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Introduction

Halide perovskite (HP) nanocrystals (NCs) have been
a hot research topic in recent few years, as they show
near-unity photoluminescence (PL) quantum yield,
narrow emission width, wide tunable emission
absorption

wavelengths, large

Handling Editor: David Cann.

ABSTRACT

Halide perovskite (HP) nanocrystals (NCs) are promising materials for appli-
cation in optoelectronic devices. Smooth and compact films, which are obtained
by spin coating HP NCs, are required for high-efficiency devices. Whereas
solvent plays an important role in spin-coating NCs, there are only few reports
on the effect of dispersing solvents of HP NCs films. In this work, a series of
solvents with decreasing vapor pressures were used to disperse HP NCs. The
resulting morphological and optical properties of the HP NC films were ana-
lyzed. It appears that vapor pressure of the solvent and type of solvent have
great effect on distribution and optical properties of the HP NCs films. In
addition to film characterization, a mixture of two selected solvents was used to
fabricate HP NCs-based green LEDs with inorganic electron-transporting
materials (ETMs). The reduced leakage and improved LED performance indi-
cate that the mixed solvent helped to stabilize the HP NCs during spin-coating
the inorganic ETM. The work suggests that it is important to rationally select the
solvent of the HP NCs in order to obtain a compact film and to fabricate efficient
LEDs with ETM atop the HP NCs.

solution processability [1, 2]. These features make HP
NCs promising candidates for light emitting devices
[3]. For instance, Song et al. [4] have achieved highly
efficient HP NC-based LEDs with green emission and
external quantum efficiency (EQE) of 21% [5]. Sig-
nificant progress has also been made in fabricat-
ing white light emitting devices based on HP

coefficient, and NCs [6-8]
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The HP NCs layers used in optoelectronic devices
are usually obtained by spin-coating. In order to get
HP NCs devices with excellent performance, it is
both necessary to optimize the NCs surface by sur-
face engineering [9-13] and to obtain smooth and
compact HP NC films [14-17]. Pinholes or uneven
distribution of NCs in films could cause current
leakage or too high current density in running devi-
ces, which leads to low device efficiency [12, 18]. Re-
cently, attention has been paid to this issue, allowing
to reach somewhat improved performance [19, 20].
On the way to achieve smooth and compact HP NC
films, there are several important conditions to con-
sider [21], such as wettability of substrates [22],
proper spin-coating speed [23], ambient humidity,
NCs concentration, NCs size, evaporation rates of
solvent and types of solvents [24]. Usually, non-polar
solvents [25], including toluene [26], hexane [27] and
octane [28], are used to disperse HP NCs and to
maintain their stability in solution [29]. In some cases,
the solvent exerts a significant effect on physical
properties of HP NCs. For example, chloroform was
demonstrated to passivate bromide vacancies in
perovskite thin film [24]. Although there are a plenty
of researches about effect of solvents on depositing
HP thin films [24, 30, 31] and an amount of investi-
gations about effect of polar solvents on HP NCs
during purification [32-34], there has been no report
about effect of solvents used for dispersing HP NCs
on fabricating HP NC films.

In order to obtain high efficiency, HP NCs-based
LEDs usually adopt organic molecules like TPBi [35]
as the ETM, which is thermally evaporated onto the
NCs layer. However, the organic molecules are
expensive and have negative effect on the stability of
the LEDs [18]. In contrast, inorganic ETMs like ZnO
not only solve the above two problems, but also have
higher electron mobility than those of the organic
ETMs [36]. However, in spite of its excellent prop-
erties, ZnO, which is usually dispersed in polar sol-
vents like ethanol, can damage the NCs as well as
wash away the NCs layer during spin-coating pro-
cess, leading to high current leakage and poor LED
performance [37]. To avoid the NCs being washed
away while spin-coating ZnO NCs onto the HP NC
layer, it is necessary to fix the NCs in the film
beforehand.

