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Solution-processed colloidal 1lI-V semiconductor quantum dot

photodiodes (QPDs) have potential applications in short-wave-
length infrared (SWIR) imaging due to their tunable spectral
response range, possible multiple-exciton generation, operation
at 0-V bias voltage and low-cost fabrication and are also expected
to replace lead- and mercury-based counterparts that are ham-
pered by reliance on restricted elements (RoHS). However, the use
of 1lI-V CQDs as photoactive layers in SWIR optoelectronic appli-
cations is still a challenge because of underdeveloped ligand
engineering for improving the in-plane conductivity of the QD
assembled films. Here, we report on ligand engineering of InSb
CQDs to enhance the optical response performance of self-
powered SWIR QPDs. Specifically, by replacing the conventional
ligand (i.e., oleylamine) with sulfide, the interparticle distance
between the CQDs was shortened from 5.0 &+ 0.5 nm to 1.5 +
0.5 nm, leading to improved carrier mobility for high photore-
sponse speed to SWIR light. Furthermore, the use of sulfide ligands
resulted in a low dark current density (~nA cm™2) with an improved
EQE of 18.5%, suggesting their potential use in toxic-based infrared
image sensors.

1. Introduction

Short-wave infrared (SWIR) cameras and photodiodes are in
high demand due to their photodetection capability in many
critical futuristic applications, from night vision, emergent bio-
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New concepts

The ligand exchange step is often discussed as the reduction of inter-
particle distance which influences the improved charge transfer in
colloidal quantum dot-based photodiodes (QPDs). However, the reason
behind improved carrier mobility and trap density has often not been
studied or discussed. Interestingly, for InSb QPDs, there has been no
exact study that reveals the science behind the improved figures of merit
so far. Here, we have compared sulfide-capped treated InSb QPDs with
previously reported bromide-capped InSb QPDs. The reduction of the
interparticle distance was confirmed by HR-TEM with a wider area of the
system; importantly, the inter-particle distance was approximately
calculated by GI-XRD measurements. To understand the concept of
close compactness of sulfide-capped QDs, we found from zeta potential
that shortening the inter-particle distance of adjacent QDs, which is
electronically neutral, is important. By performing SCLC calculations
using more than 15 devices, we found that InSb CQDs with sulfide
capping took precedence over those with bromine capping (i.e., the
most common atomic capping ligand) in terms of better carrier
mobility and low trap density. As expected, the sulfide-capped InSb
QPD shows improved EQE and photoresponse speed. Additionally, this
study achieves a dark current density in a similar range to that of
commercial photodiodes by reducing the trap density of the QPD.

imaging, food technology to remote sensing, light detection-
ranging (LIDAR) and optical communication technologies."™
In recent imaging applications in the optoelectronics industry,
high dark or leakage currents in photodiodes can trigger
serious failures due to high external voltages or thermal
noise.” However, self-powered photodiodes do not require an
external voltage source and can detect light with low power
consumption.”” Most commercially available infrared detec-
tors rely on epitaxially grown III-V and HgCdTe-based photo-
detectors, which require complex growth processes such as
molecular beam epitaxy (MBE) and metal-organic chemical
vapor deposition (MOCVD), resulting in high production costs
and many manufacturing steps.® Therefore, there is an urgent
need to develop optical absorbers to easily fabricate SWIR
photodetectors and improve device performance.

Nanoscale Horiz., 2024, 9, 817-827 | 817


https://orcid.org/0000-0002-4228-5687
https://orcid.org/0000-0001-5228-1826
https://orcid.org/0000-0002-0003-7941
https://orcid.org/0000-0002-1217-7589
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nh00038b&domain=pdf&date_stamp=2024-03-18
https://doi.org/10.1039/d4nh00038b
https://doi.org/10.1039/d4nh00038b
https://rsc.li/nanoscale-horizons
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nh00038b
https://pubs.rsc.org/en/journals/journal/NH
https://pubs.rsc.org/en/journals/journal/NH?issueid=NH009005

Open Access Article. Published on 19 March 2024. Downloaded on 2/16/2026 8:41:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

Solution-processed colloidal quantum dot (CQD)-based
photodetectors have received considerable attention due to
their wavelength-specific sensing, high sensitivity and low-
cost manufacturing processes’*; furthermore, they can be
integrated with readout integrated circuits (ROIC) and signal
processing circuits at a lower cost. Until now, CQDs, which
contain lead (Pb), cadmium (Cd), and mercury (Hg) as consti-
tuent elements, have been widely studied as photoactive mate-
rials for self-powered SWIR photodetectors,"*>" but the
Restriction of Hazardous Substances Directive (ROHS) restricts
these elements due to their high environmental toxicity.

