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ABSTRACT: Colloidal quantum dot photodiodes (QDPDs) are
becoming an increasingly mature technology for infrared sensing
and imaging that can offer high detectivity, short response times,
and micrometer-scale pixelation. Even so, QDPDs suffer from a
limited linear dynamic range (LDR), with photocurrents saturating
at modest light intensities. Here, we analyze this remaining QDPD
bottleneck in PbS-based QDPDs through operando transient
absorption spectroscopy. As compared to isolated QDs, we find
that recombination of photogenerated charge carriers accelerates in
device-ready QD films and full QDPD stacks. Supported by kinetic
Monte Carlo simulations, we assign this loss pathway to trion
recombination mediated by hopping and doping-induced back-
ground charges, and we show that the photocurrent saturates when
the rate of trion recombination and charge separation match. On the basis of this result, we argue that the widely varying literature
data on the linear dynamic range of QDPDs mainly reflect different carrier extraction rates and conclude that faster carrier extraction
is essential to extend the linear dynamic range.
KEYWORDS: in-operando spectroscopy, ultrafast spectroscopy, photodetectors, nanocrystals, lead sulfide, linear dynamic range

Photodiodes (PDs) based on thin films of colloidal
quantum dots (QDs) show great promise for detection

of infrared (IR) light at wavelengths longer than the absorption
edge of silicon,1 a critical spectral range in, for example, time-
of-flight applications,2 machine vision,3 and chemical sensing.4

QD-based detectors can be readily integrated with silicon
readout circuits to form sensor arrays with micron-size pixels
and quantum-efficiency spectra optimized for specific,
predefined wavelength ranges. At present, QDPDs using PbS
QD are the most mature, a result of optimized synthesis
protocols that produce highly monodisperse QDs,5 and proven
methods to form QD thin films with n- and p-type character.6,7

PbS QDPDs cover a wavelength range extending from 950 to
2100 nm8,9 and attain an external quantum efficiency as high as
76%,10 a detectivity of 2.5 × 1012 Jones at 1300 nm,8 and a
response time as short as 4 ns.7,11,12 Building on these results,
various reports have shown imagers based on PbS QDPD pixel
arrays,13 thereby achieving record-low pixel dimensions of 1.6
μm. Alternative materials to PbS for QD-based IR sensing
include HgTe QDs, in particular for sensing of mid infrared
light,14,15 and InAs, InSb, or Ag2Te QDs for applications where
restricted hazardous elements such as Pb and Hg are not
accepted.16−19

Performance metrics of QDPDs are typically obtained at
modest illumination intensities. In the case of PbS QDPDs, for

example, photocurrent saturation has been observed with
increasing illumination power, with an upper limit of the linear
response varying from 5 to 100 and 5000 mW/cm2.13,20,21 The
limited linear dynamic range (LDR) restricts the application
potential of QDPDs since functional sensing requires a linear
response. Nevertheless, few studies have addressed this
problem,22 let alone provided an interpretation. Similar to
QD devices, isolated QDs show linear responses to low-power
illumination, such as photoluminescence or absorption
bleaching. In this case, saturation with increasing power is
typically ascribed to the formation of short-lived biexcitons
within single QDs. This understanding is, however, not directly
transferable to QD devices. With a typical absorption cross-
section of 10−15 cm2, a saturation power of 5 mW/cm2 would
correspond to an excitation rate per QD of ≈30 s−1. This rate
is about 4 orders of magnitude smaller than the recombination
rate of single excitons in isolated PbS QDs,23 which implies
that biexcitons rarely form through successive absorption
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events in single QDs. Saturation occurring at such low
occupation levels�well below a single exciton per QD on
average�has been assigned to the accumulation of charges on
the largest QDs (smallest band gaps) within a film, where
Auger recombination causes a rapid loss of trions or
biexcitons.24 However, this mechanism relies heavily on
inhomogeneous broadening and seems unlikely given the
narrow size distribution of PbS QDs in current state-of-the-art
devices.25

