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The Impact of Ligand Removal on the Optoelectronic
Properties of Inorganic and Hybrid Lead Halide Perovskite
Nanocrystal Films

Paris Papagiorgis,* Marios Sergides, Andreas Manoli, Modestos Athanasiou,
Caterina Bernasconi, Fedros Galatopoulos, Apostolos Ioakeimidis, Constantinos Nicolaides,
Epameinondas Leontidis, Theodossis Trypiniotis, Stelios Choulis, Maryna I. Bodnarchuk,
Maksym V. Kovalenko, Andreas Othonos, and Grigorios Itskos*

Ligand exchange performed during or after the colloidal synthesis of
nanocrystals (NCs) provides an efficient way to produce conductive NC solids
for optoelectronics. Herein, a post-synthetic ligand washing process is
developed and applied to two different combinations of ligands and
perovskite NCs, namely robust green CsPbBr3 NCs capped by
didodecyldimethylammonium bromide and near-infrared FAPbI3 NCs
decorated by weakly bound oleic acid ligands. The impact of such processes
on the morphological and optoelectronic NC properties is examined while
exploring parameters such as the reaction time and the influence of oxygen
and humidity. For the FAPbI3 NCs, ligand washing results in extended NC
aggregation and substantial photoluminescence loss, with the treatment
becoming more aggressive for air-exposed films. For the CsPbBr3 NCs, the
process is insensitive to the environmental conditions and results in partial
ligand shell loss and NC close packing rather than bulk-like aggregation while
affecting less the optical properties. Upon ligand removal, the
photoconductance increases by up to ≈90% and ≈60% for FAPbI3 NCs and
CsPbBr3 NCs, respectively. THz spectroscopy produces qualitatively similar
trends of the conductivity with ligand removal time, with THz mobility values
as high as 30 and 6 V−1s−1cm2 for glove box prepared FAPbI3 and CsPbBr3

NCs, respectively.
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1. Introduction

Lead halide perovskite nanocrystals (LHP
NCs) have emerged as high-performance
remote emitters for luminescent, lasing,
and single photon applications, also find-
ing niche uses in various other electro-
optical devices such as photodetectors, sen-
sors, and solar cells.[1–3] The performance
of such devices is crucially dependent
on the preparation of conductive, close-
packed LHP NC layers. Various success-
ful electronic functionalization approaches
have been implemented that include the
use of short ligand complexes during the
colloidal synthesis[4–6] as well as post-
synthetic ligand exchange[7–9] or ligand re-
moval methods.[10–12] In the latter approach,
the active layer is typically exposed to an-
tisolvents such as methyl acetate (MeAc),
or ethyl acetate (EtAc) followed by passiva-
tion treatment by cation halide salts.[7,10–12]

In such treatments, the bulky ligands that
hinter conductivity are removed and the ac-
tive layer is built up by casting multiple
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layers of the material while being exposed to the salts that heal
the surface defects produced by the ligand desorption and pre-
serve the three-dimensional perovskite phase. By employing such
as method for the first time, Sanehira et al.[10] demonstrated
solar cells based on closed-packed arrays of CsPbI3 NCs with
power conversion efficiency (PCE) over 10%. The use of For-
mamidinium Iodide (FAI) post-treatment, improved the PCE to
≈14%[13] while subsequent optimization involving the use of NC
multinary compositions and heterojunctions[8,14,15] allowed a fur-
ther leap in the efficiency, reaching efficiencies of ≈17.4%.[16–18]

Herein, we develop a ligand removal protocol aiming to fabri-
cate thick and conductive LHP NC films for light harvesting ap-
plications. The versatility of the approach is being demonstrated
by applying it into two substantially different combinations of
ligands and NC materials, namely all-inorganic, green absorb-
ing CsPbBr3 NCs capped by robust didodecyldimethylammo-
nium bromide-lead bromide (DDAB-PbBr2) molecules and near-
infrared hybrid FAPbI3 NCs decorated by weakly bound oleic acid
(OA) and oleylamine (OAm) ligands. The two types of NC-ligand
materials have been selected based on their well-studied struc-
tural and photophysical properties and their chemical robustness
when imposed to the ligand-washing treatment. A parametric se-
ries of samples has been fabricated in inert and ambient condi-
tions and imposed to the respected ligand stripping process, i.e.,
CsPbBr3 NCs were exposed to CsBr solution in EtAc and FAPbI3
NCs exposed to FAI in EtAc. The structural properties of the sam-
ples were probed by scanning electron microscopy (SEM) and
atomic force microscopy (AFM), monitoring the NC aggregation
process as ligands were removed. Optical spectroscopy was im-
plemented to study the impact of the progressively smaller ligand
coverage on the NC exciton energetics and dynamics, while the
electronic communication within the NC solids was probed via
a combination of time-domain THz spectroscopy (TDTS), time-
resolved THz spectroscopy (TRTS) and photoconductive lateral
NC devices.