Here we report on the effect of different dispersing
solvents when spin-coating HP NCs films. The sol-
vents were chosen according to their different
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evaporation rates. The films based on different sol-
vents were characterized in terms of morphology and
optical performance. Application of a solvent mixture
chosen based on the results of former NCs films
characterization demonstrated the possibility of fix-
ing the NCs in the film and fabricating HP NCs-based
LEDs with inorganic ETM. The work emphasizes on
the significance of rational selection of solvent for
dispersing HP NCs in fabrication of HP NC-based
optoelectronic devices.

Experimental
Chemicals

Lead acetate trihydrate (Pb(CH;COO),-3H,0,
99.99%), cesium carbonate (Cs,CO;, reagent Plus,
99%), benzoyl bromide (C¢HsCOBr, 97%, shortly
BBr), toluene (anhydrous, 99.5%), octadecene (tech-
nical grade, 90%, ODE), oleylamine (70%, OLAM),
oleic acid (90%, OA), ethyl acetate (99.8%, EA), die-
thyl ether (contains BHT as inhibitor, > 99.8%), hex-
ane (anhydrous, 95%), cyclohexane (anhydrous,
99.5%), octane (anhydrous, > 99%), 1,2-dichloroben-
zene (anhydrous, 99%), chloroform (> 99.5%), and
2,2’,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzim-
idazole) (TPBi) were purchased from Sigma-Aldrich.
Poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) was purchased from Ossila. All
chemicals were wused without any further
purification.

Synthesis of HP NCs

The HP NCs were synthesized according to the hot-
injection scheme as described by Imran et al. [38],
with a minor change of ten times the amount of
chemicals. In the synthesis, cesium carbonate
(160 mg), lead acetate trihydrate (760 mg), 3 mL of
OA, 10 mL of OLAM, and 50 mL of ODE were loa-
ded into a 100-mL 3-neck round-bottom flask and
dried under vacuum for 1 h at 130 °C. Subsequently,
the temperature was increased to 170 °C under
nitrogen flow gradually with air bubbles emerging
mildly and moderately, and BBr (700 pL) precursor
was swiftly injected into the reaction system. After
reacting for 30 s, the reaction mixture was immedi-
ately cooled down in an ice-water bath. Finally,
degassed toluene (10 mL) was added to the crude
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NCs solutions, and the resulting mixture was cen-
trifuged at 4000 rpm for 10 min. The supernatant was
discarded, and the precipitate was redispersed in
toluene (10 mL) for further use. The measured con-
centration [39] of the as-synthesized HP NCs,
CsPbBrs;, is about 180 g/L.

Purification of HP NCs solution

Firstly, 300 pL as-synthesized HP NCs solution was
added into a vial. Secondly, 10 pL BBr dispersed in
900 uL EA was added into the vial, and the vial was
stirred in glovebox for 10 min. Then, the solutions
were transferred to air without opening the lids of the
vials and were centrifuged at 5000 rpm for 10 min.
Finally, the supernatant was discarded, and the pre-
cipitates were re-dispersed in different solvents,
including diethyl ether, hexane, cyclohexane, toluene,
octane, and 1,2-dichlorobenzene:chloroform (2:1)
mixture, for further use. For device fabrication, the
solvent mixture was diethyl ether/hexane at a ratio
of 1:1, unless otherwise indicated.

Preparation of HP NCs films

Firstly, clean substrates were prepared by rinsing
soda-lime glasses with acetone, isopropanol, and
Milli-Q water for 10 min in sonication bath in
sequence, respectively, and drying under nitrogen
flow. Secondly, the HP NCs dispersed in different
solvents were spin-coated onto the cleaned glasses at
2000 rpm for 1 min.

