.
However, rare research has shed light on its role in SOC of HOIPs, which
is also critical to photovoltaice action.

In this work, we studied the role of A-site organic cation in SOC and
hence photovoltaic actions in MAyFA(;_xPbI3(Cl) solar cells by using
mixed cation MA and FA with different dipole moment. A series of solar
cells based on MAFA1.xPbI3(Cl) were investigated by magneto-
photocurrent measurement to explore the SOC and its effects on the
photovoltaic performance of HOIP solar cells. Our results show
decreased internal magnetic parameter By value of MAPbI3(Cl),
MAg.oFAg 1PbI5(Cl), and MAg 7FA¢ 3PbI5(Cl) is 402.41 mT, 180.18 mT,
104.58 mT, respectively, indicating the decrease of SOC with the
decrease of MA/FA ratio. Meanwhile, the photocurrent increased from is
increased from 21.46 mA/cm? to 22.60 mA/cm? and 23.08 mA/cm?
with the decrease of MA/FA ratio, suggesting that the change in SOC
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induced by A-site cation substitution is critical to the photovoltaic per-
formance of HOIP solar cells.

2. Results and discussion

We fabricated HOIP solar cells with an inverted (p-i-n) structure of
ITO/NiOx/MAFA(; x)PbIs(Cl)/PCBM/PEI/Ag (Fig. 1) in this study, the
fabrication method is described in Methods Session. Chlorine (Cl) was
doped to passivate defects near grain boundaries in all HOIP films so as
to improve the performance of solar cells. The current-voltage (J-V)
characteristics of MAyFA(;_xPbI3(Cl)solar cells with different MA/FA
ratio are shown in Fig. 1b. Table 1 summarizes the corresponding
photovoltaic parameters including short circuit current (Jg.), open cir-
cuit voltage (Vq), fill factor (FF), and PCE. It can be observed that MA/
FA ratio decreasing leads to PCE enhancement. Fig. 1b—d present the
change tendency of V., Js, and FF, respectively, where the V. and the
FF showed negligible change with MA/FA ratio changes. However, the
Jsc increases obviously with MA/FA ratio decreases, which suggests that
the PCE enhancement originates from Js. changes.

To understand the origin of the Js. enhancement, we investigated the
absorption spectrum change of MAFA(1.PbI3(Cl) films upon the
change of MA/FA ratio. Absorption is critical to the photocurrent of
solar cells, stronger absorption allows more photons to convert to ex-
citons and charges, resulting in higher photocurrent [24]. Fig. 2 shows
the absorption spectra of three HOIPs, where we can observe that the
three HOIPs show similar bandgap. Unexpectedly, although
MA(.7FA( sPbI3(Cl) has lower absorption than MAPbI3(Cl) and
MA.oFA( 1PbI3(Cl), it shows the highest photocurrent. Therefore, the
absorption change is not the origin of the Jg and PCE enhancement of
HOIP solar cells with different MA/FA ratios.

Morphology of three HOIP films is also investigated since grain size,
grain boundary, and pinhole also affect the photovoltaic performance of
HOIP solar cells [25]. Fig. 3 shows the scanning electron microscopy
(SEM) images of three HOIPs thin films. However, SEM images indicate
the morphology of three HOIPs thin films is very similar, all exhibit
similar grain size and grain boundary and are pinhole free.

We further studied the trap density in three HOIP thin films by
measuring Js. as a function of illumination intensity and excitation-
dependent photoluminescence (PL). The relationship of the Jg. and the
illumination intensity(I) can be described using the equation: Jg. « I*

Ag
PEI

PCBM

MALFA15,Pbl5(Cl)

Current Density(mA/cm?2) o
>
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Table 1
Photovoltaic Parameter of MAXFA; )Pbls solar cells.
Sample name Jse Voe FF PCE%
MAPbI; 21.4594 1.1097 0.6926 16.2839
MA.oFA( 1Pbl; 22.6021 1.1021 0.6785 16.9014
MAy 7FA¢ 3Pbl3 23.0784 1.1021 0.7096 18.0489
— MAPDI 3

—— MA( gFAQ 1Pblj|
— MAq 7FAq 3Pblg

Absorption

400 500 600 700 800 900
Wavelength (nm)

Fig. 2. Absorption spectra of MAXFA; xPbIs film.