2. Results and Discussion

The motivation of the work has been the adaptation of CsPbI3 NC
ligand removal methodologies for solar cells[7,10–12] to the hybrid
NC counterpart material of FAPbI3. The latter, possesses a nar-
rower energy gap, making it more suitable for solar light absorp-
tion and has been found to retain the perovskite black phase more
efficiently compared to CsPbI3.[19,20] The aforementioned recipes
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successfully produce high mobility CsPbI3 NC arrays via layer-
by-layer deposition involving ligand washing by a polar solvent
formulation such as lead(II) nitrate in MeOAc[7] and subsequent
treatment by cation halide in EtAc to allow ligand desorption,
defect passivation and ensure electronic coupling of the NCs.
Application of this ligand removal protocol to FAPbI3 NC films
in both inert and ambient conditions was found to increase the
film conductivity by order(s) of magnitude but also led to rapid
degradation of the material, as washing by the MeOAc formula-
tion was found to induce a black to yellow FAPbI3 crystal phase
transformation. The developed simplified version of the protocol,
schematically shown in Figure 1, does not include the MeOAc
washing step but instead uses a single process of ligand removal
by EtAc and simultaneous FAI salt passivation that is repeated
to build a layer-by-layer NC assembly followed by PMMA over-
layer encapsulation. To test the applicability and versatility of the
method, the treatment was also applied to all inorganic CsPbBr3
NCs capped by didodecyldimethylammonium bromide and
treated by lead bromide (DDAB-PbBr2). The DDAB/PbBr2 lig-
ands provide highly efficient surface passivation and defect heal-
ing, making DDAB/PbBr2-CsPbBr3 NCs suitable for a plethora of
light-emitting applications.[21–26] In direct analogy to the FAPbI3
NC system, CsPbBr3 NCs were exposed to a single step of wash-
ing by a CsBr solution in EtAc. All work was performed on in-
organic and hybrid NCs in the weak confinement regime with
similar sizes in the range of 10–12 nm to minimize the impact of
NC size on the produced results and trends. Representative opti-
cal properties and TEM images of dilute solutions of the pristine
NCs are presented in Figure S1 (Supporting Information).

The impact of the treatment reaction time (treac) was studied in
the range of 0–20 s, with zero referring to untreated samples. Fur-
ther exposure to 20 s to the washing formulation leads to crystal
damage or phase transformations and deterioration of the opto-
electronic properties of the materials. The effect of humidity and
oxygen was also probed, as two identical series of films per NC
material were fabricated and processed in the inert environment
of the glove box and in ambient conditions with ≈40% humidity.
Table 1 lists the series of the discussed samples with the corre-
sponding reaction time.

2.1. Morphological and Optical Spectroscopy Study

2.1.1. FAPbI3 NCs

The evolution of the film microstructure with treac was studied via
SEM and AFM microscopy. SEM images of FA0 to FA20 sam-
ples, fabricated in inert glove box conditions, are displayed in
Figure 2a–h. A relatively smooth morphology was observed in
the pristine FA0 sample. As ligand washing reaction time in-
creases, aggregation of NCs occurs, resulting in the growth of
progressively larger FAPbI3 domains. The high-resolution SEM
images (Figure 2e–h) indicate that aggregation produces mainly
irregular-shaped grains and some more regular-shaped FAPbI3
crystallites, with the latter becoming more prominent for longer
ligand washing times. Particle size SEM analysis is presented in
Figure 2i–n, with output parameters displayed in Table S1 (Sup-
porting Information). The analysis indicates a bimodal Gaussian
areal distribution of FAPbI3 grains peaked at ≈ 400 nm2 for all
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Figure 1. Schematic of the NC film treatment and deposition. Initially, the LHP NC solution is spin-casted on a substrate and the deposited film is
exposed for treac time to the respective solution of cation halide in EtAc. The procedure is repeated two more times to produce films of the order of
100–150 nm. The last step includes the encapsulation of the film with a thin PMMA layer.

Table 1. List of samples under study, coded by the reaction time of the
ligand washing step.

treac (s) FAPbI3 NCs CsPbBr3 NCs

0 FA0 Cs0

5 FA5 Cs5

10 FA10 Cs10

20 FA20 Cs20

films, corresponding roughly to NC aggregates formed by aggre-
gation of four isolated NCs. The larger area Gaussian is peaked at
≈1000 or ≈2000 nm2 depending on the reaction time. Increasing
the reaction time from 5 to 20 s, results in an increase of the pop-
ulations of the two Gaussians and eventually the dominance of
the large area Gaussian. The findings of SEM are also supported
by AFM microscopy shown in Figure 2i–l. AFM size distribution
analysis cannot be performed reliably, but the growth of NC sin-
tered grains can be indirectly inferred by the surface roughness
that increases for the case of the presented images from ≈6 nm
for FA0 to ≈24 nm for FA20; the complete evolution of surface
roughness with ligand washing is shown in Table S1 (Supporting
Information).

Interestingly, the morphology of the samples is influenced by
the reaction environment. SEM and AFM images of films im-
posed to the same ligand washing in ambient conditions are in-
cluded in Figure S2 (Supporting Information). Compared to sam-
ples prepared in the glove box, ligand washing in ambient condi-
tions is more aggressive, producing reproducibly larger sintered
domains with a particle distribution that resembles more a log-
normal rather than a Gaussian function, as shown in Figure S3
(Supporting Information). AFM is also supportive of the SEM
findings, with AFM images in Figure S2i–l (Supporting Infor-
mation) and respected data at Table S1 (Supporting Information)
providing evidence of increased surface roughness compared to
glove box-treated samples. As elaborated later in the manuscript,
in the presence of oxygen and humidity, the EtAc FAI solution is
transformed to a more reactive agent being more invasive to the
NC films.