Here, we address the question of photocurrent saturation in
PbS QDPDs through in-operando femtosecond pump−probe
spectroscopy. Using a QDPD stack optimized for rapid charge-
carrier extraction,12 we demonstrate that the photocurrent
saturates for optical pulses creating ⟨N⟩ ≈ 0.1 excitations per
QD. By comparing charge-carrier loss in isolated QDs, device-
ready QD films and operating QDPDs, we show that opposite
from isolated QDs, device-ready QD films and QDPDs exhibit
a recombination pathway that accelerates with increasing
charge-carrier density. Supported by kinetic Monte Carlo
simulations, we assign this process to trion recombination
catalyzed by fast charge hopping in short-ligand films.
Importantly, we find that photocurrent saturation occurs
when the resulting charge-carrier lifetime matches the ≈1 ns
charge-carrier transit time through the QD film. Building on
these results, we demonstrate that the charge carrier extraction
time is a general predictor of the saturation power for all
QDPDs reported in the literature and conclude that QDPDs
with a wider linear dynamic range need faster charge carrier
extraction architectures.

We used a QDPD device stack in which a photoactive layer
of PbS QDs is sandwiched between two charge extraction
layers: an electron transport layer consisting of ZnO
nanocrystals on ITO-coated glass and a circular gold metal
contact with a radius of 0.75 mm; see Figure 1a. As detailed in
Supporting Information S1 and previous work,12 the PbS layer
comprised 50 nm of n-type PbS QDs with a 1300 nm
absorption band-edge�henceforth indicated as PbS-1300
obtained by exchanging the native oleate ligands by

tetrabutylammonium iodide (TBAI), and 50 nm of p-type
PbS QDs with 950 nm absorption band-edge�PbS-950�
formed by ligand exchange with ethane-1,2-dithiol (EDT).
Shorter ligands facilitate efficient carrier hopping in the QD
layers and result in a higher charge carrier mobility, which was
previously measured at 10−1−10−2 cm2/V for the films used
here.12 Figure 1b shows current density−voltage (J−V) curves
of such a device in the dark and illuminated with 1200 nm light
from a 190 fs, 2.5 kHz pulsed laser. The resulting time-
averaged photocurrent is clearly distinguishable from the dark
current of ≈10−6 A/cm2. As outlined in Supporting
Information S1, the QDPDs have an external quantum
efficiency (EQE)�defined as the ratio of the number of
extracted electrons and incoming photons per pulse�of 11%
at 1200 nm and low excitation fluence. A similar value was
obtained under continuous wave (CW) illumination.12,26 The
fall time of the photocurrent after a femtosecond pulse is 1.1
μs, which reflects the RC time constant of the electrical circuit;
see Supporting Information S1. Finally, Figure 1c shows the
photocurrent as a function of the pump fluence, where
deviations from the proportional increase expected for a fixed
EQE are clearly visible at a higher fluence. For reasons of
consistency (see later), we characterize the onset of photo-
current saturation by the fluence J3/4 where the EQE is reduced
to 75% of the low-power limit. As outlined in Supporting
Information S1, QDPDs from different processing runs yield a
voltage-dependent J3/4 ranging between 25 and 45 μJ/cm2 at
−1 V. Using the absorption cross section estimated in
Supporting Information S2, the concomitant saturation density
of photogenerated charges ⟨N⟩ ranges between 0.11 and 0.20
per QD.

For silicon photodiodes, photocurrent saturation was
attributed to accelerated charge carrier recombination at a
high carrier density.27 To monitor a similarly density-
dependent recombination rate, we analyzed PbS QDPDs
using ultrafast transient absorption (TA) spectroscopy after
exciting the PbS QDs with a 190 fs pulse at 1200 nm; see
Supporting Information S3 for details. As a first reference,

Figure 1. Static characterization of PbS based colloidal quantum dot photodetectors (QDPD). (a) QDPD device architecture used in this work
consisting of an ITO bottom electrode, a ZnO QD electron transport (and hole blocking) layer, a small band gap n-type PbS QD film (d = 4.6 nm;
λg = 1300 nm) as an absorbing layer, a larger band gap PbS QD film (d = 3.1 nm; λg = 950 nm) as a p-type hole transport and electron blocking
layer and finally a gold electrode. (b) IV curves of the device with and without illumination by 190 fs pulses at 1200 nm, showing both the low dark
current in our QDPDs and the response to pulsed illumination. (c) Current density as a function of pump fluence under pulsed optical excitation.
Top horizontal axis indicates the fluence translated to average occupation per QD, ⟨N⟩. The gray line indicates a fixed external quantum efficiency.
Divergence from this line indicates photocurrent saturation, the origin of limited linear dynamic range (LDR). Reversing bias increases the
extracted charge count and therefore pushes the LDR slightly further.
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Figure 2a displays a wavelength/delay time map of the
differential absorbance ΔA(λ, t) recorded on PbS-1300 QDs
with as-synthesized ligands in solution, for a pump level
creating ⟨N⟩ ≈ 0.08. We assign the narrow, negative ΔA band
centered around 1280 nm to the bleach of the 1Sh − 1Se band-
edge transition.28 To mitigate the impact of spectral shifts, we
analyze in what follows the average bleach between 1230 nm
and 1350 nm as a function of the pump−probe delay.29