Fabrication and characterization of LEDs

LEDs were fabricated on patterned indium-tin oxide
(ITO)-coated glass substrates. The substrates were
cleaned in an ultrasonic bath using detergent,
deionized water, isopropanol and deionized water,
sequentially. Prior to depositing the hole-transport-
ing layer, the ITO glass substrates were further trea-
ted with oxygen plasma at ~ 0.1 W/cm? for 300 s.
A PEDOT:PSS layer was then spin-coated onto the
cleaned ITO glass substrates at 4000 rpm for 1 min,
and the film was annealed in hood at 150 °C for
30 min. Poly-TPD was spin-coated onto the PED-
OT:PSS layer at 5000 rpm for 1 min and annealed in
glovebox (GB) at 120 °C for 20 min. Here, the poly-
TPD solution was prepared in chlorobenzene at 8 g/
L in GB. As the film cooled down, the solution of HP
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NCs dispersed in hexane with and without diethyl
ether was spin-coated at 2000 rpm for 1 min and
annealed at 70 °C for 15 min [18]. The ZnO NCs
solution was spin-coated at 2500 rpm for 1 min onto
the HP NCs layer used as ETM [37]. Then, the elec-
trode LiF and Al were thermally evaporated at rate of
0.2 nm/s and 2 nm/s, respectively, up to total nom-
inal thickness of 1.5 and 100 nm, respectively. Finally,
the devices were encapsulated with cover glasses and
encapsulation oil and treated by UV light for 15 min
to solidify the encapsulation oil in GB. The current —
voltage-luminance measurement was performed
using a Keithley 2410 source-measure unit and an
Agilent 34410A multi-meter, coupled to a calibrated
PDA 100A Si switchable gain detector from Thorlabs.
The output of the Si detector was converted into
power (photon flux) using a 50 Q load resistance and
the responsivity of the detector. The EQE was cal-
culated as the ratio of the photon flux and the driving
current of the device. The EL spectra of the devices
were collected by an Ocean Optics
HR4000 + spectrometer.

Characterization techniques
Transmission Electron Microscopy (TEM)

Low-resolution TEM measurements were performed
on a JEOL-1100 instrument operating at an accelera-
tion voltage of 100 kV. The HP NCs solutions were
drop casted onto carbon-coated copper grids without
dilution.

Scanning Electron Microscopy (SEM)

SEM images were recorded by a field emission SEM
(Helios NanoLabTM 650), with an acceleration volt-
age of 2 kV and a filament current of 0.2 A. The as-
prepared films were directly used for SEM observa-
tion after coating the substrates edges with silver
paint.

Confocal PL Microscopy

Confocal PL images and spectra were collected using
a Nikon A1l microscopy with a ~ 50 mW laser exci-
tation at 488 nm wavelength. The as-prepared films
were directly used for observation.
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Light absorption spectra

Light absorption spectra were collected by a Varian
Cary 5000 UV —vis -NIR spectrophotometer. The as-
prepared films on glasses were directly used for the
measurements.

Photoluminescence

Steady-state PL and time resolved PL lifetime were
carried out on the films with an Edinburgh fluores-
cence spectrometer (FLS920). The instrument is
equipped with a Xenon lamp and a monochromator
for steady-state PL measurement, and a time-corre-
lated single-photon counting unit coupled with a
pulsed laser diode (A = 405 nm, pulse width = 50 ps)
for time-resolved PL studies. The steady-state PL was
collected with an excitation wavelength of 350 nm.

X-ray Diffraction (XRD)

XRD analysis was performed on a PANanalytical
Empyrean X-ray diffractometer, equipped with a
1.8 kW Cu Ko ceramic X-ray tube and a PIXcel3D
2 x 2 area detector, operating at 45 kV and 40 mA.
XRD measurements were performed directly on as-
prepared films with auto-focus alignment. The
diffraction patterns were collected under ambient
conditions using parallel beam geometry and sym-
metric reflection mode. XRD data analysis was con-
ducted using the HighScore 4.1 software from
PANanalytical.