Optical spectroscopy supports the microscopy data and pro-
vides further insight into the impact of ligand removal on the
electronic states of the treated NCs. Figure 3a,b contains repre-
sentative absorption spectra, while Figure 3c–f displays steady-
state photoluminescence (PL) at 10 and 290 K, performed at the

FAPbI3 NC sample series of Table 1, treated in and out of glove
box. Raw data of the temperature-dependent steady state PL and
time-resolved PL (TRPL) experiments are presented in Figures
S4 and S5 (Supporting Information), respectively, while the main
optical figures of merit are listed in Table S2 (Supporting Infor-
mation). As ligand washing time increases, the PL peak and the
band edge, redshift by as much as ≈60 meV evidencing a transi-
tion from isolated to sintered NCs, as seen in the summary plots
in Figure 3g. Approximately 65% of this shift occurs in the F5
film, indicating that 5 s of washing by the EtAc:FAI formulation
is sufficient to induce significant desorption of ligands and loss of
confinement. For higher reaction times, the growth of the FAPbI3
agglomerations results in suppression of the excitonic absorption
and an overall increase of the optical density due to the increased
material packing.

The impact of the washing time and processing environment
is visible in the variable temperature PL spectra, displayed in
Figure 3c–f for the samples processed in ambient and inert con-
ditions at 10 and 290 K, respectively. At low temperatures, the in-
tense single peak emission of the untreated FA0 NC film evolves
into a red-shifted multi-component emission with an overall in-
tensity gradually reducing with ligand washing time. The emis-
sion can be typically reproduced by a convolution of two or three
Gaussian peaks, that are reasonably well resolved at cryogenic
temperatures, as representatively displayed in Figure 3c,e, with
complete lineshape analysis included in Figure S6 (Supporting
Information). One of the peaks lies in the vicinity of the pris-
tine NC emission and it is attributed to the excitonic emission
from isolated NCs. As reaction time increases, ligand desorp-
tion promotes the aggregation of isolated NCs and the NC exci-
ton emission peak quenches at the expense of the bulk-like red-
shifted emission. The presence of weak NC exciton emission in
the treated films indicates that a small fraction of the NCs re-
mains relatively intact even after washing for up to 20 s. For such
NCs, the small red-shift of the exciton PL peak by a few instead
of several tens of meVs could be assigned to a combination of the
change in dielectric environment and enhanced inter-NC cou-
pling as partial ligand detachment occurs and NC packing in-
creases. The obtained trends in FAPbI3 NCs differ from those re-
ported in the originally developed recipe by Zhao et al.[14], where
ligand washing combined with FAI treatment in CsPbI3 NCs ap-
pears to keep fairly intact the great majority of the NCs, with the
treatment mainly affecting the interparticle distance but not in-
ducing pronounced NC aggregation. In a fraction of the treated
films, additional luminescent components to the nanocrystal and
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Figure 2. Low-resolution SEM images of a) FA0, b) FA5, c) FA10, and d) FA20 FAPbI3 NCs films exposed to EtAc/FAI halide salt solution for 0, 5, 10,
and 20 s respectively and prepared in inert conditions; the scale bar is 5 μm. Higher resolution SEM images from the same e) FA0, f) FA5, g) FA10, and
h) FA20 FAPbI3 NCs films; the scale bar is 500 nm. AFM images of i) FA0, j) FA5, k) FA10, and l) FA20 FAPbI3 NCs films; scale bar is 1 μm. Particulate
size analysis from SEM microscopy for m) FA5, n) FA10, and o) FA20 films.

bulk exciton emission emerge, with the most common case be-
ing displayed in Figure 3c and Figure S6e–h (Supporting Infor-
mation), where a weak, blue-shifted Gaussian peak is visible. Ev-
idence of the origin of such emission can be obtained using the
high-resolution SEM images of Figure 2e,f. As ligand desorption
on the FA10 and FA20 films becomes pronounced, the forma-
tion of more ordered platelet or rod-like crystals becomes visible.
In such structures, quantum and dielectric confinement can ac-

count for the higher energy emission observed in the PL spectra.
Etching of the NCs surface by the washing formulation could also
produce this small sub-fraction of blue-emitting regions.

Despite the substantial NC structural transformation, the in-
tegrated luminescence of the film series treated within the glove
box is not greatly affected by the application of the ligand ex-
change reaction for temperatures up to 200 K, while appreciable
emission is recorded by the samples at room temperature. On
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Figure 3. Optical absorption of FAPbI3 NC films prepared under a) ambient and b) inert conditions. PL spectra at low (10K)/high (290K) temperatures
of FAPbI3 NC films prepared in c,d) ambient and e,f) inert conditions, respectively. PL peak position (open circles) and g) energy gap (solid spheres) for
the samples under study. h) PL lifetime and i) QY for the two series. Integrated PL intensity as a function of film temperature processed in j) ambient
and k) inert conditions.

the contrary, the emission from FAPbI3 NC films prepared in air
quenches by orders of magnitude compared to the pristine NC
luminescence for temperatures above 200 K. The trend is repro-
duced in multiple sample series and indicates that upon removal
of the oleic acid/oleilamine ligands in ambient conditions, non-
radiative centers are formed that efficiently quench the exciton
emission at elevated temperatures.