Figure 2b represents the decay of this average bleach for
different pump fluences, where each trace was normalized to
the initial bleach. Apart from the constant offset added for
clarity, one sees that the resulting traces are identical,
irrespective of the initial exciton number. This result indicates
that any relaxation process is first order in ⟨N⟩ and thus related
to single electron−hole pairs. For quantification, we fitted the
bleach decay to the sum of a first-order decay and a constant
bleach. We found that the decay affects about 20% of the initial
bleach and is characterized by a rate constant k1 = 6.9 ns−1,
equivalent to a lifetime of 145 ps; see Supporting Information
S4. Given the above discussion, we assigned this partial loss of
the band-edge bleach to trapping of single charge-carriers by
surface defects in about 1 out of 5 PbS-1300 QDs. Using
higher pump fluences, we determined the biexciton Auger
lifetime of PbS-1300 at 21 ps in Supporting Information S4, in
line with the literature.30 For PbS-950, a similar analysis

yielded a single-exciton trapping time of 73 ps and a biexciton
Auger lifetime of 8 ps.

As outlined in Supporting Information S5, TA spectroscopy
on films of as-synthesized PbS-1300 and PbS-950 yielded
similar power-independent normalized bleach decays. After
TBAI exchange, however, PbS-1300 films exhibit a markedly
power-dependent bleach recovery. As shown in Figure 2c, the
normalized bleach in such a device-ready film disappears more
quickly for a higher initial carrier density, even when ⟨N⟩ ≪ 1.
Also in the PbS-950 films after EDT exchange that are p-type,
the decay is very similar; see Supporting Information S5.
Moreover, for both films, a mere 10% of the initial bleach
remains at longer delay times at the highest exciton densities.
This result suggests that in device-ready films, most, if not all,
charge carriers are affected by fast recombination processes. As
shown in Figure 2c, we characterized the underlying decay
process through the quarter-delay time t3/4, which is the
pump−probe delay at which the relative bleach has dropped to
75% of the initial bleach. Note that we prefer t3/4 over, for
example, a half-delay time t1/2, since a 25% charge-carrier loss
is also reached at a low excitation powers, given the 4 ns time
range of our experiments.

Figure 2d indicates that t3/4 is approximately proportional to
the inverse of the pulse energy, which is expected for a loss
process that is second-order in ⟨N⟩ and affects all charge
carriers. Still, this result may rather describe the net effect of a

Figure 2. Analysis of recombination dynamics in 4.6 nm PbS QDs (1300 nm band gap) under varying conditions using a 1200 nm pump and band-
edge probe. (a) Example 2D false color TA map, here in solution phase. The black dashed lines indicate the spectral averaging window for the time
traces in (b). (b) Normalized time traces of ΔA(t) as a measure for n(t), for different initial excitation densities ⟨N⟩ in the solution phase. We
observe no dependence of the charge recombination on the initial excitation density in this regime, and all traces can be reproduced by a first order
decay fit with a lifetime of 145 ps. A visual offset is added to the graphs for better visibility. (c) Normalized time traces for the same QDs as (a, b) in
film after ligand exchange, now showing a much faster decay at increasing ⟨N⟩, albeit still in a regime far below unity. Note that here no offset is
added to the graphs to emphasize the accelerating decay under increasing fluence. (d) Quarter-decay time of the traces in panel c show an increase
in decay rate. Experimental data (TA, filled markers) is compared with kinetic Monte Carlo (KMC) simulations (empty markers).

