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Abstract

This study explores the rational strategy to build lead sulfide (PbS)-based colloidal quantum dots (CQDs) solid for high
performance photodetection and solar energy conversion in the near- and short-wave infrared spectra. We demonstrated a
facile engineering process from CQD synthesis to infrared CQD devices fabrication. By controlling the monomer concen-
tration, we effectively tuned the infrared absorption characteristics and the solution-phase surface ligand exchange resulted
in highly concentrated CQD ink, facilitating the formation of uniform, and thick CQD solids, which is crucial for high
absorption efficiency. The CQD-based infrared photodetector achieved a specific detectivity of approximately 10'! Jones
and fast response times under 100 ns. Furthermore, optimized PbS CQDs were utilized in solar cells and achieved high
quantum efficiency across visible to infrared spectrum, indicating a significant potential for 2-terminal tandem structures
with perovskite front cells.
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Introduction

Colloidal quantum dots (CQDs) are semiconductor
nanocrystals that enable to adjust optical bandgap through
the quantum confinement effect, which is a significant
advantage to broadband optoelectronics [1-6]. Specifi-
cally, lead sulfide (PbS)-based CQD can tune the broad-
band absorption across visible to infrared spectrums and
exhibits high absorption coefficient (> 10* cm™) [7, 8].
Therefore, PbS CQD is one of the representative materials
that are widely used in various applications such as pho-
todetectors [9-11], solar cells [12—16], and photocatalysts
[17, 18].

Extensive research has been reported on PbS CQDs,
particularly in the NIR-SWIR range of 1100-1800 nm,
which silicon does not absorb. Infrared photodetector,
especially beyond 1400 nm wavelength, are important
because of eye-safety issue and 1550 nm wavelength
exhibits low atmospheric scattering, serving as a central
role in long-distance communications such as autono-
mous driving and various smart system [19]. Recently,
PbS CQD-based photodiode showed an external quantum
efficiency (EQE) of over 80% and response times below
10 ns, proving the potential to SWIR photodetector [20].

Furthermore, solar radiation energy harvesting beyond
the silicon absorption band (> 1100 nm) can generate
approximately 15 mA/cm? of photocurrent, and theoreti-
cally, an additional power conversion efficiency (PCE) of
8% can be achieved, which is significant [21-23]. There-
fore, various studies have demonstrated solar cells that
absorb in a range of 1100-1800 nm [24-26]. PbS CQDs
have been proposed as one of the most promising alter-
natives to traditional bottom cell materials for triple-
junctions, such as InGaAs or Ge. Recent advances in PbS
CQD solar cells achieved an EQE of ~80% at 1750 nm and
collected infrared photocurrent of 10 mA/cm?, which is
60-70% of incident infrared irradiation [27].

However, though several promising strategies are reported
as discussed above, general process engineering, from CQD
synthesis to infrared device fabrication, is not fully sug-
gested. This research presents a facile engineering process
capable of fabricating high-performance infrared PbS CQD
devices. We demonstrated how to simply adjust the infrared
absorption characteristics by controlling CQD sizes. Fur-
thermore, solution-phase surface ligand exchange enables
the production of highly concentrated CQD ink, which can
be utilized to form a uniform CQD solid. Specifically, the
dynamic coating process allows for sufficiently thick CQD
solids, securing high absorption efficiency, which is signifi-
cantly important for infrared devices.

Eventually, using thick CQD solid, we fabricated and
evaluated infrared photodetectors and solar cells. We
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performed various measurements to understand how sur-
face ligand control affects the performance of the photode-
tector and achieved a specific detectivity of approximately
10! Jones and response times below 100 ns. Furthermore,
the optimized CQD was also applied to infrared solar cells.
Particularly, we studied the best bandgap options to match
current with the perovskite front cells for a potential 2-ter-
minal tandem structure and finally rendered a solar cell
with excellent quantum efficiency across the entire absorp-
tion range.