Further information on the origin of such defects can be ob-
tained by a more precise examination of the lineshape of the vari-
able temperature PL, presented in Figure 3j,k. Pristine samples
in both cases show emission enhancement as the temperature is
raised in the range of 160–250 K. Such behavior has been previ-
ously observed in inorganic and hybrid perovskite NC films and
has been attributed to thermally-activated exciton de-trapping
processes from surface traps that replenish the free NC exci-
ton population thus increasing the emission.[26] Previous work
of some of the authors on CsPbBr3 NCs20 has shown that the de-
trapping process is correlated with the depth of the surface traps,
with more pronounced detrapping observed in well-passivated
NC surfaces in which deep traps are largely eliminated. As shown
in Figure 3j, as the ligand washing reaction time increases, such
PL enhancement region suppresses, implying a respective in-
crease of the surface trap energy. In other words, as ligand de-
tachment increases, deeper defects are formed effectively local-

izing the excitons and suppressing their thermal escape to the
NC electronic states manifold. It can be hypothesized that the
formation of such traps is driven by the transformation of EtAc
to acetic acid and methanol in the presence of humidity.[27] Such
biproducts react and corrode the NC surface creating deep trap
states. This hypothesis is also supported by the effective PL life-
times from the samples displayed in Figure 3h, where a lifetime
enhancement with reaction time is attributed to slower recombi-
nation of excitons trapped at progressively deeper traps.

2.1.2. CsPbBr3 NCs

CsPbBr3 NCs were exposed to the same EtAc antisolvent for-
mulation as FAPbI3 NCs with subsequent treatment by CsBr
to achieve ligand removal and healing of the surface dangling
bonds, respectively. The study allows to evaluate the effectiveness
and impact of the ligand exchange protocol on the more robust
combination of inorganic CsPbBr3 NCs decorated by the strongly
bound DDAB/PbBr2 capping ligands and further passivated via a
PbBr2 during post-synthetic ligand exchange.[22] SEM and AFM
images of the pristine Cs0 and the treated Cs5, Cs10, and Cs20
samples are displayed in Figure 4, demonstrating the appearance
and growth of NC agglomeration with reaction time.

Adv. Optical Mater. 2024, 12, 2301501 2301501 (5 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. SEM images of a) Cs0, b) Cs5, c) Cs10, and d) Cs20, CsPbBr3 NCs films exposed to EtAc/CsBr precursor solution prepared under inert
conditions. AFM images of the same e) Cs0, f) Cs5, g) Cs10, and h) Cs20, CsPbBr3 NC films.

Agglomerations of CsPbBr3 NCs were found to be more than
one order of magnitude larger than the larger areal population es-
timated in the FAPbI3 NC series as seen in the particle analysis
of Figure S7 (Supporting Infomation) and the cumulative Table
S1 (Supporting Information) containing all structural data from
the studied samples. This result seems counter-intuitive as the
DDAB ligands are more strongly bound to the NC surface com-
pared to the oleic acid/oleylamine molecules capping the FAPbI3
NCs, which should result in reduced NC agglomeration. Based
on the optical data presented later on, we hypothesize that the lig-
and removal of the DDAB ligands is partial, resulting in the pack-
ing of NCs within larger domains but allowing a large fraction of
NCs to retain much of their nanostructured nature. Another in-
teresting variation to the trends observed in the hybrid NC stud-
ies is that for CsPbBr3 no systematic variation on the areal size
and number of the NC agglomerated grains was observed upon
applying the ligand washing reaction to films in inert or ambient
conditions. Hence, it appears that the environment of the ligand
removal reaction does not affect significantly the NC fusing pro-
cess.

Absorption and comparative PL spectra at 10 and 290 K from
the CsPbBr3 NC films series, prepared at ambient and glove box
conditions are presented in Figure 5a–f, respectively; the com-
plete evolution of the PL spectra of each sample is included in
Figure S8 (Supporting Information) and the main optical char-
acteristics are listed in Table S3 (Supporting Information). Lig-
and washing results in the appearance and growth of lower en-
ergy states in absorption and PL extending to bulk CsPbBr3
(≈2.3 eV).[28] A defect origin for such tail states appears not to be
compatible with the variable temperature PL spectra, as the op-
posite trend should have been observed with emissive defects be-
coming more pronounced at cryogenic temperatures. Some con-
tribution from surface defects on the tail states cannot be ruled
out, but we attribute the main contribution to recombination
from electronic states of CsPbBr3 NC agglomerated regions. The

loss of the ligand shell is further supported by the temperature
evolution of PL intensity observed in Figure 5g, where exciton
de-trapping promoted by the efficient surface passivation by the
DDAB/PbBr2 ligands is progressively suppressed. Nevertheless,
removal of the DDAB/PbBr2 ligands in the CsPbBr3 NCs affects
less the optical properties compared to the oleic acid/oleylamine
desorption in the FAPbI3 NC film series. This is evident by the
emission quantum yield (QY) drop upon washing from ≈97 to
≈40%, shown in Figure 5h, for ambient treated samples. Such a
drop is more than one order of magnitude smaller compared to
the respective PL QY quenching induced by the ligand washing in
the FAPbI3 NCs. Furthermore, as observed in Figure 5i,j, a rather
small redshift of the energy gap and a small increase of the PL
FWHM is obtained while the PL peak energy appears to be largely
unaffected by the ligand removal, indicating an incomplete loss
of the ligand shell, as discussed earlier in the manuscript.