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.6c01775
Nano Lett. 2026, 26, 8315−8322

8317

D
ow

nloaded from
 pubs.​acs.​org/​nalefd/​article-pdf/​26/​25/​8315/​65292152/​acs.​nanolett.​6c01775.​pdf by U

N
IV G

H
EN

T user on 24 August 2026

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c01775/suppl_file/nl6c01775_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c01775/suppl_file/nl6c01775_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c01775/suppl_file/nl6c01775_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c01775/suppl_file/nl6c01775_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c01775/suppl_file/nl6c01775_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01775?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01775?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01775?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01775?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c01775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 3. Kinetic Monte Carlo simulations. (a) The time evolution of the hole density for increasing photoexcitation density ⟨N⟩ from 0.005 to 0.2.
The background doping density is 0.07 charges per QD. The inset shows the charge complexes responsible for recombination, where the height of
the block represents the relative amount of recombination events due to the specific (n, p) combination - with n electrons and p holes per QD. A
negative trion for example corresponds to (2, 1). Data are shown for 0.005 (orange) and 0.2 (purple) excitations per QD. (b−e) Influence of
different simulation parameters on the quarter-decay time. Only one parameter is changed at a time, while the others are pinned iteratively to a
trion decay rate ttrion = 80 ps, doping density ndop = 0.07, σE = 18 meV, and thop = 44 ps. The dashed line indicates the default parameter for each
case.

Figure 4. (a) Bleach decay traces of the small band gap QDs embedded in a full device stack under open circuit conditions. (b) Quarter-decay time
as a function of excitation density shows that the accelerating decay persist in devices. The horizontal shaded area illustrates the experimental
estimate of the drift time. The vertical shaded area is bounded by the lowest and highest measured saturation fluences for various devices. (c)
Bleach decay traces of the large band gap QDs (same device) show a fast decay in the hole transport layer. (d) The effect of reverse bias on the
bleach decay at a fixed excitation of 6.8 μJ/cm2, below device saturation. The small voltage dependency suggests charge separation without carrier
extraction. (e) The difference between the bleach decay at +0.2 V and −1 V shows a transient that is characteristic for the transport of charges
through the device, obtaining a transport time of 0.9 ± 0.2 ns from a single exponential fit. (f) Literature overview of the highest reported
continuous-wave optical power within the linear dynamic range (LDR), as a function of the charge extraction rate; see references in brackets.
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more involved recombination process. For example, even for
an average occupation ⟨N⟩ ≪ 1, hopping of mobile charge
carriers in a QD film can lead to the temporary formation of
trions, for which Auger recombination results in the rapid loss
of an electron−hole pair. Furthermore, the probability of trion
formation can be larger than expected since TBAI ligand
exchange turns the PbS QD film n-type, thereby creating a
background density of electrons.6 Assigning charge-carrier loss
to Auger recombination of trions, and taking a background
electron density into account, the charge-carrier loss rate can
be expressed as

n
t

k n
k

n
n n pd

d
( )T3

3

QD
2 b

2= = +
(1)

k
n

n n n n n( 2 )3

QD
2 b

2
b

2 3= + +
(2)

Here, nT is the density of trions in the QD film, k3 the rate
constant for trion recombination, n and p the density of
photogenerated electrons and holes, and nb the doping-
induced background density of electrons. We rewrote nT as the
product of the total electron density, and the probability (n +
nb)p/nQD

2 that a given QD holds an additional electron/hole
pair. Assuming n = p for optical excitation, eq 2 indicates that
trion-induced electron−hole recombination is a mixed-order
process that shifts from first-order in the photogenerated
charge density at low (n ≪ nb) to third-order at high carrier
density (n ≫ nb).

To better describe the loss of electron−hole pairs through
Auger recombination, we implemented a kinetic Monte Carlo
(KMC) approach to simulate the interplay between formation,
recombination, and separation of multicharge states in a QD
film. As detailed in Supporting Information S6, we arranged
QDs in a simple cubic lattice, described charge-carrier hopping
through the Marcus model with a hopping rate in agreement
with the experimentally measured mobility, and allowed for
Auger recombination of trions and higher-order multicarrier
states.31 Figure 3a represents the decay of ⟨N⟩�normalized to
the initial exciton number�obtained through KMC simulation
where we took a background doping of 0.07 charges per QD (6
× 1017 cm−3),32 while reference values for other parameters
were taken as listed in Supporting Information S6. All
simulation parameters originate from the literature or
experimental considerations, except the background doping
density. In agreement with the bleach decay, the simulated t3/4
shortens with increasing exciton number and approximates the
observed reciprocal relation to the pulse energy; see Figure 2d.
The inset of Figure 3a depicts the relative occurrence of the
different multicarrier states involved in Auger recombination.
In agreement with the above discussion, negative trions are
indeed the dominant state at low excitation density (⟨N⟩ =
0.005). At ⟨N⟩ = 0.2, on the other hand, other multi-carrier
states, such as positive trions and biexcitons, increasingly
contribute to charge carrier losses through Auger recombina-
tion.24

