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Abstract: Perovskite solar cells (PeSCs) prepared with single crystals (SCs) ideally exhibit higher
power conversion efficiencies (PCEs) because they possess a lower density of structural imperfection
and superior charge transport. However, the density of the surface defects on the SCs is still very
high, thereby inevitably affecting the device performance. Herein, perovskite single-crystal micro-
plates were grown on a hole-transporting material, poly[bis(4-phenyl)(2,4,6-trimethylphenyl) amine],
through a space-limited inverse temperature crystallization method. The surfaces of the as-prepared
SCs were passivated using trioctylphosphine oxide (TOPO) during the device fabrication to alleviate
the impact of surface defects. The PCE values are averagely improved from 11.90 + 0.30% to
14.76 £ 0.65% after the surface passivation; the champion device even exhibits a PCE of 15.65%. The
results from photoluminescence and hole-only devices reveal that TOPO treatments effectively reduce
the number of surface defects on the single crystals, thereby improving the photovoltaic performance.
The surface passivation also inhibits the hysteresis behavior due to the lower defect density. Finally,
the TOPO treatment also improves the stability of the single-crystal PeSCs, presumably due to the
hydrophobic long alkyl chains. Thus, this work provides an effective approach to achieving high
efficiencies of single-crystal PeSCs.
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1. Introduction

Halide perovskite materials are receiving a great deal of attention because of their
remarkable properties: low cost, high absorption coefficients, high defect tolerance, and
solution-processability [1-3]. The power conversion efficiencies (PCEs) of perovskite
solar cells (PeSCs) have approached 26%, which is comparable with those of single-
crystalline Si solar cells [4]. Further, many other electronic devices fabricated with halide
perovskite materials, including light-emitting devices (LEDs) [5-7], lasers [8,9], photodetec-
tors [10,11], and radiation detectors [12,13], have shown promising performances for the
next-generation applications.

Most perovskite thin films for device applications so far are polycrystalline [1]. Grain
boundaries (GBs) abundantly exist in the perovskite active layers and the defects on the
GBs inevitably impede charge transport, thereby limiting the efficiencies of the devices.
On the other hand, perovskite single crystals (SCs) ideally would exhibit a better device
performance than that of the cells prepared with polycrystalline thin films because the
density of defects in the SCs is lower [14-16]. Further, perovskite SCs exhibit longer carrier
diffusion lengths, allowing for thicker perovskite films to be used for device fabrication [14].
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For solar applications, thicker perovskite active layers increase the absorption capability
of the solar irradiation [17]. For many radiation detectors, their stopping power against
ionizing radiations also increases with the thickness [12]. Therefore, perovskite SCs are
very promising for the optoelectronic applications that require thick films.

Bulk perovskite SCs are easier to synthesize; however, they are not suitable for device
fabrication directly. For instance, effective charge collection is required for achieving high
PCEs of PeSCs, and the carrier diffusion length of perovskite SCs should be comparable or
even longer than the thickness of the SCs to collect the charges effectively. Therefore, many
approaches for preparing asymmetric SCs (single-crystal films) are proposed for fabricating
highly efficient single-crystal PeSCs [15-29]. A cavitation-triggered asymmetric method, for
example, is reported for growing perovskite monocrystalline films, and the single-crystal
solar cells achieved a PCE of 6.53% [18]. More recently. a low-temperature crystallization
method for growing thin single-crystal films was also designed via solvent engineering; a
high PCE of 21.9% was achieved [16]. Alsalloum et al. incorporate a mixed-cation single-
crystal layer (FAgsMA(4Pbl3) and demonstrate that the near-infrared response of the
devices can be expanded beyond those of polycrystalline FAPbI; by approximately 50 meV,
yielding PCEs of up to 22.8% [19]. Two-dimensional asymmetrical SCs, which exhibit a
higher air stability, were also prepared, and a PCE higher than 16% was achieved [26].