2.2. Electronic Conductivity

The impact of ligand removal on the electronic transport and con-
ductivity properties of the films was studied via a combination
of non-contact THz techniques and DC photoconductivity mea-
surements performed in processed lateral devices. The optical ex-
periments included THz time domain (TDTS) and time-resolved
(TRTS) spectroscopy, probing the THz frequency-dependent con-
ductivity and the transient evolution of the THz transmission,
respectively.[29–31] Figure 6 presents the results of the TDTS ex-
periments on FAPbI3 and CsPbBr3 NC samples, prepared and
treated in both ambient and glove box conditions. THz data are
displayed only for the samples imposed to the ligand removal
recipe, as in pristine NC samples the THz conductivity was found
to be negligible, being hindered by the native ligands.

In TDTS measurements shown in Figure 6, the real part of
the conductivity assumes positive values, while the imaginary
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Figure 5. Absorption spectra for CsPbBr3 NC films prepared under a) ambient and b) inert conditions. PL spectra at low (10K)/room temperature (290K)
of CsPbBr3 NC films prepared in c,d) ambient and e,f) inert conditions. g) Normalized integrated PL Intensity as a function of temperature. h) PL QY
(black dots) and effective lifetime (blue dots) as a function of reaction time. i) Eg (red dots) and PL peak (black dots) and j) full-width half maximum of
PL lineshape as a function of treac.

part is negative for all studied samples. This is a characteris-
tic behavior observed in perovskites of various dimensionalities
and compositions[32–37] when the average electron displacement
is comparable to the material dimensions, as long as quantum
confinement is not significant.[38] Such a regime encompasses
the relevant length scale range of transport of several tens to hun-
dreds of nanometer-sized grains produced in the studied films.
The behavior is typically described by the Drude–Smith model[39]

that introduces terms modifying the classical Drude model to ac-
commodate for the effect of incomplete randomization of carrier
momentum after collisions. In this model, the complex photo-
conductivity is given by Equation (1):

Δ�̃� =
Ne2𝜏∕m∗

(1 − i𝜔𝜏)

[
1 + c

1 − i𝜔𝜏

]
(1)

where N is the carrier density, e is the electron charge, m* is the ef-
fective electron mass, 𝜏 is the scattering time of free carriers, 𝜔 is
the angular frequency of the THz wave and c is a parameter that
quantifies the fraction of the initial velocity of the electron that
is retained after a collision. c can take values from 0 being the
limit at the absence of backscattering to −1 denoting the bound
of complete suppression of conductivity.[39] In the data modeling,
effective electron masses were taken as 0.15 m0 for CsPbBr3

[40]

and 0.1 m0 for FAPbI3
[41] with m0 being the electron mass in vac-

uum.
For the case of the FAPbI3 NC samples, it is observed that THz

conductivity overall increases with the ligand removal time. How-
ever, the actual trends depend on the environmental conditions
of sample processing.

In NC films prepared in ambient conditions, real and imagi-
nary conductivity are maximized for the intermediate case of treac
= 10 s, while in oxygen and humidity-free environment, a grad-
ual and monotonic increase of conductivity is observed up to the
maximum treatment time of 20 s. Importantly, conductivity on
the latter samples assumes values larger by one order of mag-
nitude compared to the respected values measured in ambient
conditions, which is consistent with the optical spectroscopy find-
ings, indicating a significantly more efficient formation of non-
radiative centers upon NC aggregation in ambient conditions.
For the FA samples fabricated in both types of environmental
conditions, the persistence velocity, c, was found to be less than
−0.5, which indicates increased carrier localization. Specifically,
in the ambient environment, c ranged from −0.78 to −0.68, and
for inert conditions, from −0.79 to −0.82 as depicted in Table S4
(Supporting Information). As more ligands are removed, larger
grains are formed, and scattering becomes less efficient reducing
the absolute value of the parameter c and increasing the average
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Figure 6. Real conductivity (top) and imaginary conductivity (bottom) for a) ambient and b) inert prepared FAPbI3 NC samples. The solid lines represent
the fitting of the data with the Drude–Smith model. Real conductivity (top) and imaginary conductivity (bottom) for c) ambient and d) inert prepared
CsPbBr3 NC films. All data were acquired using a pump fluence of 38 μJ cm−2.

scattering time 𝜏. The reduced backscattering, i.e., smaller abso-
lute values of c and larger scattering times 𝜏 observed in the ambi-
ent prepared films compared to glove box treated samples agrees
with the more extensive aggregation of NCs in the presence of
oxygen and moisture evidenced by the structural measurements
described previously. Identical experiments were performed on
the CsPbBr3 NCs samples. The TDTS experiments reveal a slight
increase in conductivity for the samples that were prepared in
a controlled environment (Figure 6c,d). The persistence velocity
and the scattering time parameter values appear largely insensi-
tive to the ligand washing time and the reaction environment as
shown in Table S4 (Supporting Information). Overall, the impact
of ligand washing time is less significant compared to the case of
FAPbI3 NCs.

