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Abstract

Fast-response optical sensing across the electromagnetic spectrum 
is an enabler of quantum systems, 3D machine vision and augmented 
reality, yet existing technologies are not optimized for infrared sensing. 
Trade-offs among characteristics such as speed, efficiency, noise, 
spectral detection range and cost motivate the research community 
to develop nanostructured sensing materials that provide operation 
from visible to infrared wavelengths with seamless integration. 
As efforts are made to advance the combined gain and bandwidth of 
devices, a clear understanding of physical mechanisms underlying the 
dynamics of charge carriers, with a particular focus on speed-limiting 
processes, is of high priority. In this Review, we provide an account 
of the photophysical attributes of active materials and their impact 
on optical sensor performance, focusing on the interplay between 
temporal and peak response to pulsed light of varying durations. 
We identify performance-limiting processes and directions for future 
progress in developing materials and device architectures that realize 
high-speed photodetection.
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specific criteria for fidelity, including high sensitivity, low jitter and fast 
response. Their hybrid on-chip integration will benefit from innovation 
in materials, architectures and detection mechanisms29,31,32.

In this Review, we discuss the photophysical properties of 
photodetectors. Often, the quantum efficiency of photodetectors is 
measured by using continuous illumination. Continuous light detec-
tion involves the steady-state conversion of a continuous-wave stream 
of impinging photons into electrical signals, a task that primarily 
emphasizes the photodetector’s responsivity and noise character-
istics, but overlooks the role of speed in determining peak response 
(amplitude). Pulsed or modulated light detection involves dealing with 
temporally evolving light signals, placing a premium on the speed and 
bandwidth of the photodetector. Here we focus on the case of pulsed 
light, discussing the interplay between the distinct characteristics of 
speed (rise, fall and recovery time) and the efficiency of photodetec-
tors in determining the peak response. We place emphasis on how the 
photophysical properties of active materials affect their maximum 
achievable combined gain–speed characteristics (Fig. 1).

Following an introduction to the elements of photodetector archi-
tecture and operation, we discuss device-level variables, including 
geometric area, external bias, material thickness and light exposure 
duration. These factors allow evaluation of the origins of limitations on 
device speed. This approach enables iterative device design and can be 
further refined by characterization methods that probe materials-level 
properties for fast photodetection, such as charge carrier mobility, 
lifetime and dielectric constant. These inform models of device perfor-
mance, and they can influence device architecture. Looking beyond pho-
todetectors, we discuss carrier dynamics in response to pulsed light, as  
this offers insight into the physics of optoelectronic systems such  
as solar cells, light-emitting diodes and lasers. For example, although 
solar cell output may not be directly affected by rapid response to fluc-
tuations in light intensity, analysing their transient response provides 
information on photoexcited charges in the full stack devices33–35. 
We conclude by offering a perspective on the future of the field.

Peak response
External quantum efficiency (EQE, ηe) measures the efficiency of 
photodetectors and photosensitive devices in converting incident 
photons into electrical signals. In the context of pulsed light, EQE can 
be determined as the ratio of collected charge carriers to the total num-
ber of incident photons during a single light pulse (η N N= /e c p). The total  
number of incident photons (Np) is calibrated by using an external photo
detector with a known response, integrating the resulting photore-
sponse and considering the illuminated area (Fig. 2a). The number of  
collected charge carriers (Nc) is measured from the output of the pho-
todetector versus time, using similar illuminating conditions (Fig. 2b). 
Synchronization of measurements to account for different timescales 
between light duration and detector response is essential for accurate 
EQE calculations. Averaging multiple pulse measurements can provide 
a more statistically meaningful representation of the overall EQE.

The peak response is the maximum measurable output signal 
produced by the photodetector in response to a single pulse of light. 
Considering the above definition of EQE, when the light duration is 
shorter than the detector’s response time, the PR is a function of EQE, 
light duration and response time of the photodetector. Figure 2c illus-
trates the responses of three photodetectors, each with differing 
speeds, to a single light pulse of similar power and duration. Although 
these photodetectors have the same EQE — as seen in the integral of 
the area beneath their peak responses — the graph shows that a detector 

Key points

•• The dark-current–speed–efficiency triangle, a principal performance 
measure for photodetectors, now places a higher emphasis on 
detection bandwidth, a key metric for a range of emerging applications.

•• In pulsed detection, unlike continuous light detection, the peak 
response depends on the photodetector’s response time; a slower 
detector results in a reduced peak response.

•• Response and recovery time represent distinct aspects of speed 
within the characteristics of a photodetector. They originate from the 
intricate relationship between photophysical properties, affecting  
the temporal dynamics of charge-carrier transport and collection.

