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Abstract:

Indium arsenide (InAs) colloidal quantum dot (CQD) photodiodes combine tunable bandgaps
with solution processing, offering a versatile platform for infrared detection. Using
highdynamic-range external quantum efficiency (HDR-EQE) measurements, we probe defect
signatures and quantify their impact on performance. Analysis of Urbach tails and Gaussian
sub-bandgap states shows that trap densities decrease with increasing nanocrystal size,
exceeding predictions from simple surface-to-volume scaling and underscoring the influence
of surface chemistry on bandedge disorder. These defect states affect the dark saturation current
(J1), enabling us to estimate their contribution to detectivity and noise. The results connect
nanocrystal size, defect population, and device performance, distinguishing intrinsic
trapmediated effects from extrinsic loss channels. We find that while intrinsic defects play a
role, today’s InAs CQD photodiodes are primarily limited by contact and interface properties,
highlighting these as key targets for further improvement.
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Colloidal quantum dots (CQDs) are semiconductor nanocrystals that have emerged as versatile
active materials for photodetectors, photovoltaics, and other optoelectronic devices, owing to
their size-tunable bandgaps, solution processing, and compatibility with low-cost fabrication.!~
3 Colloidal quantum dot research focuses largely on II-VI materials such as CdSe, PbS and
HgTe, known for their superior optoelectronic properties, but containing regulated heavy
metals; and III-V materials such as InAs and derivatives, which are heavy-metal free and
promising for near-infrared detection.*® However, the overall performance of CQD-based
photodiodes remains constrained by non-idealities associated with defect states, which act as
recombination centers, trap charges, and induce electronic noise. %13

Defects in CQDs originate from diverse sources and influence their optoelectronic properties.
Surface oxidation and etching processes, driven by exposure to oxygen and moisture, result in
the formation of oxide and hydroxide species that introduce defect states detrimental to device
performance.? ' Unsaturated surface atoms further contribute by disrupting the periodic
potential of the nanocrystal lattice, leading to localized trap states.'”1® Impurities incorporated
during synthesis or as a result of doping modify the defect landscape through the creation of
shallow trap states, lattice distortions, and doping compensation effects.'®-?! Heterostructured
CQDs, such as core/shell architectures, exhibit interfaces marked by lattice strain,
stoichiometric imbalance, and heterocovalent bonding, which exacerbate trap densities and
alter carrier dynamics, ultimately influencing detector device stability and efficiency.??-2°.
These defect-mediated processes militate against charge transport and enhance recombination,
limiting critical performance parameters.

A key photodetector performance metric is the specific detectivity, defined as D*= qA&AAf /hc
X EQE /inoise, With inoise the noise current, q the elementary charge, h Planck’s constant, Af the
electrical bandwidth, c the speed of light, A the wavelength, A the detector area, and EQE the
external quantum efficiency.?® In CQD devices, extending the operational window deep into
the infrared demands larger nanocrystals, a synthetic challenge that grows rapidly with longer
wavelength. Optical and electrical gain strategies can increase EQEs to beyond 10(%, yet such
enhancements do not overcome the fundamental detectivity ceiling set by dark-current—induced
noise, an effect that dominates especially in devices having bandgaps to detect long
wavelengths. %/

The dark current in CQD photodetectors (PDs) under reverse bias comprises two distinct
components: the dark saturation current density (/1) and the shunt current density (Jshunt). The
latter originates from fabrication-induced imperfections that create unintended leakage
pathways, whereas ] is dictated by thermally activated radiative and non-radiative processes
within the CQD active layer—such as direct band-to-band transport or trap-mediated
transitions—or at contacts, such as minority carrier injection from the electrodes. Following J; o
exp(— Ea/kT), the activation energy (E,) reflects the dominant dark current mechanism, k the
Boltzmann constant and T the temperature.'®!? J; describes a lower bound on the noise current
and thus also bounds the achievable specific detectivity of CQD PDs. Although trap states—
often linked to CQD surface defects—have been reported across a broad range of CQD
materials, their impact on the dark current mechanisms in CQD PDs warrants further study.



