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ABSTRACT 

Restriction of Hazardous Substances (RoHS) compliant InAs colloidal quantum dots (CQDs) are a class of promising 
nanomaterials for near infrared optoelectronics. However, the presence of long-chain organic ligands severely limits their electrical 
conductivity, and the influence of temperature on ligand dynamics remains poorly understood. Here, we investigate spin-coated 
InAs/ZnSe CQD thin films on SiO2 /Si substrates subjected to annealing up to 300◦C in air. Steady-state and time-resolved 
photoluminescence measurements reveal that emission properties are partially preserved up to 250◦C. Raman spectroscopy and 
X-ray diffraction (XRD) analyses confirm the retention of crystal structure throughout the annealing process. Notably, Kelvin 
probe force microscopy (KPFM) indicates a substantial change in contact potential difference (CDP) at 250◦C, coinciding with 
a pronounced increase in electrical conductivity from current density-voltage measurements. This enhancement is attributed to 
the partial desorption of oleylamine (OLA) ligands, as supported by Raman, Fourier transform infrared spectroscopy (FTIR), 
Thermogravimetric analysis (TGA) and X-ray Photoelectron Spectroscopy (XPS) analyses, which lowers interparticle barriers and 
facilitates charge transport while maintaining film morphology. These findings highlight the critical interplay between ligand 
chemistry, structural stability, and charge transport, demonstrating that thermal annealing provides an effective pathway to 
enhance electrical performance while preserving optical quality in InAs/ZnSe CQD films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Colloidal quantum dots (CQDs) have emerged as a promising
class of nanomaterials due to their exceptional optical, electronic,
and chemical properties coupled with the capability for large-
scale production [ 1–4 ]. This scalability opens unique opportu-
nities to harness CQDs for diverse applications, including high-
temperature sensors [ 5, 6 ]. The size and composition of CQDs can
be precisely tuned, enabling manipulation of their optoelectronic
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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properties, rendering CQDs suitable for a broad spectrum of uses
[ 2, 3, 7, 8 ]. In medicine, they are extensively employed in bio-
imaging and diagnostics applications owing to their strong and
stable fluorescence [ 9–11 ]. In electronics, CQDs hold potential for
the fabrication of photodetectors, light-emitting diodes (LEDs), 
and solar cells, also owing to their solution-processable nature,
which facilitates low-cost, large-area film preparation, providing 
an advantage over traditional semiconductor materials [ 5, 12–18 ].
Substantial progress has been achieved in UV–Vis light-emitting
its use, distribution and reproduction in any medium, provided the original work is properly 
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CQDs for commercial applications as an environmentally friendly
technology, given that some CQDs can be synthesized via green
chemistry approaches (e.g., graphene CQDs have been produced
using leaves of the date palm tree) [ 19, 20 ]. In contrast, CQDs
widely used in near-infrared (NIR) applications such as pho-
todetectors, LEDs and cameras are mostly based on mercury
(Hg)- or lead (Pb)-chalcogenides [ 21–23 ]. However, compliance
with the Restriction of Hazardous Substances (RoHS) directive
requires the development of less toxic alternative materials [ 24 ].
In this context, indium arsenide (InAs) CQDs have recently
emerged as key nanomaterials for NIR technologies due to
their RoHS compliance and tunable absorption spanning from
850 nm to beyond 2000 nm. [ 17, 24–28 ] Furthermore, employing
ZnSe as a shell material on an InAs core significantly enhances
the photoluminescence quantum yield (PLQY), making them
ideal candidates for NIR light-sources [ 24, 25, 29, 30 ]. In recent
years, several studies, including our own, have explored the
potential of InAs/ZnSe CQDs [ 31–33 ]. For instance, our group
has successfully demonstrated NIR LEDs operating > 900 nm,
utilizing InAs/ZnSe CQDs as active material [ 23, 24 ]. Similarly,
Sheikh et al. [ 34, 35 ] have reported a NIR photodetector based
on InAs/ZnSe nanorods [ 36 ]. Another noteworthy contribution
comes from the Jeong group, who demonstrated the first p–n
junction solar cell using both n-type and p-type InAs CQDs as the
primary light-harvesting materials, achieving a power conversion
efficiency of approximately 2% under one sun illumination [ 37 ].
These examples highlight the versatility of InAs CQDs for NIR
applications [ 38 ]. However, one of the major challenges limiting
the standalone application of InAs/ZnSe CQDs is the presence
of long-chain organic ligands, such as oleylamine (OLA), that
hinder electrical transport in their respective solids [ 17, 18, 36 ]. 

Recent ligand-exchange, doping and surface treatment methods
have been demonstrated to improve CQD coupling and carrier
mobility [ 39–43 ]. For example, replacing OLA with indium
(III) bromide (InBr3 ) reduces ligand length and enhances film
conductivity [ 35, 44 ]. However, OLA ligands are temperature-
sensitive, and their decomposition upon annealing can also boost
electrical conductivity [ 45 ]. Yet, to the best of our knowledge,
there have been no comprehensive report focusing solely on the
intrinsic electrical properties and thermal stability of films based
on pristine InAs cores or InAs/ZnSe CQDs. 