•• Transport and capacitance are the main limiting regimes for response 
time, mainly determined by the mobility of charge carriers and the 
dielectric constant of the active material.

•• Improvement of recovery time requires a detailed investigation of 
the sources of charge trap states, characterized by their energy depth, 
distribution and total density.

Introduction
Optoelectronic applications are continuously evolving toward faster 
operation with higher resolution and accuracy. This has led to grow-
ing demand for fast photon-to-electron transduction. The advance of 
high-speed optical sensing has contributed to telecommunications1, 
quantum technologies2–4 and consumer electronics5,6. In particular, fast 
and efficient photodetectors are essential elements in technology that 
uses lidar (light detection and ranging). In a lidar system, photodetec-
tors convert backscattered light from the targeted object into electrical 
signals, which are then used to determine distance. Fast and sensitive 
photodetection is important in this context to provide accurate spatial 
resolution over long distances7.

Although silicon-based photodetectors are an established tech-
nology, they have shown only limited sensitivity at wavelengths longer 
than 1,000 nm (refs. 5,8–11); for this reason, alternative material sys-
tems have been explored over the past 30 years. The best-performing 
fast infrared-sensing technologies rely on epitaxially grown materials, 
notorious for their low yield and costly scale-up and integration. 
Solution-processable materials including organics12–16, colloidal quan-
tum dots17–19, perovskites20 and 2D materials21–23 stand out as potential 
solutions, providing a means to exploit the relationship between 
structure, property and function12,18,20,24–26.

In addition to developing fast infrared sensors, it is necessary 
to consider compatibility with silicon for integrated devices, such 
as complementary metal–oxide–semiconductor technologies and 
silicon-on-insulator. Factors that affect the integration process include 
materials processing compatibility, interfacial quality, energy-level 
alignment, stability and encapsulation. Additionally, photodetec-
tors can be used in photonic integrated circuits, where the higher 
speed of optical processing compared with conventional electronic 
counterparts enables faster operation. These on-chip circuits allow 
for single-photon operations, which are gaining traction in quantum 
technologies including metrology, computing, communication and 
information processing4,27–30. The single-photon detectors must meet 
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with a slower response time yields a diminished peak response. 
By assuming an exponential rise and decay for the current, we pro-
pose  that the peak response can be estimated as η τ τ/2.2( + )e f r . 
We discuss later that τr can itself be a function of light duration.

To understand the effect of speed on the peak response and its 
relevance to the light duration, we introduce the maximum achievable 
peak response (MAPR) metric. The MAPR of a photodetector is defined 
as its peak response to a short light pulse divided by peak response to 
continuous light, but only when the peak power of the light pulse is 
equal to the average power of the continuous light. Figure 2d shows 
MAPR as a function of both light duration and the photodetector’s 
response time. Ideally, the MAPR should approach 1.0 for the most 
effective performance (maximum sensitivity). This condition is met 
when the response time of the photodetector is comparable to or faster 
than the light duration.

The case of modulated light
In scenarios involving modulated light, the peak-to-peak response 
of a photodetector is influenced by its speed, particularly when its 
bandwidth does not fully encompass the frequency of the incoming 
light. Figure 2e demonstrates this by showing the responses of three 
photodetectors, differing in speed but identical in efficiency, to sinu-
soidally modulated light. Notably, detectors with slower response 
times have reduced peak-to-peak responses and a phase shift. It is 
important to note that the average response remains unaffected by 
the photodetector’s speed.

The use of a photodetector with a limited bandwidth further 
complicates the matter in at least two ways. The first is a phase shift 
between the incident light and the recorded signal. The second  
is the appearance of spurious signals at frequencies that deviate from 
the fundamental frequency, leading to frequency impurity. This is 
observed when the detected signal deviates from an ideally symmetric, 
perfect sinusoidal shape.

Other light waveforms, such as triangular ones, and modulations, 
such as amplitude modulation, are used for specific functions and 
applications. Despite their differences, they conform to the same 
underlying principles of photodetection: for optimal performance, 
the response time of the photodetector should be faster than the light 
modulation frequency or pulse duration.

Combined gain–bandwidth characteristics
Gain is an important factor in defining the sensitivity of the detector 
in response to continuous light. Under pulsed illumination, however,  
a detector with a higher gain may not translate to a higher peak response 
or signal-to-noise ratio (Box 1). For example, in photoconductors, 
the gain is realized through the repeated circulation of free carriers 
across the device. If we define τ1 as the time required for a carrier to 
complete one full transit across the device, the total response time 
can be approximated as gain × τ1.

