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Colloidal III–V Quantum Dot Photodiodes for Short-Wave
Infrared Photodetection
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and Zeger Hens*

Short-wave infrared (SWIR) image sensors based on colloidal quantum dots
(QDs) are characterized by low cost, small pixel pitch, and spectral tunability.
Adoption of QD-SWIR imagers is, however, hampered by a reliance on
restricted elements such as Pb and Hg. Here, QD photodiodes, the central
element of a QD image sensor, made from non-restricted In(As,P) QDs that
operate at wavelengths up to 1400 nm are demonstrated. Three different
In(As,P) QD batches that are made using a scalable, one-size-one-batch
reaction and feature a band-edge absorption at 1140, 1270, and 1400 nm are
implemented. These QDs are post-processed to obtain In(As,P) nanocolloids
stabilized by short-chain ligands, from which semiconducting films of
n-In(As,P) are formed through spincoating. For all three sizes, sandwiching
such films between p-NiO as the hole transport layer and Nb:TiO2 as the
electron transport layer yields In(As,P) QD photodiodes that exhibit best
internal quantum efficiencies at the QD band gap of 46±5% and are sensitive
for SWIR light up to 1400 nm.
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1. Introduction

Colloidal semiconductor nanocrystals or
quantum dots (QDs) are an emerging opto-
electronic material that combines a suit-
ability for solution-based processing with
widely tunable absorption and emission
characteristics.[1–4] This dual asset spurred
the development of a QD-based opto-
electronic technology, where QDs stand
out as visible-light emitters for display and
lighting and as infrared absorbers for solar
energy conversion and sensing. Especially
at short-wave infrared (SWIR) wavelengths,
that is, 1000 − 3000 nm, the possibility to
directly print QD photodiodes (QDPDs) on
silicon read-out circuits makes for a unique
path to create SWIR image sensors at far
lower cost and smaller pixel pitch than cur-
rent wafer-bonding approaches.[5–15] Cur-
rent SWIR QDPDs consist of multilayer

stacks that include PbS or HgTe QDs as the photo-active layer.
In line with the extensive work on single-junction QD solar cells,
charges are separated in such stacks either at the heterojunction
formed between the QD film and one of the charge-transport lay-
ers or through an internal pn junction formed within the QD film.
PbS QDPDs with specific detectivities above 1012 Jones at 1550
and 1750 nm have been reported, while reports on HgTe QDPDs
demonstrate photodiodes at even longer cut-off wavelengths in
the SWIR.[15–18]

A significant issue hampering the adoption of QD-SWIR im-
agers are the restrictions on hazardous substances, such as Cd,
Hg, and Pb, issued by regulators worldwide. These directives
have stimulated research in alternative QDs, where III–V QDs
such as InAs and InSb are currently seen as the most relevant
for SWIR applications.[19] III–V semiconductors are widely used
in opto-electronics, also for SWIR applications, and in particu-
lar in the case of colloidal InAs QDs, major synthetic progress
was made in the past 5 years. While initial synthesis methods
to form colloidal InAs QDs were developed more than 20 years
ago, the use of perilous and highly reactive precursors such as
tris-trimethylsilylarsine (TMS3As) limited research interest and
mostly resulted in InAs QDs with an absorption edge of 1000
nm or less.[20–22] The introduction of more gentle synthesis path-
ways based on trisdimethylaminoarsine (DMA3As) precursors
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Figure 1. a) Normalized absorbance spectra of the three QD batches (red) measured in tetrachloroethylene (TCE) before and (blue) dimethylformamide
(DMF) after phase transfer. For each set of spectra, the vertical line indicates the maximum absorbance of the band-edge transition at 1140, 1270, and
1400 nm, respectively. The spectra after ligand exchange have been offset for clarity. b) (top) Photograph of the extraction of QDs from (top phase) octane
to (bottom phase) DMF and (bottom) representation of the phase transfer chemistry when using 3-mercapto-1,2-propanediol (MPD) and butylamine
(n-BuNH2) as phase transfer agents, indicating several reactions that bring about the replacement of the as-synthesized ligand shell of chloride and
oleylamine by deprotonated MPD and n-BuNH2. c) X-ray photoelectron spectra (red) before and (blue) after ligand exchange in different energy ranges,
showing the disappearance of chloride, the appearance of sulfide and the preservation of the In:As ratio after ligand exchange.

gave new impetus to InAs QD research, with studies reporting
band-edge transitions up to 1400 nm, that is, well within the
SWIR.[23–27] Even so, only few studies report the formation of
InAs-based QDPDs, and published work invariably focuses on
InAs QDs made from TMS3As that are active at wavelengths
shorter than 1000 nm.[28,29]