In this work, we systematically investigated the optical, struc-
tural, and electrical properties of InAs/ZnSe CQD thin films
prepared via spin-coating onto SiO2 /Si and glass substrates. The
films were annealed in ambient air from room temperature
(RT) up to 300 ◦C. Our results reveal that annealing at 200 ◦C
and 250 ◦C preserves the structural integrity of the CQDs, as
confirmed by photoluminescence (PL), Raman spectroscopy, X-
ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). Nonetheless, at 300◦C, we observe degradation of the
CQD film, with the formation of oxides. Notably, Kelvin probe
force microscopy (KPFM) shows a significant increment in
contact potential difference (CPD) with increasing annealing
temperature. At 250 ◦C, the films exhibit the onset of electrical
conductivity, forming a Schottky junction while retaining PL
and structural integrity. The improved conduction is attributed
to the removal or decomposition of OLA ligands, as further
evidenced by Raman spectroscopy, Fourier-transform infrared
spectroscopy (FTIR) and XPS analyses. Our work demonstrates
2 of 11
a straightforward processing of InAs/ZnSe CQD films for diverse
applications and provides a fundamental study of their thermal
and electrical properties. 

2 Results and Discussion 

The InAs/ZnSe CQDs were synthesized following a previously 
reported method [ 29 ]. Briefly, InAs core CQDs were prepared by
using zinc chloride (ZnCl2 ) as an additive, tris(dimethylamino)
arsine (amino-As) as the arsenic precursor, and alane N, N -
dimethylethylamine complex (DMEA-AlH3 , 0.5 m solution in 
toluene) as reducing agent. The reaction was carried out at 300◦C
for 15 min, after which it was quenched to 90◦C. Then, a ZnSe
shell was grown in situ by injecting zinc chloride-OLA (ZnCl2 -
OLA, 0.8 m ) and tri-n-octylphosphine-selenium (TOP-Se, 1 m )
precursors at 90◦C, followed by heating the system to 310◦C for an
additional 2 h [ 25, 29 ]. The details about the synthesis are given
in the Experimental Section. 

An optical image together with optical absorption (Abs) and PL
spectra of the as-synthesized InAs/ZnSe CQD solution are shown
in the Supporting Information (Figure S1a,b ). The InAs/ZnSe
CQDs exhibit a broad Abs profile, with a prominent exci-
tonic peak around 850 nm. Correspondingly, the PL spectrum
shows a peak centered near 900 nm, in agreement with our
previous reports [ 17, 25 ]. The low-resolution transmission elec-
tron microscopy (TEM) analysis (Figure S1c,d ) reveals that the
CQDs are uniformly dispersed with an average size of ≈ 11 nm.
Atomic resolution High-Angle Annular Dark Field Scanning 
TEM (HAADF-STEM) images, in combination with Energy 
Dispersive X-ray elemental analysis (STEM-EDX), confirmed the 
tetrahedral shape and the composition of the resulting core/shell
CQDs [ 29 ] (see Figures S2 and S3 ). 

The InAs/ZnSe CQD solutions were then used to fabricate thin
films via spin-coating (Figure). The CQD solution was deposited
onto clean substrates and spun at 2000 rpm for 1 min to achieve
uniform film coverage and a film thickness of ∼ 180 nm (Figure
S5a,b ). Films were then annealed at different temperatures
(200◦C, 250◦C and 300◦C) for 20 min, then let cool down to
RT to be used in the various analyses. The surface morphology
and roughness of the InAs/ZnSe CQD thin films were analyzed
using high-resolution scanning electron microscopy (HR-SEM), 
and atomic force microscopy (AFM) as shown in Figures 1a,b .
At room temperature (RT), the film exhibits a root mean square
(RMS) roughness (calculated from AFM images) of 2.8 ± 0.2 nm,
suggesting a relatively high surface homogeneity (Figure 1a ). 