A trade-off can arise wherein higher gain results in a decrease in 
speed (Fig. 2f), which shows the impact of gain on response time. The 
figure includes several lines representing different photoconductors, 
each marked with a specific τ1 value (the transit time of the carrier for 
one cycle), ranging from 1 ps to 1 μs. A photoconductor with a given 
transit time can attain high gain, but this comes at the expense of 
speed. Because the peak response is dependent on speed, this gain 
mechanism does not enhance the achievable peak response: indeed, 
it may lead to increased levels of dark current and noise. Photodiodes, 
which ideally do not incorporate a gain mechanism, can achieve a wide 
spectrum of speeds independent of their efficiency. This is represented 
by a horizontal line in the graph.

Response time
The response time is defined as the duration of the rise (τr) or fall 
(τf) of the detector’s output signal, typically in the range of 10–90% 
of its peak response, and has implications for application-specific 
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Fig. 1 | Connections between the performance 
of photodetectors and the photophysical 
characteristics of electronic materials. The peak 
response of photodetectors is intricately linked to 
both the speed and efficiency of detection, which are 
governed by the complex relationship between the 
material’s photophysical properties.
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performance metrics such as lidar distance resolution. This is because 
the algorithms, or methods, used to transform temporal data into 
spatial information require sharp peaks and minimal phase delay, jitter 
and frequency impurities.

As detectors reach faster response times at the nanosecond level, 
the use of high-bandwidth oscilloscopes, along with the limitations of 
current amplifiers and the difficulties in focusing infrared pulsed light 
on small detector pixels, increases the noise level. This complexity 
challenges the accuracy and consistency of measuring the detector’s 
response time at 10% of its peak response20. Although curve fitting is 
beneficial, it may lead to inconsistencies in reports due to the varied 
functions and methods used. We propose that examining the 
half-widths at the half-peak response (Fig. 2b) offers a more reliable 
metric for comparison across studies than measuring response time 
at 10% of peak, which can be near the noise threshold of measurements: 
the half-width during signal rise (HWr) and that during fall (HWf). 
We also can define a symmetry factor, α, as α = HW /HWf r . Later, we 
discuss how this factor deviates from 1.0 (perfectly symmetric) as the 
light pulses become shorter than the photodetector’s response time.

Capacitance-limited response time
The dynamics of charge-carrier separation and transport are noticeably 
affected by electrostatic effects, such as capacitive charging, which 
are influenced by the dielectric properties of the different layers and 

interfaces present in the photodetector18,20,36–38. This introduces a lag 
phase before achieving equilibrium, ultimately defining the upper limit 
of a photodetector’s response time. The main factor contributing to 
this limitation is the capacitance of the active layer. In a fully depleted 
system, the RC-limited response time can be quantitatively described 
by the following equation:

τ RAε ε d= 2.2 / (1)RC r 0

Here, εr denotes the dielectric constant, ε0 the permittivity of 
free space, A the effective area of the device, and d the material’s 
thickness. Figure 3a plots the response time of a photodetector as 
a function of thickness for a range of dielectric constants between 
10 and 55 (representative of typical semiconductor materials). In the 
capacitance-limited regime, response time has a direct relationship 
with thickness. It is important to recognize that interfacial capacitance 
in a device’s layered stack can contribute to the overall capacitance. To  
measure and characterize these capacitance components and spa-
tial charge effects properly under pulsed light, advanced impedance  
spectroscopy and modelling are required35,38–41.

Transport-limited response time
Following the production of electron–hole pairs in the absorbing 
layer, the time it takes for a free charge carrier to cross the device is 
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achievable peak response (MAPR) versus response time of a photodetector for 
a range of indicated light pulse duration. MAPR is defined as the peak response 
(PR) magnitude of the photodetector in response to a light pulse divided by the 
response to a continuous light with the same peak power. e, Simulated response 
of a photodetector with different response times to the same modulated light 
at a frequency of 25 MHz. f, The calculated maximum gain of a photodetector 
versus its response time. τ1 represents the transit time of the carrier for one cycle.
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Box 1

Photodetector architecture
The process of photodetection consists of sequential steps, involving 
photon absorption, photon-to-charge conversion leading to an 
electron–hole pair, and subsequent carrier separation, transport 

and extraction. This process can be implemented in different device 
architectures (Table), leading to different operating principles and 
performance.

