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Surface Ligands Management for Efficient CsPbBrl,

Perovskite Nanocrystal Solar Cells

Chongming Liu, Qingsen Zeng, Yue Zhao, Yue Yu, Mingxi Yang, Hang Gao,

Haotong Wei, and Bai Yang*

CsPbX; (X = Cl, Br, 1) inorganic perovskite nanocrystals (PNCs) not only maintain
the excellent optical and electronic properties of bulk material but also possess
the features of nano-materials, such as tunable bandgap and easily processable
colloidal ink, and enable them to be suitable for incorporation into various
electronic devices and compatible with printing techniques. In contrast to

the traditional 11-VI and 11I-V semiconductor nanocrystals, the unique defect-
tolerance effect makes the CsPbX; PNCs promising materials for optoelectronic
applications. The ligands around the PNCs play a critical role in the optoelec-
tronic devices performance. Herein, through a facile hexane/ethyl acetate
(MeOAc) solvent treatment method to control the ligand amount around
CsPbBrl, PNCs, the impact of ligand amount on the performance of solar

cell is systematically demonstrated and the ligand amount is quantified precisely
via the nuclear magnetic resonance internal standard method. Through con-
trolling the ligand amount, the film quality, charge transfer, and transport
properties are largely improved. In addition, a simple annealing process is applied
to improve the interface properties by partial crystal fusion. As a consequence,
the photovoltaic power conversion efficiency of 12.2% is achieved, which is the
highest performance reported for mixed-halide CsPbX; PNCs solar cells.

pure inorganic perovskite is limited in
solvents, which limits the corresponding
device fabrication processes by solution
processes.'*' Inorganic CsPbX; perov-
skite nanocrystals (PNCs), where X =Cl,
Br, and I or mixed halide, were synthesized
to improve the solubility by capping surface
ligands on the nanoparticle, which provides
a feasible and convenient way to fabricate
inorganic perovskite device from solution
processes.!”)

In contrast to the traditional II-VI and
III-V semiconductor nanocrystals (NCs),
PNCs show unique features: 1) They show
the facile and low-cost synthesis method
(inexpensive precursors, low temperature,
and ambient conditions).'**”! 2) Bandgap
from ultraviolet (UV) to near infrared can
be also tuned by halide composition man-
agement in addition to the quantum-
size effect.™ 3) Their peculiar electronic
structure and dynamic lattice effects make

The power conversion efficiency (PCE) of perovskite solar cells
was improved quickly from less than 10% to over 25% in recent
years!!! due to their excellent properties of direct bandgap,?”!
high absorption coefficient,** narrower emission full width at
half maximum,’® low trap state density,”™ long diffusion
length,”'% high carrier mobility, long carrier lifetimes,!""'?
etc. However, the stability of the organic part is still the major
concern for its further commercialization, and the solubility of
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the structure defects benign and their

optical/electronic property is tolerant to

the defects, as so-called defect-tolerance

effect." Based on all these advantages, the PNCs have a
promising prospect in optoelectronic applications including pho-
todetectors,”*?" light-emitting diodes,’*” lasers,’**! and solar cell
(SC).#*2% In 2016, the Luther group first reported the CsPbls
PNC SC fabricated through the layer-by-layer deposition method
with a PCE of 10.77%,** approaching state-of-the-art PbS NCs
SCs that have been developed for many years.””) The high crys-
tallinity of PNCs allows for the separation of crystallization and
film-forming processes to ensure excellent film quality with good
reproducibility.”*>% Thus, the PNCs show a huge developing
potential and prospect in practical photovoltaic device applications,
especially for the printable devices, but the PNC device perfor-
mance lags far away from the inorganic solar cell fabricated by
the conventional one-step spin coating.*"*? The major drawback
is the poor electrical coupling that resulted from the interfaces
between the NCs, which hinders the charge transport and thus
collection in the PNC SC.2% Therefore, to further improve the
device performance, the surface chemical manipulation is critical.
To maintain the solubility and the stability of the NCs, non-
conductive organic long-chain ligand oleic acid (OA) and oleyl-
amine (OLA) remain in the interfaces, which increase the
interparticle spacing and can be regarded as a fatal baffle for
carrier.’>?*? A ligand exchange method during film deposition
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is promising, as the PCE increased to 13.4% from 8.5%, as
reported by Luther.*®** A Cs salts post-treatment can also
improve the electron coupling, as reported by Ma et al. As the
carrier lifetime, diffusion length, and mobility of the treated
CsPbI; NCs film were all improved, a 14.10% PCE was demon-
strated, which is the highest in CsPbX; PNCs SCs.?8 To reduce
the interfaces between the NCs, our group promoted the grain
growth by post annealing the CsPbBrI, NCs film. Thus, a highest
PCE 12.02% and a highest open-circuit voltage (Vo) 1.32V were
achieved.””!