Upon annealing at 200◦C, AFM topography reveals that the RMS
roughness slightly increases to 3.0 ± 0.3 nm (Figure S6a ). This
indicates partial CQDs rearrangement as surface OLA ligands 
might begin to desorb, allowing particles to pack more closely,
while maintaining overall film uniformity. At 250◦C, (Figure S6b )
the RMS roughness increases to 3.5 ± 0.3 nm, likely due to ligand
desorption (this will be discussed later in the work). At 300◦C, the
film shows a decrease in RMS roughness to approximately 2.5 ±
0.2 nm (Figure S6c ); yet an irregular and porous morphology can
be observed [ 46, 47 ]. The emergence of pores likely results from
excessive ligand removal and thermal stress during annealing [ 48 ]
(the RMS values are provided in Table S1 ). Scanning electron
Advanced Optical Materials, 2026
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FIGURE 1 (a) SEM and (b) AFM images of an InAs/ZnSe CQD film at RT. (c) PL spectra of the InAs/ZnSe CQD films at different annealing 
temperatures showing emissions up to 250◦C. At 300◦C, the PL vanishes, indicating CQDs degradation. (d) Time-resolved photoluminescence (TRPL) 
curves measured at RT, 200 ◦C, and 250◦C, evidence partially preserved radiative recombination dynamics upon annealing. (e) X-ray diffraction (XRD) 
patterns of the films annealed at increasing temperatures up to 300 ◦C, displaying sharp diffraction peaks around 27◦, 45◦, and 53◦, consistent with 
the preserved crystalline structure of CQDs. (f) Raman spectra collected at increasing annealing temperatures featuring a dominant phonon mode at 
∼ 250 cm− 1 , characteristic of ZnSe. The minimal shift and broadening with temperature confirm the structural robustness of the InAs/ZnSe CQDs under 
thermal stress. 
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microscopy (SEM) images corroborate the observation from the
AFM analysis, with a lack of significant changes up to 250◦C
(Figure S6d–f ). At 300◦C (Figure S6f ), although the film remains
continuous, a noticeable reduction in contrast is observed. This
change can be tentatively assigned to alterations in surface
chemistry, such as ligand decomposition or loss [ 45, 49 ]. 

The low-magnification SEM images along with the correspond-
ing elemental analysis are presented in Figures S7–S10 , clearly
demonstrating that the major components (In, As, Zn, and Se)
are uniformly distributed across the film also upon annealing. 

The temperature-dependent PL spectra of InAs/ZnSe CQD thin
films are shown in Figure 1c . The PL spectrum measured at
RT exhibits a peak centered around ∼ 900 nm, consistent with
previous findings [ 17, 24 ]. After annealing, the PL shows ≈ 70%
and ≈ 75% drop in intensity at 200◦C, and 250 ◦C, respectively
(Table S2 ). The full-width-at-half-maximum (FWHM, Figure
S11a ) remains nearly identical through the annealing process
(from 122 nm for RT to 118 nm for 250◦C). At 300 ◦C, no clear
PL signal can be observed; however, micro-PL measurements
reveal that the InAs/ZnSe CQD film still emits in the NIR region,
although with very low intensity, indicating degradation (Figure
S11b ). Furthermore, we have studied the optical and structural
Advanced Optical Materials, 2026

i

properties using time-resolved photoluminescence (TRPL), XRD, 
and Raman spectroscopy (Figure 1d–f ). The PL decay profiles
(Figure 1d ) exhibit average lifetime of approximately 16.9 ns at RT
and 17.2 ns after annealing at 250 ◦C. Importantly, after annealing
at 250◦C, the TRPL presents a single-exponential decay, while at
lower temperatures, a bi-exponential function was required to 
fit the time trace. Such variation in dynamics indicates major
modifications in the exciton recombination pathways which 
are accompanied by a drop in PL intensity and induced by
degradation of the material [ 50 ] (the details about the lifetime
fitting are provided in Figures S12 , and Table S3 ). XRD patterns
of the InAs/ZnSe CQD films (Figure 1e ) present clear peaks at
∼ 27◦, 45◦, and 53◦, which remain unchanged across all annealing
temperatures [ 25 ]. The lack of modification upon annealing (e.g.,
broadening or shifts) indicates that the crystalline structure of
the CQDs is preserved, without any phase transformation [ 48 ].
In particular, the persistent ZnSe- peak at ∼ 27◦ suggests that the
ZnSe shell remains intact even at higher temperatures [ 51 ]. The
Raman spectra of InAs core CQDs (Figure S13 ) and InAs/ZnSe
CQDs (Figure 1f ) were recorded under 514 nm excitation (the
experimental details are provided in the Experimental Section). 
The InAs core CQDs display a prominent Raman peak near 230
cm− 1 (Figure S13 ), which arises from the longitudinal optical (LO)
phonon mode characteristic of InAs core [ 52, 53 ]. Interestingly,
3 of 11
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FIGURE 2 Comparison of the XPS data collected on the InAs/ZnSe CQD films before (RT) and after thermal treatment at 200, 250, and 300◦C. 
(a) Zn 2p3/2 , (b) O 1s, (c) In 3d5/2 , (d) N 1s, (e) C 1s, (f) Se 3d, (g) As 3d spectra. 
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upon formation of the ZnSe shell, the LO phonon peak broadens
and shifts to a higher wavenumber, with spectra exhibiting a pro-
nounced peak near 250 cm− 1 , characteristics of ZnSe, attributed
to the first-order LO phonon mode [ 54 ]. The peak shift serves as a
direct indication of successful ZnSe shell formation and reflects
the vibrational properties of the material [ 54–56 ]. This Raman
feature (250 cm− 1 ) remains clearly visible across all annealing
temperatures, indicating that the core-shell structure is preserved
during the thermal treatment. Notably, the intensity of this peak
increases significantly upon annealing at 250◦C, suggesting an
improved phonon coupling among adjacent CQDs, leading to a
stronger Raman scattering [ 57–59 ]. However, annealing at 300◦C
leads to a strong decrease in Raman intensity. While variations in
Raman peak intensity can arise from changes in film morphology
or other experimental factors, the pronounced reduction observed
here is primarily attributed to enhanced phonon-phonon scatter-
ing induced by the thermal treatment [ 42 ]. To further investigate
these temperature-induced modifications, we performed Fourier
transform infrared spectroscopy (FTIR) [ 18 ]. The FTIR spectra are
reported in Figure S14 and they clearly exhibit the characteristic
vibrational features of OLA ligands on the InAs CQD surface,
including the C ─H stretching modes near 2850–2920 cm− 1 and
the N ─H bending vibrations in the 1580–1620 cm− 1 region. A
noticeable decrease in the intensity of these OLA-related peaks
is observed as the annealing temperature increases from 200◦C to
300◦C. This progressive reduction indicates partial removal and
thermal decomposition of the surface-bound OLA ligands, con-
firming effective ligand desorption upon heating [ 45 ]. To explore
ligand desorption more deeply and quantify these changes, we
performed XPS on all samples to investigate more quantitatively
both the structural features and the elemental composition. The
results obtained are shown in Figure 2a–g . The data collected at
RT are in agreement with previous reports from our group on
4 of 11
InAs/ZnSe core-shell system [ 25, 29 ]. In particular, the Zn 2p3/2 
peak is centered at (1022.0 ± 0.2) eV; the In 3d5/2 peak is slightly
asymmetrical, with a main component at (444.9 ± 0.2) eV due
to the In-Zn-Se interlayer between core and shell, and a minor
component at (444.1 ± 0.2) eV from the InAs core; the Se 3d main
signal is centered at (54.2 ± 0.2) eV, in line with reports on ZnSe
[ 60 ], and it is accompanied by a low intensity signal at approx.
59 eV, indicative of slight surface oxidation forming SeO2 species
(Figure 2f ) [ 61 ]; the As 3d main signal is centered at (40.6 ± 0.2) eV,
in line with previous reports [ 29 ]. Oxygen has also been detected
on the surface of the film, due to exposure of the sample to air. It
is relevant to highlight that the presence of carbon (C 1s peak at
284.8 eV) and nitrogen (N 1s peak at approx. 399.8 eV, originating
from the − NH2 group of OLA in the ligand shell) overlap with
Se-related spectral features (see Figure S15 ). 