To circumvent these toxicity issues, CQDs of III-V semi-
conductors and ternary CQDs such as indium arsenide
(InAs), indium arsenide phosphide (InAs; ,P,) and indium
antimonide (InSb) have attracted significant attention as
alternative light absorbers for NIR to SWIR light sensing.**™®
InAs-based QPDs have achieved an external quantum efficiency
(EQE) of ~37% in the self-powered mode, mostly in the 950 nm
NIR region. InAs, ,P,-based QPDs have been reported to show
EQEs of 5%, 5% and 1% at SWIR wavelengths of 1140, 1270,
and 1400 nm at —4 V of bias voltage, respectively. These papers
motivated the development of QPDs using indium antimony
(InSb) CQDs as optical absorption layers for SWIR light
detection.

Bulk InSb, one of the direct bandgap semiconductors
(0.17 eV at 300 K), has a large exciton Bohr radius (~60 nm)
and exhibits the highest room-temperature electron mobility
(~78000 cm®> V™' s7') and small exciton binding energy
(0.5 meV) of any compound semiconductor.>® Colloidal synth-
esis routes for InSb CQDs have been developed over the past
decade, but no significant progress has been made as photo-
active layers for SWIR applications. Possible reasons could be
defect-rich surface trapping the carriers, poor carrier mobility
in the CQD film or low carrier dissociation probability.*
To address the drawback of low carrier mobility, in our previous
work, we replaced the long molecular chain that is the terminal
ligand of InSb CQDs with InBr; molecules and demonstrated
the first InSb-based SWIR QPD that can operate at 0 V,”° but
encountered difficulties such as a high dark current density, a
low external quantum efficiency and a slow response time in
the second scale.

Herein, we report the effect of a sulfide-capping ligand on
the interparticle distance between adjacent InSb CQDs, drama-
tically improving the carrier mobility of the optically active layer
compared to capping with bromide, a common atomic ligand.
The sulfide-capped InSb-based QPDs successfully convert opti-
cal signals to electrical signals with self-powered photodiode
characteristics even with 0 V attributes, along with a low dark
current (~10° A), which further implies its advantages for
future applications.

2. Results and discussion

We started the synthesis by considering the concentration of
super hydride (SH) as a reducing agent and the molecular ratio
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of the In/Sb precursors to suppress the oxidation of the result-
ing CQDs during the synthesis and formation of metallic
antimony, which is difficult to solve.>*?°*? The optimized
volume ratio of oleylamine (OLA) as a solvent with SH was 5.2
(see the Experimental section, ESIf). Scheme S1 (see ESIt)
illustrates a size separation procedure that involves four-step
centrifugation to narrow the size distribution of the CQDs. The
samples obtained in each step were labelled as A, B, C and D.

2.1. Characterization of OLA-capped InSb QDs

We performed several experiments to confirm the synthesis of
highly crystalline, non-oxidized colloidal InSb QDs. Analysis of
the powder X-ray diffraction (XRD) patterns shown in Fig. 1a
confirms that samples A-D are pure-phase zinc flint structures
without any secondary phases. The diffraction peaks centered
at 20 = 23.8°, 39.3° and 46.3° are characteristic of the (111),
(220) and (311) planes, respectively. The broad peak at 21.52°
can be attributed to the excess amount of organics remaining in
sample D.** The diffraction peaks broadened with the incre-
mental addition of methanol as an antisolvent in the centrifu-
gation process, suggesting a decrease in the average diameter of
the QDs. Fig. 1b and c show representative X-ray photoelectron
spectroscopic (XPS) spectra corresponding to the core levels of
In 3d and Sb 3d, respectively. Panel (b) shows the chemical
bonding state in which In is bound to Sb and not to oxygen,
which is consistent with the literature.”® In panel (c), the
overlapped XPS spectra of Sb 3d and O 1s core levels were
deconvoluted as dotted lines. Sb 3ds,, and Sb 3d;/, peaks were
assigned to In-Sb bonds at binding energies of 528.2 eV and
537.6 eV.>** Besides, the absence of a peak at 540.4 eV
indicates that there is no Sb-O component. Inductively coupled
plasma mass spectrometry (ICP-OES) study confirmed an In : Sb
ratio of 1:1. These structural analyses indicated that the
stoichiometric InSb QDs with a high degree of crystallinity
and no surface oxidation were synthesized as the SH concen-
tration in the feed solution was increased.