In this work, we study size-tuned colloidal InAs quantum dot photodiodes using high—
dynamicrange EQE spectroscopy, seeking to identify sub-bandgap defect states and assess their
impact on critical device performance metrics such as dark current and detectivity. Sub-
bandgap EQE features are described using a model that includes an Urbach tail, capturing band-
edge absorption; and a Gaussian distribution of localized states. Studies as a function of
nanocrystal size reveals a reduction in total defect density dominated by the suppression of
surface traps. We find that while smaller InAs quantum dots follow the expected surface-to-
volume scaling of defect density, larger nanocrystals exhibit a pronounced reduction in defect
density, indicating the presence of additional defect suppression pathways. Analysis of dark
current in these InAs photodiodes shows that defect states impose a limit on the dark saturation
current density, constraining not only the photodetector noise and best-case specific detectivity
of InAs CQD photodiodes, but also setting fundamental performance bounds for related InAs-
based devices. At the same time, our results indicate that the performance of today’s best InAs
CQD photodiodes is limited less by intrinsic nanocrystal quality and more by extrinsic factors
such as contacts and interfacial layers. These findings establish HDR-EQE as a powerful tool
for defect characterization, while also pointing the field toward the critical challenge of
improving device architectures to fully unlock the potential of InAs nanocrystal photodetectors.

Results

We fabricated a series of InAs CQD PDs incorporating nanocrystals (NCs) with tuned sizes
(see Supplementary Materials for synthesis and device fabrication procedures). EQE spectra
of these PDs are presented (Fig. 1a, Figs. S1 and S2) normalized to the first excitonic
absorption peak and their maxima—from ~940 nm to ~1320 nm—are consistent with the
size-dependent optical absorption features observed in the absorbance spectra. All EQE
measurements were performed under zero-bias (short-circuit) conditions.

To probe sub-bandgap states, we performed high—dynamic-range (HDR) EQE measurements
extending well below the bandgap energy (blue solid lines, Fig. 1b), revealing a pervasive
lowenergy feature. The CQD active layer thickness was intentionally kept at ~100 nm to
minimize low-finesse cavity interference, which is known to distort sub-bandgap EQE features
in thinfilm photodiodes?®3°. Our goal here was to keep the link between estimated sub-gap
signatures and electrooptically-active sub-bandgap states.

For the analysis, the fitting was restricted to the sub-bandgap region, i.e. to photon energies
well below the first excitonic peak position, ensuring that the extracted parameters reflect
defect-related absorption rather than quantum confinement features. We can fit an analytical
model (white dashed lines) to these data that comprises two additive terms: an Urbach tail
describing exponential band-edge absorption (green solid lines) and a Gaussian distribution
(purple solid lines): EQE(Epn) = A expBCEpn — EgD/EuE + B exp H— CEpn — E:D%/209],
where

Epn is the photon energy, E; the bandgap, E: the characteristic energy of a sub-bandgap (low
energy) state below the band edge, Euy the Urbach energy, and o is the Gaussian width; A and
B are weighting factors. Details of the fitting procedure, parameter uncertainties, and error
propagation for the estimated defect densities are provided in Supplementary Note S1.



The extracted Urbach energies Ey are ~ 19 — 26 meV, consistent with reported values for other
colloidal quantum dot systems such as PbS (see Fig. 1¢).3! Defined as the slope of the
exponential absorption tail at the band edge, Ev is typically interpreted as a proxy for energetic
disorder, which increases with carrier—phonon interactions and directly impacts charge
transport. In colloidal quantum dots, Jean et al. demonstrated that Ey is highly sensitive to
surface chemistry and processing conditions: complete ligand passivation and dense quantum
dot packing sharpen the band edge, whereas weaker passivation or degradation broaden the
tail.3! They further reported a pronounced size dependence, with smaller dots exhibiting larger
Ey, and proposed that size-independent trap states entering the bandgap could underlie this
trend. However, a distinct sub-bandgap feature was observed only in a single larger nanocrystal
sample, which they attributed to a trap state; its absence in other sizes prevented conclusive
validation of their claim. Erslev and co-workers further showed that intentionally broadened
size distributions do not significantly affect Ey, indicating that polydispersity primarily
manifests as excitonic peak broadening.*?

Our measurements similarly reveal a clear size dependence of Ey: the smallest nanocrystal (E
~ 1.25 eV) exhibits Ey = 25 meV, while the largest (Ez = 0.88 eV) shows Ey = 18 meV. In
addition, we observe a universally present sub-bandgap state across differently sized InAs
nanocrystals (Fig. 1b). The characteristic energy of this state, Et, extracted from the Gaussian
component of our fits, resides ~ 0.1 — 0.2 eV below the respective band edges (black line, Fig.
1d), yet well above the mid-gap (gray dashed line), and shifts with nanocrystal size. We
therefore associate this low energy state with defects, while the persistence of a distinct Urbach
tail reinforces its assignment as an intrinsic band-edge property rather than a direct
manifestation of discrete traps. Complementary current deep-level transient spectroscopy
(DLTS) measurements (Fig. S3) further support this defect-related assigned of the sub-bandgap
feature captured as a Gaussian component. The slightly larger trap depths observed in DLTS
compared to HDR-EQE can be attributed to the different probing mechanisms: DLTS senses
thermally activated emission from deeper, electrically active traps across the depletion region;
whereas HDR-EQE primarily probes optical transitions from shallower, optically active states
near the band edges.