Nevertheless, the PCEs of single-crystal PeSCs are still behind those of devices pre-
pared with polycrystalline active layers. One of the major problems for single-crystal PeSCs
is the presence of surface defects. While the bulk trap density of single crystals should be
very limited, the density of surface defects could still be very high [17]. Although the surface
passivation effect on single-crystal PeSCs has been investigated in previous literatures [17],
systematical studies are still very rare. Herein, perovskite single-crystal micro-plates were
grown on a hole-transporting material, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA), through a space-limited inverse temperature crystallization method. The surfaces
of the SCs were passivated by using trioctylphosphine oxide (TOPO) during the device
fabrication to alleviate the impact of surface defects. The PCE is averagely improved from
11.90 = 0.30% to 14.76 £ 0.65% after the surface passivation; the champion device even
exhibits a PCE of 15.65%. Our results indicate that the surface defects affect the performance
of the single-crystal PeSCs significantly, and the approach we report herein can effectively
improve the PCEs of single-crystal PeSCs.

2. Materials and Methods
2.1. Crystal Growth and Device Fabrication

The single-crystal micro-plates were synthesized following the crystallization method,
differential space-limited crystallization (DSLC), that we have reported previously [25].
Figure 1 displays the DSLC method and the procedures for fabrication of the single-crystal
solar cells. The details of the fabrication procedures can also be found in our previous re-
ports [24-26]. In short, a layer of PTAA was spin-coated from a mixture solution consisting
of N,N-dimethylformamide (DMF) and chlorobenzene (CB) (DMF:CB = 1:2, v/v) on the in-
dium tin oxide (ITO)-coated glass substrates to modify the surface properties of the confined
space [24,30]; 4-isopropyl-4’-methyldiphenyliodonium tetrakis(pentafluorophenyl)borate
(TPFB, 15 wt%) was added into the PTAA solutions to reduce the resistance of the inter-
layer [24]. The PTAA films were further annealed at 100 °C for 10 min. The PTAA also
served as the hole transport layer (HTL) of the PeSCs. As shown in Figure 1, two types of
polytetrafluoroethylene (PTFE) tapes were used as spacers to control the thickness of the
SCs; the first tape (thickness: 50 pm) controlled the gap between the two substrates and the
second (thickness: 40 um) was placed on the surface of the glass substrate, leaving a space
of 10 pum for crystal growth. A precursor solution of CH3NH3I (MAI), formamidinium
iodide (FAI) and Pbl, with a molar ratio of 0.75:0.25:1 was prepared in y-butyrolactone
(GBL). The substrate was preheated to 90 °C before the loading of the precursor solution.
After the injection of the precursor solution into the space between the two glass substrates,
the temperature was increased to 115 °C for 30 min and was then slowly increased to
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165 °C with a rate of approximately 10 °C h~!. After heating for approximately 12 h in total,
we could observe several MA( 75FA( 25Pbls SCs that appeared inside the space. The SCs
were carefully wiped dry with filter paper and further cleaned /washed with isopropanol
(IPA). The SCs on the PTAA /ITO substrates were annealed at 100 °C for 5 min and were
transferred to a Np-filled glove box. Then, a solution of TOPO in CB was spin-coated
(3500 rmp, 60 s) on the SCs. The sample was dried under normal flow condition inside the
glove box without any heating for 10 min. Then, a solution of [6,6]-phenyl-Cg;-butyric acid
methyl ester (PCg;BM, 2.3 wt%) in CB was spin-coated onto the SCs to serve as the electron
transporting layer. Finally, 80 nm Cu was thermally deposited as the cathode. The device
area, defined by a shadow mask, was 0.01 cm?.

Precursor \/ITO/PTAA Cu block
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== =

Single crystal l

E
annealed at

0 ' o
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Figure 1. The procedures for the synthesis of the perovskite single-crystal micro-plates and the
fabrication of the single-crystal solar cells.