HR-TEM images of samples A, B, C and D are shown in
Fig. S2, S1d, S1d and S1a (see ESIY), respectively. In all samples,
spherical QDs were isolated and dispersed without aggregation,
suggesting that their surfaces were terminated with OLA mole-
cules. The estimated diameters were 17 4+ 2.9 nm, 8.7 4+ 1.2 nm,
4.8 + 0.7 nm and 2.6 = 0.4 nm for samples A, B, C and D,
respectively. The centrifugation process with stepwise addition
of methanol allowed fractionation of the mother sample into a
relatively narrow polydispersity (standard deviation, ¢ = ~25-27%)
sub-ensemble.

2.2. Optical properties of OLA-capped InSb QDs

THe optical properties were investigated to understand the
relationship between the QD size and optical bandgap. The
NIR absorption spectrum of sample C is presented in Fig. le
while the spectra for samples B and D are shown in Fig. S1b and
e (see ESIT). In these spectra, the excitonic peak energy posi-
tions are not clear but humps can be seen as shoulders at
around 845 nm, 1100 nm and 1450 nm for samples B, C and D,
respectively. This is probably due to the semi-ensemble size

This journal is © The Royal Society of Chemistry 2024
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(a) Powder XRD patterns of the products prepared with different centrifugation processes; a detailed scheme has been added in Scheme S1 (see

ESIT). XPS spectra in (b) In 3d and (c) Sb 3d core levels of sample C, fitted with a Gaussian function. (d) HR-TEM image of sample C with the size
distribution profile shown in the inset. () Room-temperature NIR absorption spectrum of sample C dispersed in TCE. (f) PL spectra of sample C at a

temperature of 20 K.

polydispersity of InSb QDs in the ¢ = 25-27% range, consistent
with the literature.*® As will be discussed later in this para-
graph, the hump shape becomes more obscured as a shoulder
in the region of smaller QD size. On the other hand, no
characteristic peak was observed in sample A, even though
the diameter of the QDs was considerably smaller than the
Bohr radius of the bulk exciton. Indeed, the appearance of the
first excitonic peak in the absorbance spectrum is limited in
the literature to cases where the diameter of the QD is smaller
than 7 nm.>**%%” 1t is plausible that the observed absence of an
excitonic peak may be attributed to the broader size distribu-
tion of the CQDs, resulting in a weakened quantum confine-
ment effect compared to smaller CQDs. (Fig. S2, see ESIT). The
Tauc plots from which the optical bandgap energy can be
determined are shown in the insets of Fig. 1e and Fig. S1b
and e (see ESIT) for each sample. The estimated values were
0.86 eV, 1.22 eV and 1.60 eV for the 8.7-nm, 4.8-nm and 2.6-nm
diameter QDs, respectively. To facilitate a quantitative compar-
ison of size-dependent bandgaps, our experimental data were
plotted along with the reported values and theoretical relation-
ship calculated by the effective mass approximation (EMA,
see Fig. S3, ESIT).*® The calculated EMA model indicates that
the bandgap increases slowly in the range of QD diameters
larger than 6 nm but increases rapidly in the range of QD
diameters smaller than 5 nm. For d < 5 nm, even relatively
small size deviations can cause a large shift in the photon
energy of the exciton absorption, yielding spectral broadening.
In other words, the standard deviation of ¢ = 25-27% is too
large to generate the distinct exciton peaks in the absorption

This journal is © The Royal Society of Chemistry 2024

spectra for samples C and D. Conversely, for QDs larger than
8 nm in diameter (i.e., sample B), the band gap variation with
QD size is small. Thus, the standard deviation of ¢ = 25-27%
is small enough to produce a distinctly shaped hump, imply-
ing exciton absorption. The bandgap calculated with EMA
showed an overestimated trend compared to bandgap attri-
buted to the experimental values in the 2-6 nm size regime.
Similar trends with InSb CQDs have been reported before.*®*”
The possible mechanisms are the underestimated leakage
of the wave functions into the adjacent media or beyond the
band structure I and the dependency of 1/R on the Coulomb
interaction, which has been ignored during the EMA
calculation.*®37:3%:40

