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ABSTRACT: Shortwave infrared (SWIR) photodetectors are low PLQY — —>» high PLQY
crucial for emerging technologies such as autonomous driving, + InF,

smart agriculture, industrial inspection, and eye-safe LiDAR. undercoordianted o Z-type
Colloidal indium arsenide (InAs) quantum dots (QDs) offer a As at°m5 ons passivation
low-cost, RoHS-compliant alternative to epitaxial III—V semi- e byl"F
conductors. But their performance is limited by a high density of trap stat os s

surface trap states that induce nonradiative recombination and L2

potentially give rise to a high dark current in photodiodes. Here, " l fewer traps
we demonstrate that InF; can effectively passivate these surface v?arTraape;ntgtségn

traps, significantly improving both optical and electronic Em! —v 1

properties. In nonpolar solvents, a simple InF; treatment on

oleylamine/chloride-capped In(As,P) and oleate-capped InAs high dark current ~—— +InF, o low dark current

QDs increases the photoluminescence quantum yield to 13% and

4%, respectively—the highest reported for core-only InAs QDs. In polar media, the InF; treatment remains effective but
reduces colloidal stability. To overcome this limitation, a solid-state in situ InF; treatment of QD films was used. The
treatment doubles the carrier lifetime and lowers the dark carrier density, confirmed by ultrafast transient absorption
spectroscopy, microwave conductivity, and electrochemically gated transistor measurements. In SWIR photodetectors, this
leads to an order-of-magnitude reduction in dark current density and a 3-fold increase in the calculated specific detectivity,
assuming it is shot-noise-limited. Temperature-dependent dark current density and thermal admittance spectroscopy
measurements reveal that deep trap states dominate the dark current in InAs QDs photodetectors. The InF; treatment
strongly suppresses these traps. These findings establish InF; passivation as a powerful, promising strategy for mitigating
surface-trap-induced dark current and advancing high-performance, RoHS-compliant SWIR photodetectors.
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B INTRODUCTION and complementary metal-oxide-semiconductor (CMOS)

Shortwave infrared (SWIR) photodetectors enable applications
such as autonomous driving, smart agriculture, industrial compatibility.4

inspection, biomedical imaging, and light detection and ranging
(LiDAR). SWIR light penetrates haze, fog, and tissue more
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deeply than visible light, enabling high-contrast imaging and 3D Revised:  July 6, 2026
sensing.'—’ However, conventional epitaxial III—V photo- Accepted: July 28, 2026
detectors remain expensive and difficult to scale. Colloidal Published: August 21, 2026

quantum dots (QDs) provide a low-cost and scalable alternative

due to their solution processability, size-dependent tunability,
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Compared to Hg-based’ and Pb-based® QDs, indium
arsenide (InAs) QDs are particularly attractive because they
are free of toxic heavy metals and thus compliant with the
Restriction of Hazardous Substances (RoHS). The strong
infrared absorption and high carrier mobility of bulk InAs make
InAs QDs promising candidates for efficient photodetection.”e-
eto However, InAs QDs suffer from a high density of surface trap
states, which are expected to act as nonradiative recombination
centers and increase the dark current of photodetectors. Density
functional theory (DFT) calculations attribute these trap states
primarily to undercoordinated As atoms on the surface, which
give rise to deep midgap states.” "'

ZnSe shell growth can effectively eliminate surface trap states
in InAs QDs.'> However, such shells impede interdot charge
transport, limiting photodetector performance. Extensive efforts
have been devoted to mitigating trap-mediated recombination
in InAs QDs, including doping,"’ ligand exchange'*~"” and
copassivation.'®' However, state-of-the-art InAs QD SWIR
photodetectors still exhibit dark current densities of 107°—107¢
A cm™? orders of magnitude higher than those of Pb
chalcogenide QDs.”**" Most likely, this contrast arises because
Pb chalcogenides are surface-tolerant, due to their antibonding
valence-band character, which suppresses deep trap forma-
tion.”** In contrast, InAs is surface-intolerant, as under-
coordinated As 4p orbitals introduce deep electronic states
within the band gap.”"’

Recently, InF; has been shown to effectively passivate surface
trap states on InP QDs, enhancing the photoluminescence
quantum yield (PLQY) to >90%. It can be introduced either
directly”® or generated in situ through etching.”*~*° Possibly, the
small size of InF; leads to higher surface coverage, thereby
eliminating dangling bonds to yield nearly trap-free surfaces.
Given the chemical similarity between undercoordinated P on
InP and undercoordinated As on InAs, ds it is hypothesized that
fluorination should effectively passivate the deep surface traps of
InAs QDs, as well. However, this was not experimentally
verified. Especially on large InAs QDs absorbing in the SWIR
range, the impact of surface passivation on the optoelectronic
performance remains unexplored.

In this work, we systematically investigated InF; passivation of
InAs QDs through multiple approaches and correlated the
resulting surface chemistry with optical, electronic, and
photodetector performance. First, an InF; treatment in nonpolar
solvents was applied to In(As,P) QDs capped with oleylamine
and chloride and InAs QDs capped with oleate ligands. The
treatment increased their PLQYs to 13% and 4%, respectively,
the highest values reported for core-only InAs QDs, confirming
strongly improved surface passivation. Second, we extended the
treatment to QDs dispersed in polar solvents after ligand
exchange using InBr; and ammonium acetate (AA)." Although
the InF, treatment enhances the photoluminescence (PL), the
resulting QDs show poor colloidal stability, likely due to their
fully fluorinated, weakly charged surfaces. To address this
limitation, we implemented an in situ InF; treatment on InBr;
and AA ligand exchanged InAs QD films. The carrier dynamics
were investigated using ultrafast transient absorption (TA)
spectroscopy, microwave conductivity and electrochemically
gated transistor measurements. The results indicate a doubled
carrier lifetime and reduced dark conductivity but also
morphological changes that deteriorate the (photo)-
conductivity. Finally, when integrated into SWIR photodiodes,
the in situ InFs-treated devices exhibit an order-of-magnitude
reduction in dark current density and a 3-fold increase in the

calculated specific detectivity (assumed to be shot-noise
limited) compared to the untreated devices. Beyond demon-
strating InF; passivation on InAs QDs, we seek to establish a
direct correlation between trap-state suppression and dark-
current reduction in SWIR photodetectors by investigating the
role of trap states in InAs QD photodetectors. Temperature-
dependent dark current density—voltage (j—V) measurements
reveal that the dark current is thermally activated. Thermal
admittance spectroscopy measurements clearly show a large
contribution of deep trap states to the dark current of the
untreated InAs QD photodetectors, which disappears after the
in situ InF; treatment. Specifically, before the treatment we find a
midgap trap states density of 1.7 X 10'® cm™3, which decreases to
3.3 X 10" cm™. Collectively, these results establish InF,
passivation as a promising strategy for mitigating surface-trap-
induced dark current in InAs QDs, advancing the development
of RoHS-compliant, high-performance SWIR photodetectors.