Sub-bandgap states have been reported in several studies on PbS nanocrystals. DLTS on
ethanedithiol-treated solids revealed a trap ~ 0.40 eV from mid-gap, consistent with states
affecting charge transport.>* Radiative sub-bandgap features were also observed in operating
devices via photoluminescence and electroluminescence, **3 while impedance spectroscopy
identified a state ~ 0.34 eV below the conduction band. Mid-infrared photoinduced absorption
revealed two trap-related bands whose energies scale with nanocrystal size, with smaller dots
exhibiting lower-energy states, while ligand chemistry mainly influenced signal amplitude.3®
The energies reported in PbS closely match those we extract in InAs CQDs, where the Gaussian
component lies ~ 0.1 — 0.2 eV below the band edge. The origin of such states has been
variously attributed to undercoordinated surface atoms, dangling bonds, metal-chalcogen
vacancies, or hybridized ligand—surface complexes. While our measurements cannot
unambiguously distinguish among these scenarios, the universal presence and size-dependent
energy of the sub-bandgap feature in our InAs CQDs strongly indicate that it arises from
intrinsic defect states rather than extrinsic artifacts. TEM imaging (Fig. S5) and PL



characterization (Fig. S6) of the InAs CQDs confirm a narrow, Gaussian-like size distribution,
supporting that the observed sub-bandgap features reflect intrinsic properties of the
nanocrystals rather than effects from polydispersity or sample inhomogeneity. While our
measurements do not distinguish unambiguously among these scenarios, the consistent
presence and size-dependent energy of the sub-bandgap feature in our InAs CQDs, along with
top-metal comparison data included in the Supporting Information (Figure S7), suggest that
these states arise predominantly from intrinsic defect states rather than extrinsic artifacts.
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Figure 1. Sub-bandgap EQE to study states in colloidal InAs photodiodes a) Normalized external quantum
efficiency (EQE) spectra aligned to the first excitonic peak for devices of various bandgaps. b) Sub-bandgap EQE
spectra versus photon energy, with experimental data (blue lines), analytical fits (white dashed lines), and
contributions from the Urbach tail (green) and low-energy defect states (purple). ¢) Urbach energies (blue symbols)



as a function of bandgap energy, with open symbols showing literature values for colloidal PbS quantum dots and
crystalline silicon. d) Trap energy levels (symbols) extracted from sub-bandgap fits, plotted against device
bandgap. Black and gray lines indicate the full bandgap and midgap energies, respectively.

Figure 2a shows the normalized defect densities, N1, (blue symbols), obtained from Gaussian
defect-tail fitting, as a function of nanocrystal diameter. Prior to normalization, the extracted
defect densities were first referenced to the thickness of the corresponding CQD layers, thereby
accounting for variations in nanocrystal number, volume, and absorption cross-section. A
pronounced decrease in Niaps With increasing nanocrystal size is observed, consistent with
earlier findings reported for colloidal PbS photodiodes, where larger nanocrystals similarly
exhibited lower trap densities.’ A surface-defect-dominated picture would predict a 1/d
dependence arising from the decreasing surface-to-volume ratio (green solid line in Fig. 2a);
thus, the markedly steeper trend observed here indicates that a suppression pathway is operative
(red shaded area in Fig. 2a).

While surface curvature can indeed influence ligand binding, its effect on passivation efficiency
is not always straightforward. In some systems, increased curvature in smaller nanocrystals
facilitates tighter ligand packing and stronger binding, which can enhance surface passivation
and photoluminescence. Conversely, in other cases, larger nanocrystals may still benefit from
reduced curvature, as flatter surfaces can allow more ordered ligand attachment and lower
densities of unsaturated surface atoms.* Despite that, size-dependent surface reconstructions
can also reorganize surface atoms into lower-energy configurations, reducing strain and further
suppressing the formation of trap states.?” Therefore, the observed reduction in defect density
with increasing nanocrystal size likely arises from a combination of geometric effects,
curvature-dependent ligand interactions, and surface atomic rearrangements, rather than from
surface-to-volume considerations alone.