The photoluminescence (PL) spectra of samples B, C and D
are shown in Fig. Slc, f and f (see ESI{), respectively. As
expected from the prediction of EMA, the PL spectral peak
position was varied from 1015 nm to 1445 nm by tuning the
diameter of QDs from 2.6 + 0.4 nm to 4.8 £+ 0.7 nm. Such a
large Stokes shift between the excitonic absorption and PL peak
is commonly observed for InSb QDs and is attributed to the
presence of internal defect states or polydispersity of CQDs in
the system.*' The PL spectra of samples B and C were observed
at room temperature, but the spectral intensity became weak
for smaller QDs. Although the limited wavelength range of the
SWIR detector did not allow us to detect the exact PL peak
in sample B, it is particularly noteworthy that the 8.7-nm
QDs showed the potential to be emitters with PL peaks at
wavelengths longer than 1600 nm for the first time (see
Fig. S1f, ESI%).

Nanoscale Horiz., 2024, 9, 817-827 | 819


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nh00038b

Open Access Article. Published on 19 March 2024. Downloaded on 2/16/2026 8:41:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

2.3. Ligand exchange of OLA with sulfide ions

In a typical synthesis, long-chain organic acids or bases
attached to the CQD surface as ligands aid the homogeneous
growth of nanocrystals and stabilize the CQDs in organic
4243 However, such ligands probably hinder the long-
range charge carrier transport in CQD assemblies, yielding the
reduced device performance of QPDs.** For device design and
development of QPDs, the exchange of long ligands allows the
widespread choice of materials to improve performance, where
charge carrier transport/transfer plays a major role.”® It is
expected that the in-plane carrier mobility of the light-
absorbing layer can be improved by shortening the interparticle
distance in CQD assemblies, leading to improved device per-
formance such as responsivity, EQE and photoresponse time.
In this work, Na,S was exchanged with OLA ligands immobi-
lized on InSb CQDs. The inorganic chalcogenide small-ligand
sulfide was chosen because of its longer stability and low
ionization energy donor for III-V semiconductors.*® Details of
ligand engineering are explained in the Experiment section
(see ESIf).

During the synthesis of the InSb CQDs, OLA ligands were
attached to the cation (In*") as an L-type ligand.*” Ligand
exchange can be described as a nucleophilic substitution at
the metal site, while in the polar solvent, anions have lower
solubility than cations. To exchange the OLA ligands with
sulfide ones, a standard two-phase transfer protocol was per-
formed. Briefly, in the post-synthesis step, the OLA-capped InSb
CQDs dissolved in n-octane were vigorously mixed with a
formamide (FA) solution of Na,S. As the reaction occurs over
a few minutes, CQDs were completely transferred from the
n-octane phase (top layer) to the FA phase (bottom layer), as
shown in Fig. 2a and b, where chalcogenide ligands are
favoured for electrostatical stabilization.*®

solvents.
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Next, the changes in the surface chemical properties of
CQDs before and after Na,S treatment were characterized using
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy and XPS. Fig. 2c¢ shows the ATR-FTIR
spectra of the OLA-capped InSb CQDs, which demonstrate
strong absorption bands in the aliphatic C-H stretching region
between 2850 and 2960 cm ' and the C-H bending/scissoring
region between 1350 and 1500 cm ™ ."® The C-H signatures
disappeared after treatment with Na,S, whereas a single peak
was observed at 1653 cm™ ', which is attributed to the DMF
complex.’® The XPS spectrum of the S 2p core level after Na,S
treatment demonstrates the appearance of the peak cantered at
161 eV, indicating the formation of sulfide-capped CQDs by
ligand exchange (Fig. 2d).>" Due to air exposure of the sample
during transfer to the XPS instrument, a sulfate peak appeared
at a binding energy of 168.8 eV (see Fig. S4a, ESIt). The cationic
complex Na* could not be washed out, the XPS peak showed a
binding energy of 1070.6 eV (see Fig. S4b, ESIt). Additionally,
the possible bonding of disulfide was analysed by XPS and
Raman spectroscopy. Based on the previous literature, the
presence of disulfide bonds can be substantiated by the XPS
peak at a binding energy of 164 eV and Raman spectra peak in
the wavenumber (cm™') range of 520 to 530. Although the
formation of disulfide bonds is facile when sulfide is used as
a capping agent, we were unable to detect the presence of
disulfide in the Raman spectra (see Fig. S4c, ESIf) and XPS
spectra (see Fig. 2d). However, as shown in Fig. S4c, the peak
appearing at 188 cm™ " was assigned to the InSb CQD.”®