The main effect of the thermal treatment up to 250◦C is the
gradual removal of the organic OLA ligands, as evidenced by the
decrease in intensity of the C 1s peak, shown in Figure 2e . The
nitrogen content gradually decreased as well, with the [N]/[Se]
ratio going from 0.07 at RT to 0.02◦C at 250◦C. The partial removal
of the organic ligands also impacted other XPS signals, which
gained intensity due to the reduced effective thickness of the
organic coating. Apart from this change, the thermal treatments
did not affect the chemistry of the system, as all the spectral
features discussed for the sample at RT are still visible up to
250◦C. The situation changes after the annealing at 300◦C: the C
1s intensity further decreases, and the nitrogen signal drops below
sensitivity ([N]/[Se] = 0). The Zn signal increases in intensity
and shifts to slightly lower binding energy, while the Se signal
decreases in intensity while keeping the same spectral position
(i.e., same oxidation state). The In 3d5/2 peak almost doubles in
intensity and becomes more symmetrical in shape, and it is now
Advanced Optical Materials, 2026
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centered at (444.8 ± 0.2) eV. The oxygen signal greatly increases
as well. The main observed effect is on the arsenic features:
the original signal due to arsenide, centered at approx. 41 eV,
disappears, and all the As of the system is in an oxidized form, as
evidenced by the signal now centered at approx. 45 eV, indicative
of the presence of As(III) and As(V) oxides [ 62 ]. The XPS
investigation therefore suggests a quite relevant restructuring of
the InAs/ZnSe system upon thermal treatment at 300◦C, with
the In and As species from the core being more exposed to
the environment (either due to migration into the shell or to
partial shell cracking) and subsequently being oxidized. It has
also been reported that the annealing environment significantly
affects CQDs [ 45 ]. To study this effect, we first performed PL
measurements on InAs/ZnSe CQD films annealed under N2 
atmosphere and compared them with films annealed in air,
as shown in Figure S16 . A clear reduction in PL intensity is
observed for the samples annealed in air compared to those in
N2 , while the peak position remains unchanged, suggesting that
oxidation, rather than intrinsic structural changes is primarily
responsible for the quenching observed in air-annealed samples
[ 45, 63 ]. Thermogravimetric analysis (TGA) conducted in air and
N2 atmosphere also indicates changes in the OLA decomposition
process [ 64 ]. In fact, for the CQDs measured in air, we observe an
initial weight loss of 7.36% at around 338◦C, which is attributed
to the decomposition of OLA ligands [ 45 ]. This was followed by
further weight loss of 4.16% at 462◦C. In contrast, the sample
analyzed in nitrogen atmosphere exhibited initial weight loss
of 15.66% at higher temperature (at around 400◦C) due to the
absence of oxidative environment (see Figure S17a,b ). 