Results and Discussions
Utilization of Solar and Electromagnetic Spectrum

As shown in the electromagnetic spectrum, specific absorp-
tion bands are required to realize various infrared applica-
tions (Fig. 1a). Specifically, for solar cells, high photocurrent
is an important factor for high power conversion efficiency
(PCE), implying that collecting the broadband solar irra-
diation is crucial. Perovskites solar cells typically absorb
up to 800-850 nm, which can generate a photocurrent of
20-25 mA/cm?, and silicon solar cells absorb up to 1100 nm,
indicating that approx. a photocurrent of 40 mA/cm? can be
generated. (Fig. 1b) Since approximately 15 mA/cm? of pho-
tocurrent is still able to be harvested beyond silicon, which
is a significant value, a device that can effectively absorb
from 1100 to 1800 nm range is required to fully utilize solar
irradiation.

Meanwhile, for infrared imaging, the important bands are
determined depending on the application areas. For exam-
ple, the in vivo bioimaging field requires the 1000-2000 nm
bands, and material classification for environment requires
the 1100-1700 nm bands [28, 29]. Therefore, infrared pho-
todetectors are mainly operated for ranging and object rec-
ognition. Typical silicon photodetectors in the 905-940 nm
bands were used in previous, but considering the eye-
safety, sensing beyond 1400 nm is important. Especially,
the wavelength of 1550 nm has low atmospheric scattering,
allowing it to be utilized in long-range communication and
energy transmission systems [30]. For thermal sensors, the
spectrum blue-shifts as the temperature of the heat source
increases, according to Planck’s blackbody radiation. There-
fore, a smaller bandgap is advantageous for sensing a wide
range of temperatures [24]. In conclusion, to utilize various
infrared fields as described above, controlling the bandgap is
crucial, and thus, CQDs hold potential as the next generation
of infrared materials.
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Facile Strategy to Adjust Bandgap of PbS CQD

For the synthesis of PbS CQD, the hot injection using
Pb(OA), and (TMS),S as reaction precursors is one of the
widely used methods [31, 32]. The size of the nanocrys-
tals can be controlled by the amounts of precursors, con-
centration of ligand, growth time, and temperature [33-36].
Among various conditions, we tuned the size of the OA-
capped PbS CQDs by controlling the concentration of oleic
acid (OA). The amount of PbO and 1-octadecene to form
lead oleate and the injection temperature were fixed and the
synthesis was carried out by varying the amount of OA. In
the case of the injection temperature, the higher temperature
of 110 °C was fixed to synthesize larger quantum dots com-
pared to small-size CQD (892 nm at 94 °C) by accelerating
precursor diffusion, resulting in faster growth [37]. The first
excitonic peak of PbS QDs shifts to the longer wavelength
band as the amount of OA increases, as shown in Fig. 2a.
During the CQD synthesis, the monomers are consumed,
resulting in nucleation and QD growth. As the monomer
solubility is increased by free acid during synthesis, addi-
tional monomers are consumed for QD growth rather than
nucleation, resulting in larger QDs [38, 39]. Therefore, it
can be explained that the monomer solubility increased
with the increase of oleic acid, resulting in a larger QD. As
a result, the first excitonic peak at 1531 nm was obtained
for 35.754 ml of OA. Transmission electron microscopy
(TEM) images of the PbS CQDs with first excitonic peaks