In Figure 3b−e, we illustrate how different simulation
parameters affect t3/4, where dashed lines always represent the
reference setting, and the initial exciton number was taken as
⟨N⟩ = 0.1. As could be expected, t3/4 increases almost
proportionally with the trion recombination time. Regarding
the majority carrier density, the quarter-decay time is
approximately constant when photogenerated charge carriers

dominate but shortens considerably when the background
density increases. Energy disorder only has an effect when
exceeding kT, and also the hopping time has little impact on
t3/4 within the range of hopping rates considered. Note that
these simulations are not PbS specific. Any QD film will exhibit
similar loss curves when the underlying process parameters are
comparable.33 Finally, note that an alternative explanation for
the accelerated decay rate is given by trap assisted Auger
recombination. In Supporting Information S6, we found that
this requires a trap density around 0.5 per QD, which is
unlikely given the high EQE of our devices at low optical
density.

Figure 4a−e summarizes the results of a spectroscopic
analysis of an entire QDPD stack, where the differential
absorbance was measured by pumping at 1200 nm and
capturing the reflected probe pulse using either 1230−1330
nm or 950−1000 nm white light. Figure 4a shows the
normalized bleach decay of PbS-1300 recorded on the QDPD
under open circuit conditions. Similar to the device-ready film,
we observed a progressive acceleration of the bleach decay
when increasing the initial charge density. However, the
quarter-decay times obtained from this bleach decay are
significantly longer than in the stand-alone film; see Figure 4b.
Referring to eq 1, such a slower loss rate of photogenerated
charge carriers can reflect a lower background charge density, a
likely result when the built-in field within the QDPD stack
depletes the QD film.12 As shown in Figure 4b, the
experimentally obtained quarter-decay time is in good
agreement with the KMC simulations when the background
doping is eliminated, as expected in the fully depleted film. We
thus conclude that, also in the QDPD device stack, Auger
recombination of multicarrier states increases the charge-
carrier loss rate at higher charge densities, even in the ⟨N⟩ ≪ 1
limit.

In Figure 4c, we present complementary measurements,
where we probed the band-edge bleach of PbS-950 after
excitation using 700 nm pumping. In this case, quarter-decay
times drop below 100 ps even at the low exciton numbers used
in this experiment. Referring to the bleach decay shown in
Figure S8 of Supporting Information S5, this decay is faster
than that of the device-ready films, a clear contrast with PbS-
1300. As can be seen from the stack design shown in Figure 1a,
the PbS-950 layer is in direct contact with the gold electrode.
Possibly, this creates an additional charge-recombination
pathway or causes an increased background density of holes
in the PbS-950 film that accelerates charge carrier loss. Either
way, we conclude that the charges photogenerated in the PbS-
1300 film can be more effectively extracted from the QDPD
than charges formed in the PbS-950 film.

In Figure 4d, we plot the bleach decay recorded on the
QDPD using identical excitation conditions�creating on
average 0.035 excitons per QD�but applying an electrical
bias of either −1 or 0.2 V. Referring to Figure 1b, the
photocurrent is nearly bias-independent at −1 V, while 0.2 V is
close to the zero-current bias. As can be seen in Figure 4b, the
⟨N⟩ = 0.035 excitation level yields a quarter-decay time of
several ns under open-circuit conditions. Even so, Figure 4e
shows that the bleach decay recorded under both biases is not
identical but diverges with a characteristic time constant of 0.9
ns. With increasing reverse bias, the drift time of photo-
generated charge-carriers to cross the QD film will shorten. In
a 50 nm thick QD film under a bias of −1 V, charge carriers
with a mobility of 2.5 × 10−2 cm2/V·s will have a drift time of 1
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ns. We therefore assign the divergence between both bleach
traces to the faster charge carrier separation under a −1 V
reverse bias. As a result, the continued decay of the bleach at a
longer delay time may reflect the transfer of photogenerated
charges from the QD film to the electron and hole transport
layer. In that case, both the extraction and loss of charge
carriers contribute to the bleach decay, with the latter
becoming dominant in the faster decay traces recorded at
the higher exciton numbers.