Representative data from the TRTS experiments are displayed
in Figure 7. The signal amplitude at t = 0 is proportional to the
THz conductivity and follows the respective trends obtained in
the TDTS experiments of Figure 6 namely: i) higher conductivity
for FAPbI3 NC samples prepared in the glove box, ii) monotonic
increase of the conductivity with ligand washing time in the inert
produced films compared to ambient treated samples in which
conductivity reduces when washed for >10 s, iii) continuous in-
crease of conductivity for inert and ambient treated CsPbBr3 NC
samples but overall smaller signal compared to the FAPbI3 ma-
terial. Importantly the TRTS measurements can provide insight

on charge recombination dynamics processes taking place after
photoexcitation. The decays recorded from all samples require
fitting by triple-exponential functions, yielding for both FAPbI3
NC and CsPbBr3 samples, a short decay constant 𝜏1 in the range
of 5–10 ps, an intermediate decay 𝜏2 at 20 to 30 ps and a signif-
icantly slower component 𝜏3 ranging from 140 to 220 ps. What
changes between CsPbBr3 and FAPbI3 NC samples is the relative
amplitude of each of the three decays. Based on previous work of
some of the authors on transient spectroscopy of such NCs across
similar type of photoexcitation densities[42,43] the first two decay
times could be associated with carrier relaxation via phonons that
is retarded by effects such as hot phonon bottleneck and Auger
heating or multicarrier recombination via the Auger mechanism;
the 𝜏3 timescales seem compatible with radiative recombination
and/or carrier trapping. In the case of CsPbBr3 films, the fluence
exceeds the ASE threshold of CsPbBr3 NCs (30 μJ cm−2),[43] so
one of the decays could also be associated with stimulated emis-
sion.

In order to further investigate the nature of the carrier re-
combination processes as a function of ligand washing time, the
excitation-dependent THz transient data are simulated with the
following rate equation model in Equation (2):

dn (t)
dt

= −k1n − k2n2 − k3n3 (2)

Adv. Optical Mater. 2024, 12, 2301501 2301501 (8 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. Normalized time-resolved THz signal for a) ambient and b) inert prepared FAPbI3, and c) for all CsPbBr3 NC films. d) Monomolecular, e)
bi-Molecular, and f) Auger coefficients extracted by the model described by Equation (3).

where n(t) is the free carrier charge density, k1 is the monomolec-
ular recombination coefficient, k2 is the bimolecular recombi-
nation coefficient and k3 is the Auger coefficient. The model
assumes unbound electrons and holes as neutral excitons do
not directly contribute to the THz conductivity. The coefficient
values extracted from the fittings are displayed in Figure 7d–f
as a function of ligand washing time. Monomolecular recom-
bination is dominated by trap-assisted carrier recombination,
while the main contribution to the bimolecular recombination
is expected to be the radiative recombination of electron–hole

pairs. For FAPbI3, the fits for the glove box films yields k1
values consistently lower than the respective rate constants in
the air-treated films, in line with the enhanced non-radiative
recombination evidenced by the PL studies and the reduced
THz conductivity of the latter samples. For the inert samples,
trapping appears fairly independent on the ligand washing
time while for ambient films trapping shows a non-monotonic
variation reflecting the respective variation of the THz conduc-
tivity, i.e., the conductivity (trapping), increases (decreases) for
ligand removal reaction time up to 10 s and subsequently it

Adv. Optical Mater. 2024, 12, 2301501 2301501 (9 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 8. Photoconductivity signal (photocurrent) for a) ambient, b) inert prepared FAPbI3, and c) CsPbBr3 NC films excited at 𝜆 = 410 nm and power
density of 32 mW cm−2. d) Maximum photocurrent at 410 nm, 32 mW cm−2 excitation/5 V bias. e) THz differential signal at t0 and f) extracted mobility
from Equation (4) as a function of treac for all samples under study.

decreases (increases) for more extensive ligand stripping. Τhe
bimolecular recombination coefficient k2 and the Auger rate
constant k3 exhibit qualitatively similar trends, namely reducing
as ligand washing time increases, however, the quenching in
the Auger coefficient is significantly more severe. The reduction
of the two rate constants is predominantly attributed to the loss
of confinement as NC sinter/agglomerate upon desorption of
the ligands. The increase of electronic communication and the
faster electron and hole transport as the ligand shell is removed,
also compete with the two recombination mechanisms. For the
CsPbBr3 NC samples, all recombination coefficients reduce with
ligand washing, in a very similar fashion for samples fabricated
in and out of glove box, consistent with the morphological and
spectroscopic results. As in the case of FAPbI3 NC samples,
ligand desorption has a higher impact on Auger recombination,
owing to its strong dependence to confinement.