To elucidate the effect of sulfide termination on the inter-
particle distance of the CQDs in the photoactive layer, we
measured the grazing-incidence small-angle X-ray diffraction
(GI-XRD) patterns of the OLA-, sulfide- and bromide-capped
InSb CQDs (see Fig. 2e and Fig. S5, ESIT), respectively. Halides,
a well-known atomic ligand family, have been widely used to
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Fig. 2 Photographs of phase change (a) before and (b) after sulfide ligand exchange. (c) ATR-FTIR spectra of the OLA-capped InSb CQDs before and
after sulfide ligand exchange. (d) XPS S 2p spectra of OLA-capped CQD before and after sulfide ligand exchange. (e) Low-angle GIXRD spectra of InSb
CQDs with OLA- and sulfide-capped ligands. HR-TEM images of (f) OLA- and (g) sulfide-capped InSb CQDs. Zeta potentials of InSb CQDs (approx.
2-3mg ml~tin DMF) capped with (h) sulfide and (i) bromide ligands. (j) Optical absorption spectrum of sulfide-capped InSb CQDs in the thin-film form.
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terminate the surface of CQDs for enhancing the charge carrier
transport in CQD solids,"***** and bromide served as a stan-
dard in this work. For accuracy of comparison, we used the
same sample consisting of OLA-capped CQDs with a mean
diameter of 5.5 + 0.5 nm. The diffraction peak of the OLA-
capped QDs occurred at 20 = 0.85°, whereas the diffraction
peaks were shifted to 20 = 0.98° and 1.2° for the bromide- and
sulfide-capped counterparts, respectively (see Fig. S5, ESIT).
The estimated value of the interparticle distance of CQDs
(edge-to-edge of CQDs) was reduced from 5.0 + 0.5 nm (for
OLA capping) to 1.5 £+ 0.5 nm (for sulfide capping). It is worth
noting that the interparticle distance of the sulfide-capped QD
solid was significantly shorter than that of the bromide-capped
counterpart (2.6 & 0.3 nm). Furthermore, for the sulfide-capped
CQD solid, the peak broadened as the peak-to-valley ratio
decreased, suggesting an increase in the packing density of the
CQDs.”* Transmission electron microscopy (TEM) revealed a
reduction of the interdot distance, which indicates the success-
ful exchange of ligands of InSb CQDs, while the sizes of the
nanocrystals are unchanged after ligand exchange. HR-TEM
images of several reports on sulfide-capped QDs form close
vicinity with neighbours after ligand exchange, although the inter-
dot distances are hardly mentioned and discussed.’*>">*7
In this report, the decrease in interparticle distance was confirmed
by HR-TEM observation, as shown in Fig. 2f and g, and shows a
similar trend to that reported previously. Additional TEM images
before and after ligand exchange are shown in Fig. S6 (see ESIT) for
the samples. In the sample before treatment with Na,S, the CQDs
were dispersed and isolated from each other, keeping the inter-
particle distance constant, as expected. In contrast, the CQDs
aggregated in the sample after the OLA was exchanged with the
sulfide ligand. This is an unexpected and interesting observation.
Because the termination of CQDs with bromide (a typical atomic
ligand) does not allow agglomeration, and the interparticle dis-
tance is kept constant.*® To quantitatively understand the differ-
ence in the CQD interaction between bromide and sulfide ligands,
we measured the zeta potential of both samples of QDs highly
dispersed in DMF. As shown in Fig. 2h, the sulfide-capped InSb
CQDs in DMF solution showed a —4 mV of zeta-potential, which is
nearly equal to electrically neutral. On the other hand, the zeta
potential value of the bromide-capped InSb CQDs in DMF solution
was +20 mV, as shown in Fig. 2i. Such a large difference in the zeta
potential suggests that the steric repulsion on the CQD surface for
sulfide-capped InSb CQDs is much weaker than that of bromide-
capped counterpart, resulting in a difference in the dispersion
behaviours of CQD solids observed by HR-TEM and GI-XRD.