Here, we demonstrate the formation of QDPDs using three
different sets of In(As,P) QDs made from DMA3As) and fea-
turing a band-edge transition at 1140, 1270, and 1400 nm, re-
spectively. Leveraging recently published insight in the In(As,P)
QD surface chemistry, we introduce a 2-phase liquid–liquid ex-
traction approach to replace the native, long-chain oleylamine
ligands by a combination of n-butylamine and 3-mercapto-1,2-
propanediol. Films of such post-processed In(As,P) QDs exhibit
increasing conductivity at positive gate bias, indicative of n-
type doping; a result in line with ultraviolet photoelectron spec-
troscopy results (UPS) and previous literature studies. We there-
fore propose a QDPD stack where the n-In(As,P) QD film is sand-
wiched between a p-NiO hole transport layer and an electron
transport layer made from Nb:TiO2 nanoparticles. These stacks
all exhibit a dark current below 2 μA cm−2 at −1 V reverse bias,
display an EQE spectrum that tracks the band-edge absorption
of the respective QDs, and show rise and fall times with a domi-
nant time constant of ≈1 μs. This first demonstration of In(As,P)
QDPDs that are active up to 1400 nm is a significant step in the

development of QD-SWIR sensors and imagers entirely based on
non-restricted compounds.

2. Results and Discussion

We synthesized In(As, P) QDs by reacting InCl3 and DMA3As
in oleylamine (OlNH2) using tris-diethylaminophosphine as the
reducing agent. As compared to published protocols,[27] we in-
creased the reaction temperature and changed the precursor con-
centrations to form different batches of QDs with average sizes
of 5.0, 5.6, and 7.4 nm, see Experimental Section and Section S1,
Supporting Information. With the use of powder X-ray diffrac-
tion, we confirm the high degree of crystallinity of all three sam-
ples, see Section S2, Supporting Information. As shown in Fig-
ure 1a, each batch exhibits a well-defined band-edge absorption
feature at 1140, 1270, and 1400 nm, respectively. Hence, despite
the minor admixing of phosphorous caused by the higher reac-
tion temperature,[30] the resulting In(As,P) QDs cover the blue
part of the SWIR up to the wavelength range of 1400 − 1500 nm,
which suffers little from background sunlight.

According to previous work,[30] the In(As,P) QDs used here
have a surface capped by a combination of chloride anions and
OlNH2, where in particular OlNH2 will constitute a major barrier
to charge transport. On the other hand, one equivalent of both
surface moieties can be replaced as oleylammonium chloride
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Figure 2. a) Schematic of the In(As, P) QD field effect transistor, consisting of a spincoated film of ligand exchanged QDs on top of cross-fingered
source and drain electrodes and separated from the gate electrode by a thermally grown oxide. b) Transfer characteristics of the field effect transistor at
a source–drain voltage of 5 V.

OlNH+
3 Cl− by exposure to even weakly acidic compounds such as

carboxylic acids or thiols.[30] This insight inspired us to devise a
liquid–liquid extraction process in which as-synthesized In(As,P)
QDs are transferred from apolar octane to polar dimethylfor-
mamide (DMF) using a mixture of 3-mercapto-1,2-propanediol
(MPD) and n-butylamine (n-BuNH2) as extracting agents. As
shown in Figure 1b, this combination of MPD and n-BuNH2
does induce a phase transfer of In(As, P) QDs from octane to
DMF. Moreover, thiols can coordinate the In(As,P) QD surface af-
ter deprotonation and OlNH+

3 Cl− displacement, while n-BuNH2
could lead to a direct exchange with surface-bound OlNH2 or fur-
ther promote the displacement of Cl− through BuNH+

3 Cl− forma-
tion, see Figure 1c. Hence, apart from driving the phase trans-
fer, the combination of MPD and n-BuNH2 as extracting agents
may induce a full removal of OlNH2 from the In(As,P) QD sur-
face, a key step to enhance charge carrier mobility in In(As,P)
QD films.

We investigated the post-transfer In(As,P) QD surface chem-
istry through a combination of X-ray photoelectron spectroscopy
(XPS) and solution 1H nuclear magnetic resonance (NMR) spec-
troscopy. Quantitative NMR analysis indicates that after phase
transfer and purification, at least 97% of the initial population
of surface-bound OlNH2 remains in the n-octane phase. Fur-
thermore, the NMR spectrum of the exchanged QDs in deuter-
ated dimethylsulfoxide (DMSO-d6) shows that both MPD and
n-BuNH2 are present in the final, purified polar dispersions
(see Section S3, Supporting Information). Finally, XPS spectra
recorded on phase-transferred In(As,P) QDs show that the extrac-
tion process removes all surface-bound chloride, while a sulfur
signal appears at 162 keV – indicative of sulfide—and the In:As
ratio remains unchanged, see Figure 1d. These observations are
fully in line with the idea that the phase transfer comes with the
full removal of surface-bound OlNH2 and Cl− from the In(As, P)
QD surface, in exchange for the binding of BuNH2 and MPD as
a thiolate. Moreover, we note that the XPS spectra give no evi-
dence of As−S bond formation, nor of any surface oxidation dur-

ing the phase transfer/ligand exchange process. The conclusion
that the devised phase transfer procedure comes with a mere re-
placement of long-chain by short-chain ligands, without affecting
stoichiometry nor inducing oxidation is further supported by the
post-transfer absorption spectra of In(As,P) QDs. As indicated in
Figure 1a, these spectra coincide with pre-transfer spectra, with-
out noticeable shift of the band-edge absorption feature and, for
the 1270 and 1400 nm QDs, even a further narrowing of the ab-
sorption line.