at 892, 1097, 1307, and 1531 nm were obtained to com-
pare the sizes of the CQDs (Fig. 2b, c). The average size of
each sample was measured to be 3.27+0.10, 3.51+0.011,
4.32+0.11 nm, and 5.2+0.11 nm. The red-shift of the 1st
excitonic peak was observed as the size increased. Full-
width at half-maximum (FWHM) and peak to valley ratio
(p/v) are obtained from absorbance spectra (Fig. 2d, e).
Smaller PbS CQDs exhibit FWHMs above 170 nm and p/v
below 2.5, and the largest CQDs at 1531 nm exhibit the nar-
rowest size distribution with a FWHM of 117 nm and p/v
of 4.58. For 1531 nm CQDs, the mass-transfer coefficient
decreases due to the high viscosity of the growth environ-
ment [40]. Therefore, the reactants are not efficiently trans-
ported to the surface of the nanoparticles, which limits their
diffusion to the surface and converts the growth process into
a diffusion-controlled growth regime. This contributes to
the size-focusing of the colloidal quantum dots [41]. The
FWHM of PbS CQDs with similar absorption bands synthe-
sized in previous studies ranges from 110 to 200 nm, indicat-
ing that synthesized PbS CQDs are uniform [42, 43]. As a
result, this synthesis is a facile method to tune to IR CQD
from 900 to 1600 nm because bandgap control is demon-
strated by only controlling the OA concentration.

PbS CQD-Based Infrared Optoelectronics

PbS CQDs synthesized as described above have long organic
ligands bound to the surface after synthesis for the purpose
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Fig.2 PbS CQDs synthesis. a 1st excitonic peak of PbS CQDs
according to the amount of oleic acid used in synthesis. The lead(Il)
oxide used to make lead oleate was fixed at 0.9 g and 1-octadecene at
33.349 ml. b Average size and ¢ TEM images of PbS CQDs of vari-
ous 1st excitonic peaks. d Absorbance spectra were measured in solu-

of high colloidal stability in the solution phase and passiva-
tion of surface dangling bonds [44]. However, the ligands
based on long alkyl chains hinder charge transfer in the
CQD solids; therefore, the short ligands should be utilized
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to facilitate charge transfer between the CQDs [24]. We uti-
lized a ligand exchange method, the solution-phase ligand
exchange (SPLE) method (Fig. 3) [45]. During the SPLE
process, as-synthesized CQDs with long-chain ligands are
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Fig.3 Schematic of the fabrication of PbS CQD-based devices through ink fabrication by solution phase ligand exchange of PbS CQDs and film

fabrication by spin coating process
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dispersed in a non-polar solvent (i.e. octane). We mixed a
CQD solution with a ligand precursor, short hydrophilic
molecule-based ligands, PbX, (X: Br, I), dissolved in a
polar solvent. The precursor solution detaches the long alkyl
chain ligands and attaches the short ligands at CQD surface
through a phase transfer process [46]. We then employed
the dynamic spin coating process, dropping of CQD ink
during the rotation of the substrate, to achieve thick and
uniform CQD thin-films to increase light absorption [25].
SPLE minimizes partial ligand loss by the protic solvent
effect that occurs in conventional solid-state ligand exchange
at the CQD surface and enables a lower film fabrication time
[47]. The dynamic spin coating process involved the initial
spinning of the substrate and the subsequent deposition of
the CQD ink at the desired speed. The substrate was then
rotated at a faster speed to remove the residual solvent. The
process enables the formation of a uniform CQD film while
the substrate rotates at a slower speed, which increases the
thickness of the CQD thin film and improves the wettabil-
ity of the film [48]. Empirically, CQD-based films using
the dynamic spin-coating method exhibit a more uniform
morphology and increased thickness compared to those
made with the control spin-coating method (Fig. 4a). These
improved film properties further enhanced the dark /-V
characteristics, resulting in lower dark current and higher
shunt resistance (Fig. 4b). Finally, we fabricated the device
using an ITO/ZnO/PbS—PbX,/PbS-EDT/Au architecture,
with a PbS—-PbX, layer as the active layer and PbS-EDT
and ZnO sol-gel as the hole and electron transport layers,
respectively.