[26,27]. Devices with trap-assisted monomolecular recombination
process shows an o value close to 1, the pure bimolecular recombination
process shows a lower a value of 0.5. Therefore, a value suggests the
significance of trap-assisted recombination in HOIPs [28,29]. Fig. 4a
shows Jg as a function of illumination intensity, where the illumination
intensity varies from 10 mW/cm? to 100 mW/cm? and is on a loga-
rithmic scale. The o values of all three HOIP solar cells are around 0.94,
indicating that all three HOIPs have similar trap density. We further
studied the relationship of illumination intensity and PL intensity is
affected by traps inside perovskite films [30]. The PL intensity (I) and
laser intensity have a relationship: PL « I% « ~ 1 implies an exciton-like
transition and o < 1 indicates defects or impurities evolved recombi-
nation way. As shown in Fig. 4b, all three HOIP solar cells show similar o
values around 1, with only minor variation. These indicate that the
variation in the photoelectronic process among our three HOIP films are
not dominated by the difference in trap density, so does the difference in
Jse.
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Fig. 1. a) Schematic diagram of perovskite solar cells. b) J—V characteristics of MAXFA;_xPbI3(Cl) solar cells. c-e) changes in Voc, Jsc, fill factor of MAXFA(;.

xPbI5(C) solar cells with changes in MA to FA ratio, respectively.
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Fig. 3. Top-view SEM image of the of MAXFA . PbIs HOIP film.
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Fig. 4. a) Jsc of MALFA(;.5xPbI5(Cl) solar cells plotted against light intensity on a logarithmic scale, b)PL of MAFA;.x)Pbl3(Cl) plotted against laser intensity on a

logarithmic scale.

Next, we consider the possibility that change organic cation can
affect SOC, consequently change the population between bright and
dark states. The magneto-Js. measurement was used to monitor the SOC
change of three HOIPs with different MA/FA ratios. Under illumination,
photoexcitation quickly generates free carriers within 1 ps, free carriers
have the opportunity to recombine to bright and dark states [31]. Spin
mixing induced by SOC can lead to the conversion from dark to bright
state, spin conserving due to exchange interaction tends to prevent the
conversion between bright and dark states. The populations on the two
states reach equilibrium due to the competition between spin mixing
and spin conserving. After applying a magnetic field, the magnetic field
would introduce coherent spin procession to the excited states, which
leads to the increase of dark states. Thus, the conversion from dark state
to bright state will be suppressed [32]. Since drak state is easier to be
separated to generate photocurrent than bright state, the suppression of
the conversion from dark state to bright state will lead to a positive
magneto-Jg. signal. Fig. 5 shows positive magneto-J. signals are
generated under magnetic field in both three HOIP solar cells, indicating
the suppression of dark state to bright state conversion. It can also be
observed in Fig. 5 that the curve shape of the magneto-Jsc is different
among the three HOIP solar cells. The curve shape of the magneto-Jsc
can be explicitly defined as the changing rate on the bright states/-
dark states ratio caused by magnetic field. The changing rate of the
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Fig. 5. Normalized magneto-photocurrent of MAyFA .xyPbI3(Cl) solar cells.

bright/dark states is affected by the competition between magnetic field
and spin mixing induced by SOC. Thus, with a stronger SOC, it is more
difficult to change the populations between bright and dark states by an
external magnetic field, leading to a broader line-shape in magneto-Jsc
characteristics [19,33]. Fig. 5 indicates that the magneto-Jsc showed a
narrower signal with the decrease of MA/FA ratio, suggesting stronger
SOC in higher MA/FA ratio HOIP solar cells. By using non-Lorentz
equation to fit the line-shape of magneto-Jsc, we can determine that
the internal magnetic parameter B, related to SOC. The By value of
MAPbIg(Cl), MAo.gFAO_1Pb13(C1), and MA0~7FA0~3Pb13(CD is 402.41 mT,
180.18 mT, 104.58 mT, respectively, further supporting that HOIPs with
larger MA/FA ratio exhibit stronger SOC, corresponding to smaller
photocurrent.

We also compare the PL lifetime of the three HOIP thin films using
time-resolved photoluminescence (TRPL) measurement. Fig. 6 indicates
a little lifetime difference can be observed among the HOIPs with
different MA/FA ratios. By fitting the TRPL curve, we obtained the PL
lifetimes of MAPbDI3(Cl), MAg oFAg 1PbI3(Cl), and MAg ;FAg 3PblI3(Cl),
which are 61.20 ns, 71.91 ns, 81.89 ns, respectively, as shown in
Table 2. According to our trap-density studies (Fig. 4) and SOC study
(Fig. 5), this difference in PL lifetime of our three HOIP films can be
induced by SOC difference. Dark and bright states can have longer and
shorter lifetime because of longer and shorter forbidden transition,

— MAPbDI3
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— MAQ.7FAQ.3Pbl3
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Fig. 6. TRPL spectra of the of MAXFA(;_,)PbI3 HOIP film.
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Table 2
Lifetime of MALFA(; xPbIs perovskite films.