Figure 8a–c contains photoconductivity data from lateral ITO-
NC-ITO devices incorporating in the active region the ambient
and inert treated FAPbI3 and CsPbBr3 films. The results show a
monotonic increase of the photocurrent with the reaction time
for both CsPbBr3 and FAPbI3 NC films, however, the improve-
ment in the latter samples is larger due to the more efficient
depletion of the NC ligand shell upon washing. A quantitative
comparison between the THz conductivity and photoconductiv-
ity experiments is challenging due to the different experimental
conditions of the two experiments. However, the qualitative simi-
lar behavior of the evolution of the THz and photocurrent signals
with ligand washing times is evident in Figure 8d,e, displaying

the maximum photocurrent at bias of 5 V upon photoexcitation
in the violet (410 nm). Figure 8f displays the maximum THz car-
rier mobility as a function of ligand washing time for all studied
samples. The mobility was calculated by Equation (3):

𝜇 = S
ne

(3)

where S is the THz conductivity at ≈1.2 THz, where the maxi-
mum signal was observed for most of the studied films, n is the
carrier density, and e is the electron charge. Mobility shows the
same trends with the photocurrent and the THz signal, namely:
i) increases with washing time for all samples apart from the
most heavily (FA20), air-treated FAPbI3 NC films. ii) FAPbI3 NC
films prepared in an ambient environment show significantly
lower mobility values than those in the inert prepared samples.
iii) CsPbBr3 NC samples show nearly identical mobilities when
prepared under inert and ambient conditions.

3. Conclusion

In summary, a comprehensive study was carried out to under-
stand the influence of a ligand removal procedure based on ethyl
acetate and simultaneous cation halide salt passivation, repeated
to build a layer-by-layer perovskite NC assembly. The protocol
was applied to ≈10-12 nm CsPbBr3 and FAPbI3 NCs to produce
electronically active films. Variables of the study included the
time exposure of the materials to the washing formulation and

Adv. Optical Mater. 2024, 12, 2301501 2301501 (10 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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the environmental conditions in which the reaction took place.
Microscopy revealed that even a moderate exposure of the mate-
rial to the precursor solutions leads to aggregation of the FAPbI3
NCs. For such NCs the ligand washing appears more aggressive
at ambient conditions resulting in more extended aggregation
as well as more pronounced non-radiative recombination com-
pared to films treated in controlled glove box conditions. For
CsPbBr3 NCs, the reaction environment was found to play an
insignificant role on the structural and optical properties of the
treated films. Interestingly electron microscopy indicates the
formation of larger domains in the inorganic NCs compared
to the FAPbI3 sintered regions, however, the optical properties
and the emission efficiency of the former are significantly less
affected by the ligand washing process compared to the FA-
based solids.

The different impact of ligand desorption in the two sys-
tems is attributed to: i) the weaker surface bonding of the oleic
acid/oleylamine molecules in the FAPbI3 NCs compared to the
binding affinity of the DDAB complexes in CsPbBr3 NCs17, mak-
ing them more prone to desorption upon treatment. DDAB has
been shown[17,45] to be able to penetrate and bind strongly onto
the CsPbBr3 NC surfaces, inhibiting NC aggregation and shape
or size alteration while exhibiting a higher barrier for ligand ad-
sorption/desorption compared to conventional ligands. As dis-
cussed in the manuscript, when the reaction occurs in air, oxygen
promotes partial transformation of the EtAC-based washing for-
mulation to acetic acid. The corroding action of the acid is more
intense in the FAPbI3 NC system, as the surface of such NCs
is much more ligand-depleted and less protected compared to
that of the treated CsPbBr3 NCs. ii) Oxygen and air are expected
to have a higher impact on the chemical nature of the FAI-EtAc
formulation compared to the CsBr-EtAc counterpart. Iodine has
a higher tendency to undergo oxidation reactions compared to
bromine, especially in the specific compounds used, where io-
dine forms a salt with the more volatile formamidinium com-
pared to the less reactive and more stable CsBr salt. It is thus
plausible that air affects much more the more volatile FAI-EtAc
solution.

The important impact of the ligand detachment on the elec-
trical properties of the samples is probed by THz spectroscopy
and photoconductivity experiments performed in films and lat-
eral ITO-NC-ITO devices. Such experiments provide conclusive
evidence that the ligand removal improves substantially the con-
ductivity properties of the treated films; for the case of the glove
box prepared samples, the improvement is monotonic up to 20
s of washing while more aggressive ligand removal results in
material degradation. Via transient THz measurements and by
employing the Drude–Smith type of modeling, monomolecular,
biomolecular and Auger coefficients are extracted as a function of
the ligand washing time with radiative (biomolecular) and Auger
recombination suppressing with ligand removal due to the loss
of carrier confinement. The maximum THz mobility of each sys-
tem was estimated, with glove box prepared FAPbI3 NC samples
mobility reaching values as high as ≈30 V−1s−1cm2 compared to
ambient FA-based films of ≈1 V−1s−1cm2 and CsPbBr3 NC films
of ≈6 V−1s−1cm2. Overall, the work indicates that relatively sim-
ple, chemical ligand washing protocols can have a highly benefi-
cial and quite reproducible effect in the conductivity properties of
LHP NC solids; however, the success of such treatments is criti-

cally dependent on comprehensive studies that can tailor the pro-
cesses to the specific NC-ligand system of interest and evaluate
and optimize the impact of parameters, such as the reaction time
and the reaction environment.