Dispersions of post-transfer In(As,P) QDs in DMF can be used
to form In(As,P) QD films through spincoating. We assessed the
semiconducting properties of such films through their integra-
tion in a field-effect transistor (FET) consisting of interdigitated
Au electrodes acting as source and drain contact and separated
from an underlying silicon gate electrode by a 300 nm thick ther-
mal oxide, see Figure 2a. All handling—from phase extraction to
FET formation and characterization—was executed in a nitrogen
filled glovebox, and the In(As,P) QD film was gently annealed at
70 °C for 10 min prior to any measurements. Figure 2b displays
the transfer (fixed VSD) curve recorded on a In(As,P) QD-FET. As
can be seen in Figure 2b, we observed a manifest conductivity
increase for more positive gate bias, an indication of n-type dop-
ing in the QD thin film. A similar conclusion has been put for-
ward in the literature, regardless of the processing choices and
synthesis chemistry.[25,28,31–35] Depending on the direction of the
gate-voltage sweep, the range of measurable source–drain cur-
rents starts at gate voltages between 0 and 25 V, with noise-level
leakage currents at zero and negative gate bias. An ohmic regime
is reached at VG ≈ 5 V, from which we estimate a differential
electron mobility of 1.4 10−4 cm2 V−1 s−1. Although QD thin films
with mobilities multiple orders of magnitude higher have been
demonstrated in the literature,[36] we stress that this estimated
number is an effective mobility under DC conditions that can
suffice to create functioning photodiodes, as evidenced by reports
on photovoltaic stacks based on halide and thiol-passivated PbS
QDs.[37,38]
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Figure 3. a) (top) Energy level diagram of the In(As,P) QDPD stack used here. The diagram was constructed by combining UPS results for the 1140
In(As,P) QD film and literature data for the contact materials.[39–43] (bottom) Schematic of the QDPD stack. b–d) Dark and photocurrent densities under
white-light illumination of In(As,P) QDPDs for specific absorber layers as indicated. e) Photocurrent density as a function of white light illumination
power in log–log scale. The reference power is 114.7 mW cm−2.

We confirmed the n-type doping through UPS on a film of
ligand-exchanged In(As,P) QDs with an optical band-edge tran-
sition at 1140 nm or 1.09 eV. As outlined in Section S4, Sup-
porting Information, the photoelectron spectrum yields the en-
ergy of the valence-band edge and the Fermi-level as −5.03 and
−4.41 eV, respectively. Using the optical band gap, we can posi-
tion the conduction band at −3.94 eV, such that the Fermi level
lies just above the middle of the band gap. This outcome suggests
that the unipolar electron transport observed at positive gate bias
is related to the presence of deep, mostly unionized donor levels
in the QD film.

Given these insights, we sought to realize a rectifying junction
that can function as a photodiode by depositing 120 nm thick
n-In(As,P) QD films on a p-type NiO layer evaporated on ITO-
coated glass. NiO is a well-known hole transport material in thin-
film photovoltaics,[44–46] and was recently introduced to form pho-
tovoltaic stacks from n-PbS QDs in a so-called inverted structure
with light incident at the p-NiO|n-QD junction.[47] With valence-
band levels reported in literature around −5.20 eV and Fermi lev-
els of −4.80 eV and lower, we expected p-NiO to form a pn het-
erojunction with the n-In(AsP) QD film.[39] To improve rectifica-
tion, we completed this stack through a spincoated electron trans-
port layer consisting of Nb:TiO2 nanoparticles and an aluminum
top contact. The layer formation sequence, where the n-In(As,P)
QD film deposition is preceded by NiO annealing at 300°C in air
and followed by a mere gentle drying of the Nb:TiO2 nanoparti-
cle film at 60°C under nitrogen, was designed so as to minimize
the impact on the n-In(As,P) QDs and extract holes through the

NiO|ITO contact. Figure 3a outlines the energy level diagram and
structure of the implemented In(As,P) QDPD stack, indicating
the polarity of the device where NiO and Nb:TiO2 block the flow of
electrons and holes, respectively. Processing details are provided
in the Experimental section and cross section scanning electron
microscopy images in Section S5, Supporting Information.