Here, in contrast to the ligand exchange or post-treatment,
we report a more convenient and effective hexane/ethyl acetate
(MeOAc) solvent treatment method to control the amount of the
ligands around the initial CsPbBrl, NCs in the film. The corre-
sponding device performance was improved with good reproduc-
ibility. We focus on the influence of ligand amount on the device
performance, which has not been studied, and quantify the
amount of ligands around NCs during the treatments by the
nuclear magnetic resonance (NMR) internal standard method.
Through controlling the ligand amount around the initial
NCs, we realized a high-quality film with good charge transpor-
tation. Moreover, the trap state density decreased about fourfolds
and the carrier mobility increased nearly 15-folds. Finally,
the corresponding device performance increased from 5.9 to
12.2% after simple solvent treatment, which is one of the highest
value in solar cells fabricated through inorganic PNCs. This work
demonstrated that ligands around the PNCs play a critical role in
further improving the PNCs’ technique device performance.

The ligands binding to the NC surface is highly dynamic; thus,
it is convenient to control the amount of ligands or oleyl species
around the NCs by the repeated hexane/ethyl acetate (MeOAc)
solvent treatment.*® Figure 1 shows the photos of CsPbBrI, NCs
dissolved in hexane with (left) and without (right) UV excitation.
When the purification was conducted more than three times, the
NCs precipitate obviously due to low solubility caused by the seri-
ous ligand loss and NCs aggregation, which is unsuitable for
device fabrication. Thus, we mainly focus on the device perfor-
mance of the 1-3 times—treated NCs.

The ligand amount after solvent treatment was studied by NMR
in deuterated chloroform. Figure 2a shows the full 'H NMR
spectrum and Figure 2b is the amplified "H NMR spectrum at
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the chemical shift 4.8-6.0. The origin of the resonance peak is
shown in Figure 2c, referring to previous work.*”! One-time treat-
ment is obviously insufficient. The clear resonance 1 indicates the
existence of the oleyl species (octadecylene [ODE], OA, and OLA),
and the reaction solvent of ODE still remains, as the characteristic
resonance 3 of ODE shows. After the two-time treatment was con-
ducted, oleyl species was removed effectively and only a weak res-
onance peak signal of the solvent ODE was detected. When the
treatment was repeated three times, most of the oleyl species
was removed and the characteristic resonances 6 and 7 of OA
almost disappear. At the same time, the treated NCs still maintain
good solubility, as shown in Figure 1. To further determine the
amount of oleyl species around the NCs, we used benzene as
the standard substance to conduct the internal standard method,
because benzene only shows a single resonance peak at 7.36 ppm
in deuterated chloroform without resonances coinciding with
the oleyl species. (Five parallel experiments were conducted to
ensure the accuracy, detailed information is shown in Table S1,
Supporting Information) We calculated the ligand amount based

on Equation (1)*%*%
Ny =N, x 2 B 1
1= s As P, ( )

where N, A, and P are molar number, integral area of the quanti-
tative chemical shift peak, and the corresponding proton number
of the integrated peak, respectively. The subscripts | and S are
abbreviations of ligand and standard substance benzene, respec-
tively. The quantitative chemical shift peak of ligands is resonance
peak 5. The calculated ligand amount of one, two, and three times—
treated NCs are 2.35, 1.87, and 1.01wt%, respectively, which
means the hexane/MeOAc-mixed solvent treatment can effectively
remove the ligands around NCs. To discuss clearly in the following
paragraphs, we use the ligand amount as the subscript to present
the NCs. Thus, NC, 35, NC;g7, and NC;; represent the NCs
treated for one, two, and three times, respectively.