The temperature can significantly influence the work function
of semiconductor materials, particularly in CQDs, which are
capped with surface ligands [ 45, 65 ]. To investigate this effect on
InAs/ZnSe CQD thin films capped with OLA ligands, we per-
formed Kelvin Probe Force Microscopy (KPFM) measurements.
The obtained contact potential difference (CPD) [ 66, 67 ] maps
quantify the difference in work function between the sample (in
this case, InAs/ZnSe CQDs) and the conductive probe tip [ 67 ]: 

𝐶𝑃𝐷 = ( Φp − Φs ) ∕ |e| (1)

where Φp ( ∼ 4.78 eV) and Φs are the work functions of the probe
tip and sample, respectively, and e is the elementary charge.
This approach allows for direct correlation between local surface
potential variations and the electronic structure of the thin
film, given that increases/decreases in CPD values correspond
to declines/rises in the work function [ 68 ] (Equation 1 ). The
surface morphology (scanned area for CPD) and corresponding
CPD map of the InAs/ZnSe CQD thin film on SiO2 /Si substrate
annealed at 250◦C are shown in Figure 3a–c . The average CPD
profile (taken from 12 scan lines) is presented in Figure 3c , and
the corresponding average CPD values are indicated in Figure 3d .

Data for RT, 200◦C, and 300◦C is provided in Figure S18a–i , where
further degradation of the film is clearly visible for the latter,
consistent with Raman and XPS analyses. A pronounced increase
in CPD is observed up to 250◦C (Figure 3d ), reaching a maximum
of ∼ 1.1 V. This enhancement in CPD can be attributed to the
partial removal of organic ligands, which enhances electronic
coupling between neighboring CQDs. These changes effectively
shift the Fermi level, leading to a higher surface potential. Since
Advanced Optical Materials, 2026
InAs/ZnSe CQDs are n-type in nature, we attribute the significant
CPD changes observed at 250◦C primarily to a change in work
function, rather than contributions from trapped charges or 
dipoles [ 45, 69 ]. However, upon further annealing to 300◦C, the
CPD decreases sharply, consistent with the degradation observed 
in the AFM analysis (Figures S6 and S18g ) and in the XPS analysis,
where the InAs/ZnSe CQDs form oxides (Figure 2g ). At this
stage, the extensive removal of ligands and coalescence of CQDs
likely disrupt the uniformity of the film, generating a variety
of different defects. These results highlight that annealing at
250◦C provides an optimum balance between ligands removal 
and structural integrity, while higher annealing temperatures 
induce degradation of the CQDs thin film. [ 60, 36 ] To further
support this claim, we first examined the Raman spectra of
pure OLA, as shown in Figure S19a . At room temperature, the
spectra exhibits a strong vibrational band in the 2800–3000 cm− 1 

region, corresponding to the C ─H stretching modes, along with
additional smaller molecular peaks, including D ( ∼ 1320 cm− 1 )
and G ( ∼ 1580 cm− 1 ) modes from carbon, characteristic of OLA
[ 45, 66 ]. After annealing at 250◦C, these well-defined C-H bands
disappear, leaving only the silicon substrate peak (Figure S19a ,
purple curve) accompanied by a dominant fluorescent back- 
ground. The absence of the D and G bands further suggests that
the annealed residue is either highly disordered or amorphous
carbon, rather than graphitic domains [ 45, 66 ]. A similar trend is
observed in the InAs/ZnSe CQD film annealed at 250◦C (Figure
S19b ). The spectrum reveals a pronounced longitudinal optical
(LO) phonon mode near 250 cm− 1 , confirming the retention of
the crystalline structure. However, the C-H stretching vibrations
are no longer detected, consistent with the decomposition of
OLA ligands. The spectra are dominated instead by a broad
background, caused by luminescence from the CQDs (Figure 
S19b ,) [ 45 ]. The ligand removal reduces the distance among
CQDs, promoting improved interconnectivity within the film. 
This improved connectivity is reflected in the decreased work
function measured by KPFM, suggesting a correlation between 
ligand decomposition, structural rearrangement, and enhanced 
electronic properties [ 38 ]. 

The insight provided by KPFM motivated us to investigate the cur-
rent density-voltage (J-V) characteristics of CQD films annealed 
at different temperatures. To study the J-V characteristics we
fabricated devices as schematically illustrated in Figure 4a . 

The optical picture of the device annealed at 250◦C is reported in
Figure 4b where S and D are marked on the Au pad indicating the
drain and source electrodes, their corresponding SEM image is
also shown. The inset (below) of Figure 4b presents a higher mag-
nification SEM image of the InAs/ZnSe CQD film, demonstrating
the active material in the electrical channel. 