Bl RESULTS AND DISCUSSION

Trap-Passivated InAs QDs with As-Synthesized Ligands

Recently, we found that InF; effectively passivates surface trap
states on InP QDs.”*”* Given the chemical similarity between P
and As, we hypothesized that InF; could also passivate surface
trap states on InAs QDs. As a proof-of-concept, we performed
the InF; treatment on two types of SWIR absorbing InAs-based
QDs: (1) In(As,P) QDs synthesized from aminoarsine
precursors and capped with oleylamine (OINH,) and chloride
ligands [In(As,P)-OINH,/Cl]*” and (2) commercial InAs QDs
capped with oleate ligands (InAs-OA). In both cases, the QDs
have a tetrahedral shape with average edge lengths of 7.9 & 0.8
and 9.3 + 0.8 nm for In(As,P)-OINH,/Cl and InAs-OA QDs,
respectively (Figure S1).

The InF; treatment was carried out by adding InF; and
indium palmitate [In(PA);] powder into a QD dispersion in
hexadecane. The vial was then heated to 180 °C for 60 min. The
In(PA); added here serves to maintain QD colloidal stability
during the treatment, as discussed in our previous work on the
InF, treatment of InP QDs.””

As shown in Figure 1, both as-synthesized QDs have a PLQY
of less than 1%, in line with reported values in the
literature.'>**™*° After InF, treatment, the PLQYs of In-
(As,P)-OINH,/Cl and InAs-OA QDs increase to 13% (60X
increase) and 4% (43X increase), respectively. The increase in
PLQY indicates that InF; can passivate surface traps on InAs
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Figure 1. Normalized absorption and PL spectra of (A) In(As,P)-
OINH,/CI QDs and (B) InAs-OA QDs before (solid lines) and after
(dotted lines) InF; treatment in hexadecane at 180 °C for 60 min.
The PL is normalized by the absorbance of QD dispersions at the
excitation wavelength (700 nm).
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QDs regardless of the size and surface ligands. Both the
absorption and PL spectra exhibit a red shift after InF; treatment
(Figure 1). Transmission electron microscopy (TEM) images
show no significant change in sizes after the treatment (Figure
S1). We ascribe the observed red shift to the change in the
electronic structure upon fluorination.”" After InF, treatment, a
peak around 685 eV was observed in X-ray photoelectron
spectroscopy (XPS) F 1s spectrum of both samples, which
corresponds to InFy,”* demonstrating the presence of InF,
(Figure S2 and Table S1). However, considering the limited
solubility of InF; in nonpolar solvents, it remains unclear how
InF; dissolves in hexadecane and accesses the QD surface.

The PLQYs obtained after InF; treatment are record-high
values for InAs core-only QDs.”'***7*%** However, a PLQY of
13% remains well below the near-unity PLQY obtained for InP
QDs using a similar surface treatment.”> This suggests that
additional nonradiative pathways remain after fluorination,
highlighting a fundamental difference between those of InP and
InAs. There is possibly an inherent challenge to attain high
PLQY in the SWIR range, where electric-dipole, near-field
energy transfer between the QD electronic transitions and the
infrared vibrational modes of ligands or solvent can enhance
nonradiative energy loss.”” Still, the PLQYs of InAs/ZnSe core/
shell QDs'* and Pb chalcogenide QDs**?* emitting at
comparable wavelengths are considerably higher. Alternatively,
full-surface passivation may be more difficult to achieve on InAs
than on InP.

InF;-Treated Photoconductive InAs QD Films

QD-based photodetectors require an efficient charge transport
across the QD film. Therefore, the long-chain insulating ligands
present on as-synthesized QDs must be replaced with shorter,
more conductive ones.* In the InF, treatment described above,
insulating In(PA), ligands are present on the surface to maintain
colloidal stability in the nonpolar solvent. Therefore, we
explored the possibility of making an InAs QD ink with InF;
surfaces via a phase-exchange reaction. The full width at half-
maxima (fwhm) of the PL peaks of the as-synthesized In(As,P)-
OINH,/Cl and as-received InAs-OA QDs are 168 and 82 meV,
respectively (Figure 1). The narrower emission line width
indicates that InAs-OA QDs are more homogeneous in both size
(Figure S1) and possibly composition, resulting in a more
ordered energy landscape that is favorable for charge transport in
devices. Therefore, we selected InAs-OA QDs for all of the
subsequent studies.

However, attempts to transfer InAs QDs from nonpolar to
polar solvents by only adding InF; invariably resulted in the
complete precipitation of the QDs. Next, we tested a two-step
approach. The QDs were first treated with InF; in nonpolar
solvents. Then, they were transferred to polar solvents using the
InBr; and ammonium acetate (AA) ligand exchange protocol."?
The ligand-exchange procedure worked well for InF;-treated
InAs-OA QDs, allowing stable dispersion in N,N-dimethylfor-
mamide (DMF). However, we observed a significant PL
decrease after InBry/AA ligand exchange, which suggests that
the added InF; moieties are largely removed during phase
transfer. Therefore, we next explored the possibility of
performing the InF; treatment after InBr;/AA ligand exchange.

As shown in Figure 2A, the PL intensity of InAs QDs ligand-
exchanged with InBr; and AA (InAs-InBry/AA, green curves)
decreased compared to the QDs with native ligands (InAs-OA,
blue curves). This is a common outcome of aggressive ligand
exchange processes.”””® Subsequent InF; treatment of the
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Figure 2. (A) Absorption and PL spectra of InAs QDs with native
ligands (InAs-OA, blue curves), InAs QDs ligand exchanged with
InBr; and AA (InAs-InBr;/AA, green curves), and ligand-exchanged
InAs QDs treated with InF; (InAs-InBr,;/AA-InF;, red curves).
Insets are photographs of QD dispersions after filtration through 0.2
pm PTFE syringe filters. (B) ¢ potentials of ligand-exchanged QDs
before (green curve) and after (red curve) InF, treatment.

ligand-exchanged QDs strongly enhanced the PLQY by a factor
46 to 4.3%, which is similar to the effect we observed in nonpolar
solvents (Figure 1B). This confirms the improved passivation of
surface traps by InF; in polar solvents. The absorption and PL
peaks redshift after treatment, similar to observations in
nonpolar solvents. However, the InF;-treated QDs again exhibit
poor colloidal stability, and only 15% of the QDs were retained
in the ligand-exchanged sample (Figure S3), as is clear from the
lighter color of the resulting dispersion in Figure 2A.

In polar solvents, colloidal stability is maintained by electrical
double layer formed by sufficient surface charge and counter-
ions. We hypothesize that the net surface charge is decreased
after InF; treatment. To test our hypothesis, we performed (-
potential measurements on the filtered QD dispersions. The
results, shown in Figure 2B, are unexpected. The InBr;/AA
ligand-exchanged QDs have a { potential of around —8 mV,
which is nearly neutral and consistent with literature."> Despite
this low { potential, the QDs remain colloidally stable in DMF. It
is likely that the presence of acetate is responsible for the small
net negative surface charges. Indeed, Protesescu et al. have
shown that, on InP QDs, ligand exchange using metal halides in
DME without AA gives rise to a positive { potential, indicating a
net positively charged surface.”” After InFj treatment, the
potential becomes positive and shows a broader distribution,
indicating significant changes in surface chemistry. We speculate
that acetate might be removed from the surface, making the
surface positively charged again. However, it remains unclear
what exactly causes the loss of colloidal stability.

The results on the colloidal ligand exchange and trap
passivation strategy demonstrate that InF; effectively passivates
surface traps of ligand-exchanged InAs QDs in polar solvents.
However, the considerable loss of QDs during the treatment
renders this approach impractical to prepare QD inks for device
fabrication.