PbS CQD-Based Infrared Photodetector

We confirmed the rectifying behavior of the CQD-based
photodiode by analyzing the dark current characteristics

(a)

With dynamic
spin coating

as a function of voltage (Fig. 5a). We changed the sur-
face passivation method of CQDs to achieve the optimal
photodiode characteristics of the CQD-based devices. To
this end, we increased the concentration of PbBr, from
0.02 to 0.04 M in the PbX, ligand precursor solution and
characterized the devices. We compared the dark current
densities of the two conditions and showed a higher recti-
fication ratio (dark current at+ 1 V/dark current at — 1 V)
[49] of 909.7 at a higher concentration of PbBr, than 27.6
in the control group (0.02 M), indicating an improvement
in rectification characteristics of about 33 times. We attrib-
uted the disparity in performance to the difference in CQD
surface passivation caused by the change in ligand precur-
sor concentration [50] (Table 1).

As the CQDs are larger than 4 nm, the ratio of charge-
neutral (100) facets to Pb-rich (111) facets gradually
increases, which decreases the efficiency of surface pas-
sivation by the Pbl, ligands [51]. PbBr,, which is smaller
than Pbl,, is known to have a relatively higher affinity
for the (100) facets [52]. Increasing the concentration of
PbBr, in a mixture of lead halides enables more efficient
surface coverage. An effectively passivated CQD surface
can prevent unnecessary CQD fusion caused by unpro-
tected (100) facets in the solution phase, resulting in a uni-
form thin film, and can improve the charge transfer within
the thin film [20]. In addition, we expect that the leakage
current at reverse voltage was reduced by the suppressed
defects caused by surface passivation, which is the origin
of enhancing the rectifying behavior [53].

We further characterized the responsivity to analyze
the optoelectronic properties of the surface-modified
PbS CQD-based devices (Fig. 5b). The responsivity was
calculated from the external quantum efficiency (EQE)
measured at 0 V and —2 V using the following equation

(Eq. (1)) [54]:
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Fig.4 Result of dynamic spin-coating method on CQD-based devices. a Photographs of CQD thin films fabricated with (left) and without
(right) dynamic spin-coating. b Dark /-V curves of CQD-based photodiodes with (red) and without (black) dynamic spin-coating
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Fig.5 PbS CQD-based infrared photodiode. a Dark current density
of PbS CQD-based photodiode with 0.04 M concentration of Br (red)
compared to the control photodiode (black). b Responsivity spectra
of PbS CQD-based photodiode with high concentration of Br (red)
compared to the control photodiode (black) under O V (line) and
—2 V bias (dashed). ¢ Schematic illustration of measurement setup
to configure noise figure of a device-under-test (DUT). d Specific
detectivity spectra of PbS CQD-based photodiode with high concen-
tration of Br (red) compared to the control photodiode (black) under
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Table 1 PbS 1550 nm
photodetector performance table

Responsivity (A/V)

NEP (W/Hz~"?) (Specific) Detec-

tivity (Jones)

Rise/fall time (ns)

under 0 V and 1 kHz frequency
0.04 M PbBr, conc.
0.02 M PbBr, conc.

0.63 (0.78%)
0.18 (0.48%)

1.134x 10711
1.249% 10710

2.567%x 10712
2.530% 107!

12.7/85.6
30.1/93.2

“Responsivity measured with applied reveres bias (=2 V)

A
R = EQE x 240" 1)

The device with 0.04 M PbBr, exhibited 0.63 A/W at
0 V compared to 0.18 A/W with 0.02 M PbBr,, which is
3.5 times improved performance. The responsivity under
the reverse bias (— 2 V) was obtained as 0.78 A/W and 0.48
A/W, respectively. The performance improvement of devices
with 0.04 M bromide originates from the improved CQD
surface passivation [55].