The J-V characteristics of the InAs/ZnSe CQD thin-film under
ambient conditions are reported in Figure 4c . The pristine film
(Figure 4c , black curve) exhibits no electrical conduction, which
is expected due to the presence of long-chain OLA ligands that
hinder charge transport. At 200 ◦C, a similar J-V curve is observed
with a lack of electrical conductivity; yet we observed a small and
gradual change in the work function (Figure 3d ). Interestingly, at
250◦C (Figure 4c purple curve), the current density ( J ) increases
dramatically, and a distinct non-linear J-V characteristic emerges. 
Upon further heating (300◦C), the current density decreases, as
5 of 11
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FIGURE 3 (a) AFM image of InAs/ZnSe CQD thin films annealed at 250◦C. (b) Corresponding contact potential difference (CPD) map acquired 
simultaneously over the same scan areas. The white line in (b) indicates the path along which the CPD values were calculated, shown as CPD voltage 
versus probe position in (c). (c) CPD voltage versus probe position of InAs/ZnSe CQD thin film. (d) CPD voltage as a function of annealing temperature 
for the InAs/ZnSe CQD thin film. 

FIGURE 4 (a) Schematic illustration of the fabricated device on a SiO2 /Si substrate, where Au serves as the source and drain electrodes, Ti as 
an adhesion layer, and InAs/ZnSe CQDs act as the active channel material. (b) Optical microscope and SEM images of the fabricated device annealed 
at 250◦C, showing electrodes and CQD coverage between electrodes (inset under high resolution). (c) Current density-voltage ( J-V ) characteristics of 
devices annealed at different temperatures (RT, 200◦C, 250◦C, and 300◦C). (d) Extended J-V measurement of the 250◦C annealed device, demonstrating 
stable and symmetric current response over a wider voltage range ( − 5 V to 5 V). 
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FIGURE 5 Schematic illustration of the temperature-dependent charge transport mechanism in InAs/ZnSe CQD thin films. (a) Up to 200◦C 
the CQDs are spatially separated by long-chain OLA ligands (blue wavy lines), limiting charge carrier transport to the thermally activated hopping 
mechanism. (b) At 250◦C, further ligand removal results in reduced inter-CQD spacing, promoting charge delocalization and facilitating electrical 
transport. 
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expected, given the degradation of the CQD thin film. The J-V
curves are also plotted separately in Figure S20a–c . To evaluate
device robustness, we measured the J-V characteristics under an
extended voltage range of − 5 to 5 V for the 250◦C sample. The
device consistently maintains its symmetric non-linear Schottky
behavior, demonstrating excellent electrical stability as shown in
Figure 4d . 

Additionally, we conducted J-V measurements of InAs/ZnSe
CQD films annealed in N2 and air [ 45 ]. Figure S21 shows the J-
 curves for the two different annealing environments, where an

increase in current density for the sample annealed in N2 with
respect to air is observed [ 45 ]. 

It is important to consider that InAs/ZnSe CQDs are capped
with OLA ligands, which provide colloidal stability through their
long alkyl chains and amine (-NH2 ) functional group. However,
these organic ligands act as insulating barriers between adjacent
CQDs, significantly hindering charge transport. Consequently,
InAs/ZnSe CQDs exhibit high electrical resistance, as reported
in prior studies [ 33 ]. Based on our J-V measurements, we can
rationalize the improvement in electrical conductivity upon
annealing as follows (Figure 5 ): at room temperature (RT),
the CQDs are stabilized by long-chain OLA ligands forming
substantial insulating barriers between neighboring quantum
dots (Figure 5a ). These ligands impede charge carrier transport,
resulting in very high electrical resistance and negligible current
density, consistent with the behavior observed in Figure 4c . 

At 200◦C, partial desorption of the OLA ligands occurs, reducing
the interparticle distance and promoting closer packing of the
CQDs. Nonetheless, conduction remains negligible. At 250◦C,
further reduction in interparticle spacing takes place, leading to a
more compact and interconnected CQD network (Figure 5b ). The
insulating gaps between CQDs are reduced, allowing a transition
Advanced Optical Materials, 2026

v

from hopping-dominated charge transport to another one char- 
acterized by increased charge delocalization across neighboring 
CQDs. Consequently, band-like or percolative transport mech- 
anisms become more prominent. This annealing temperature 
represents an optimal balance between ligand removal and 
preservation of CQD order, resulting in an enhancement in carrier
mobility and electrical conductivity. These observations align 
well with recent work by Chang et al., who reported that OLA
ligands begin desorbing above 200◦C under open atmosphere 
annealing conditions [ 45 ]. Further increasing the temperature to
300◦C results in a decrease in current density (Figure S20 ), due to
the degradation of the CQDs and formation of oxides. 