Given the lack of colloidal stability after solution-phase InF;
treatment, we explored a solid-state approach by applying InF;
passivation to InBr;/AA ligand-exchanged InAs QD films. We
first treated the films by submerging them in hexadecane, adding
solid InF; directly and heating to 150 °C. While this enhanced
the PL, the improvement was modest, possibly due to the low

https://doi.org/10.1021/acsnano.6c06196
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Figure 3. (A) Scheme of the reaction between BenF, amine, and InAs with an amine:BenF ratio of 1.5:1. (B) Illustration of solid-state in situ InF,
treatment on ligand-exchanged InAs QD films. Absorption and PL spectra of InAs QD films treated with different (C) amines, (D) amine to
BenF ratios, and (E) amount of BenF. (F) Morphology of in situ InF;-treated InAs QD films. (Top) Photographs of samples in part E. (Bottom)

AFM images of untreated and in situ InF;-treated QD films.

solubility of InF; in hexadecane. Therefore, we attempted
generating InF; in situ, similar to the approach we followed
previously for InP QDs.” In this approach, benzoyl fluoride
(BenF) and a primary amine undergo an amidation reaction to
produce hydrogen fluoride (HF) in situ; see the reaction
mechanism in Figure 3A. The generated HF partially etched the
InAs QDs via InAs + 3HF — InF;(s) + AsH;(g). The produced
InF; remains, in part on the QD surface, passivating As surface
atoms, while the arsine gas escapes. This results in a net loss of
InAs material via etching, the extent of which can be controlled
by the reaction conditions (vide infra). The etching can however
not be fully avoided, as it is required to produce InF; in situ.
As shown schematically in Figure 3B, the passivation
procedure involved placing spin-coated InAs QD films into
hexadecane and heating the solution to 150 °C, followed by
sequential addition of amine and BenF. The films were
maintained under these conditions for 15 min. To optimize
the treatment, we systematically investigated the effects of amine
chain length, the molar ratio between amine and BenF, and the
total precursor amount on PL performance. We initially varied
the amine chain length with the aim of identifying short ligands
that could function as L-type donors at anionic surface sites
without promoting QD dissolution into the nonpolar medium.
As shown in Figure 3C, amidation with octylamine results in
strong PL enhancement, while shorter amines, such as
butylamine and methylamine, are ineffective. We speculate
that the solubility of the benzamide product that forms in the

amidation reaction is lower for the shorter amines, which makes
the reaction less thermodynamically favorable.

Next, we explored the effect of the amine/BenF ratio.
Additional amine removes HF in the acid—base equilibrium
shown in Figure 3A and therefore modulates the degree of
etching.”* As shown in Figure 3D, a 1.5:1 ratio yielded the
most significant PL increase, while higher ratios gave only
moderate PL enhancement. This is because excess amine
consumes HF, limiting InF; formation and thus surface
passivation.

To further evaluate the extent of passivation and etching, we
varied the total amount of BenF added while maintaining the
1:1.5 ratio with octylamine. As shown in Figure 3E, increasing
the precursor concentration further enhanced the PL,
demonstrating that more InF; is present on the surface.
However, this also leads to increased QD etching, as evidenced
by the reduced 1S absorption feature (Figure 3E) and a
noticeable thinning of the film (Figure 3F, top). Atomic force
microscopy (AFM; Figure 3F, bottom) confirmed that the
treated films exhibited increased surface roughness, likely due to
material loss during the HF-mediated etching process.

Together, these results confirm that solid-state in situ InF;
passivation significantly improves the optical properties of InAs
QD films, but the trade-off is a degree of irreversible film damage
due to etching. Since the etching is required to form InF; for
surface passivation, it cannot be fully eliminated. Nevertheless,
this approach provides a controllable route to achieving effective
surface trap state passivation in the solid state, avoiding the
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Figure 4. Carrier dynamics of InAs QD films before and after in situ InFj treatment. 2D TA heat maps of untreated (A) and treated (B) films. The
white dashed arrows indicate the evolution of the 1S bleach peak. (C) Normalized bleach decay traces (dots) with biexponential fits (solid
lines). (D) Excitation intensity dependence of the bleach amplitude ratio at 3 ns and 10 ps and (E) time-dependent 1S bleach peak energy
showing spectral diffusion in untreated (black circles) and treated (red circles) films. (F) DMC frequency scans and (G) TRMC measurements
for photoexcitation at 700 nm with 1.5 X 10" photons cm™ per pulse. Charge-carrier-density-dependent (H) conductivities and (I) mobilities
of untreated film (black squares), in situ InF;-treated film (red circles), and two-layer sample prepared by spin coating another untreated film on
the treated one (green triangles). The error bar of measured mobilities is determined by the optical detection limit of our setup, which is +1

mOD.

colloidal instability observed in polar solvents. Future improve-
ments should focus on how to minimize etching to avoid
material loss and maintain the morphology. Instead of in situ HF
formation, the addition of indium and fluoride salts to form InF;
directly inside the film is a promising direction. Furthermore,
solution-processable inks are preferred for device fabrication.
This would require engineering the surface composition to
retain sufficient surface charge after fluorination, thereby
maintaining the colloidal stability.

Carrier Dynamics of Trap-Passivated InAs QD Films

The in situ InF; treatment proved to be a successful strategy for
enhancing the PLQY of conductive QD films. To investigate the
effect of InF; passivation on the optoelectronic properties of
InAs QD films, we used femtosecond TA spectroscopy,
microwave conductivity, and electrochemically gated transistor
measurements. Parts A and B of Figure 4 show 2D TA images,
which present the absorption change as a function of time and
probe wavelength. Both films exhibit a clear 1S absorption
bleach after photoexcitation at 700 nm. The decay traces reveal

23826

that InF; passivation increases the photocarrier lifetime (Figure
4C): the intensity-averaged lifetime calculated from biexponen-
tial fits to the 1S bleach decay (solid lines in Figure 4C) increases
from 3.5 to 6.0 ns, in line with the observed improvement in
PLQY upon passivation (Figure 3).

In addition, excitation-intensity-dependent TA measure-
ments (Figure SS) demonstrate slower recombination at lower
excitation densities. We plot the ratio of the absorption bleach at
3 ns vs the bleach at 10 ps, i.e,, AA(3 ns)/AA(10 ps), in Figure
4D. This ratio decreases as the pump fluence increases,
indicating that the fraction of decaying carriers increases with
the excitation density. This behavior is a well-known signature of
Auger recombination. Importantly, even at an average exciton
occupancy as low as < N> =~ 0.01 absorbed photons per QD, a
residual fast-decay component is still evident. This is similar to
previous observations in conductive PbSe QD solids, where
ultrafast charge carrier diffusion leads to efficient Auger
recombination even at extremely low excitation densities."’
We ascribe the persistent fast decay in our films to similar
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diffusion-mediated Auger processes: the high mobility of carriers
within the QD films allows charge carriers to migrate and
congregate in larger QDs due to energy disorder, where they
undergo Auger recombination.