We tested the noise characteristics of PbS CQD-based
photodiodes to directly analyze their photodetector perfor-
mance based on their optoelectronic properties. The noise
characteristics were measured by connecting the SR570
low-noise amplifier (LNA), which can amplify RF noise to
a certain ratio, and the SR830 lock-in amplifier, which can
extract the noise signal synchronized with the frequency
(Fig. 5¢). The noise figure of the device-under-test (DUT)
was measured at a frequency of 1 kHz under dark conditions.
The noise current (A/Hz~"?) was calculated by multiplying
the noise voltage (V/Hz~"?) readout of the lock-in amplifier
by the sensitivity (A/V) of the LNA [56]. The device treated
with 0.04 M PbBr, exhibited a noise level of 1.617 x 10712
A/Hz™'2, which was approximately 64.5% lower than that
of the control device (4.554x 107" A/Hz™"?) (Table 1). The
lower noise level of the device with 0.04 M PbBr, is prob-
ably affected by a reduction in thermal and shot noise, result-
ing from a decrease in the dark current [57].

We characterized the (specific) detectivity (D*) using the
responsivity and noise current (Fig. 5d). The detectivity was
calculated using the following equation (Eq. (2)) [2]:

RVA

——— (A : device area).
noise current

@

The device with 0.04 M of PbBr, concentration showed
1.134x 10" Jones at 1550 nm under 0 V and 1 kHz con-
ditions, which is approximately 9 times higher than the
1.249 % 10'° Jones of the control group.

We further examined the transient photoresponse of
CQD-based photodiodes to obtain device speed. The time-
dependent photoresponse was measured through an oscil-
loscope using a 1550 nm pulsed laser (1 mW, 10 ns pulse
width) at 0 V (Fig. 4e and f). Rise/fall time was characterized
by measuring the time interval between 10 and 90% of the

D*(specific detectivity) =

rise signal and the time interval between 90 and 10% of the
decay signal, respectively. The fall time of the devices with
0.04 M PbBr, showed 10% faster decay of 85.6 ns compared
to the control group. The faster response of the devices is
presumably because of the decrease in the number of surface
traps, which lowered the capacitance and improved charge
transfer [7].

PbS CQD Solid for Infrared Solar Cell

The bandgap of light-absorbing material determines the
theoretical efficiency limit of a solar cell. A light-absorbing
material absorbs higher-energy photons than the material
bandgap and produces photogenerated current and photo-
voltage. According to the Shockley—Queisser single junction
solar cell limitation, as the bandgap decreases, there is a
trade-off between photocurrent and photovoltage, resulting
in a theoretical maximum efficiency of 33.16% for an opti-
mum bandgap of 1.34 eV [58-60]. Multijunction solar cells
are gaining interest in overcoming the theoretical efficiency
limit. Multijunction solar cells utilize light-absorbing layers
with different bandgaps to reduce thermalization and optical
loss. Due to the limited infrared absorption range of silicon
up to 1100 nm, low-bandgap light-absorbing materials such
as InGaAs (~0.8 eV) and Ge (~0.67 eV) have mostly been
used. However, their high cost restricts their commercial
viability. Therefore, PbS CQD solar can be one of the attrac-
tive strategies to utilize in low-cost solution processes for
infrared CQD solar cells.

Perovskite is a low-cost, solution-processed, suitable
bandgap light-absorbing material that is promising today as
a high-efficiency single- and multi-junction solar cell mate-
rial. Designing a high-bandgap perovskite solar cell as the
top cell and a low-bandgap CQD solar cell as the bottom
cell, as shown in Fig. 6a, can theoretically yield a 43% effi-
ciency if the CQD bottom cell absorbs the infrared light that
perovskite cannot absorb [61]. The open-circuit voltage (V)
of a 2-terminal solar cell is the sum of the top and bottom
cell V,, and the short-circuit current density (J,.) is limited
by the lower J,, cell, implying that a current-matching is
required to minimize efficiency losses in a tandem solar cell.