Fig. 2j and Fig. S7 (see ESI}) shows the NIR absorption
spectrum of a sulfide-capped CQD solid in the film and solution
forms in DMF, respectively. A broad, clear excitonic characteristic
was observed at around 1100 nm. We confirmed that the relation-
ship between the bandgap and size was retained. A possible reason
for the broad peak may be the agglomeration of the CQDs.

2.4. Fabrication of self-powered QDPs for SWIR sensing

DMF ink of the sulfide-capped InSb CQDs was used to fabricate
SWIR photodiodes. Sample C was chosen as the photoactive

This journal is © The Royal Society of Chemistry 2024
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material. The resultant InSb-QPD was compared with its
bromide-capped counterpart to explore the effect of the shor-
tened interparticle distance on device performance. An ultra-
violet photoelectron spectroscopy (UPS) spectrum of the spin-
coated sulfide-capped InSb CQD film, shown in Fig. 3a, demon-
strates the low and high binding-energy cutoff regions, which
were 0.82 eV and 16.6 eV, respectively. The work function was
calculated from the difference in energy between the secondary
electron cutoff and the excitation photon energy (hv = 21.22 eV),
and the highest occupied molecular orbital (HOMO) value was
estimated to be 5.44 eV. Using the magnitude of the bandgap of
sample C (E; = 1.22 eV), the lowest unoccupied molecular
orbital (LUMO) value was estimated to be 4.22 eV. The Fermi
energy level was estimated to be 4.62 eV. The proposed energy
level diagram under zero applied bias is depicted in Fig. 3b. The
HOMO and LUMO values of the PEDOT:PSS and ZnO films
were obtained from the values reported in a previous paper.*®
A typical cross-sectional scanning electron microscopy (SEM)
image and EDS mapping, shown in Fig. 3c and Fig. S8 (see
ESIt), demonstrate 20-nm thick ZnO and 10-nm thick PEDOT:
PSS layers. The sulfide-capped InSb CQD layer had a thickness
of 130 nm, and its surface was rough at the nanoscale because
it started to aggregate in DMF. The photoactive area of the QPD
was approximately 0.04 cm?.

The device performances of the QPDs, where sulfide-capped
InSb QDs served as photoactive layers, measured at room
temperature in ambient air, are summarized in Fig. 3d-h and
4. The representative photocurrent-voltage characteristics (I-V)
shown in Fig. 3d were obtained using sample C and measured
under dark conditions (no illumination) and light illumination
at different wavelengths ranging between 1000 nm and
1500 nm, while the photon power density of the incident light
was fixed at 1 mW cm™ > The photocurrent generated was
greater than the dark current, indicating that the device
responded to light and was also dependent on the wavelength
of the incident light. The highest photocurrent was achieved
under 1100 nm wavelength light. The device responsivity and
EQE are the figures of merit for photodiode devices. The
photoresponsivity (R) is defined as in eqn (1):*®

R = (hight — Idark)/PinA (1)

where liigne, Igark, Pin, and A are the photocurrent, dark current,
incident light density, and active device area, respectively. EQE
is defined as the number of free electrons recovered by the
device’s external circuitry per photon incident on the device

and is expressed as in eqn (2):*°

EQE = hcR/e). @)

where 7 is Planck’s constant and c is the velocity of light.

Fig. 3e and g show the values of EQE and R at 0 V,
respectively, which proves the self-powered operation of the
QPD. The highest values of EQE and R for the QPD operated at
0 V with 1100-nm light at a power density of 1 mW cm™ > were
1.32% and 0.012 A W™, respectively. As expected, the EQE and
R of the photodiode were enhanced when a bias voltage was
applied to the device, as shown in Fig. 3f and h. Similar
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wavelengths of light; the inset shows the photoresponse of the QPD under different wavelengths of SWIR light. (e) and (f) EQE of the QPD and (g) and (h)

responsivity of the QPD at 0 and —1V, respectively.

enhancements were observed for the other incident light
wavelengths. The best values of EQE and R under 1100 nm at
—1 V were 18.52% and 0.18 A W', as presented in Table S1
(see ESIf).