2.2. Device Measurements and Characterization

The solar cells prepared using perovskite SCs were directly characterized in air without
encapsulation. A test clip and a needle probe were used to connect the electrodes of the
PeSCs; the details of the measurement setup can be found in the previous report [26]. The
solar cells were illuminated from a standard AM1.5G solar simulator (100 mW cm™2); the
light intensity of the solar simulator was calibrated using a Hamamatsu Si photodiode
equipped with a KG-5 filter. The photocurrent-voltage (J-V) curves were obtained using a
Keithley 2400 source measure unit. The corresponding external quantum efficiency (EQE)
spectra were measured using an Enli system. Time-resolved photoluminescence (TRPL)
spectra were recorded using a micro-PL system, comprising a 375 nm pulse laser (PDL
200-B; PicoQuant Gmb), a HORIBA monochromator (iRH-550), and a time-correlated single
photon counting system (TimeHarp).

3. Results

Figure 2a displays the device structure of the single-crystal PeSCs. The SCs were
grown on TPFB-doped PTAA interlayers. PC¢ BM was deposited on the SCs and served as
the electron transport layer. A layer of Cu was deposited as the cathode. Figure 2b shows a
typical scanning electron microscopy (SEM) image of the SCs. The side-view image clearly
indicated that the thickness of the SC was 9.7 um, which was close to the original design
(10 pm). This suggests that the DSLC method controlled the thickness of the SCs well
using such a differential method [25]. Figure 2c reveals the X-ray diffraction (XRD) pattern
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of the asymmetric SCs. We observed two sharp peaks at 19.9° and 40.4°, and they could
be assigned as the (200) and (400) planes, respectively [31,32]. For polycrystalline films,
more diffraction peaks were usually observed. Moreover, the full width at half maximum
(FWHM) of the two diffraction peaks was only 0.17°. These results supported that the
asymmetric micro-plates were single-crystalline and that the crystal growth occurred along
the [100] direction [24].
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Figure 2. (a) The device structure of the single-crystal PeSCs in this work; (b) cross-sectional SEM
image of the SCs; the thickness of the SC was approximately 10 um; (c) XRD spectrum of the
perovskite single crystal micro-plate.

Although the defect densities in perovskite SCs are lower than conventional poly-
crystalline thin films, surface defects are still very common because of the presence of
uncoordinated atoms, missing atoms/molecules, and/or structure imperfections [33-35].
The surface imperfections could mainly contribute to the total defect density of PeSCs
and significantly affect the device performance. To passivate the surface defects, TOPO
solutions prepared with various concentrations were spin-coated on the as-prepared SCs
(Figure 1). As shown in Figure 2a, TOPO is a Lewis base and is expected to behave as
monodentate ligands to passivate the surface defects [36-38]. The concentrations of the
TOPO solutions were 1.5, 1.8, 2.0, 2.3, and 2.5 mg mL~!; hereafter, we denote these samples
treated with various TOPO solutions as TOPO1.5, TOPO1.8. TOPO2.0, TOPO2.3, and
TOPO2.5, respectively.

To investigate the passivation effects of TOPO, we examined the photoluminescence
(PL) behavior of the passivated SCs prepared with various concentrations of TOPO; the
steady-state PL spectra are displayed in Figure 3a. The peak position of the emission
from the SC prepared without any treatment is located at 785 nm. The emission peak
slightly red-shifted with the increasing TOPO concentration and it shifted to 792 nm for the
TOPO2.0 sample. In fact, a similar red-shift of the PL peaks upon the surface passivation
has been reported previously [36,37]. We suspect that the composition at the surface layers
was probably altered slightly. Further, the PL intensity also increased with the increasing
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TOPO concentration, suggesting that some defects affecting the radiation recombination of
the excitons were passivated. When the concentration of the TOPO solution was further
increased to 2.3 and 2.5 mg mL ™!, the peak started to shift toward shorter wavelengths. The
peak positions were 786 and 780 nm for the TOPO2.3 and TOPO2.5 samples, respectively.
The slightly blue-shifted PL peak implied a lower trap density near the band-edge of the
passivated perovskite thin films [39,40]. Moreover, the PL intensity was also increased with
the TOPO concentration up to 2.0 mg ml~!; it decreased when the concentration was either
2.3 or 2.5 mg mL~!. The above results indicated that the TOPO treatment could mitigate
the surface defects of the SCs effectively.
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Figure 3. (a) Normalized steady-state and (b) time-resolved PL spectra of the perovskite SCs prepared
with various concentrations of TOPO.