We formed separate QDPD stacks with an active area of
0.13 cm2 using the three different In(As,P) QD batches included
in this study. Indicating the different stacks as 1140, 1270, and
1400, in reference to the peak wavelength of the band-edge ab-
sorption, Figure 3b–d represent their respective j–V characteris-
tics. As highlighted by the linear representation of the dark cur-
rent density, all three devices are clearly rectifying, with similar
dark current densities of 0.85, 1.54, and 1.74 μA cm−2 at −1 V re-
verse bias. With increasing reverse bias, the difference in dark
current density between the smallest and largest QDs increases,
reaching almost one order of magnitude at −3 V. Note that re-
verse bias refers to the application of a negative voltage to the ITO
contact, that is, a polarization meant to extract holes from the n-
In(As, P) QD film or inject electrons through the p-NiO contact.
We therefore conclude that the observed j–V rectification agrees
with the intended stack structure.

Figure 3b–d also represents the photocurrent density recorded
under illumination by a spectrally broad white LED at different
power densities. As shown, we found that all devices featured
a pronounced photoresponse at reverse bias. Moreover, pho-
tocurrent densities recorded at a reverse bias of −3 V scale
approximately linearly when raising the illumination power by
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Figure 4. a–c) External quantum efficiency spectra for the different In(As,P) QDPDs as indicated, recorded at a reverse bias of −2, −3, and −4 V. The
absorbance spectrum of the corresponding In(As,P) QD batch is added in each graph for comparison. d) Normalized transient photocurrent response
of the different In(As,P) QDPDs following a 400 μs step illumination. Rise and fall times have been indicated by the dominant fast time constant obtained
from a multi-exponential fit of the transient.

four orders of magnitude. As shown in Figure 4a–c, we also ob-
served that upon changing the wavelength of the excitation light
from 1700 to 400 nm, the external quantum efficiency (EQE) of
all three device stacks closely tracks the band-edge absorption
feature, peaking at 1150, 1270, and 1420 nm for the 1140, 1270,
and 1400 In(As, P) QDPD stack, respectively. We thus conclude
that the photoresponse of the p-NiO|n-In(As,P)|Nb:TiO2 stack is
effectively due to light absorption in the In(As,P) QD film, and
that the properties of the In(As,P) QDs are preserved throughout
the QDPD fabrication.

Interestingly, whereas the 1400 QDPD stack only reached an
EQE of 1% at 1400 nm, both the 1140 and 1270 stacks attain an
EQE of around 5% at the band-edge exciton transition and a re-
verse bias of −4 V. In fact, the 1270 QDPD stack yields a better
EQE at 1400 nm than the 1400 stack – 2.7 versus 0.9%—a differ-
ence that is preserved when considering the internal quantum
efficiency (IQE), where the EQE is corrected for the effective ab-
sorption of light by the QD layer in the stack. The calculated EQE
spectra yield a responsivity at the band-edge transition of 31, 29,
and 7 mA W−1 for the 1140, 1270, and 1400 QDPDs, respectively.
In a first approximation, these values can be used in combina-
tion with the dark current densities to estimate specific detec-

tivities under the assumption that noise is dominated by shot
noise, see Sections S7 and S8, Supporting Information. This ap-
proach yields specific detectivities of 1.11010, 6.1109, and 1.0109

cm Hz0.5 W−1 for the 1140, 1270, and 1400 QDPDs.
As shown in Section S6, Supporting Information, we estimate

the IQE with the absorption of the full stack at the wavelength
of maximized EQE at the respective band-edge transitions, cor-
rected for ITO absorption. The three QD layers absorb ≈ 10% of
the incident light at the band-edge transition when measuring
reflection with the use of an integrating sphere. This results in
an estimated IQE of 39±5% and 46±5% for the 1140 and 1270
stacks, respectively, while the 1400 stack only attains an IQE of
9±1% for the applied bias of −4 V. Possibly, the difference in
IQE reflects a deteriorating band alignment between QDs with
smaller band gaps and the charge-transport layers, a point sug-
gested by the energy-band diagram shown in Figure 3a. In that
case, the larger QDs in a polydisperse QD absorber can increas-
ingly hamper charge transfer, an issue that will be most pro-
nounced in the 1400 stack. On the other hand, we found that a
switch to thicker films to absorb more light does little to improve
the EQE, which indicates that charge carrier extraction limits the
performance of each of the In(As,P) QDPD stacks studied here.

Adv. Sci. 2022, 9, 2200844 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200844 (5 of 8)
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This point is underscored by the considerably higher EQE of 15–
30% at −4 V measured for 400 nm light, where the QD films have
a significantly larger absorption coefficient and thus create more
carriers close to the junction with NiO.