Building on the above discussion, it follows that the
extracted fraction of the charge carriers photogenerated within
the PbS-1300 layer hinges on the balance between charge
carrier separation and charge-carrier loss. Under conditions
where charge-carrier loss is slower than separation, a fixed
fraction of the photogenerated charges�possibly 100%�will
be extracted, and the EQE will be independent of the
illumination power. On the other hand, the extracted fraction
will drop when the charge-carrier loss rate increases, which will
eventually reduce the EQE. Following this description, a
measure of the saturation fluence J3/4 is the fluence at which
the quarter-decay time t3/4 and the drift time of the charge
carriers match. Considering the variation of t3/4 with pump
fluence shown in Figure 4b, this is precisely what we found.
Fluences in the range 25−45 μJ/cm2 yield a t3/4 in the range
0.7−1.1 ns, in agreement with the estimated drift time over the
stack of 0.9 ns.

The relation between t3/4 and J3/4 provided through the
fluence-dependent decay of the normalized bleach applies to
photocurrent saturation under pulsed illumination. In the
literature, however, saturation characteristics are typically
recorded using CW illumination. In that case, the QDPD
attains a steady state in which the charge generation rate G
equals the sum of the charge-carrier loss and extraction rate. As
discussed in Supporting Information S7, relating photocurrent
saturation to the power density Φsat where the nonlinear loss
rate matches the linear extraction rate, we have

n 2
sat

sat

d

ph

(3)

Here, σ is the QD absorption cross section, ϵph is the photon
energy, nsat is the steady-state carrier density at saturation, and
τd is the dwell time of charge-carrier in the active layer.

Interestingly, the relevant parameters of the individual
QDs�absorption coefficient and Auger-recombination
rate�are rather independent of the material, and the relevant
QD size effects partly cancel out each other (see Supporting
Information S7).34−36 Therefore, eq 3 describes a unique
relation between the saturation power and the charge-carrier
extraction time. For devices that are not RC-limited, τd can be
estimated from the fall time of the QDPD response. As
outlined in Supporting Information S7, we obtained the
extraction time from literature studies that both report the
temporal response and the saturation behavior of the QDPDs
analyzed. These studies make use of different QDs�including
PbS, HgTe, and Ag2Te�and exhibit a wide range of saturation
powers.37 Nevertheless, Figure 4f shows a common, approx-
imately reciprocal relation between Φsat and τext for all these
QDPDs. According to estimates provided in Supporting
Information S7, this saturation curve corresponds to a carrier
density of 10−3 to 10−2, a result confirming that QDPDs show
saturation well below the ⟨N⟩ ≈ 1 level. On the other hand, we
conclude from Figure 4f that the linear dynamic range of

QDPDs can be extended by extracting photogenerated charge
carriers faster from the QD film. This is achieved by increasing
the mobility of the QD film or lowering the device thickness at
the expense of reduced absorption. Another possibility is using
a higher reverse bias voltage, but this might also increase the
dark current and does not necessarily extend the linear
dynamic range.

In summary, we investigated photocurrent saturation in
state-of-the-art PbS quantum dot photodiodes (QDPDs) by
means of femtosecond transient absorption spectroscopy. As
compared to as-synthesized, isolated QDs, we show that
device-ready QD films and operating QDPDs are characterized
by a specific charge carrier loss mechanism that accelerates
with increasing charge-carrier densities, even if the average
exciton number ⟨N⟩ remains well below 1. By means of Monte
Carlo simulations, we assign this critical additional loss
pathway to substantial multiexciton Auger recombination in
films with mobile charge carriers, i.e., trion-type recombina-
tion. Furthermore, we show that photocurrent saturation in
QDPDs occurs at incident power densities where the loss rate
of the photogenerated charge carriers matches the charge-
carrier drift time across the QD film. Based on this quantitative
insight, we show that published saturation power densities
systematically increase for QDPDs with shorter charge carrier
extraction times, and we conclude that extending the linear
dynamic range requires mainly a faster extraction of photo-
generated charge carriers from the QD film.
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