Fig. 4a shows the I-V characteristics of the InSb-QPD on a
logarithmic scale when the incident light optical power density
at 1100 nm was varied between 1.0 and 4.0 mW cm 2. It was
particularly noted that the dark current densities were as low as
3.8 nA cm 2 and 70 pA ecm 2 at 0 V and —1 V, respectively,
which were 3.5- and 3.15 times lower than those of the
bromide-capped InSb QPD device, leading to enhanced EQE
and responsivity. Further, the dark current density of the InSb
QPD was also compared with InGaAs commercial Hamamatsu
Photonics photodiodes, where our devices show a similar range
(~nA em™?) of the dark current density with commercial one
even at room temperature (RT).°° The current device also shows
a lower dark current compared to the recent solution-processed
QPD reports.>”"%!

Recently, it has been discussed that the dark current density
of QPD devices is sensitive to both the trap density and the
impurity levels within the energy bandgap and trap density of
the host material.>® That is, a lower trap density and impurity
energy level work as structural parameters that cause a
lower dark current and a higher EQE. In this study, the UPS

822 | Nanoscale Horiz., 2024, 9, 817-827

measurement of sulfide-capped CQDs showed 0.06 eV intrinsic
behaviour compared to bromide-capped counterparts, which is
one of the possible reasons for the decrease in the dark current
(see Fig. S9, ESIt). Therefore, InSb QPDs have lower dark
currents due to the lower doping, resulting in a lower trap
density.

The photocurrent density was dependent on the optical
power density of the incident light. With increasing optical
power density, the photocurrent density increases up to
850 puA cm 2 at 4 mW cm . Fig. 4b displays the short-circuit
current and photocurrent at —1 V, whereas the V,. of the QPD
at different light intensities are shown in Fig. 4c. It shows a
linear increase, which further implies the general work func-
tion of a photodiode; the R* values are shown in the figures.
Fig. 4d shows the enhanced intensity of the photoresponse with
increasing optical power density of the incident light. A typical
result of the time-response curves is shown in Fig. 4e, where a
quick and reproducible photocurrent response and good
cycling stability are observed at bias voltages of 0 V and 0.1 V.
Furthermore, the response profile shows that the measured rise
time (t,: from 10% to 90% of the saturated value) and fall time
(7 from 90% to 10% of the saturated value) are ~200 msec and
~200 msec at a bias voltage of 0 V. These values were 2.75 and
4.5 times lower than those of bromide-capped InSb CQD-based

This journal is © The Royal Society of Chemistry 2024
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QPD.?® Such improvement was also observed under white
light irradiation even at a very high optical power density
(80 mW cm™?), especially in the fall time of the QPD (see Fig.
S10, ESIt). Despite conducting measurements encompassing
the photoresponse and I-V characteristics of the devices under
ambient atmospheric conditions at room temperature and
subjecting several devices to prolonged exposure to ambient
atmosphere for a duration ranging from 30 to 45 days, it was
noteworthy to observe that, even after prolonged exposure to
air, the devices retained their photoresponse speed (see S11,
ESIY). Specific detectivity (D*) was calculated by assuming shot
noise as a primary contributor to the noise of the photodiode,
as InSb is a low bandgap material.®* The D* of Na,S-treated
InSb QPDs was 4 x 10 Jones (Jones = cm Hz'> W) at —1 V
under a wavelength of 1100 nm (see Fig. S12, ESLf light
intensity = 1 mW cm?).

There are two possible reasons why device performance was
improved by replacing the OLA ligand with a sulfide ligand.
First, the in-plane carrier mobility of QD solids is enhanced by

This journal is © The Royal Society of Chemistry 2024

using sulfide-capped CQDs. As evidence, we prepared multiple
hole-only devices and electron-only devices with both the
ligands, as shown in Fig. S13 (see ESIf) and the best values
shown in Fig. S14 (see ESIt), to estimate the carrier mobility
and carrier trap density. The devices with bromide-capped InSb
CQDs were used as standards. The trap-filled limit voltage
(Vrp1) shows almost consistent values when repeated in multi-
ple devices, as summarized in Table S1 (see ESIt), while the
error bar is plotted in Fig. S15 (see ESIT). The estimated carrier
mobility and trap density from the space-charged limited
current (SCLC) and trap-filled regimes are summarized in
Table 1. This quantitative analysis showed that capping with
sulfide ligands improved carrier mobility by a factor of 1.6 for
electrons and 1.8 for holes. Furthermore, the sulfide-ligand
reduced the carrier trap density by a factor of 1.57 for electrons
and 1.47 for holes. In addition to the reduction of carrier traps,
the improved carrier mobility between the QDs, especially due
to the sulfide ligands, contributed to the improved device
performance. Second, the HOMO-LUMO level of the sulfide-