Last, we also investigated the rise and fall times of the three
stacks in Figure 4d. The devices are placed under a constant re-
verse bias of −3 V and illuminated for 400 μs by a white LED.
As shown in Section S9, Supporting Information, the rise and
fall behavior can be analyzed as a multi-exponential transient fit
to the experimental data via chi-squared minimization. The pho-
tocurrent rise is characterized by time constants in the range 1.2
− 1.6 and 8.9 − 18.1 μs, where the fast component contributes
≈ 75% of the eventual photocurrent. We accordingly indicated
rise and fall times in Figure 4d through this dominant, fastest
time constant. Ranging between 0.6 and 1.6 μs, these rise and fall
times are comparable to some of the fastest mature PbS QDPDs,
for which times of a few μs have been reported.[48–50]

3. Conclusion

In summary, we have demonstrated the formation of photo-
diodes for short-wave infrared photodection based on In(As,P)
QDs. These QDPDs were fabricated using QD dispersions in
dimethylformamide, in which the original long-chain organic lig-
ands are replaced by short-chain stabilizers. Following the obser-
vation that the resulting In(As,P) QD films exhibit n-type dop-
ing, we introduce a QDPD stack based on a heterojunction be-
tween n-In(As, P) QDs and p-NiO on ITO, and using a film of
Nb:TiO2 nanoparticles contacted by aluminum as the electron
transport layer. Regardless of the QD band-edge transition, which
we vary from 1140 to 1270 and 1400 nm, these stacks show recti-
fying current–voltage behavior in the dark, with a reverse bias po-
tential in agreement with the intended stack design, and exhibit
a photocurrent under illumination that increases approximately
proportional with the light intensity. For all devices, the external
quantum efficiency tracks the QD absorbance spectrum, result-
ing in films photosensitive up to and beyond 1400 nm. While
these first SWIR-sensitive QDPD stacks based on non-restricted
In(As, P) QDs attain internal quantum efficiencies of up to 46%,
further improvements are possible by enhancing the charge car-
rier extraction and improving the energy-band alignment within
the QDPD stack.

4. Experimental Section
Materials: Oleylamine (OlNH2) >96% prim. amine, 80%–90% C18

content) was purchased from Acros Organics, dried over CaH2 and con-
sequently vacuum distilled. Anhydrous and N2-flushed toluene, ethanol,
n-octane and N,N-dimethylformamide (DMF) in acroseal bottles were pur-
chased from Acros Organics. Tris(diethylamino)phosphine (DEA3P, 97%),
indium(III) chloride (>99.999%), n-butylamine n-BuNH2 and 3-mercapto-
1,2-propanediol (MPD) were purchased from Sigma-Aldrich. n-Butylamine
was dried over CaH2, distilled, and flushed with N2 before use. Tris-
dimethylaminoarsine ((DMA3As), 99%) and tri-n-octylphosphine (mini-
mum 97%) were ordered from Strem Chemicals.

In(As,P) 1140 Synthesis: In a nitrogen filled glovebox, 1.4 mL of dis-
tilled OlNH2, 100 mg of InCl3 (0.45 mmol, 1 equiv.) and a stirring bar
were loaded in a three-neck flask. The flask was transferred from the glove-
box to an inert gas Schlenk line and the mixture was degassed at 120°C for

1 h. In a separate vessel in the glovebox, 370 μL (3 equiv.) of DEA3P was
transaminated with 1.5 mL OlNH2 by heating to 120°C under stirring until
gas evolution stops. After degassing, the three-neck flask containing InCl3
and OlNH2 was heated to 170°C under nitrogen and a mixture of 85 μL (1
equiv.) DMA3As and 500μL tri-n-octylphosphine was injected. After bub-
bling has terminated, the growth temperature was set at 270°C. During the
temperature ramp, the transaminated aminophosphine reagent, cooled to
room temperature, was injected into the reaction flask at 210°C . After in-
jection of the aminophosphine, the reaction vessel was kept heating and
attained 270°C in ≈180 s. The reaction was terminated by removing the
heating mantle after 60 min of reaction time. Anhydrous, degassed toluene
was added at 80°C, followed by purification through a precipitation and re-
dispersion cycle using toluene and ethanol as solvent and non-solvent. Af-
ter a final redispersion in toluene, the QD dispersion was passed through
a 0.450 μm pore size syringe filter.

In(As,P) 1270 Synthesis: The synthesis procedure only differed in the
concentration of reagents and the injection temperature. In the first step,
2.8 mL of distilled OlNH2 and 100 mg of InCl3 (0.45 mmol, 1 equiv.)
were loaded with a stirring bar in a three-neck flask. The injection of the
transaminated aminophosphine precursor was done at 220°C. All other
steps were identical to the above procedure.

In(As,P) 1400 Synthesis: Same as above, except for a further dilution
of the reaction mixture by dissolving 100 mg of InCl3 in 4.5 mL of OlNH2
in the first step. All other steps were identical.

Liquid–Liquid Extraction and Ligand Exchange: 50 mg of dry In(As, P)
QDs capped with OlNH2 and Cl were dispersed in 2 mL of anhydrous n-
octane in the glovebox. In a separate vial, 2 mL of anhydrous and degassed
DMF was mixed with 75 μL of distilled n-BuNH2 and 150 μL of MPD. The
QDs, dispersed in octane, were placed on top of the DMF phase by pipet-
ting. After vigorously shaking the vial for 30 s, the two phases were sepa-
rated through centrifugation. The QDs were hereby transferred to the DMF
phase. The octane phase was removed and the DMF phase was washed
three times with fresh n-octane. The washed dispersion of QDs in DMF
was precipitated by addition of 4 mL of toluene and centrifugation. The fi-
nal pellet was dried under vacuum and redispersed in dry DMF and filtered
prior to spincoating.