Results and discussion

Figure 1 shows TEM images of NCs dispersed in six
different solvents. The solvents are diethyl ether,
hexane, cyclohexane, toluene, octane, and
dichlorobenzene/chloroform, which have increasing
boiling points and decreasing vapor pressures (see
Table S1). The NCs in different solvents show some
difference in distribution on the respective copper
grids. In Fig. 1a, one can see NCs with an average
size of 7 nm and large particles with an average size
of 24 nm (Table S2). The NCs with different sizes
evenly spread across the sample; some of the large
particles do not follow the distribution trend of the
NCs and seem to sit on top of the other NCs, sug-
gesting that these large particles may have formed in
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the NCs solution. Some large particles follow the
natural distribution trend of the surrounding NCs,
suggesting in situ chemical sintering among some
NCs on the copper grid after deposition of the solu-
tion. Figure 1b shows a network of particles with an
average size of 19 nm, and NCs with an average size
of 8 nm in the background. In the case of cyclohexane
(Fig. 1c), the NCs formed several islands with
apparent gaps between them. The islands show
increasingly darker color from the edge to the center,
due to a gradient increase in the NCs size. Apart from
the uniform size and homogeneous distribution of
the NCs with an average size of 10 nm, in Fig. 1c
there are also some NCs with larger size about 17 nm.
With respect to the NCs in toluene, the TEM image
(Fig. 1d) shows a few dark islands embedded in the
orderly distributed NCs with an average size of
8 nm. There are some large particles with clear edges
about 12 nm in the dark parts. In the case of NCs in
octane (Fig. 1e), apart from a few round dark points
with average size of 36 nm, the NCs with an average
size of 9 nm generally follow an orderly distribution.
With respect to NCs in dichlorobenzene/chloroform
(Fig. 1f), there are a few square-shaped objects among
the NCs, following the arrangement trend of the
surrounding NCs. These squares have an average
size of 33 nm, while the NCs have average size of
7 nm. In the darker areas, the distribution of the NCs
look blurred, suggesting a mixture of NCs with dif-
ferent sizes. There are also a few white particles in the
image, which are attributed to the introduction of BBr
during treatment of the pristine NC solution. The
TEM images in higher resolution of NCs dispersed in
the six different solvents are also given in Fig. S1,
which provide some localized NCs distribution
information and some details of the NCs.

In general, in each case there are some particles
with average size larger than that of the pristine NCs.
On one hand, some large particles stochastically
spread among the NCs or on the top of the NCs. This
may be attributed to a comprehensive effect of
reduction of labile ligands on the NCs after being
washed with EA and the respective properties of the
solvents. On the other hand, some large particles
follow the texture of the surrounding NCs. This may
be caused by chemical sintering among the NCs after
evaporation of the solvents. It is clear that hexane,
cyclohexane, and octane show different distribution
patterns although the solvents have similar polarities,
suggesting some effect of evaporation rates of
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Figure 1 TEM images of HP NCs dispersed in a diethyl ether, b hexane, ¢ cyclohexane, d toluene, e octane and f dichlorobenzene/

chloroform (scale bar: 100 nm).

solvents (Table S1) on distribution of the HP NCs on
substrates.

Figure 2 presents SEM images of films obtained
from NCs solutions with different solvents. Even
though SEM images do not provide height informa-
tion, from the apparent texture of the imaged area we
can observe that some films (panels (a), (c). and (f))

look rather smooth, while the others look compara-
tively rough. The former smooth and generally flat
films—apart from a few bumps or uneven areas—
originated from diethyl ether, cyclohexane, and
dichlorobenzene/chloroform, respectively. In con-
trast, the latter originated from hexane, toluene, and
octane. In particular, in the case of hexane (Fig. 2b),

Figure 2 SEM images of HP NC films spin coated from HP NCs dispersed in the series of solvents a diethyl ether, b hexane,
¢ cyclohexane, d toluene, e octane, and f dichlorobenzene/chloroform (scale bar: 10 pm).
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there are a plenty of dot-like particles and a few fiber-
like particles embedded in the NCs film. In the case
of toluene (Fig.2d), several fiber-like particles
emerge that are embedded in the NCs film. At a
larger scale, these features appear to be NCs islands
(see Fig. S2a, c). For toluene (Fig. 2d), there is another
type of area between these islands. As shown in
Fig.S2b, large particles appear with an average size of
230 nm, in regions between islands. In the case of
octane (Fig. 2e), there are a few bumps formed from
the NCs on the glass (see Fig.53a, d). Within each
bump, fiber-like particles can clearly be resolved.
Among the bumps, there are networks of NCs (see
Fig. S3b). In general, the solvent of NCs has a clear
effect on the NCs distribution, driving aggregation to
different degrees, and thus on the resulting surface
morphology of the NCs films on glass.