3 Conclusion 

We have systematically investigated the temperature-dependent 
optical, structural, and electrical properties of InAs/ZnSe CQDs 
by annealing the films in ambient atmosphere up to 300◦C.
The optical characterization reveals that the PL and carrier
lifetime are partially maintained up to 250◦C. Complementary 
Raman spectroscopy and XRD confirm that the crystalline 
structure of the CQDs is maintained up to 300◦C, with no
observable phase degradation, demonstrating their robust struc- 
tural integrity under thermal treatment. KPFM data reveals a
pronounced and an abrupt change in the work function at
250◦C. The CQD films exhibit insulating characteristics up to
200◦C, consistent with the presence of intact OLA ligands acting
as insulating barriers. Above 200◦C, partial ligand desorption
occurs, allowing the CQDs to pack closer together and enabling
enhanced charge carrier delocalization. This leads to a dramatic
increase in current density and electrical conductivity at 250◦C.
Our study provides fundamental insights into the thermally 
induced evolution of InAs/ZnSe CQD films, offering a straight-
forward and effective route to tune their optoelectronic properties
7 of 11
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through thermal annealing. Notably, annealing under inert N2 
atmosphere preserves higher PL intensity compared to annealing
in air, confirming that controlled environments enable further
optimization of optical as well as electrical performance by min-
imizing surface oxidation effects while maintaining structural
integrity. 

4 Experimental Details 

4.1 Materials 

Indium (III) chloride (InCl3 , 99.99%), Zinc (II) chloride (ZnCl2 ,
99.99%), alane N,N -dimethylethylamine complex solution
(DMEA-AlH3 , 0.5 m solution in toluene), and oleylamine
(OLA, 98%) were purchased from Sigma-Aldrich. Tri-n-
octylphosphine (TOP, 97%), Selenium powder (Se, 99.99%), and
Tris(dimethylamino) arsine (amino-As, 99%) were purchased
from Strem Chemicals. Toluene (anhydrous, 99.8%) and ethanol
(anhydrous, 99.8%) were purchased from Sigma-Aldrich. All
chemicals were used without further purification. 

4.2 Preparation of Precursors 

4.2.1 Preparation of Amino-As precursor 

In a glovebox, 0.2 mmol amino-As was added to 0.5 mL of
degassed OLA and mixed for 5 min at 40◦C until no bubbles
further evolved. 

4.2.2 Preparation of ZnCl2 -OLA (0.8 M) Precursor 

In a glovebox, 8 mmol ZnCl2 was mixed with 10 mL of
degassed OLA at 250◦C for 1 h. Due to its solidification at room
temperature, it is required to preheat before injection. 

4.2.3 Preparation of TOP-Se (1 m ) Precursor 

To prepare a stock TOP-Se solution, 10 mmol of powder selenium
was mixed with 10 mL of trioctylphosphine (TOP) under constant
stirring at 130◦C for 15 min. Then, it was cooled down to room
temperature and was kept in glovebox for further experiments. 

4.3 Core and Core-Shell Quantum Dot Synthesis 

InAs core and InAs/ZnSe core-shell QDs were synthesized
through a modified literature method [ 29 ], using amino-As as
precursor. First, to synthesize InAs core, a mixture of 0.2 mmol
InCl3 , 4 mmol of ZnCl2 , and 5 mL of OLA was degassed at 120◦C
for 1 h and then heated to 240◦C under an inert atmosphere.
Upon reaching 240◦C, amino-As and 1.2 mL DMEA-AlH3 were
quickly injected into the main solution and mixed at 300◦C for
15 min. Afterward, it cooled down to room temperature. For
the precipitation, toluene and ethanol were used and it was
centrifuged at 6000 rpm for 3 min. For InAs/ZnSe core-shell QDs,
instead of cooling down to RT, the crude solution was cooled
to 90◦C. Subsequently, 2,5 mL ZnCl2 -OLA and 7,5 mL TOP-Se
solutions were injected, and the temperature was raised to 310◦C.
8 of 11
At that temperature, the crude solution was mixed for 2 h and
cooled down to RT. The resulting QDs were precipitated using
toluene and ethanol at 6000 rpm 3 min. The purification step was
repeated 3 times. The final products, including core and core-shell
QDs, were dissolved in anhydrous toluene. 

4.4 Optical Characterization 

Optical absorption spectra were recorded on a Varian Cary 5000
UV–vis-NIR spectrophotometer. For PL, measurements were 
conducted using an Edinburgh Instruments FLS900 fluorescence 
spectrometer equipped with an Xe lamp. A Renishaw Raman sys-
tem was utilized to collect high-resolution Raman spectroscopy 
and micro-PL data. The Raman measurements were carried out
using an 1800 grating, with a 633 nm excitation wavelength and a
power of 0.5 mW, employing a 100X objective lens under ambient
conditions. Micro PL was measured using 514 nm excitation using
a 600 grating at 0.3 mW. Zeta Profilometer was used to capture
optical pictures of the films. 

4.5 Structural Characterization 

4.5.1 Transmission Electron Microscopy (TEM) 

TEM measurements were conducted using a JEOL JEM-1400Plus
microscope with a thermionic gun (W filament) operated at an
acceleration voltage of 120 kV. Atomic resolution scanning STEM
images were acquired on a probe-corrected Thermo Fisher Spec-
tra 30–300 S/TEM operated at 300 kV. High resolution images
were acquired on a high-angle annular dark field (HAADF)
detector with a current of 40 pA and a beam convergence semi
angle of 25 mrad. Compositional maps were acquired using Velox,
with a probe current of ∼ 150 pA and rapid rastered scanning by
the Energy-Dispersive X-Ray (EDX) spectroscopy on a Dual-X 

setup comprising two detectors on either side of the sample, for a
total acquisition solid angle of 1.76 Sr. 