Figure 3a,b shows the UV-visible (UV-vis) optical absorbance
spectra and photoluminescence (PL) spectra of NC, 35, NC g7,
and NCj oy, respectively. Both the absorption peak and the PL
peak redshift obviously as the ligand amount is reduced. We
ascribe the redshift to the growth of NCs after treatments.
Without the protection of sufficient ligands, the soft ionic crystal

Four
10 mm

One Two Three

Figure 1. Photographs of CsPbBrl, NCs in hexane without (left) and with (right) UV light excitation after 1-4 times’ treatments.
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Figure 2. a) Full "H NMR spectrum and b) enlarged spectrum of the 1-3 times’ treatments of CsPbBrl, NCs in deuterated chloroform. c) The molecular
structure of the corresponding resonance peak, as the number marked in (a). Note that the resonance peak intensity is normalized according to the

intensity of standard substance benzene characteristic resonance peak at 7.36 ppm.
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Figure 3. a) The steady-state PL spectra and b) UV-vis absorption spectra of NC; 35, NC; g7, and NCy ;. ¢) The crystal size distribution of NC; 35, NC; g7,

and NG g;. d) The schematic illustration of NCs changes during treatments.
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structure makes the crystal easily grow. The average crystal size
increases from 7.8 to 10.1 nm (Figure 3c). When the treatment
time increases to three, the crystal size of NC;; distributes
widely due to the extremely weak ligand protection. The trans-
mission electron microscopy (TEM) images of the 1-4—times
treated NCs are shown in Figure S1, Supporting Information.
Four times—treated NCs exhibit serious aggregation. The NCs
fusion process is shown in Figure 3d. The size of NCs gradually
enlarges due to the loss of surface ligands.

We fabricated the corresponding device of solvent-treated NCs
via the layer-by-layer method. In brief, after spin coating the NCs
as a film, the film was dipped into a Pb(OAc),-saturated isopropa-
nol solution and simply rinsed by anhydrous MeOAc to partially
remove the insulating ligands. The process was repeated four
times to obtain the film with desired thickness. Figure 4a shows
the reverse-scan density—voltage (J-V) curves of NC devices and
the device structure Glass/ITO/TiO,/Perovskite/P3HT/Au. The
corresponding external quantum efficiency and integrated current
density curves are shown in Figure S2, Supporting Information.
The PCEs of NC, 35, NC;g7, and NC;; are 5.9%, 8.9%, and
12.2%, respectively. The corresponding detailed device perfor-
mance is shown in Table 1. The NC, ¢; device exhibits the best
performance, which is one of the highest solar cell via PNCs’
device techniques (Figure 4b and Table S2, Supporting
Information). The champion device forward-scan PCE is 8.5%
(Figure S2, Supporting Information), with a stabilized power out-
put 10.2%. The large hysteresis may come from the ionic
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Table 1. Champion device performance parameters of NCs with different
ligand amounts.

NCiigand amount Jsc [mMAcm 7] Voc V] FF 9] PCE [%]
NC, .35 7.86 1.14 65.4 5.9
NCy g7 11.86 1.19 63.2 8.9
NCy.o 14.22 1.20 71.3 12.2

accumulation at the charge extraction interfaces due to external
bias.***U In contrast to the NC,3s devices, the NC;g; or
NC; 01 devices show a higher open-circuit voltage (V). The same
trend can be further demonstrated in the statistical distribution of
photovoltaic parameters (Figure S3, Supporting Information).
Moreover, the short-circuit current density (Js) and fill factor
(FF) also gradually increase.