Fast charge carrier diffusion in combination with energy
disorder also results in spectral diffusion.”’ Indeed, both
untreated and in situ InFj-treated InAs QD films exhibit a
time-dependent redshift of the TA bleach peak, as indicated by
the white arrows in Figure 4A,B. Figure 4E shows the 1S bleach
maximum as a function of time for treated and untreated films.
After InF; treatment, the observed spectral diffusion is smaller
than that of the untreated film. If the carrier mobilities are the
same, the sample with higher energy disorder is expected to
show larger red-shift.*” The energy disorder can be quantified by
the fwhm of the 1S absorption peak, which increases from 88 to
103 meV after the treatment. Given that the treated sample
exhibits less spectral diffusion while the energy disorder is larger,
we conclude that the carrier mobility likely decreases, potentially
because increased QD polydispersity hampers the dot-to-dot
charge transport within the film.

To further quantify the conductivity of the films, we employed
dark microwave conductivity (DMC) and time-resolved micro-
wave conductivity (TRMC) measurements.*”** DMC measures
the dark conductivity by monitoring the change in reflected
microwave power in a cavity at resonance due to free carrier
absorption, providing insight into the background charge carrier
density. A sample with higher (dark) conductivity will absorb
more microwave power and result in a lower signal at the cavity
resonance frequency of around 8.51 GHz. As shown in Figure
4F, InFj;-treated films exhibit significantly reduced dark
conductance, approaching the detection limit of the system
(equal to the blank DMC measurement on quartz). By fitting the
DMC frequency scan, we can quantify the dark conductivity
(64ani) (see the Experimental Section for more details).** In the
untreated InAs QD film, 6, is determined to be 0.026 S cm™.
After the in situ InF; treatment, due to the limit in the sensitivity
of the measurement, the upper limit of 6, is 0.002 S cm™". This
reduction in 6y, can be ascribed to the decrease in the dark
carrier density. We will come back to this point below.

TRMC was then used to assess photoconductivity. The
photoconductance (AG) signals are normalized by a geometric
factor (f3), the elementary charge (e), the laser intensity (I,), and
the fraction of photons that are absorbed at the excitation
wavelength (F,). This yield the product ®,,,, > 4, representing
the yield of free electrons and holes (®,,,,) and the sum of their
mobilities (Yu).**** For QD samples with high dielectric
constants, and consequently relatively small exciton binding
energies, the yield of free charge generation is usually close to 1
at room tempera‘cure%’46 such that changes in @, ) ¢ reflect
changes in the electron and hole mobility. For both samples,
@, > u decreases with increasing excitation intensity due to
higher-order recombination within the 18 ns instrument
response time, set by the microwave cavity that is used (Figure
S6). Figure 4G shows TRMC transients at an excitation intensity
of 1.5 X 10" photons cm 2 per pulse, which is close to the linear
regime (Figure S6). For the untreated InAs QD film, @, Y is
~0.0243 cm”® V™! 57!, and the photoconductivity decays to half
of the maximum value in 144 ns. For the treated film, @, >y is
reduced to ~0.0042 cm® V™' s™" while the half-life time of the
photoconductance decreases to 64 ns.

Combining DMC and TRMC measurements, the carrier
density in the dark (ng,) can be calculated from the dark
conductivity (6g,5) and the sum of mobilities (Y u) via

Ngark=€ D4/ Ogar. As shown in Table S2, ng,y decreases from
6.7 X 10" cm™ to less than 3.4 X 10'® cm™ after in situ InF,
treatment. f14,, in the treated film should explicitly be seen as an
upper limit since the dark conductivity of this sample is not
higher than that of the quartz substrate. Nevertheless, we can
conclude that there is a clear reduction in dark carrier density, in
line with increased PLQY and carrier lifetime seen in TA
experiments (Figure 4C), confirming the passivation of surface
trap states by InF;.

Given the 3—6 ns lifetime measured with TA (Figure 4C) and
the 18 ns instrument response time of the resonance cavity used
in TRMC measurements, we estimate that only ~5% of the
photogenerated carriers are detected. Hence the measured
values of @, > present a lower limit to carrier mobility. Even
so, these results suggest that the mobility decreases after the in
situ InF; treatment, in line with the reduced spectral diffusion
shown in Figure 4E. This could be due to the use of octylamine
in the treatment, which can bind to the QD surface as L-type
ligand and thereby increase the QD interdistance.”® However,
the reduced mobility could also result from a reduction in film
quality, leading to cracks that impede transport.

The sensitivity of the mobility to such cracks depends on the
technique used to measure the charge transport.”” TA probes
transport via spectral diffusion in 7 & 10 ps, while TRMC probes
carrier diffusion during half a period of the 8.5 GHz microwave
field, i.e., in 7 & 60 ps. With a mobility of 107> cm® V™' s™" this
would mean TA probes a length scale of L = g% 50 nm,

while TRMC probes ~120 nm. Changes in film morphology on
this length scale will thus influence the measured mobility. In
contrast, transistor measurements probe DC charge transport
over a length scale that is set by the distance between the source
and the drain electrodes, typically 10—50 um. The relevant
length scale for transport in photodiodes is the thickness of the
photoactive film, typically 200—300 nm.”">"*~*° Thus, this is
intermediate between TRMC and transistor measurements.

To investigate the long-range DC transport, we used
electrochemically gated transistor measurements.”*™>* A gate
voltage is applied between a QD film and a reference electrode in
a liquid electrolyte to modulate the charge carrier density which
is accurately determined by in situ monitoring the absorption
bleach at the 1S peak due to state filling via ;g = 20A/A,°7
Here, the factor 2 reflects the degeneracy of the 1S, level in InAs
QDs.”" To obtain the conductivity and mobility of the QD film
at various potentials, a linear bias sweep is applied between
source and drain electrodes with a gap size of 25 ym at each gate
voltage, see Figure S7. The charge-carrier-density-dependent
conductivity and mobility are plotted in Figure 4H,I. As shown
in Figure 4H, the conductivity of the untreated InAs QD film
(black squares) first increases with 7,5 and reaches a maximum
of 0.064 S cm™! when around 1 electron per QD (n,g = 1) is
electrochemically injected into 1S, level. When more electrons
are injected, the conductivity drops. This is expected because the
1S, levels become completely filled and electron transport
through this level is impeded.*”>* The low effective mass in InAs
causes the 1P, levels to be separated from the 1S, levels by more
than 150 meV,>* so that conduction through the 1P, levels is not
significant.

However, after in situ InF; treatment, the conductivity drops
significantly (red circles in Figure 4H). This reduction may arise
from two factors: (1) impaired interparticle charge transport due
to altered surface chemistry or (2) morphological disruptions
such as cracks that hinder long-range transport across the 25 ym
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Figure S. Performance of SWIR photodetectors fabricated using untreated and in situ InFs-treated InAs QD films. (A) Schematic device
structure. (B) j—V characteristics under dark (solid lines) and under IR illumination (dashed lines). (C) EQE and (D) specific detectivity of

devices biased at —3 V calculated assuming shot-noise-limited.

electrode spacing. To distinguish between these effects, an
additional layer of ligand-exchanged InAs QDs (identical to the
as-deposited film) was spin coated on top of the treated film. As
shown in Figure 4H, the conductivity of the bilayer structure
(green triangles) is restored to a level comparable to the
untreated film. This recovery suggests that dot-to-dot charge
transport remains efficient and that the dominant limitation to
macroscopic conductivity arises from film discontinuities
introduced during the in situ InF; treatment, consistent with
the AFM images shown in Figure 3F.