XPS Characterization: Samples for X-ray photoelectron spectroscopy
(XPS) analysis were transferred using a dedicated transport vessel under
high-purity nitrogen atmosphere from the synthesis glovebox to an analy-
sis glovebox attached to a vacuum line for surface analysis. In this analysis
glovebox, the samples were taken out of the transport vessel and trans-
ferred into the XPS system without any exposure to ambient air. XPS mea-
surements were performed on a Thermo Scientific Theta Probe instrument
using monochromatic Al K-alpha (1486.6 eV) radiation. The electron ana-
lyzer was set to a pass energy of 200 eV. The XPS data were analyzed with
the CasaXPS software. Binding energies were calibrated against the In 4d
peak at 17.43 eV.

NMR Characterization: NMR measurements were recorded on a
Bruker Avance III spectrometer operating at a 1H frequency of 500.13 MHz
and equipped with a BBI-Z probe. Quantitative 1H spectra were recorded
with a 30 s delay between scans to allow full relaxation of the magnetiza-
tion. All concentrations of surface-bound ligands were determined accord-
ing to the digital ERETIC method.

UPS Measurements: (UPS measurements were carried out using a
Physical Electronics PHI 5000 VersaProbe instrument. A monochroma-
tized photon beam of 21.2 eV (He I) was utilized to acquire the spectra.
The spectrometer was calibrated with Ag foil to determine the Fermi energy
reference and a sample bias of −5 V was applied to obtain the secondary
electron (SE) emission edge. Prior to record the spectra, sputter cleaning
was performed on the samples using a cluster Ar beam at an energy per
atom of 2.5 keV to remove surface contamination.

FET Fabrication: Field-effect tranistors were prepared by lithograph-
ically defined source and drain contacts evaporated on top of Si sub-
strates with a 300 nm layer of thermally grown oxide. Ligand exchanged
InAs QDs were spincoated onto the FET substrates at a concentration
of 100 mg mL−1 and a spin speed of 850 rpm for 30 s, followed by a
spinning cycle at 3000 rpm for 30 s. The acceleration of the spincoater
was set to 150 rpm s−1. The spincoated film was dried on a hotplate at
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60°C and stored in the glovebox overnight before measurement. Electrical
measurements were performed with two Keithley 2400 source measuring
units.

QDPD Fabrication and Characterization: Indium tin oxide substrates
were purchased. NiO was deposited via e-beam evaporation and conse-
quent annealing at 300°C in air prior to QD deposition. Ligand exchanged
In(As, P) QDs were deposited on top of NiO by spincoating a QD solu-
tion at 200 mg mL−1 with the same spincoating program as in the FET
fabrication. The film was annealed for 10 min at 60°C. After annealing and
cooling down, Nb:TiO2 NPs were spincoated at a speed of 3000 rpm, fol-
lowed by drying at 60°C under nitrogen. Top contacts were deposited via
evaporation of aluminum through a shadow mask in a vacuum deposition
system. QDPD j–V and transient photocurrent characterization was per-
formed with a Paios system by Fluxim. The calibrated white light LED emit-
ted a spectrum starting at 420 nm reaching across the visible and into the
SWIR. Here, the maximum light intensity of 114.7 mW cm−2 was used as
the illumination power reference. A custom setup consisting of a chopped
QTH light source with monochromator, focusing optics, calibrated Si and
Ge responsivity detectors, pre-amplifier and lock-in amplifier was used to
measure external quantum efficiency as a function of wavelength.

Statistics and Data Processing: All data analysis were performed using
the Igor Pro Software package. Absorption traces in Figure 1 were normal-
ized at the maximum of the band-edge absorption feature and provided
with an offset for clarity. Transient photocurrent traces in Figure 4d were
normalized to the maximum photocurrent and the dark current was sub-
tracted to yield a trace between 0 (dark current) and 1 (photocurrent) for all
devices. All other data is presented as initially measured without process-
ing. Average size determination and sizing statistics from transmission
electron microscopy is discussed in Section S1, Supporting Information.
Determination of rise and fall times from the photocurrent transients was
performed with the fitting of a multi-exponential model to the raw data.
The goodness of fit was evaluated relatively for a single, double, or triple
exponential model using an F-test for regression.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
J.L. acknowledges FWO-Vlaanderen for a FWO-SB PhD fellowship. Z.H.
and C.D. acknowledge Ghent University for research funding (GOA
01G01019). Z.H. and P.E.M. acknowledge SIM-Flanders for research fund-
ing (SIM-ICON Q-COMIRSE). The authors acknowledge Steven Verstuyft
for supplying the FET substrates, Katrien Haustraete and Liesbet Van
Landschoot for the electron microscopy images and Griet Uytterhoeven
for lab support.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
InAs quantum dots, infrared sensing, printed photonics

Received: February 11, 2022
Revised: March 10, 2022

Published online: April 10, 2022

[1] M. V. Kovalenko, L. Manna, A. Cabot, Z. Hens, D. V. Talapin, C. R.
Kagan, V. I. Klimov, A. L. Rogach, P. Reiss, D. J. Milliron, P. Guyot-
Sionnnest, G. Konstantatos, W. J. Parak, T. Hyeon, B. A. Korgel, C. B.
Murray, W. Heiss, ACS Nano 2015, 9, 1012.