CQD can change its absorption range depending on
its size; at the same time, perovskite can also change its
absorption range by adjusting its bandgap depending on
the composition of the material (Fig. 6b). Therefore, for
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optimal efficiency of CQD and perovskite tandem solar
cells, it is important to find the optimal bandgap pair for
both CQD and perovskite to match current. To this end, we
calculated the bandgap-dependent current density of the
infrared CQD sub-cell through optical simulations based
on the transfer matrix method (Fig. 6¢). To calculate the
theoretical current density of the sub-cell, we assumed the
bandgap of the perovskite top cell. Our assumption is that
photon with an energy smaller than the assumed perovskite
bandgap would be transmitted, and photon with an energy
larger than the assumed bandgap would not be transmitted.
We calculated the Jsc of the CQD sub-cell by calculating
the light absorption of the PbS large dot layer in the ITO/
Zn0 (30 nm)/PbS large dot (500 nm)/P-type PbS (40 nm)/
Au (100 nm) structure by considering that the absorbed
light comes out as a photocurrent. As a result, the photo-
current increased by more than 5.8 mA/cm? by increasing
the absorption range of CQDs with a bandgap of 1250 nm
(red) to 1600 nm (black).

We derived a linear regression of the current density
against the perovskite bandgap to find a perovskite solar
cell bandgap that is matched with the CQD sub-cell [62].
From the intersection of both straight lines, we were able
to obtain CQD-perovskite optimal bandgap pairs. From the
1250 nm to the 1600 nm CQD, the J . increased from 20.5
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Voltage (V)

Wavelength (nm)

CQD. The blue scatters and line represent the short-circuit current of
the perovskite solar cells according to the reported bandgaps, and its
linear fit. d Current matching J. (red square) and summation of V.
(black square) of perovskite and IR CQD solar cells corresponding to
the current matching bandgap pairs. The product of J, and V. (pur-
ple circle) of perovskite and CQD solar cell. e The J-V curve of PbS
1550 nm solar cell (red, solid). f EQE (0 V, black, solid), EQE (-2 V,
red, dash), and IQE (black, solid) curves of PbS 1550 nm solar cell

to 23.6 mA/cm?, and the paired perovskite absorption range
is supposed be increased from 750 to 798 nm.

Based on the previous reports, we calculated the volt-
age sum from two sub cells to find the highest-efficiency
bandgap pairs (Fig. 6d) [63, 64]. As the bandgap of the per-
ovskite used as the top cell became smaller, the bandgap of
the infrared CQD also became smaller, reducing the sum
of the V. In contrast, the J. tended to increase as the per-
ovskite bandgap decreased. By multiplying the V. and J,
the efficiency limit (J X V,.) and optimal bandgap pair of
perovskites and infrared CQD for 2-terminal tandem solar
cells were obtained. The effect of increasing the short-circuit
current density was more dominant than decreasing the open
voltage, and the optimal bandgap pair was identified at 794
and 1550 nm for perovskite and CQD, respectively. At the
optimum bandgap pair, the attainable efficiency limit sur-
passes 36.1%.

We demonstrated infrared solar cells and analyzed the
performances corresponding to the optimal bandgap, as
shown in Fig. 6e. The solar cell achieved a J of 27.4 mA/
cm?, a V,_ of 0.42 V, and a fill factor (FF) of 41.7%, resulting
in a PCE of 4.80%. The solar cell had an excellent external
quantum efficiency (EQE) of 48% at 1550 nm. We tested
the EQE at a negative voltage of —2 V to understand the
origin of high EQE. Under negative voltage conditions, the
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CQD layer is completely depleted, allowing us to extract
close to 100% of the charge; therefore, EQE at negative bias
estimates the absorption of the device. We also estimate the
internal quantum efficiency (IQE) by dividing the EQE by
the light absorption (EQE under —2 V) [65]. The calcula-
tion shows that the IQE is 87%, indicating that the high EQE
originates from the high IQE. The high IQE is attributed to
high-quality IR CQD solid due to the monodisperse IR CQD
and efficient surface passivation strategy.