The improvement of device performance mainly results from
an enhanced J;.. We first compare the UV-vis absorption spectra
of the three fabricated films (Figure 4d). The promoted light
absorption intensity with the decreased ligand amount coincides
with the enhanced J.. A sample dipping and rinsing process can
only partially remove the native ligands. But when the ligands
distribute around NCs densely, the protection for NCs is strong
and the solubility of the NCs will remain in good status after
film deposition.*” During the following film deposition, the
NCs on the previous deposited film will be redispersed in the
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Figure 4. a) The reverse-scan current density—voltage (J-V) curves of the champion device fabricated by NC; 35, NC; g7, and NCy o1. The inset presents

the device architecture structure. The PCE was measured at 100 mW cm ™2 A

M 1.5G illumination, which was corrected by a calibrated Si solar cell. b) The

champion solar cell stabilized the power output measurement held at a constant voltage of 0.97 V (PCE in blue; current density in red). c) PCE dis-
tributions of different solar cells fabricated by PNCs based on this and previous work. d) UV-vis absorption spectra of the annealed CsPbBrl, NCs films.
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Figure 5. Device structure (bottom to top: TiO,/CsPbBrl,/P3HT) cross-sectional SEM images of a) NC; 35, b) NGy g7, and ¢) NCy o7. SEM images of the

annealed CsPbBrl, film fabricated by d) NC;3s, €) NCy g7, and f) NGy o7.

spin-coating solvent, resulting in an unsatisfactory film thickness
and even the film morphology. We show the scanning electron
microscope (SEM) and cross-sectional SEM images in Figure 5.
From Figure 5a,b, it is obvious that the film of NC; ¢; (343 nm) is
thicker than that of NC, 35 (210 nm) and NC; g7 (220 nm), which
ensures the sufficient absorption of the light. Though the film
thickness of NC, 35 and NC; g7 is almost the same, the terrible
morphology on the substrate of NC, 35 will also reduce light
absorption (Figure 5c), resulting in the lower J, than the
NC, g7 device. Thus the ligand amount plays an important role
in the final film quality, which will be discussed in detail later.

A facile 330°C annealing process of 2 min is applied to the
spin-coated film to promote the crystal fusion and growth, known
as Ostwald ripening.[*? Post-growth will reduce the interparticle
spacing between the crystals and remove the grain boundaries.
As the ligand amount around NCs was reduced, the final grain
size after annealing becomes large (Figure 5d—f). It has been
demonstrated that the large grain size is beneficial for device per-
formance!”*~*! and grain boundaries are detrimental to the pho-
tovoltaic properties of perovskites.*® Though the pinholes on the
film may affect the device performance by leakage current, a
poly(3-hexylthiophene-2,5-diyl) (P3HT) spin coated on top can fill
up them, showing a smooth morphology (Figure S4, Supporting
Information). Energy-dispersive spectroscopy (EDS) confirms
the Cs:Pb:Br:I elemental ratios of the annealed film to be
1:1.14:1.25:1.96 and the elements distribute uniformly through-
out the film without phase separation, suggesting that the final
film can be recognized as CsPbBrl, (Figure S5, Supporting
Information). The white spots on the grains, which are too
small to detect the exact composition, are probably CsBr, accord-
ing to the previous work,*”*¥! and it may play a positive role
in the device performance, as recently reported by Qu and
coworkers.*®! The X-ray diffraction (XRD) spectra feature the
crystal structures of the three perovskite films, which indicate
that all the samples are in the cubic perovskite phase (Figure 6a).
The strong intensities of peaks at 14.6° and 29.5° are assigned to
the [100] and [200] planes of CsPbBrl,, indicating the high-
orientation crystallographic direction.!*) The ligand amount has
no influence on the crystal growth direction. In terms of the
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significantly stronger XRD intensity, this is in good agreement
with larger grain size and thicker film,**! exhibited in SEM
images. We ascribe the enlarged grain size to the decreased
ligand amount, reducing the hindrance of crystal growth.

To further investigate performance improvement, it is neces-
sary to study the charge dynamics in devices with different ligand
amounts. Figure 6b shows the Tauc plot of (Ahw)! versus photon
energy (hv), converted from the UV-vis absorption in Figure 4d.
The bandgaps (Eg) of the three samples is approximately 1.92 eV.
Combined with the valence band values of the three samples,
calculated from the UV photoelectron spectroscopy (UPS) spec-
tra (Figure S6, Supporting Information), the band alignment of
the three devices is determined, as shown in Figure 6¢. The
energy levels of TiO, and P3HT are obtained from the previous
work.>>*” The evidently mismatched energy level of the NC, 35
device will induce charge accumulation at the interface, resulting
in the low charge extraction efficiency and charge recombination.
Even worse, the difference of the electron quasi-Fermi level (Egy)
and the hole quasi-Fermi level (Egp) will be smaller. This will
cause a large energy loss, thus a low V,,*" which is in coinci-
dence with the low V,. of the NC, 35 device.