The carrier-density-dependent mobilities of all three samples
are plotted in Figure 4L In the untreated film, the mobility
increases sharply at low charge carrier density region and reaches
a maximum of 0.026 cm* V™! 57!, This activation behavior is
ascribed to energy disorder in the QD film.*” Although mobility
strongly depends on the charge carrier density, the mobility
obtained from electrochemically gated transistor measurements
is similar to that from TRMC measurements. After the in situ
InF; treatment, the low mobility indicates very poor transport
over the 25 ym source—drain distance, caused by morphological
changes such as macroscopic cracks.

To summarize the optoelectronic characterization, the in situ
InF; treatment effectively passivates surface trap states in InAs
QD films, as evidenced by prolonged carrier lifetimes, reduced
dark conductance, and enhanced PLQY. However, in addition
to these improvements, a decrease in the film conductivity is

23828

observed due to morphological changes in the film. Electro-
chemically gated transistor measurements confirm that the
primary limitation arises from macroscopic film discontinuities
rather than impaired dot-to-dot transport. These findings
indicate that the InF; treatment as introduced here involves a
trade-off between trap passivation and transport efficiency.

Trap-Passivated InAs QDs Photodetector Performance

To evaluate the effect of InF; passivation on the photodiode
performance, we fabricated SWIR photodetectors using a spin-
coated InAs QD layer with and without in situ InF; treatment.
For photodetectors, we found a bilayer structure as in the
electrochemically gated transistor measurements was not
needed, because charge transport takes place in the ~200 nm
thickness direction of the film. The devices consist of a
multilayer stack of TiN/NiO,/InAs QDs/TiO,/ITO on a Si
substrate (Figure SA). The concentrations of BenF and
octylamine used in in situ InF; treatment were optimized to
achieve effective surface passivation while minimizing etching.
The scanning electron microscopy (SEM) cross section of the
devices before and after in situ InF; treatment are shown in
Figure S8. There is no significant decrease in the thickness of the
QD layer after treatment. However, we do observe a slight
increase in roughness at the interface between InAs QD and
TiOx, which we ascribe to the etching during the treatment, in
line with the AFM images shown in Figure 3F. Figure 5B shows
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Figure 6. Temperature-dependent j—V and C—f characteristics. Dark current densities measured in the range of 270—315 K of (A) untreated
and (B) in situ InF;-treated devices. (C) Activation energy extracted from Arrhenius plots at various reverse biases. (D) Scheme of thermal
emission of carriers via midgap states. The C—f plots measured in the range of 78—330 K and the reconstructed trap density distributions of (E
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j—V curves of untreated and InF;-treated photodiodes, both in
the dark and under 1200 nm LED illumination with a power
density of ~3.5 mW cm™ Most notably, the dark current
density decreases by an order of magnitude after the in situ InF;

treatment, while the photocurrent increases marginally. As a

result, the treated device exhibits a photocurrent to dark current

ratio of 115 at a reverse bias of —3 V and the given illumination

power, which is significantly higher than the ratio of 27 for the
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untreated device. We assign this to a reduction in surface trap
states, consistent with the higher PLQY and the prolonged
carrier lifetime. Moreover, the dark j—V characteristics of six
individual devices from one substrate are shown in Figure S9.
The small distribution of dark current densities indicates good
uniformity.

Figure SC presents the wavelength-dependent external
quantum efficiency (EQE) measured at —3 V. After the in situ
InF; treatment, the peak EQE is 23%, vs 22% for the untreated
sample. We calculated the specific detectivity assuming it is shot-
noise-limited (D%,,). The maximum D%, of the in situ InF;-
treated device reaches a value of 1.55 X 10" cm Hz'* W' at
1220 nm, 3 times larger than that of the untreated device (Figure
SD).

Mechanistic Insight into the Correlation between Trap
States and Dark Current

While it is well established that trap states in semiconductor
materials act as nonradiative recombination centers and are
generally expected to elevate dark current,” " the quantitative
correlation between trap state density and dark current in InAs
QD-based SWIR photodetectors remains poorly understood.

To gain deeper insight into the role and nature of trap states in
the dark current of InAs QD-based SWIR photodetectors, we
performed temperature-dependent dark j—V measurements in
the range of 270—315 K. As plotted in Figure 6A, heating the
untreated device to 315 K increases the dark current density to
430 pA cm™ at —3 V while cooling to 272 K decreases it to 30
uA cm2. Similarly, the dark current density of the in situ InF-
treated device drops from 23 A cm™at 315K to 1 #A cm™ at
270 K (Figure 6B). Clearly, the dark current is thermally
activated in both devices. We extracted activation energies (E,)
at various reverse bias values from Arrhenius plots (Figure S10).
In the untreated device, E, is 0.53 eV at —0.5 V and decreases to
0.43 eV at —4 V (Figure 6C). The reduction in E, with
increasing reverse bias is characteristic of field-assisted emission
from trap states, consistent with a trap-mediated dark current
under high electric field.*>%° After in situ InF, treatment, the
device shows similar E, at small reverse bias, but E, only
decreases to 0.51 eV at —4 V. The weakly reverse-bias-
dependent E, suggests the suppression of trap-mediated
pathways. The optical band gap (E,) of InAs QDs used in
these devices is 1.02 eV. The E, extracted at low reverse bias is
around Eg/Z. Therefore, we ascribe this thermally activated
process to the emission of carriers via midgap trap states, as
illustrated in Figure 6D. We note that thermal generation of
charge carriers via trap states would be limited by the largest
energy gap in the distribution of traps states in the band gap.
This gap is about half of the band gap, but it is conceivable that
there is a distribution of trap states from the valence band top to
midgap, as is predicted by DFT calculations on InAs QDs with
exposed As terminated (—1—1—1) facets.”"'

To identify the dominant trap state in InAs QDs and quantify
how effectively the in situ InF; treatment passivates them, we
performed thermal admittance spectroscopy (TAS) measure-
ments in the range of 78—330 K at 0 V. The capacitance-
frequency (C—f) spectra were extracted by assuming a parallel
RC circuit. We note that a proper equivalent circuit of these
devices with multiple layers and disordered transport in the QD
layer is most likely very complex. Therefore, we checked that
similar results are obtained for a series RC circuit, demonstrating
that the exact equivalent circuit used is not critical for the
ensuing analysis of the trap state distribution.

The basis of TAS is that an AC bias increases or decreases the
depletion width in the photodiode. Increasing the depletion
width involves both extracting mobile majority carriers from the
1S levels of the InAs QDs, and carriers from trap levels inside the
band gap. At high frequencies, the capacitance is due to the
majority carriers in the junction. The associated drop in
capacitance is often referred to as the dielectric relaxation step. It
depends strongly on the carrier mobility and is usually observed
at frequencies of >10* Hz. Since trap emission is much slower
than mobile majority carrier transport, only traps with an
emission rate that is larger than the angular frequency (@) of the
AC bias contribute to the capacitance, resulting in a character-
istic drop in the capacitance-frequency spectra at low
frequencies (typically 10°—10* Hz).”'

The trap emission rate (e) depends on the temperature as

. (=E/kgT
e, = yyeE/BT)

frequency and E, is the trap energy away from the band edges.
Therefore, at each temperature, the measurement probes a
different energy window of traps, and the characteristic trap
frequency in the C—f spectra increases with increasing
temperature. Combining frequency and temperature depend-
ence of the trap-related capacitance these two parts, the trap
density distribution [N,(E,)] can be reconstructed.’"°> A more
detailed description can be found in Supplementary Note 1.