Conclusions

In this study, we suggested a rational strategy for fabricat-
ing efficient infrared optoelectronic devices based on CQDs
from size-tunable CQD synthesis to device fabrication.
We easily tuned the bandgap of CQD by adjusting the OA
concentration from 892 to 1531 nm and following ligand
exchange strategy using halides enables to form high qual-
ity CQD solids. Specifically, the higher concentration of the
PbBr, ligands, which have a higher affinity for the (100)
facets, led to efficient passivation, resulting in superior per-
formance of CQD devices. Finally, infrared photodetector
and solar cells are demonstrated, respectively. In particular,
we studied the optimum configurations with perovskite front
cell for 2-T tandem solar cells and found a promising result
that the perovskite-1550 nm PbS CQD 2-T tandem solar cell
has a potential to achieve over 36% PCE, showcasing that
the further studies on CQD synthesis, ligand exchange, and
device fabrication will lead to the next generation infrared
optoelectronics.

Methods
PbS CQDs Synthesis
Materials

Lead(IT) oxide (Puratronic, 99.999% metals basis),
1-Octadecene (Sigma-—Aldrich, tech. 90%), oleic
acid (Sigma-Aldrich tech. 90%), hexamethyldisi-
lathiane (Sigma—Aldrich, synthesis grade), hexane
(Sigma—Aldrich, > 97.0% (GC)), ethyl alcohol (Duksan,
99.9% (HPLC)), n-octane ((Alfa Aesar, 98 + %), acetone
(Daejung, 99.8%), toluene (Sigma—Aldrich, 99.9%).

Synthesis of PbS CQDs

Lead(Il) oxide 0.9 g, 1-octadecene 33.349 mL, and oleic
10-45 mL were put into a 250 mL three-neck flask and
degassed under vacuum at 110 °C. The injection solu-
tion was prepared by mixing 1-octadecene 2 mL, and

hexamethyldisilathiane ((TMS),S) 0.420 mL. After degas-
sing for 3 h, the air within the 3-neck flask was replaced
with argon. After removing the heating mantle from the flask
and during cooling, when the temperature reached 95 °C,
the injection solution was rapidly injected. Following the
removal of the heating mantle and during cooling, the injec-
tion solution was rapidly injected into the flask when the
temperature reached 95 °C. As the solution cooled to 30 °C,
the CQD solution was washed twice with hexane and ethyl
alcohol. After the CQD solution had been dried in a vac-
uum oven for 6 h, it was dispersed in n-octane and filtered
through a 20-pm PTFE filter.

The synthesis of small PbS CQDs targeting the 900 nm
excitonic peak was carried out using 1.8 g of lead(I) oxide,
80 mL of 1-octadecene, and 7 mL of oleic acid. After degas-
sing at 94 °C for 12 h, the mixture was cooled under an
argon environment to 67 °C, followed by rapid injection
of the prepared injection solution. The injection solution
comprised a mixture of 1-octadecene 2 mL and (TMS),S
0.85 mL of. Upon reaching 30 °C, purification was con-
ducted using acetone and toluene. Subsequently, the sample
was dried in a vacuum oven for 6 h, dispersed in n-octane,
and filtered.

PbS CQD Characterization

Transmission electron microscopy (TEM) images were
obtained using a JEM-2100F model from JEOL LTD
(Japan). For TEM sampling, the PbS solution was diluted
in hexane. Samples were then made by applying 2—3 drops
to a carbon grid. The absorption spectrum of the PbS CQDs
solution was measured using the V-700 Series UV-VIS/NIR
Spectrophotometer (Jasco). 20 pL of PbS CQDs dispersed
in n-octane were redispersed in 3 mL of tetrachloroethylene
(TCE) (Sigma—Aldrich, >99.5%) for measurement.