The optical properties were also studied using time-resolved photoluminescent (TRPL)
spectroscopy; the results are revealed in Figure 3b. The TRPL decay curves of the SCs pas-
sivated with different TOPO concentrations were best fitted to the following bi-exponential
decay equation [41,42]:

f(t) _ Ale—t/n _|_A26—t/rz 1)

where the per-factors, A; and A;, were the amplitudes of the profiles; T, and 7 were the first
and second exponential constants, respectively. Basically, 17 is usually assigned to surface
recombination and 7, is attributed to radiative recombination [42]. The fitting results are
further summarized in Table 1. The lifetimes, 71 and 1, were 1.57 and 13.24 ns, respectively,
resulting in an average lifetime (Tavg) of 8.03 ns. They increased upon increasing the TOPO
concentrations in the beginning of the treatment. When the concentration was 2.0 mg mL~!,
we observed the longest lifetimes, 71 and 1, of 8.66 and 55.10 ns, respectively, suggesting
that a lower degree of defect density was achieved. Similar to the results of steady-state
PL, the lifetimes decreased again if the TOPO concentration was further increased to 2.3 or
2.5 mg mL~!. We suspect that the crystallinity of the perovskite SCs changed once the
TOPO concentrations were higher than 2.0 mg mL~?, leading to shorter PL lifetimes.
PeSCs were fabricated using the as-prepared perovskite single-crystal micro-plates.
Figure 4a displays the J-V curves of the single-crystal PeSCs treated with various concen-
trations of TOPO solutions under the standard solar illumination condition (100 mW cm 2,
AM1.5G). The cell prepared without any treatment exhibited a typical photovoltaic per-
formance, with an open-circuit voltage (V) of 0.89 V, a short-circuit current density (Jsc)
of 24.85 mA cm 2, and a fill factor (FF) of 0.55, resulting in a PCE of 12.20%. After the
treatment of TOPO solutions, the device performance was apparently improved. For in-
stance, under the optimized condition, where the TOPO concentration was 2.0 mg ml—1,
the values of V, Jsc, and FF increased to 1.02 V, 26.10 mA cm~2, and 0.58, respectively,
resulting in a best PCE of 15.65%. Table 2 summarizes the electrical properties of the
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single-crystal PeSCs treated with various concentrations of TOPO. On average, the PCE
was improved from 11.90 £ 0.30% to 14.76 & 0.65% after TOPO treatments. The increase of
24% in PCE values suggests that the TOPO treatment is an effective method for improving
the performance of single-crystal PeSCs. We also calculated the series (Rs) and shunt (Rgp,)
resistances for the PeSCs prepared under different conditions (Table 3). The Ry values
decreased monotonically with the increasing TOPO concentration, revealing that TOPO
could indeed passivate the traps/defects effectively. On the other hand, the Ry, values
increased firstly but decreased upon the TOPO concentration exceeding 2.0 mg mL~},
thereby affecting the device efficiencies. The above results support our previous suspicion
that the crystallinity /molecule arrangements were affected at high TOPO concentrations
(TOPO2.3 and TOPO2.5).

Table 1. Lifetime parameters of perovskite single crystals prepared with TOPO treatments at vari-
ous concentrations.