As shown in Figure 6E, the untreated device exhibits a large
capacitance at low frequencies (<10® Hz), and the capacitance
increases with temperatures. This is clear evidence of deep trap
states. After in situ InF; treatment, the capacitance measured at
all temperatures is lower, indicating suppression of traps over a
large energy range. The capacitance measured at low frequencies
is significantly decreased, demonstrating that deep traps are
especially removed (Figure 6F). As plotted in Figure S11, we
extracted the characteristic trap frequency (also known as the
demarcation energy) from the minimum of the @ dC/dw vs @
plots at different temperatures. From an Arrhenius plot of this
trap frequency for the untreated v, is determined to be 1.5 x 10"
s™'. This is within the range of 10°-10' s™' reported in
literature for PbS QDs®*™® and small organic semiconduc-
tors.® v, measured in InAs QDs in this work is lower than that
reported for bulk crystalline semiconductors®® (~10"2 s7!)
possibly because interaction between various traps in the band
gap.®' The activation energy of the trap emission is determined
to be 0.55 eV, which aligns with the dark current activation
energy at small reverse bias (Figure 6C). This suggests that the
thermally activated processes observed from TAS and dark
current measurements relate to the same, deep trap states near
the middle of the gap.

In TAS, the trap density can be determined via

=% @ dC e i ilt-i ~
N(E,) = W T o Here V), is the built-in potential, and W

is the depletion width of the junction. To determine these
values, we applied Mott—Schottky analysis on the capacitance—
voltage (C—V) measurements at 300 K, as explained in the
Supporting Note 1. As shown in Figure S12 and Table S3, the
extracted Vi,;and Ware 1.1 V and 85 nm for both samples. While
these extracted parameters should be treated with caution, and
seen as a rough estimate, we note that a possible error in these
values would partially cancel out in the determination of N,(E,).
Further, we note that these values only change the absolute value
of the trap distribution, not the energy dependence. The
reconstructed trap density distribution for the untreated and the
in situ InFj-treated devices are shown in Figure 6G,H,
respectively. In the untreated device, a pronounced Gaussian-

where v, is an effective attempt-to-escape
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like distribution of deep trap states located at 0.5 eV and a tail of
shallow traps ranging toward the band edge are observed. From
these measurements alone we cannot tell whether this band of
traps is closer to the valence band or to the conduction band.
However, on the basis of reported DFT calculations on InAs
QDs,'! we ascribe them to surface states originating from
undercoordinated As atoms residing between the valence band
and midgap. The reason these surface states dominate the trap
distribution in DFT calculations is that typical ligands used in
the synthesis and processing of colloidal QDs bind stronger to
surface cations, than to surface anions. Consequently, surface
cations are assumed to be passivated (with, e.g, bromide,
fluoride, oleate, or amines), while many surface As atoms remain
undercoordinated.

After the in situ InF; treatment, the trap density is significantly
reduced. The midgap trap density (integrated over trap energy)
decreases from 1.7 X 10" cm™ to 3.3 X 10'7 cm™ (Figures 6G,
H and S13). This shows that the InF; treatment is effective in
removing dangling bonds on As sites by Z-type passivation,
similar to what we found on InP QDs, where InF; passivated
dangling bonds on undercoordinated P atoms.”* Considering
that the QDs we used in devices have a size of 6.5 nm, the
extracted number of traps per QD is around 0.26 and 0.05 for the
untreated and in situ InFj-treated samples, respectively.
However, we expect the trap density of the untreated InAs
QDs to be larger than 1 since PLQY of QD dispersion is less than
1%. We ascribe this inconsistency to the error in the
determination of Vi; and W in the two samples. In addition, it
is conceivable that the TAS is not equally sensitive to all traps,
and specifically detects traps states near the middle of the gap.

From the above temperature-dependent characteristics of
InAs QDs-based SWIR photodetectors we conclude that deep
trap states dominate the dark current, as evidenced by the dark
current activation energy of E, ~ E,/2 and the large density of
midgap trap states measured in with thermal admittance
spectroscopy in the untreated device. The in situ InF; treatment
significantly passivates surface trap states originating from
undercoordinated As atoms, lowering the dark current density
by an order of magnitude and thus improving the shot-noise
limited specific detectivity. These results directly connect
surface trap passivation with dark-current suppression in InAs
QD photodetectors.

B CONCLUSIONS

In summary, we have demonstrated that treatments with InF;
significantly improve surface passivation of InAs QDs, yielding
better optical and electronic performance: InFj-treated InAs
QDs exhibit enhanced PL and, when incorporated into devices,
an order-of-magnitude reduction in the dark current density
alongside a marked increase in the calculated specific detectivity
assuming shot-noise-limited. Temperature-dependent dark
current and thermal admittance spectroscopy measurements
reveal that deep trap states dominate the electrical character-
istics of InAs QD photodetectors. The in situ InF; treatment
effectively suppresses these traps, leading to a reduced dark
current and improved the device performance. However,
achieving these improvements can introduce challenges, such
as QD film roughening and reduced colloidal stability after
fluorination. Moving forward, a layer-by-layer approach may
help maximize surface passivation while preserving film
morphology. In parallel, solution-processable inks are ideal for
future device fabrication. Engineering surface ligands to retain
sufficient surface charge or steric stabilization after fluoride

addition could maintain the colloidal stability during solution-
phase treatments. On the other hand, choosing more compatible
solvents with the fluorinated QD surface may provide a route to
achieve stable QD dispersions. These strategies promise to
further optimize the device performance and stability, bringing
efficient, low-cost, and RoHS-compliant InAs QD SWIR
photodetectors.

B EXPERIMENTAL SECTION

Materials

Indium(III) bromide (InBr;, 99%), indium acetate (99.99%),
ammonium acetate (AA, >97%), palmitic acid (>99%), octylamine
(99%), butylamine (>99%), dry lithium perchlorate (LiClO,, battery
grade, 99.99% trace metal basis), anhydrous hexadecane (>99%),
anhydrous N,N-dimethylformamide (DMF, >99.8%), anhydrous n-
hexane (97%), anhydrous n-octane (>99%), anhydrous toluene
(99.8%), anhydrous tetrachloroethylene (TCE, >99%), and anhydrous
propylene carbonate (99.7%) were purchased from Sigma-Aldrich.
Indium fluoride (InF;, 99.95%) was purchased from Alfa Aesar.
Benzoyl fluoride (BenF, >98.0%) and methylamine (ca. 2 M in DMF)
were purchased from TCI Europe. Indium(III) chloride (InCl,,
>99.999%), tris(diethylamino)phosphine (97%), oleylamine (>96%,
prim. amine, 80—90% C18 content), and anhydrous ethanol were
purchased from Acros Organics. Trisdimethylaminoarsine (99%) and
tri-n-octylphosphine (minimum 97%) were ordered from Strem
Chemicals. Oleylamine was dried over CaH, and consequently vacuum
distilled. Octylamine was degassed at 100 °C at 0.2 mbar for S h and
stored in the glovebox for future use. Other chemicals were used as
received. The InAs-OA QDs were purchased from Quantum Solutions.