We investigated the dark current density—voltage characteris-
tics based on the electron-only devices (ITO/TiO,/Perovskite/
PCBM/Au) in the dark. As shown in Figure 7a—c, the current
density increases slowly with the voltage before the kink point,
demonstrating an Ohmic response. In the next linear stage, the
current density increases sharply, corresponding to a trap-filling
response, which means the trap states are filled up with the
injected charges, and the applied voltage at the kink point can
be regarded as the trap-filled-limit voltage (Vig).”? The trap
state density (N,) is calculated through Equation (2).

= Zeogr‘Z/TFL 2)
qL

where ¢, is the vacuum permittivity, ¢, is the relative dielectric

constant of CsPbBrl, (¢, = 8.5),°*) q is the elemental charge, and

L is the thickness of the film. The charge mobility (u) can be esti-

mated by the Mott-Gurney equation, as shown in Equation (3)1**

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) XRD patterns of the annealed CsPbBrl, films prepared by NCs with different ligand amounts. b) Tauc plots of CsPbBrl, layer deposited by

NCs with different ligand amounts. c¢) Schematic energy-level diagram.
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where | is the current density. As the ligand amount decreases,
the trap states decrease from 4.48 x 10'® to 1.10 x 10'®cm™?
and the charge mobility increases from 1.76 x10 to
2.59 x 1076 cm? V™' $7%. The reduced trap density is attributed
to the gradually increased FF.* We ascribe the reduced trap states
and improved charge mobility to the fewer grain boundaries®">°!
as the defects at grain boundaries are critical to device perfor-
mance.*®! The increased grain size also contributes to the
improved charge mobility as the hopping numbers for the trans-
port between the grains decrease.””! The time-resolved PL (TRPL)
measurements are carried out to determine the PL decay lifetimes.
The results of TRPL are shown in Figure 7d and the detailed expo-
nential fitting parameters are shown in Table S3, Supporting
Information. The average lifetimes (z,) of NC, 35, NC; g7, and
NC; 01 are 175, 451, and 795 ns, respectively. 7, delays longer,
suggesting the suppressed nonradiative recombination in the
film."*?) It is also a strong evidence for the defect reduction.

Electrochemical impedance spectra (EIS) measurements are
carried out in the dark at the bias of 0 V with a frequency ranging
from 1 mHz to 200 kHz. Figure 7e shows the Nyquist plot with
mainly one semicircle. The inset is the equivalent circuit and can
be described as Equation (4).°%

Sol. RRL 2020, 4, 2000102
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where Z’' and Z” are the impedance real and imaginary part.
In this model, the series resistance (Rg) is donated as the resis-
tance of wire contacts and materials. The shunt resistance (Ry) is
related to the loss of carriers.’?®% Take the device operation
mechanism into account, after charge generation, charges trans-
fer between grains and are transported to the collection layers,
which means that each semicircle presents two process charge
transfers and transportation. Thus, Ry, can be regarded as a
charge recombination resistance at the grain/grain and perov-
skite/collection layers interfaces.””*"! The enlarged Ry, value
indicates the suppressed recombination process, which can be
attributed to the better charge transfer and more efficient charge
extraction.