[2] D. V. Talapin, J.-S. Lee, M. V. Kovalenko, E. V. Shevchenko, Chem. Rev.
2009, 110, 389.

[3] C. R. Kagan, E. Lifshitz, E. H. Sargent, D. V. Talapin, Science 2016, 353,
885.

[4] S. Coe-Sullivan, Nat. Photonics 2009, 3, 315.
[5] V. Pejovíc, E. Georgitzikis, J. Lee, I. Lieberman, D. Cheyns, P. Here-

mans, P. E. Malinowski, IEEE Trans. Electron Devices 2021, DOI:
10.1109/TED.2021.3133191.

[6] L. Sun, J. J. Choi, D. Stachnik, A. C. Bartnik, B.-R. Hyun, G. G.
Malliaras, T. Hanrath, F. W. Wise, Nat. Nanotechnol. 2012, 7, 369.

[7] A. V. Barve, S. J. Lee, S. K. Noh, S. Krishna, Laser Photonics Rev. 2010,
4, 738.

[8] M. M. Ackerman, X. Tang, P. Guyot-Sionnest, ACS Nano 2018, 12,
7264.

[9] E. H. Sargent, Adv. Mater. 2008, 20, 3958.
[10] E. Lhuillier, P. Guyot-Sionnest, IEEE J. Sel. Top. Quantum Electron.

2017, 23, 6000208.
[11] T. Rauch, M. Böberl, S. F. Tedde, J. Fürst, M. V. Kovalenko, G. Hesser,

U. Lemmer, W. Heiss, O. Hayden, Nat. Photonics 2009, 3, 332.
[12] G. Konstantatos, E. H. Sargent, Nat. Nanotechnol. 2010, 5, 391.
[13] R. Saran, R. J. Curry, Nat. Photonics 2016, 10, 81.
[14] M. Böberl, M. V. Kovalenko, S. Gamerith, E. J. List, W. Heiss, Adv.

Mater. 2007, 19, 3574.
[15] X. Tang, M. M. Ackerman, M. Chen, P. Guyot-Sionnest, Nat. Photonics

2019, 13, 277.
[16] M. Biondi, M.-J. Choi, Z. Wang, M. Wei, S. Lee, H. Choubisa, L. K.

Sagar, B. Sun, S.-W. Baek, B. Chen, P. Todorovi, A. M. Najarian, A. S.
Rasouli, D.-H. Nam, M. Vafaie, Y. C. Li, K. Bertens, S. Hoogland, O.
Voznyy, F. P. García de Arquer, E. H. Sargent, Adv. Mater. 2021, 33,
2101056.

[17] J. W. Lee, D. Y. Kim, S. Baek, H. Yu, F. So, Small 2016, 12, 1328.
[18] M. M. Ackerman, M. Chen, P. Guyot-Sionnest, Appl. Phys. Lett. 2020,

116, 083502.
[19] M. M. Ackerman, Inform. Display 2020, 36, 19.
[20] A. Guzelian, U. Banin, A. Kadavanich, X. Peng, A. Alivisatos, Appl.

Phys. Lett. 1996, 69, 1432.
[21] D. K. Harris, M. G. Bawendi, J. Am. Chem. Soc. 2012, 134, 20211.
[22] R. Xie, X. Peng, Angew. Chem., Int. Ed. 2008, 47, 7677.
[23] M. Ginterseder, D. Franke, C. F. Perkinson, L. Wang, E. C. Hansen,

M. G. Bawendi, J. Am. Chem. Soc. 2020, 142, 4088.
[24] V. Srivastava, E. Dunietz, V. Kamysbayev, J. S. Anderson, D. V. Talapin,

Chem. Mater. 2018, 30, 3623.
[25] T. Zhao, N. Oh, D. Jishkariani, M. Zhang, H. Wang, N. Li, J. D. Lee, C.

Zeng, M. Muduli, H.-J. Choi, D. Su, C. B. Murray, C. R. Kagan, J. Am.
Chem. Soc. 2019, 141, 15145.

[26] V. Srivastava, E. M. Janke, B. T. Diroll, R. D. Schaller, D. V. Talapin,
Chem. Mater. 2016, 28, 6797.

[27] V. Grigel, D. Dupont, K. De Nolf, Z. Hens, M. D. Tessier, J. Am. Chem.
Soc. 2016, 138, 13485.