Sample name Lifetime (ns)

MAPDI; 61.20
MAy oFA( 1Pbl; 71.91
MAo.7FAo 3Pbl3 81.89

respectively. Thus the longer lifetime in HOIPs with increased MA/FA
ratio could result from less bright states induced by the SOC decrease.

3. Conclusion

In summary, our results show that the SOC of HOIP altered by
changing A site organic cation is also an important factor in additon to
bandgap, trap density, stability that can impact the performance of HOIP
solar cells. Our magneto-photocurrent measurements show decrease
internal magnetic parameter By value with MA/FA ratio decrease, sug-
gesting that the SOC decreases with a smaller MA/FA ratio. Further-
more, the decrease of SOC induced by MA/FA ratio change leads to
photocurrent and PCE enhancement of HOIP solar. Our work provides
an effective approach to improve the performance of HOIP solar cells,
which will be useful for further development of HOIP photovoltaic
devices.

4. Experimental section

Materials: Lead(Il) iodide (Pbl,, ultra-dry, 99.999%, metals basis),
Nickel(II) formate dehydrate, and Ethylene glycol (99%) were pur-
chased from Alfa Aesar; Methylammonium iodide (MAI) and for-
mamidinium iodide (FAI) was purchased from Greatcell Solar Limited;
Phenyl-C61-butyric acid methyl ester (PCs;BM) were purchased from
1-Material; Lead(Il) chloride, y-butyrolactone (GBL), toluene, dimethyl
sulfoxide (DMSO), chlorobenzene, polyethylenimine (PEI, Mw~2000,
50 wt% in water), and isopropanol were purchased from Sigma-Aldrich.
All materials were used as received.

Device Fabrication: The MAPbI3(Cl)/FAPbI3(Cl) precursor solutions
were prepared by dissolving MAI/FAI, PbCly and PbI, with concentra-
tion of 1.2 M, 0.14 M and 1.26 M in a mixed solvent of y-butyrolactone
(GBL) and dimethyl sulfoxide (DMSO) (7:3 v/v), then mixing the two
solution with volume ratio of 1:0, 9:1, 7:3 to get MAPbI3(Cl),
MAy 9FA( 1PbI3(Cl) and MAg 7FA( sPb I3(Cl) solutions. All HOIP solar
cells used in this work were fabricated with a planar structure of ITO/
NiOx/MAFA(1.x)PbI3(Cl)/PCBM/PEI/Ag. The NiOy precursor solution
was prepared by adding 0.5 M Nickel(Il) formate dehydrate, 1 M
equivalents of ethylenediamine in ethylene glycol, then the NiOy layer
was spin-cast on the top of precleaned indium tin oxide (ITO) substrates
at 4000 rpm for 90 s, and subsequently annealed at 300 °C for 1 h in
ambient conditions. The MAyFA(;_xPb I3(Cl) HOIP layers were spin-cast
on top of NiOy with a two-step spin coating process (1000 rpm for 10 s
and 4000 rpm for 60 s), 400 L toluene was dropped as antisolvent at the
20th second of the second step, then the MAPbI3(Cl)/MALFA(1 x)PblI3(Cl)
film were annealed at 100 °C for 10 min. After cooling down, the
PCg1BM(20 mg/mL) solution of Chlorobenzene was spin-coated on top
of perovskite layer at 2000 rpm for 60 s. After 40 min, the 0.5 mg/mL
PEI (Mw~2000, 50 wt% in water) solution in isopropanol was then spin-
cast on top of PCg;BM at 5000 rpm for 60 s. At the end, 90 nm silver
layer was thermally deposited. In addition, all devices were encapsu-
lated by glass covers with epoxy inside the glove box while taking
measurements in ambient condition.

Characterization of photovoltaic performance: Current density-voltage
(JV) characteristics were measured at 100 mW/cm? using solar simu-
lator (Thermal Oriel 96000 300 W from Newport) and Keithley 2612
source meter in the nitrogen gas filled glovebox. For intensity-dependent
Jsc measurement, neutral density filters were used to adjust the exci-
tation intensities. Absorption were measured under UV/VIS
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spectrometer (Lambda 35, PerkinElmer). The magneto-photocurrent
measurements were performed under an external magnetic field (B)
parallel to the device plane scanning from 0 to 900 mT. For magneto-
photocurrent, the photocurrent of perovskite solar cells at was recor-
ded at a 0 V given bias at the same time, the incident light was from a
488 nm CW laser. The SEM image was acquired on a Zeiss Merlin
scanning electron microscope.
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