The high-resolution surface morphology was acquired using a 
Zeiss Gemini SEM560 field-emission scanning electron micro- 
scope (FE-SEM). Elemental analysis and mapping were per- 
formed by EDX with an 80 mm2 SDD detector (Oxford XMax-80).

4.5.2 X-Ray Diffraction 

XRD spectra of the films were collected using the PANanalytical
Empyrean X-ray diffractometer equipped with a 1.8 kW Cu K α
ceramic X-ray tube and a PIXcel3D 2 ×2 area detector, operating
at 40 mA and 45 kV using parallel beam geometry and symmetric
reflection mode. The InAs/ZnSe CQDs were deposited on a quartz
substrate. XRD patterns were acquired at room temperature 
under ambient conditions. 

4.5.3 Atomic Force Microscopy 

AFM analysis was performed with a Veeco Multimode 
/Nanoscope IV system in tapping mode to obtain thickness
and surface morphology of the InAs/ZnSe CQD film. Data
processing was carried out with Gwyddion. 
Advanced Optical Materials, 2026
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4.5.4 X-Ray Photoelectron Spectroscopy (XPS) 

XPS measurements were performed with a Kratos Axis UltraDLD
spectrometer, using a monochromatic Al K α source operated at
20 mA and 15 kV. High resolution analyses were carried out with
an analysis area of 300 × 700 microns and a pass energy of 20 eV.
The Kratos charge neutralizer system was used on all specimens.
Spectra have been charge corrected to the main line of the carbon
1s spectrum (adventitious carbon) set to 284.8 eV. Spectra were
analyzed using CasaXPS software (version 2.3.24) [ 70 ]. 

Thermogravimetric Analysis (TGA): Thermal gravimetric analy-
sis (TGA) was conducted with a TA Instruments Q500 thermal
analyzer under a 50 mL/min nitrogen flux on ∼ 5 mg of nanocrys-
tals powders. After a 5 min equilibration at 30◦C, the samples
were heated to 700◦C, at rate of 10◦C/min. 

4.6 Electrical Characterization 

4.6.1 Device Fabrication 

For device fabrication, a shadow mask (purchased from Ossila)
was employed to define the electrode geometry on the InAs/ZnSe
CQDs film deposited on a SiO2 /Si thin film substrate. Subse-
quently, Au (5 nm) and Ti (80 nm) electrodes were deposited
sequentially using an electron-beam evaporator, ensuring clean
interfaces and well-controlled film thicknesses. A detailed
description of the InAs/ZnSe CQDs thin-film preparation proce-
dure, along with step-by-step instructions, is provided in Figure
S4 of the Supporting Information. 

4.6.2 Kelvin Probe Force Microscopy 

KPFM measurements were performed using an Asylum Research
MFP-3D system enclosed within a nitrogen glovebox, where
the relative humidity was maintained below 20% to ensure
environmental stability. Bruker SCM-PIT-V2 cantilevers were
employed, exhibiting a typical resonance frequency of 70–75 kHz,
a spring constant of approximately 3 N/m, a tip radius of 25 nm,
and a tip height ranging from 10 to 15 µm. Both the tip cone and
cantilever were coated with a PtIr alloy (work function ≈ 4.78 eV).
Topography acquisition was conducted in amplitude modulation
(AM) mode on the first eigenmode, with the oscillation amplitude
set between 20 and 40 nm. KPFM was implemented using the
dual-pass “NAP” mode provided by the Asylum system. In the
first pass, surface topography was mapped in tapping mode.
During the second pass, the cantilever was lifted to a fixed
height of 50 nm, its mechanical drive disabled, and an AC
voltage was applied at the cantilever’s resonance frequency. To
nullify the tip-sample electrostatic interaction, a compensating
DC voltage (VDC ) was applied. The resulting VDC values were
recorded pointwise to construct spatially resolved maps of the
contact potential difference (VCPD ). Assuming that tip and sample
form a parallel plate capacitor at any given time during the second
pass (topographic contribution is minimized): 

𝑉𝐶𝑃𝐷 = ( Φs − Φp ) ∕𝑒 (2)

where e is the positive elementary charge and Φs and Φp are the
sample (s) and probe (p) work functions, respectively. The sample
Advanced Optical Materials, 2026
work function ( Φs ) is calculated after an estimation/calibration
of the tip work function ( Φp , different tips have different work
functions). Each tip is therefore calibrated by acquiring a scan on
a freshly cleaved HOPG surface. 

4.6.3 J-V Characteristics Measurement 

The electrical characterization (I-V) of the InAs/ZnSe CQDs 
device was conducted using a Suss MicroTec probe station
equipped with an Olympus microscope. DC voltage and current
measurements were performed using a Keithley 2614B source 
meter under normal conditions at room temperature. 
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