4. Experimental Section
Material Fabrication: CsPbBr3 NCs capped with DDAB-PbBr2 were

synthesized according to the Ref. [40].
FAPbBr3 NCs capped with oleic acid-oleylamine were synthesized ac-

cording to the Ref. [40].
Film/Device Fabrication: Films under study were fabricated via spin

coating under inert or ambient conditions, from material solutions with
concentration of ≈20 g L−1 in toluene. The substrates were initially cleaned
with nitric acid (HNO3), rinsed with de-ionized water, boiled in n-butyl ac-
etate, followed by sonication in acetone for 20 min, and rinsed with iso-
propanol. 70 μL of solution was spin coated at 1500 rpm for 60 s followed
by a drying step at 4000 rpm for 20 s. After casting the NC layer, 70 μL
of saturated FAI for FAPbI3 and CsBr for CsPbBr3 NCs in EtAc solution,
was deposited on the layer and dried with spinning at 4000 rpm for 60
s. The exposure time of the films to their respective precursor solution
was varied between 0 and 20 s as described in the manuscript. The whole
procedure was repeated three times for each film. To protect the films,
encapsulation by dynamic spinning of 30 mg mL−1 PMMA in toluene so-
lution at 5000 rpm for 60 s was performed. For the fabrication of lateral
devices, 50 μm channel interdigitated ITO substrates (Ossila) were used
as substrates following the same procedure for the film deposition and
treatment.

Microscopy: The morphological characterization of the samples was
carried out by scanning electron microscopy (SEM) and atomic force mi-
croscopy (AFM) techniques. For SEM a Tescan Vega LSU microscope was
employed at 20 kV and various magnifications ranging from 10 to 80k.
AFM was executed by a Multiview 4000 SPM/AFM/NSOM confocal multi-
probe system (Nanonics). The system consists of two probes and a piezo
scanning sample stage, which can be independently controlled, allowing
to perform scans up to 85 × 85 μm area in a non-contact mode.

Optical Spectroscopy: Absorption spectra were obtained by a Perkin
Elmer Lambda 1050 spectrophotometer equipped with a three-detector
module covering the 300–3300 nm spectral range. Steady-state photolumi-
nescence (PL) was carried out using a 0.35 m FluoroLog FL3 Horiba Jobin
Yvon spectrofluorometer. The samples were excited by a 405 nm Oxxius
laser diode at relatively low powers (<5 mW) to exclude multi-exciton and
photo-charging effects. The acquired spectra were corrected according to
the absorbance of each film at the excitation wavelength to account for
thickness variations between films. PL quantum yield (QY) experiments
were conducted in a LabSphere 4-inch integrating sphere coupled to an
i750 Princeton spectrometer equipped with a 256 × 1024 pixel CCD cam-
era via an optical fiber bundle. Samples were excited with a 405 nm Oxxius
laser diode at low powers (<5 mW). For the PL QY experiments, the inte-
grating sphere-based method described by J. de-Mello et. al[44] was used.
The method was based on the use of three sphere configurations that in-
clude an empty sphere reference, a scheme with the sample in place and
the laser beam directed onto the sphere wall to measure indirect emission
from the sample and the main configuration in which the laser beam was
directed onto the sample to acquire the direct NC emission.

Time-resolved photoluminescence (TR-PL) was measured on the FL3
spectrometer, using a monochromator-based time-correlated single pho-
ton counting (TCSPC) method. The samples were excited by a 405 nm
NanoLED laser diode with pulse width of ≈80 ps, operating at 100 KHz.
The data were acquired at different spots on each sample for spatial aver-
aging. The PL decays were obtained while monitoring the peak emission
within a bandwidth of ≈3 nm. The effective transient PL lifetime 𝜏eff was
calculated via the relation below Equation (4):

𝜏eff =
∑

i Ai𝜏
2
𝜄∑

i Ai𝜏i
(4)
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where 𝜏 i is the decay times extracted from the exponential fits of the PL
transients and Ai the corresponding decay amplitudes.[45] All data except
the absorption and the PL QY were acquired with samples placed in vac-
uum conditions (ca.10−6 mbar) using a closed cycle Janis cryostat that
allowed temperature-dependent PL experiments in the range of 10–340 K.

THz Spectroscopy: The experimental setup used for the THz measure-
ments consisted of a Spectra-Physics Tsunami Ti:Sapphire oscillator and a
Spitfire amplifier to generate output 100 fs pulses at 800 nm, with a repeti-
tion rate of 1 KHz. The pulses were guided to a conventional TRTS experi-
mental apparatus.[46] The samples were excited by 400 nm pulses created
by second harmonic frequency mixing with energies that can reach up to
150 μJ pulse−1. The THz pulses were generated by nonlinear rectification
in a 0.5 mm <110> ZnTe nonlinear crystal. Detection was achieved via
free-electrooptic sampling using an additional 0.5 mm <110> ZnTe crys-
tal. TDTS measurements were used to extract the photoconductivity and
mobility in the THz region as a function of ligand washing time. During
the presented experiments, the samples were illuminated by pump pulses
at 400 nm with fluence of 38 μJ cm−2.

Photoconductivity: To measure the photoconductivity of lateral de-
vices a Keithley 2461 source meter was employed. The samples were
placed under a Zeiss epifluorescence microscope and excited with a quasi-
monochromatic beam of 410 ± 20 nm with a power density of 32 mW
cm−2. For each measurement, to ensure device isolation from neighbor-
ing devices, spacing grooves were produced on the deposited material.
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Supporting Information is available from the Wiley Online Library or from
the author.
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