Nanoscale Horiz., 2024, 9, 817-827 | 823
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Table 1 Summary of the carrier mobility and carrier trap density calculated from SCLC from electron-only and hole-only devices

E-only device u. H-only device uy

Electron-only N; Hole-only N;

Ligand (em*>Vv's™) (em*>v~'s™) (carrier number per cm®) (carrier number per cm?)
Bromide 0.012 0.01 9.3 x 10" 1 x 107
Sulfide 0.02 0.018 5.9 x 10" 6.8 x 10"

capped InSb CQDs shifted to higher energy values, resulting
in a favourable energy band for better charge transport. The
HOMO value of the sulfide-capped InSb CQD layer shifted to
5.44. This eventually decreases the energy barrier between the
valence band maximum (VBM) of the photoactive layer and
the VBM of the HTL layer PEDOT:PSS, which may increase the
built-in potential (V;), enable better hole transportation, and
improve the V,..**®* Thus, by improving the electron blocking
with better hole extraction,®® the dark current is suppressed,
resulting in a faster photoresponse. The 3-dB bandwidth of
the photodiode was calculated using the photoresponse speed
derived from the equation governing the bandwidth (BW)
relation = 0.35/t,, where t. is the rise time of the photo-
diode.®® The BW of the sulfide-capped QPD was 63 Hz, whereas
the BW of the bromide-capped QPD was 20 Hz. Compared to
recent InSb QPDs, our devices exhibit a slower photoresponse
speed,®"®” but demonstrate an improved EQE at —1 V, exceed-
ing recent reports at 1100 nm with a very low current density
(Table S1, see ESIf). Despite the advancements in surface
oxidation mitigation and protective shell applications over InSb
CQDs, the comprehensive enhancement of all relevant figures
of merit remains elusive, highlighting the complex underlying
mechanisms. Significant room for refinement in InSb QPDs
persists, particularly in enhancing the photoresponse speed,
EQE, and other metrics. We propose achieving this by formu-
lating selective ligand engineering, adopting core-shell, CQD
size-dependent QPD performance with mono distribution,
exploring modifications in the device structure, and fabricating
refined film formation by using a polypropylene filter (ppf) to
narrow down the size distribution, eliminate agglomerated
CQDs and study temperature-dependent I-V characteristics to
comprehend interfacial defects, particularly aimed at mitigat-
ing the dark current under short-circuit and bias conditions.

3. Conclusions

We have modified the synthesised route to achieve pure InSb
CQDs with easily available bromide precursors, which eventually
caused no surface oxidation on the QD surface. Additionally, the
size-selective precipitation procedure helped to achieve a narrower
size distribution. Optical properties and bandgap were varied from
840 nm to 1450 nm at 1.6 eV to 0.86 eV, while photoluminescence
was achieved from 1015 nm and 1440 nm for QD sizes of 2.6 nm
and 4.8 nm, respectively. Post-synthesis ligand engineering with
sulfide ligands was performed to improve the mobility and trap
density of the QD surface, which eventually improved charge
transfer between adjacent CQDs. Owing to a lower trap density,
the sulfide-capped InSb QPD film achieves a very low dark current
(~ 3.8 nA em™?), which is very competitive among commercial-

824 | Nanoscale Horiz., 2024, 9, 817-827

and solution-processed SWIR photodiodes. Further, sulfide-
capped InSb thin films show very high carrier mobility, which
could be applicable vastly for SWIR fast sensing in the future.
Further, fabricated sulfide-capped InSb QPDs responded to 5.5 ms
in an ambient atmosphere as a self-powered photodiode and
achieved an EQE of 18.5% at 1100 nm. The fast response with a
promising figure of merit shows the potential to substitute
Pb-, Hg- and As-free quantum dots for SWIR sensing. Further
improvements in terms of EQE and photoresponse speed are
possible by reducing the trap density, improving band alignment,
and increasing carrier extraction within the QPD structure.
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