Concentration of TOPO (mg mL~1) 1 (ns) T, (ns) Tavg (ns)
0 1.57 13.24 8.03
1.5 2.48 19.44 12.74
1.8 4.02 29.33 18.91
2.0 8.66 55.10 40.96
2.3 4.75 30.66 21.06
25 2.78 17.82 11.56

o)
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< ——TOPO2.0
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Figure 4. Electrical properties of the single-crystal PeSCs. (a) -V curves of the PeSCs prepared with
various concentrations of TOPQO; the devices were measured under standard-condition illumination
(100 mW cm~2, AM1.5G). (b) Corresponding EQE spectra of the single-crystal PeSCs.

Table 2. Electrical characteristics of perovskite single-crystal solar cells prepared with various
TOPO concentrations.

Concentration of TOPO

(mg mL-1) Voc (V) Jsc (mA cm—2) FF PCE (%)
0 0.89 £ 0.01 25.00 + 0.23 0.50 £0.02  11.90 4 0.30
1.5 0.99 4 0.04 25.26 + 0.72 0534+ 0.01  13.13 £+ 0.60
1.8 0.99 + 0.02 26.25 + 0.35 056 £0.01  14.03 & 0.70
2.0 0.99 £ 0.05 26.36 + 0.48 059 £0.01  14.76 & 0.65
2.3 1.00 & 0.03 26.52 + 0.28 0534+ 0.02  13.77 +0.40

25 1.03 £ 0.02 26.73 £0.45 0.53 + 0.02 13.33 + 0.45




Processes 2022, 10, 1477

7 of 11

Table 3. Series (Rs) and shunt (Rgpy) resistances of the single-crystal PeSCs in this study.

Concentration of TOPO

(mg mL-1) 0 1.5 1.8 2.0 2.3 2.5
Rg (Q cm?) 1754 1221 1040 1043  10.10 7.89
Rgyy (Q cm?) 25123 36294 48124  864.14 44928  348.89

Figure 4b shows the external quantum efficiency (EQE) spectra of the various PeSCs.
We can see that the shape of the spectrum did not change too much after the passivation
using TOPO solutions. Integrating the EQE spectra of the single-crystal PeSCs treated
with 0, 1.5, 1.8,2.0,2.3, and 2.5 mg mL~! TOPO solutions provided photocurrents of 23.46,
25.14, 25.90, 26.02, 25.00, and 24.15 mA cm~2, respectively. The results were very close
to the photocurrent values that we obtained from the J-V curves directly under one-sun
illumination (Figure 3a), and similar trends in the photocurrent values further supported
the conclusion we drew from the |-V curves.

We also fabricated hole-only devices from the single-crystal micro-plates to study the
passivation effect on the trap density. The device structure was ITO/PTAA /single crystal
/MoO3 (10 nm)/Cu, where MoOj served as the hole injection layer. The J-V curves of
the devices prepared without treatment and treated with the 2.0 mg mL~! TOPO solution
were measured in the dark and the results are displayed in Figure 5a, respectively. Typical
J-V characteristic shows three regions, namely, linear ohmic response at low bias voltage,
nonlinear trap-filling region, and the region of the space-charge-limited current (SCLC) [14].
From the nonlinear trap-filling region, the trap-filled limit voltage (V1rr) can be related to
the trap density (n¢) according to Equation (2) [14,24]:

Ve = (endl?)/ (2eep) ()

where ¢ is the elementary charge (1.6 x 107! C), L is the film thickness, ¢ is the dielectric
constant, and ¢ is the vacuum permittivity [14,24]. The resulting Vg, values were 0.62 and
0.55 V for the devices prepared without and with TOPO solutions, respectively. The
calculated trap density of the SC prepared without treatment was 2.2 x 10!3 cm~3; the order
of the trap density was consistence with our previous works [24]. We noted that the typical
ny value was larger than 10'® cm 3 for polycrystalline devices [43], and the much lower n;
value we obtained herein supported the single-crystal nature of the perovskite micro-plates.
Further, the trap density of the SC prepared with TOPO decreased to 1.9 x 103 cm~3,
further confirming that the traps had been filled by the TOPO treatment.