In conclusion, we systematically study the ligand amount
around the initial NCs and its influence on the device perfor-
mance. Proper ligand amount is necessary for the excellent
device performance. An extremely low ligand amount will
destroy the solubility of the NCs, inducing serious trouble in film
formation. A high ligand amount will lead to an unsatisfactory
morphology and further restrict the NC growth during the
post-annealing process. This will result not only in low light
absorption but also bad charge dynamic behavior. Through

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Dark J-V measurements of the electron-only devices displaying Vi, kink point behavior for NC; 35, b) NCy g7, and ¢) NC; o7 device. d) PL
decay curves of films fabricated by NCs with different ligand amounts. e) Nyquist plots for devices with an applied bias of 0 V in the dark condition for NCs
with different ligand amounts. The inset is the equivalent electrical circuit diagram for the analysis of charge dynamics.

precisely controlling the ligand amount around the NCs at
1.01 wit%, the corresponding solar cell exhibits a PCE as high
as 12.2%, which is one of the highest device performances fab-
ricated by CsPbX; PNC techniques. This work highlights the
importance of controlling the ligand amount around PNCs in
the PNCs-based device performance.

Experimental Section

Synthesis of Cs Oleate Precursor: About 0.75 g of Cs,CO3, 3 mL of OA,
and 75 mL of 1-octadecene (ODE) were added to a 250 mL three-necked
round bottom flask. The reaction mixture was stirred in vacuum for about
2 h at 120°C. The reaction was completed when the solution was clear,
indicating that Cs,CO; reacted with the OA. The Cs oleate solution in
ODE was stored in N, until it was needed for NCs synthesis.

Synthesis of CsPbBrl; NCs: About 50 mL of ODE, 0.700 g of Pbl,, and
0.239 g of PbBr, were added into a 250 mL three-necked flask; then, it was
stirred in vacuum for about 1 h at 120 °C. About 5 ml of dried OA and 5 ml
of dried OLA (5 mL) were injected to the flask at 120 °C. When the solution
became clear, the temperature was increased to 180°C and 8 mL of Cs
oleate (preheated to about 70°C) precursor was quickly injected. After
5-10s, the reaction mixture was cooled down to room temperature by
an ice-water bath. For first-time purification, the synthesized CsPbBrl,
NCs were precipitated by adding methyl acetate (MeOAc) at the volume
ratio of NCs reaction solution: MeOAc was 1:1.86 and then centrifuged at
8500 rpm for 5 min. For two-times purification, the precipitate of first-time
purification was redispersed in 12 mL of hexane and precipitated by adding
30 mL of MeOAc (volume ratio of NC solution: MeOAc =1:2.5); it was
centrifuged again for 5 min at 8500 rpm. As for the three or more times
of purification, the precipitated NCs were redispersed in 4 ml of hexane
and then precipitated by adding 10 mL MeOAc at the volume ratio
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1:2.5. Finally, the one/two/three times—purified CsPbBrl, NCs were redis-
persed in toluene at a concentration of 80 mgmL ™" and stored in a
freezer at 4 °C for device fabrication.

Device Fabrication: The prepatterned ITO was cleaned using chloro-
form, acetone, isopropanol, and ethanol step by step before drying in
N, flow. Next, the ITO substrate was coated with the TiO, precursor
at a speed of 2000 rpm. The TiO, precursors were prepared, according
to a previous work.””) The TiO,-coated ITO substrate was annealed
at 455°C for 20 min. The CsPbl,Br photoactive layer was deposited
using the procedure described later, resulting in a total thickness of
200-350 nm. The samples were put onto a hotplate at 330 °C for 2 min
in a glove box. After cooling down to room temperature, the P3HT hole-
transporting material (15 mg P3HT in 1 ml chlorobenzene) was spin cast
at 2000 rpm for 30s, following 5 min annealing at 200°C. Finally, a
25 nm gold electrode was evaporated through a mask at a pressure below
1071 Torr.

CsPbl,Br NCs Film Deposition: The processes were conducted in air
ambient at a relative humidity <15%. The film was deposited similar
to a previous work with some improvement.”¥ Ligand solutions were
made by sonicating 30 mg of Pb(OAc), in 30 mL of anhydrous IPA for
5 min. The solution was stored for 2 days to precipitate the excess salt.
The CsPbl,Br NCs were spin cast on the substrate at 850-1000 rpm
for 20 s followed by 2000 rpm for 10 s and then soaked in the ligand solu-
tion for 10 s to remove long-chain ligands. The film was rinsed using neat,
anhydrous MeOAc for 5 s and then dried with a stream of air. This proce-
dure was repeated multiple four times to build up 100-300 nm-thick films.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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