Device Fabrication

Cleaned indium tin oxide (ITO) glass substrates (30 €/
square) were utilized as conductive substrates. For the elec-
tron transport layer, a ZnO sol-gel solution was prepared
by mixing 1 g of zinc acetate dihydrate (99.999%, Sigma-
Aldrich) and 0.28 wt% of ethanolamine (99.5%, Sigma-
Aldrich) in 2-methoxyethanol (99.8%, Sigma-Aldrich) with
a concentration of 260 mM, and the solution was stirred
overnight. The ZnO sol-gel solution was then spin-coated
at 3,000 rpm on a UV-ozone treated substrate and annealed
at 200 °C for 30 min with controlled humidity. The as-pre-
pared CQD ink was dynamically spin-coated at 800 rpm
on the ZnO layer under N, conditions and accelerated to
2000 rpm. CQD-coated thin films were annealed in a N,
condition at 70 °C for 15 min. For the hole transport layer,
using the smaller synthesized PbS CQDs, two layers of
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1,2-ethanedithiol (EDT)-treated CQDs were deposited on
top of the PbS—PbX, layer through the layer-by-layer (LBL)
process. In each layer, as-synthesized CQDs (50 mg/mL)
were deposited, followed by a 30 s soaking in EDT solution
(0.01 vol% in acetonitrile) and three times of washing with
acetonitrile. Finally, 100 nm of gold was deposited as a top
contact.

External Quantum Efficiency (EQE) Characterization

EQE spectra were acquired using the QuantX-300 (New-
port). A monochromatic white xenon lamp (400 W) chopped
at a frequency of 220 Hz was illuminated at the DUT, and
the measured photocurrent was recorded with the wave-
length of the incident light. The EQE spectrum was utilized
to calculate the responsivity (R) of a photodetector through

Egq. ().
Noise and Detectivity Characterization

The noise current was measured by connecting the DUT to
an SR570 low-noise current preamplifier and an SR830 lock-
in amplifier for characterizing noise current at the wanted
frequency. The overall measurements were conducted at
298 K under dark conditions. The noise current (Iy) was
calculated from the noise voltage (Vy) and sensitivity of the
LNA (S), and the specific detectivity (D*) is derived from
the Eq. (2).

Transient Photoresponse Characterization

The transient response of the photodiodes was character-
ized by recording the time-dependent photocurrent measured
with a 500 MHz oscilloscope (DSO7054A, Tektronix), and a
1550 nm nanosecond pulsed laser (VFLS-1550-M-PL) with
a 10 kHz repetition rate was used for the illumination.

Solution-Phase Ligand Exchange

Solution-phase ligand exchange was conducted based on a
previous method with slight modifications [27]. We prepared
a precursor solution by dissolving 0.2 mol of lead iodide
(Pbl,), 0.04 mol of lead bromide (PbBr,), and 0.08 mol of
sodium acetate (NaOAc) in 20 mL of N,N-dimethylforma-
mide (DMF) in a 50 mL conical tube. We added the 5.5 mg/
mL oleic acid-capped PbS CQD solution to 10 mL of precur-
sor solution. And we shake the mixture vigorously for 30 s to
facilitate phase transfer. After the ligand exchange phase, the
solution was washed with octane three times. After the wash
step, toluene was added to the DMF solution to precipitate
the exchanged PbS CQDs. And the precipitate CQDs were
dried for 30 min under vacuum conditions. The CQDs were

@ Springer

redispersed in a 3:1 butylamine:DMF mixture at a concen-
tration of 250 mg/mL.

Solar Cell Characterization

We measured the J—V characteristic of a solar cell by with a
Keithley 2401 source meter. A Class AAA solar simulator
from McScience Inc. was used for generating 1.5 AM solar
light illumination. The QuantX-300 spectral measurement
system is utilized to measure the monochromic photore-
sponse of the device.

Optical Simulation

The optical simulation is conducted using the transfer matrix
method (TMM). The optical constants for material were
obtained by the spectroscopic ellipsometry measurements
(RC2, J,A, Woollam) and from previous research [66]. We
calculated absorption by TMM from homemade MATLAB
code [12, 14].
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