PeSCs generally exhibit hysteresis behavior, which exhibits delayed J-V characteristics.
Hysteresis in PeSCs is possibly related to ion migration, ferroelectric behavior, and the
trapping/detrapping of carriers in the active layers [44]. In principle, the hysteresis is
also affected by the imperfection of the active layers in PeSCs. The electrical curves of the
single-crystal PeSCs were measured in both opposite directions (Figure 5b). We observed
hysteresis behavior in the |-V characteristics for all of the devices that we fabricated in this
work. To investigate the hysteresis quantitatively, we adopted an adimensional hysteresis
index (HI), which, according to the definition reported previously, reveals the difference
in power output with respect to the scan directions [45]. The calculated HI for the device
prepared without TOPO treatment was 0.067, and the value was reduced to 0.042 after
TOPO treatment. Therefore, we deduced that the reduced defects inhibited the degree of
hysteresis behavior.

The passivated effects on the stability of the single-crystal PeSCs were also evaluated.
Figure 6 displays the normalized time-dependent PCEs of the single-crystal PeSCs prepared
with and without TOPO treatments. In the first 4 days during the stability test, the two
PeSCs exhibited a comparable stability; the efficiencies of the device prepared without
TOPO treatments was even slightly higher after normalization. After 4 days, however, the
performance of the device prepared without TOPO treatments decayed significantly. The
PCE of the device prepared with TOPO treatments only decreased slightly, and maintained
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more than 76% of the original value even after 9 days. As shown in Figure 1, TOPO is
hydrophobic due to its the long alkyl chains. The TOPO molecules on the surface of the
SCs are beneficial for the humidity stability of the PeSCs.

a b
— g —=— with TOPO Forward
'=103] _e—without TOPO £ 10+ —e— with TOPO Reverse
o : —a— without TOPO Forward
E —=—With TOPO2.0 E 0 —v— without TOPO Reverse
> >
% 1074 % -10-
(] 0
[ et
o o 201
5 E
= 3
O 10 1 I A ) i3 by LR DS T L5 | x O _30 T T T T ¥ T M T v T v T v
0.1 1 -02 00 02 04 06 08 10 12
Voltage (V) Voltage (V)

Figure 5. (a) ]-V curves of hole-only devices prepared with and without TOPO treatment, measured
in the dark; (b) J-V curves of single-crystal PeSCs, measured under standard one-sun illumination
(100 mW cm~2, AM1.5G) with two different scan directions. The TOPO concentration for treatment
was 2.0 mg mL~1.

— 100'
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Figure 6. Normalized time-dependent PCEs of single-crystal PeSCs prepared with and without TOPO
treatment. Both devices were stored in the dark at room temperature; the humidity of the stored
environment was maintained at approximately 50 £ 10%. The TOPO concentration for treatment
was 2.0 mg mL~1,

4. Conclusions

In conclusion, the TOPO treatment is an effective passivation approach for improving
the performance of single-crystal PeSCs. The PCE values, on average, can be improved
by up to 24% under the optimized treatment condition. Under the optimal fabrication
condition, the PCE is improved to 15.65%. The steady-state PL and TRPL results reveal that
the surface defects can be effectively passivated, thereby prolonging the lifetimes of the
PL emission from the SCs. The hole-only devices confirm that the defect density decreases
after the TOPO treatment. The lower defect density of the treated device also inhibits the
hysteresis behavior. Further, the TOPO treatment improves the stability of the single-crystal
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PeSCs, presumably due to the hydrophobic long alkyl chains of the TOPO molecules. When
perovskite SCs have considerably lower defects than their polycrystalline counterparts,
the results in this work indicate that the surface defects still affect the device efficiencies
significantly and that surface passivation is critical for achieving a high performance for
single-crystal PeSCs.
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