The NC films on glass were further characterized
by confocal fluorescence microscopy, see Fig. 3. This
technique allowed us to identify more clearly the
NCs spatial distributions in the films. The brighter
regions in Fig. 3 can be associated with the NCs-rich
areas at a certain focal plane. Obviously, when
looking at the different panels of Fig. 3, one can

5 Ciiln m
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confirm that films deposited from NCs solutions in
different solvents show different spatial distributions
of the NCs. For diethyl ether (Fig. 3a), the NCs film
appears relatively uniform and compact in spite of
some pin-holes (small dark spots) and possible
aggregates (large bright spots). In practice, the NCs
look like being enwrapped homogeneously in a thick
polymer matrix, which is reflected in the clip image
from 3D scanning of the confocal fluorescence
microscopy (Fig. S4a). Such an apparently thick film
is unexpected, considering that diethyl ether has the
highest volatility among all considered solvents, due
to the highest vapor pressure at room temperature.
This suggests strong interaction between diethyl
ether molecules and HP NCs, which may be attrib-
uted to strong affinity of the latter with the oxygen in
diethyl ether. For hexane (Fig. 3b), the NCs film looks
also as compact and smooth as in Fig. 3a (no large
bright aggregates). For cyclohexane (Fig. 3c), the NCs
film shows two levels of brightness associated with
branched interpenetrating regions at current focal
plane. The contrast may also be partly caused by
defocusing at these regions due to relatively high film
roughness, as shown by the 3D image (Fig. S4c), even

Figure 3 Confocal PL mapping images of HP NC films spin coated from HP NCs dispersed in the series of solvents a diethyl ether,

b hexane, ¢ cyclohexane, d toluene, e octane, and f dichlorobenzene/chloroform.
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though not apparently confirmed by the respective
SEM image (Fig. 2¢). For toluene (Fig. 3d), the NCs
film also presents a similar pattern as for cyclohex-
ane, with apparently lager interpenetrating black and
green regions. Despite this change, the fractal
dimension of the images in Fig. 3b-e is not signifi-
cantly different, staying always in the 2.32-2.36
range, whereas it meets the highest values of 2.47 and
2.53 for the limiting cases of smooth green area in
Fig. 3a and wuniform distribution of small green
islands in Fig. 3f, respectively. According to the 3D
image for toluene (Fig. S4d), the black regions in
Fig. 3d are seldom covered by NCs, and the film has
apparently higher roughness than that for cyclohex-
ane (Fig. 3c). For octane (Fig. 3e), the green region is
associated with only a few separated islands, with an
average size of 40 um. Their coverage in this case is as
low as ~ 64%, reaching the minimum value of all
(whereas the highest coverage of ~ 90 and ~ 95% is
observed for Fig. 3a and b, respectively). This is in
line with the corresponding 3D image (Fig. S4e), in
which the film contains a few bumped islands. It is
clear that there are still NCs spreading over the
darker area (Fig. S4e), suggesting that the film is
uneven and rough. Finally, for dichlorobenzene/
chloroform (Fig. 3f), the green areas are associated
with much smaller islands, we call them dots,
spreading homogeneously throughout the film.
Despite the smaller green island size, their coverage
increased with respect to the former case, up to ~
74%. The green islands may be formed by aggrega-
tion of the NCs after evaporation of the solvents. The
varying sizes of the green islands may be related to
interaction, e.g., interface energies, between the NCs
and the solvents [40]. Obviously, the solvent does
matter for the NCs distribution inside the films
obtained on the glass substrates.