[28] J. H. Song, H. Choi, H. T. Pham, S. Jeong, Nat. Commun. 2018, 9,
4267.

[29] M.-J. Choi, L. K. Sagar, B. Sun, M. Biondi, S. Lee, A. M. Najjariyan,
L. Levina, F. P. García de Arquer, E. H. Sargent, Nano Lett. 2021, 21,
6057.

[30] J. Leemans, K. C. Dümbgen, M. M. Minjauw, Q. Zhao, A. Vantomme,
I. Infante, C. Detavernier, Z. Hens, J. Am. Chem. Soc. 2021, 143, 4290.

[31] W. Liu, J.-S. Lee, D. V. Talapin, J. Am. Chem. Soc. 2013, 135, 1349.
[32] H. Zhang, J. Jang, W. Liu, D. V. Talapin, ACS Nano 2014, 8, 7359.
[33] D. C. Tripathi, L. Asor, G. Zaharoni, U. Banin, N. Tessler, J. Phys.

Chem. C 2019, 123, 18717.

Adv. Sci. 2022, 9, 2200844 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200844 (7 of 8)

 21983844, 2022, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202200844 by E

V
ID

E
N

C
E

 A
ID

 - B
E

L
G

IU
M

, W
iley O

nline L
ibrary on [07/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

[34] E. Scalise, V. Srivastava, E. Janke, D. Talapin, G. Galli, S. Wippermann,
Nat. Nanotechnol. 2018, 13, 841.

[35] T.-G. Kim, D. Zherebetskyy, Y. Bekenstein, M. H. Oh, L.-W. Wang, E.
Jang, A. P. Alivisatos, ACS Nano 2018, 12, 11529.

[36] F. Hetsch, N. Zhao, S. V. Kershaw, A. L. Rogach, Mater. Today 2013,
16, 312.

[37] D. Zhitomirsky, O. Voznyy, L. Levina, S. Hoogland, K. W. Kemp, A. H.
Ip, S. M. Thon, E. H. Sargent, Nat. Commun. 2014, 5, 3803.

[38] M.-J. Choi, F. P. G. de Arquer, A. H. Proppe, A. Seifitokaldani, J. Choi,
J. Kim, S.-W. Baek, M. Liu, B. Sun, M. Biondi, B. Scheffel, G. Walters,
D.-H. Nam, J. W. Jo, O. Ouellette, O.Voznyy, S. Hoogland, S. O. Kelley,
Y. S. Jung, E. H. Sargent, Nat. Commun. 2020, 11, 103.

[39] X. Yin, Y. Guo, H. Xie, W. Que, L. B. Kong, Sol. RRL 2019, 3, 1900001.
[40] T. Nikolay, L. Larina, O. Shevaleevskiy, B. T. Ahn, Energy Environ. Sci.

2011, 4, 1480.
[41] C. Maheu, L. Cardenas, E. Puzenat, P. Afanasiev, C. Geantet, Phys.

Chem. Chem. Phys. 2018, 20, 25629.

[42] R. Batt, C. Mee, J. Vac. Sci. Technol. 1969, 6, 737.
[43] K. Sugiyama, H. Ishii, Y. Ouchi, K. Seki, J. Appl. Phys. 2000, 87, 295.
[44] M. B. Islam, M. Yanagida, Y. Shirai, Y. Nabetani, K. Miyano, ACS

Omega 2017, 2, 2291.
[45] P. Zhao, Z. Liu, Z. Lin, D. Chen, J. Su, C. Zhang, J. Zhang, J. Chang, Y.

Hao, Sol. Energy 2018, 169, 11.
[46] K. X. Steirer, J. P. Chesin, N. E. Widjonarko, J. J. Berry, A. Miedaner,

D. S. Ginley, D. C. Olson, Org. Electron. 2010, 11, 1414.
[47] R. Wang, X. Wu, K. Xu, W. Zhou, Y. Shang, H. Tang, H. Chen, Z. Ning,

Adv. Mater. 2018, 30, 1704882.
[48] Q. Xu, L. Meng, K. Sinha, F. I. Chowdhury, J. Hu, X. Wang, ACS Pho-

tonics 2020, 7, 1297.
[49] R. Sliz, M. Lejay, J. Z. Fan, M.-J. Choi, S. Kinge, S. Hoogland, T. Fab-

ritius, F. P. García de Arquer, E. H. Sargent, ACS Nano 2019, 13,
11988.

[50] J. R. Manders, T.-H. Lai, Y. An, W. Xu, J. Lee, D. Y. Kim, G. Bosman, F.
So, Adv. Funct. Mater. 2014, 24, 7205.

Adv. Sci. 2022, 9, 2200844 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200844 (8 of 8)

 21983844, 2022, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202200844 by E

V
ID

E
N

C
E

 A
ID

 - B
E

L
G

IU
M

, W
iley O

nline L
ibrary on [07/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