Building on the defect analysis in our InAs CQD photodiodes through EQE analysis, we next
quantify how these defect states influence the dark saturation current. Using HDR-EQE spectra
from size-tuned InAs CQD PDs, we next calculated the radiative limit of the dark saturation

current density, / !lad =4 fE EQE@gs dE, where q is the elementary charge, E the energy, and
@gg denotes the black-body photon flux. Here, multiplying the black-body flux by the measured
EQE provides an experimental estimate of the fraction of photons contributing to current
extraction, thereby capturing the combined effects of radiative and non-radiative
recombination, incomplete carrier extraction, and parasitic optical losses. This expression
follows from detailed balance, which equates radiative recombination and black-body emission
in the ideal diode 1imit.3®*° Figure 2b presents the radiative dark saturation current density,
Jirad, for the InAs nanocrystal bandgap series (blue square symbols) plotted as a function of
bandgap energy Eg. As expected from ]y x exp(—Eo/kT), the slope provides an estimate of the
activation energy for dark current of Ea = Eg/niq, corresponding to an ideality factor of niq =
1.7 (black line). This value indicates that the dark current is shaped by a combination of direct
band-to-band recombination (niq = 1) and defect-assisted pathways. These findings
demonstrate that defect states, though not the sole driver, provide a quantitatively significant
component of charge recombination in InAs CQD PDs.
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Figure 2. Impact of defects on specific detectivity a) Trap densities, calculated from Gaussian defect-tail fitting
as a function of NC diameter, with N:~ 0B where o and B are fitting parameters extracted from sub-gap HDREQE
spectra. Error bars represent the propagated uncertainties from the fitting parameters (see Supplementary Note S1
for details). The green solid line represents the expected 1/d scaling for purely surface defect-dominated scenario,
while the red shaded area highlights the influence of additional defect suppression mechanisms beyond simple
geometry considerations. b) Calculated, radiative dark saturation current density (J-r2d) of InAs PDs plotted against
the bandgap energy (E;) (blue symbols). The purple solid line is a guide to the eye which slope corresponds to an
ideality factor of nig= 1.7.

To distinguish radiative from nonradiative loss channels associated with defect states, we
extrapolated the experimentally obtained sub-bandgap HDR-EQE spectra using two models:
(1) an Urbach tail to represent band-to-band transitions and (ii) a Gaussian tail to describe
defect-mediated absorption. Figure 3a illustrates this analysis for the 1.25 eV InAs CQD
photodiode, where the measured HDR-EQE spectrum (blue symbols) is fitted and extended
with both the Urbach (black dashed line) and Gaussian (red solid line) models. The two
approaches yield markedly different Joraa values at low photon energies — approximately
Jourbach,rad & 8 X 10<=> A/cm2 from Urbach model versus JoDefectrad = 3 X 10<=A A/cm2 from
Gaussian defect model — differing by more than an order of magnitude, thereby underscoring
the pronounced influence of defect-mediated processes on the determination of the radiative
limit (Fig. 3b).
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Figure 3. Detailed balance analysis and detectivity limits in CQD photodiodes a) Experimentally obtained
(blue symbols) external quantum efficiency (EQE) plotted as a function of photon energy, and compared with
calculated Gaussian defect-tail (black dashed line) and Urbach-tail (red solid line) extended sub-gap EQE

spectrum. b) Calculated radiative dark saturation current density ]vvrad(E )=4q IE EQE X ¢gpdE, where E the
photon energy, q the elementary charge, and @gg the black body photon flux. ¢) Specific detectivity from measured
dark current densities at -0.1 V applied bias voltage (black symbols), with loss contributions inferred from EQE
extrapolations. Defect-induced radiative losses were calculated as Dyrpach* — Dpefect” . The red line indicates the
300 K background-limited infrared photodetector (BLIP) limit.

Using these Jorad values obtained at low photon energy, we estimate the best-case specific
detectivity, D* = qA&AAf/hc x EQE/].. Figure 3¢ compares forecast detectivities derived
from the band-to-band (Durbach* , based on JoUrbach ..4), and defect-mediated (Dpefect* , based on
JoPefect .4 ) models with the background-limited infrared photodetector (BLIP) benchmark; and
with experimental detectivities derived from the measured dark current of our InAs CQD PDs
at -0.1 V (Fig. S4). In the defect-mediated case, nonradiative recombination through traps sets
the dominant loss channel. In practice, however, additional extrinsic factors—including shunt
leakage from fabrication imperfections, interface recombination at transport layers, incomplete
carrier extraction, and trap-assisted tunneling—can further elevate the dark current and
suppress D*. Consequently, although the relative impact of defect-induced radiative losses
decreases with smaller bandgaps (larger nanocrystals), these defects nonetheless impose a
fundamental ceiling on detectivity that remains below the ideal band-to-band limit.