Synthesis of In(As,P)-OINH,/Cl QDs

In a glovebox, 1.4 mL of distilled oleylamine, 100 mg of InCl;, and a stir
bar were placed in a 25 mL three-neck flask. The flask was then taken
out of the glovebox and connected to a Schlenk line under inert gas. The
mixture was degassed at 120 °C for 1 h. In another vessel, 370 uL of
tris(diethylamino)phosphine was mixed with 1.5 mL of oleylamine,
heated to 120 °C with stirring until the gas release stopped, and then
cooled down to room temperature. After degassing, the reaction
temperature was set to 270 °C. During the heating process, a mixture of
85 uL of trisdimethylaminoarsine and 500 uL of tri-n-octylphosphine
was injected at 170 °C under nitrogen, and the transaminated
aminophosphine reagent was injected into the reaction flask at 210
°C. After these injections, the temperature reached 270 °C and kept for
1 h. After cooling the reaction to 80 °C, anhydrous degassed toluene
was added. The product was purified by repeated precipitation and
redispersion using toluene as the solvent and ethanol as the nonsolvent.
After the final redispersion in toluene, the QDs dispersion was filtered
through a 0.45-um-pore-size syringe filter.

Solution-Phase InF; Treatment

The procedure is adapted from the method previously reported by Stam
et al.”® In a typical InF, treatment in hexadecane, 50 mg of InF; and 18
mg of indium palmitate were added to 2 mg of In(As,P)-OINH,/Cl
QDs or InAs-OA QDs in 0.5 mL of hexadecane in a glass vial. The vial
was then heated to 180 °C and stirred for 60 min. After the treatment,
2.5 mL of anhydrous TCE was added to the vial and filtered for
characterization. For InF; treatment in DMF, only 50 mg of InF; was
added to 2 mg of ligand-exchanged InAs QDs in 0.5 mL of anhydrous
DMEF in a glass vial. The vial was then heated to 150 °C and stirred for
30 min. After the treatment, 2.5 mL of anhydrous DMF was added to
the vial and filtered for characterization.

Ligand Exchange

In the glovebox, the solution-phase ligand exchange is based on the
procedure reported by Sun et al."® A total of 0.18 g of InBr; and 0.023 g
of AA were added to S mL of anhydrous DMF to make a ligand-
exchange solution. A total of S mL of QDs dispersed in n-octane with a
concentration of 10 mg mL™" was added to the ligand exchange
solution, then vortexed, and centrifuged to facilitate transfer into the
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DMEF phase. This resulted in an octane phase with exchanged ligands
and a DMF phase with QDs. The octane phase was removed, and fresh
octane was added again to extract the exchanged ligands to further
purify the QDs. This process was repeated three times. The QDs were
subsequently precipitated with anhydrous toluene, redispersed in
anhydrous DMF, and filtered for the optical characterization and device
fabrication.

Solid-State In Situ InF; Treatment

In the glovebox, InAs QD films were spin-coated on quartz substrates
(2.54 X 1 X 0.11 cm®) using a 200 mg mL~" DMF dispersion of ligand-
exchanged QDs, followed by annealing at 150 °C for 10 min. BenF and
primary amines (octylamine, butylamine, or methylamine) were
dissolved in hexadecane to prepare 56 mM and 57 mM stock solutions,
respectively. Treatment parameters were systematically varied: (1)
amine chain length was altered using different amines at a fixed BenF
amount (5 umol) and BenF:amine ratio of 1:1.5; (2) BenF:amine
molar ratio was adjusted by fixing BenF at S pmol while varying
octylamine (7.5—10 ymol); (3) total BenF amount was tuned (2—50
umol) while keeping the ratio constant at 1:1.5. The total volume of the
treatment solution was fixed to be 3 mL by adding hexadecane
according to the volume of amine and BenF solution. In a typical
treatment, hexadecane and amine solution were added to a Petri dish
and heated to 150 °C. InAs QD film on quartz substrate was immersed
and then BenF solution was added dropwise within 30 s. After 15 min of
treatment, the Petri dish was removed from hot plate and slowly cooled
for 15 min to prevent film cracking due to fast cooling. The sample was
rinsed three times with anhydrous hexane and dried at 50 °C for 10 min
before characterization.

Optical Characterization

The absorption spectra were recorded by using a PerkinElmer Lambda
1050 UV/vis/NIR spectrophotometer. The PL spectra were obtained
by using an Edinburgh Instruments FLS980 spectrofluorometer
equipped with a 450 W xenon lamp. Absolute PLQYs were measured
by using an Edinburgh Instruments FLS980 spectrofluorometer
equipped with a calibrated integrating sphere. The excitation
wavelengths for QD dispersions in TCE and QD films on quartz
were 700 and 532 nm, respectively.

X-ray Photoelectron Spectroscopy

QD dispersions were drop-cast on conductive aluminum substrates
inside a nitrogen-filled glovebox. The samples were vacuum transferred
to the instrument. Measurements were performed on a Thermo
Scientific K-Alpha equipped with Al Ka source. During the measure-
ments, a flood gun was used to prevent charging of the samples. Spectra
were corrected according to the main line of carbon 1S peak, set to be
284.8 eV.

Transmission Electron Microscopy

Samples were prepared by drop-casting QD dispersions onto the
carbon-coated copper TEM grids. Images were obtained using a JEOL
JEM1400Plus electron microscope operated at 120 kV. To obtain size
distributions, TEM images were analyzed using NanoMetrics software
developed by Pepijn Verscheure from Ghent University.

¢-Potential Measurement

The measurements were conducted using a Zetasizer Nano ZS
(Malvern Instruments, Inc.) with a dip cell equipped with palladium
electrodes (ZEN1002, Malvern Instruments, Inc.) in a quartz cuvette.
Each sample was measured three times, with each (-potential
measurement comprising several scans of 100 runs under high-
resolution mode.

Atomic Force Microscopy

Images were taken by using a Bruker Dimension Icon atomic force
microscope. The ScanAsyst experiment mode was selected to image
using SCANASYST-AIR-HIP tips.

Transient Absorption Spectroscopy

The measurements were performed using a Yb:KGW laser oscillator
(Pharos SP, Light Conversion) generating 180 fs pulses at 1028 nm and

S kHz repetition rate. The majority of the fundamental beam was
directed through an optical parametric amplifier with a second
harmonic module (Orpheus, Light Conversion) to generate pump
pulses tunable between 310 and 1500 nm. A small portion of the 1028
nm beam was used to generate a broadband probe (480—1600 nm) via
supercontinuum generation in a sapphire crystal. Pump and probe
beams overlapped on the sample at an angle of ~8°, with temporal delay
(up to 3 ns) controlled by an automated delay stage. The pump beam
was modulated at 2.5 kHz with a mechanical chopper. The probe beam,
after transmission through the sample, was directed to a detector
(Helios, Ultrafast Systems), while the pump beam was blocked. To
minimize scattered pump light, orthogonal polarization was maintained
between pump and probe beams. TA signals were calculated as AA =
log;o(In/Log), and probe chirp was corrected by polynomial fitting to
the coherent artifact. The InAs QD films on quartz substrates were
loaded into an airtight sample holder inside a nitrogen filled glovebox.
Samples were excited at 700 nm in all measurements. The absorbed
photons per QD, i.e., (N,,), is determined by 1S absorption bleach
(AA). For InAs QDs, the band-edge degeneracies of electron and hole
are 2 and 4, respectively.’' One exciton should block five absorption
transitions and generate one stimulated emission. Therefore, (N, is
calculated by 4AA/34,.%