In order to understand the effect of solvents on the
optical properties of NC films, light absorbance, PL
spectra, and PL decay lifetime of the NCs films were
characterized. Figure 4a presents the light absorption
of the NCs films. It is obvious that light absorption
intensities of the NCs films present a wide distribu-
tion; nevertheless, interestingly the intensities show a
sequential decline from S1 to S6, in line with the
descending trend of the vapor pressure of the sol-
vents. Since the concentration of the NCs in each
solvent is expected to be the same, and all NCs
solutions are spin-coated following the same proce-
dure, the difference in light absorption intensities
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may only be ascribed to the difference of the vapor
pressures of the solvents, which may lead to NC films
with different thicknesses. When the spin-coating
rate is the same, the higher is the concentration of the
NC solutions, the thicker is the film and the stronger
is the light absorption. For a solvent with higher
vapor pressure, evaporations is faster and the
dynamic concentration of the NCs solution increases
in a faster manner during the spin-coating process,
favoring a thicker film with a stronger UV-Vis light
absorption. In contrast, for a solvent with lower
vapor pressure, evaporation is slower and the
dynamic concentration of the NCs solution increases
slower. This may give guidance to determination of
best spin-coating parameters. For instance, when the
solvent of NCs is changed from hexane to octane,
lower spin-coating rate or higher NCs concentration
should be used in order to obtain NCs films with
similar thicknesses.

Figure 4b shows PL intensities of the NCs films.
The PL intensities follow the same trend as the light
absorption intensities, except for the first solvent in
the series, i.e., diethyl ether. There is also some dif-
ference in the PL peaks of the different NCs films.
Taking the toluene film as a reference sample, the
diethyl ether film shows a little red-shifted PL, while
the octane and dichlorobenzene/chloroform films
show a little blue-shifted PL (see Fig. S5b). The red-
shift in the case of diethyl ether may be due to NCs
aggregation or strong self-absorption in the NCs film.
The blue-shift for dicholorobenzene/chloroform may
be due to a reaction between the NCs and the solvent,
since the chlorine in the solvent may partially replace
the original bromine on the surface of the NCs [24].

Figure 4c displays the decay lifetimes of the NCs
films. The hexane film presents the longest average
decay lifetime, 61 ns (Table S3). The decay lifetimes
of the other NCs films appear to be of the same order
of magnitude. However, the average decay lifetime of
diethyl ether is 30 ns, significantly lower than that of
the hexane film. This may suggest that diethyl ether
introduces more defects into the NCs film. This could
also be a reason for the lower PL intensity of diethyl
ether film than that of hexane film considering the
higher absorption intensity of the diethyl ether film.
The octane film displays the shortest average decay
lifetime, 15 ns. In general, the dispersing solvent of
the HP NCs has a significant effect on the optical
performance of the NC films.
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In order to see whether the solvent has influence on
the phase of the NCs and orientation of the NC films
on glass, XRD patterns of the NCs films were col-
lected. As shown in Fig. 4d, all NCs films except
those from diethyl ether show similar XRD peaks,
matching well with CsPbBr; with a code of 96-451-
0746. The diethyl ether film shows a wide peak
around 22°. This may account for the polymer texture
of the film. Hexane, cyclohexane and toluene present
XRD peaks with almost the same relative intensities.
Octane shows a strong diffraction near 37°, which
could be attributed to diffraction from (240), (042),
(321) and/or (123) planes. Dichlorobenzene/chloro-
form shows relatively higher peaks near 30°, attrib-
uted to (040) and (202) planes, and near 44°,
attributed to (242), (400) and (004) planes. The
diffraction peaks of films from dichlorobenzene/
chloroform are a little broadened relative to the peaks
of the other cases, although there is no peak shift. In
general, the solvent does not seem to have an obvious
effect on the phase of the NCs, but some solvents
could lead to preferred orientation with respect to
film formation.

The images of the aged NCs solutions and films are
displayed in Fig. S6. Obviously, the aged NCs solu-
tion in toluene looks brown, while the other NCs

100 30 40 50

2theta (degree)

60

solutions still look green. The aged films in sunlight
show weakening colors in the series of solvents from
diethyl ether to dichlorobenzene/chloroform, and the
aged film of the latter solvent is not luminous.
Through comparison and combination of different
characterization results, it is clear that hexane is the
more favorable solvent to form a compact and
smooth NCs film with better optical performance on
glass substrate. The difference in the NCs films spin-
coated from NCs in different dispersing solvents may
be attributed to the difference in interaction between
solvents and substrates [41], interaction between
solvents and ligands on HP NCs [25], and interaction
between solvents and HP NCs [26].