Urbach tailing and sub-bandgap absorption set limits on device performance, with
defectmediated dark current contributing significantly to reduced detectivity in InAs CQD
photodiodes. It should be noted that HDR-EQE primarily probes sub-bandgap states within
~0.2 eV of the band edge, and there is a technical limitation in sensitivity for detecting
additional, deeper trap states that may also contribute to dark current. However, detectivities
derived from experimental dark-current measurements suggest that the dominant bottlenecks
extend beyond these intrinsic effects. Non-ohmic or non-selective contacts, localized shunting
paths from film inhomogeneities, and poorly optimized interfaces can all exacerbate carrier
recombination and leakage. Therefore, in addition to minimizing polydispersity and optimizing
ligand surface chemistry—which primarily sharpens the band edge—and mitigating



defectrelated sub-bandgap states, interface and contact engineering remains a crucial and
promising route to further enhance photodetector performance and increase detectivity, while
deeper traps may also contribute additional, unresolved losses.

Discussion:

High-dynamic-range EQE measurements reveal the universal presence of defect states and their
direct impact on dark saturation current, specific detectivity, and noise in InAs CQD
photodiodes. Across a broad range of CQD PDs, the dark saturation current density, /i, exhibits
a universal scaling consistent with defect-mediated recombination mechanisms, imposing a
fundamental upper limit on device performance. In these photodiodes, /i directly constraints

-1
the achievable specific detectivity, D = qA(hey/2q1Jol) , and sets the noise-equivalent
power, NEP = inoise/ R, where R is the responsivity and the total noise current inoise =

\Yshot? + Lnermal®+ aicker® + +++.26 Here, the individual contributions include shot noise, (ishot =

&244)o); thermal noise, ithermal = &4kT /Rsh, with Rsh denoting the shunt resistance); and
flicker noise (ificker). Taken together, these findings highlight that the universality of
defectlimited dark current reflects intrinsic material limitations and emphasize the need for

precise, quantitative characterization and control of trap states—an objective directly addressed
by HDR-EQE measurements.

Extending this quantitative perspective, HDR-EQE provides a direct means to evaluate
subbandgap states and their contributions to key performance metrics, including dark current
and radiative limits. Analysis of Urbach energies further quantifies intrinsic band-edge disorder,
providing a complementary metric for material quality. While these measurements capture the
steady-state impact of defects, a complete understanding of InAs CQD defect landscapes will
require complementary analysis of defect energetics, densities, and recombination dynamics.
Integrating optical, electrical, structural, and surface-sensitive characterization with numerical
modeling will be essential to clarify the origin of defect states—whether arising from surface
undercoordination, ligand—surface interactions, or atomic vacancies—and to guide actionable
strategies. Collectively, these approaches point toward three primary levers for enhancing
detectivity: reducing polydispersity (sharpening the Urbach tail), mitigating defect-related
subbandgap absorption, and optimizing interface engineering, which appears most critical for
minimizing dark current and maximizing device performance. This multifaceted approach lays
the groundwork for targeted defect engineering, ultimately guiding the optimization of InAs
CQD photodiodes toward their fundamental performance limits.

In summary, by investigating size-tuned InAs CQD photodiodes, we elucidate the nature and
impact of sub-bandgap defect states. High—dynamic-range EQE spectroscopy revealed
pervasive defect-mediated absorption features across all nanocrystal sizes, which were
quantitatively modeled using a combination of Urbach tails and Gaussian defect distributions.
This dual analysis enabled extraction of Urbach energies, trap densities, and defect energies,
showing a pronounced decrease with increasing nanocrystal size — exceeding predictions based
solely on surface-to-volume scaling and indicating the presence of additional defectsuppression
mechanisms. By combining HDR-EQE with detailed balance calculations, we determined the



radiative limit of the dark saturation current and estimated the corresponding upper bounds on
specific detectivity. Overall, our findings provide a rigorous framework for targeted defect
engineering, guiding the optimization of InAs CQD photodiodes toward their fundamental
performance limits and establishing a quantitative link between nanocrystal size, defect
populations, and device performance.

Supporting Information:

Information on colloidal quantum dot synthesis and device fabrication, additional information
on HDR-EQE and DLTS measurements.
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