Microwave Conductivity Measurements

All microwave measurements are performed in an airtight resonance
cavity measurement cell, which was loaded in the glovebox. DMC
measurements were performed in the dark by sweeping the microwave
frequency between 8.5 and 12.1 GHz. Meanwhile, the reflected
microwave power is continuously measured to determine the absorbed

power (AP). Usually, the DMC data is normalized (%), where P is the

initial power (~100 mW). The microwave frequencies that result in a
standing wave in the cavity that is used as a measurement cell produce a
dip in the frequency spectrum. The dip can be fitted to quantify the dark
conductivity in the sample. Here, DMC data of the quartz substrate is
used as a reference of the lower detection limit for measuring the
background conductivity. The bare quartz dips are then compared to
those of quartz with the QD film on top to obtain the dark conductivity
of the film. Time-resolved microwave conductivity (TRMC) measure-
ments are done using pulsed laser illumination (4 = 700 nm, 10 Hz
repetition rate, 3—S5 ns at fwhm) to study the photoconductivity of the
films. The intensity of the laser is tuned by a set of neutral density filters.
The generation and immobilization of carriers is reflected by a transient

change in the microwave power (APT“)) and related to the change in

photoconductivity [AG(t)] using

Al;(f) = —KAG(t) = —KBLAo(t)

where K is a predetermined sensitivity factor, f is a geometric factor that
considers the inner dimensions of the cavity, and L is the sample
thickness. Furthermore, a TRMC signal is typically reported
normalized to reflect the sum of the electron and hole mobility (u, +
uy) and the yield (®,,,.), which is defined as

Ln

max FA IO

Now using the fact that the conductivity () scales with the number
of free electrons and holes (1, and ny,) and their respective mobilities (4,
+ M), as described by

o= e(yn, + pyn,)
The yield mobility product can be written in the form

AG
PeEFp],

ol +p) =

Electrochemically Gated Transistor Measurements
The electrochemical cell consists of QD films spin coated on glass
substrates with customized gold interdigitated electrodes (IDEs) as
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working electrodes (WEs), a silver pseudoreference electrode (RE),
and a platinum sheet counter electrode (CE) immersed in a 0.1 M
LiClO, propylene carbonate electrolyte solution. The width of the
source—drain gap is 25 pm, and the total gap length is 6.8 cm. The
measurement was performed by applying a gate potential on both
source and drain electrodes until equilibrium was reached (~10 s).
Afterward, a small cyclic source—drain bias sweep (+5 mV) was
applied, and the current was measured at both source and drain
electrodes. Absorption measurements were synchronized with source—
drain bias sweeps, which accurately determines the charge carrier
density by monitoring the 1S absorption bleaching.

The in-plane conductance G was determined by the slope of the I-V
curve. The in-plane conductivity ¢ was calculated as

Gw
Ih
where w is the source—drain gap width, lis the total gap length, and h is

the height of the QD films.
The charge carrier density n is determined by

Lo 884 1
Ag1s 2Vap

where g is the degeneracy of the 1S electron level (g = 2 for InAs QDs),
Ay,s is the band edge absorbance at the open-circuit potential, and
AA s is the differential absorbance as a function of the applied gate
voltage. Vi is the volume of a QD. We assume that the packing density
in a QD film is 50%.

The in-plane mobility can be calculated as

H=—
ne
where e is the elementary charge and n is the charge carrier density. The
error bar in mobility is determined by the detection limit of SEC
measurements which is +1 mOD.

Device Fabrication

The photodiodes were fabricated on silicon substrates prepatterned
with TiN electrodes. The cleaned substrates were transferred into a
high-vacuum chamber (base pressure 10’—10° Torr) for the deposition
of NiO, films. The NiO, films were subsequently annealed in air at 300
°C for 5 min. After cooling to room temperature, the substrates were
transferred to a nitrogen-filled glovebox for QD layer deposition. QDs
were spin-coated from the InBr/AA ligand-exchanged DMF ink with a
concentration of 100 mg mL™" on the substrates and annealed. For in
situ InF; treatment on devices, stock solutions of BenF and octylamine
in hexadecane with concentrations of 77 and 59 mM, respectively, were
prepared. The substrates with QD layers were submerged in a beaker
with 3.6 mL of hexadecane. A certain amount of an octylamine stock
solution was added. The solution was heated to 150 °C, and BenF was
then added dropwise within 30 s with an amount to keep the molar ratio
of BenF:octylamine constant (1:1.5). The amount of precursors were
optimized to passivate surface traps while maintaining morphology.
The optimal volumes of octylamine and BenF stock solutions used for
devices in Figures 5 and 6 were 538 and 279 uL, respectively. The
solution was kept at 150 °C for 15 min, followed by removal of the heat
source and allowing it to cool at room temperature for 15 min. The
sample was then rinsed with hexane and dried at 70 °C for 10 min.
Subsequently, TiO, layer was deposited on both the untreated and in
situ InFs-treated devices. Finally, the devices were completed by
sputtering an ITO top contact.

Device Characterization

The dark j—V characteristics were measured by using a Keithley 2612B
precision sourcemeter. The voltage was swept from +5 to —5 V with a
step size of 0.01 V and a delay time of 0.01 s between steps. The
photocurrent measurements were performed by using a Paios System
(Fluxim AG, Switzerland). The devices were illuminated with a 1200
nm LED at a maximum irradiance of 3.5 mW cm™ The voltage was
swept from +5 to —5 V with a step size of 0.1 V and a delay time of 0.1 s
between steps.

The EQE measurements were performed using a Stanford SR830
lock-in amplifier coupled with a monochromator and a 145 W halogen
lamp. The signal was amplified by a Stanford Research System SRS70
low-noise current preamplifier. Calibration was done using a calibrated
Ge photodiode. The shot-noise-limited specific detectivity, D¥,, was
calculated as

A e
Dj, = EQE X —\/—
hey 2],
where EQE is the external quantum efficiency, 1 is the incident light
wavelength, h is Planck’s constant, ¢ is the speed of light, e is the
elementary charge, and J; is the dark current.

The temperature-dependent dark j—V and thermal admittance
spectroscopy measurements were performed using the Paios system
(Fluxim AG, Switzerland), coupled to a VPF-100 Series cryostat from
Lake Shore Cryotronics. The dark j—V was measured using a voltage
sweep from +5 to —5 'V, a step size of 0.1 V, and a delay time of 0.1 s.
The impedance spectroscopy was measured in a frequency range from
10 MHz to 5 Hz and sampled at 51 logarithmically spaced frequency
points. The measurements were conducted at a DC bias of 0 V with an
AC modulation amplitude of 35 mV.

C—V measurements were also carried out with the custom Paios
system at 300 K. The measurements used a 35 mV AC modulation at a
frequency of 1 kHz. During the measurement, the DC voltage offset was
swept from +5 to =5 V.

The SEM cross-sectional images of the InAs QD photodetectors
before and after in situ InF; treatment were obtained using an FEI Nova
200 equipped with an in-lens detector. Before imaging, a thin layer of
platinum was deposited on the cross section to enhance conductivity.
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