According to the above results that the NCs film
based on the HP NCs dispersed in diethyl ether look
polymer-textured, it is assumed that the NCs may be
fixed in the film. Given that nice optical performance
is also significant for efficient LEDs, a solvent mixture
of diethyl ether and hexane (labeled as W_DE, shortly
meaning “with diethyl ether”) was prepared and
used to disperse the HP NCs. A comparison of the
performance of the green LEDs based on the NCs in
pure hexane (labeled as WO_DE, shortly meaning
“without diethyl ether”) and in the W_DE solvent is
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presented in Fig. 5. The LED structure is ITO/PED-
OT:PSS/Poly-TPD/HP NCs/ZnO/LiF/Al.

Obviously, the WO_DE LED presents a current
density twice to thrice that of the W_DE LED, sug-
gesting less leakage and less damage caused by the
ZnO solution in the W_DE LED. In addition, we also
prepared LEDs based on NCs dispersed in a series of
solutions with ascending ratios of diethyl ether. The
current densities of the LEDs exhibit an overall
reduction under increasing bias with increasing die-
thyl ether (Fig. S7), and the overall performance
reaches the best when the ratio of diethyl ether/
hexane is 1:1. Figure 5c shows that the W_DE LED
reaches the highest luminance at a current density
of ~ 78 mA/cm?, while the WO _DE gets the maxi-
mum luminance until the current density arrives
at ~ 508 mA/cm? at a high voltage of 7V, further
indicating serious current leakage in the WO_DE
LED. Although the absolute EQEs of the LEDs are
low, the higher EQE of the W_DE LED, being more
than seven times that of the WO_LED, confirms the
positive effect of the addition of diethyl ether in the
solvent of the NCs (Fig. 5d). Additionally, also the
LEDs with TPBi as ETM, described in the Supple-
mentary Information, present much better perfor-
mance with the W_DE NCs as the emissive layer
(Fig. S8).
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Given that there may be an amount of non-radia-
tive defects at the interface of the HP NCs and ZnO
NCs, a small amount of TOPO was mixed with the
ZnO NC solution and used to optimize the LED
performance (Fig. S9). The current density of the LED
with TOPO is a bit lower than that of the LED
without TOPO, and the luminance increases by about
50%, leading to a 1.5 times higher EQE. As demon-
strated by Sun et al. that the solvent of CdSe/ZnS
QDs matters for the LED efficiency [42], the current
results on LEDs suggest that HP NCs with diethyl
ether as a part of solvent may help increase immunity
of the HP NCs films to being washed off by polar
solvents, and further improve the LED performance
with ZnO as ETM.

Conclusion

A series of solvents have been selected and used to
disperse HP NCs, in a sequence arranged according
to their decreasing vapor pressure. HP NCs films
were fabricated by spin-coating HP NCs dispersed in
different solvents onto glass substrates. Detailed
analysis of the morphology as seen with different
techniques, and optical performance of the HP NCs
films, showed significant differences among the films.
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For the morphology, it was found that diethyl ether
dispersing solvent is favorable to form a thick film of
HP NCs. Hexane, with a moderate vapor pressure,
does well in fabricating smooth and compact HP NCs
film with better optical performance than the other
cases. With the decrease in vapor pressure of the
solvents, the films become thinner and prone to form
islands. For the optical properties, it was observed
that, when diethyl ether and hexane are mixed as a
solvent for the HP NCs, the green LEDs with ZnO
NCs as ETM exhibit less current leakage and better
performance than LEDs based on NCs merely dis-
persed in hexane. The work emphasizes on the
importance of rational selection of dispersing solvent
of HP NCs, in view of improved application of
inorganic ETMs in HP NCs-based LEDs as well as in
other optoelectronic devices. Future experiments
aiming to confirm the effect of solvent vapor pressure
could address the kinetics of film formation during
spin-coating.
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