Architecture Gain Speed Dark 
noise

External 
bias (V)

Development 
stage

Cost Research focus Comment

Photodiode

HTL

ETL

TCE

CE

Absorption
Transport

1
+ –

2 τ

No gain Fast, >40 GHz Low 0–5 Mature Low Active materials for 
extended detection 
spectrum
Seamless integration 
with developed 
readout circuits and 
integrated photonic 
platforms

The most studied and 
reliable architecture with 
the fastest response time
Usually designed as n–i–p 
or p–i–n architectures

Photoconductor

CBL

CBL

TCE

CE

Trapped

Recombination

1

3

+ –

2τ
Cycling

1–106 Slow, <1 MHz Moderate 
to high

1–30 Developing/
mature

Low Rational combined 
gain–bandwidth

Response time is dictated 
by the lifetime of trapped 
carriers
Gain is voltage-dependent
Larger gain often results 
in extended response time 
and an increase in dark 
current

Avalanche photodiode

CTL

TCE

CE

Multiplication

1

3

+

+
+
+ +
+ + + +

–

2

τ

Transport/
injection

5–106 Moderate to 
fast, <1 GHz

Moderate 
to high

5–200 Mature Moderate–
high

Fast response with 
advanced quenching 
mechanism
New multiplier/
absorbing material 
pairs
Scale-up yields, high 
pixel density, larger 
area

Operation in Geiger mode 
enables single-photon 
detection
Silicon and InGaAs are 
extensively used in these 
architectures
Yields are limited in 
the production of these 
architectures with 
large area

Hybrid photo-FET

Insulator
Gate

S D

1

3
+

+

2 4

τ Cycling

Trapped
–

Extraction Recombination

1–105 Moderate, 
<10 MHz

High 1–50 Developing Moderate Interface engineering 
for efficient and 
selective carrier 
extraction
Justified trade-off 
between dark signal 
and speed
Transport materials 
with high mobility

Multiplication is 
decoupled from the light 
absorption
Speed is primarily defined 
by the mobility in the 
transport layer

Photovoltage FET

S D

1
+

+ +

2

Trapped

–

n-
type
p-
type

+
–

Increasing
conductance

Photo-
voltage

3

1–105 Moderate, 
<10 MHz

Moderate 
to high

1–50 Proof of 
principle

Moderate Studying operation 
mechanism
Exploring the limits
Tuning channel 
transduction
Maximizing short- 
lived interfacial 
photovoltage

The mechanism relies 
on the generated 
photovoltage at the 
interface, which regulates 
the transduction in the 
underlying PN channel
The speed might be 
dictated by the lifetime of 
the carriers accumulated 
at the interface

τ, step that usually determines speed; CBL, charge-blocking layer; CE, conductive electrode; CTL, charge transport layer; ETL, electron transport layer; FET, field-effect transistor;  
HTL, hole transport layer; TCE, transparent conductive electrode.
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called the time-of-flight or transit time (τ). To evaluate the time 
response, we commonly make several simplifying assumptions: that 
there is a uniform electric field and light absorption across the 
semiconductor, that drift is the main mode of carrier transport (neg-
ligible contribution from diffusion), especially in thin materials 
(<500 nm) under a constant external bias, and that carrier mobility 
is constant, with minimal effects from scattering or temperature 
gradients. With these assumptions, the averaged transit time (τtr) can 
be calculated using the formula µt d V= /tr

2 , where μ is mobility,  
d thickness and V bias (external plus built-in field). Figure 3b plots the 
response time of a photodetector as a function of thickness for a range 
of mobility between 0.001 and 0.1 cm2 V−1 s−1. Thickness has a negative 
impact on the speed when the carrier transport is a limitation.

The interplay of capacitance and charge transport
The effect of thickness on speed depends on whether the device  
is limited by transport or by capacitance. A certain thickness range 
can be identified for which the total response time, τtotal, reaches a 
minimum (Fig. 3b)

τ RAε ε d d µV= (2.2 / ) + ( / ) (2)
total r 0

2 2 2

The determination of the optimal thickness involves various 
factors, such as mobility and dielectric constant, and can be estimated 
as d RAε ε µV~opt r 03 . Practically, it is important that the optimal 

thickness falls within a range that ensures sufficient light absorption, 
considering the absorption coefficient (α) of the active layer (Fig. 3d): 
absorbed % =100 × [1 − e ]αd−  (in the case of single-pass absorption — 
that is, no reflection at the back electrode). Figure 3d presents a plot 
of the EQE over response time (representative of peak response) against 
material thickness for a selection of absorption coefficients. Peak 
response (EQE/response time) finds its optimum point at a specific 
thickness, and its magnitude is affected by the absorption coefficient. 
In the process of optimizing thickness for speed, it is important to 
ensure that the internal quantum efficiency (IQE) is not compromised, 
as excessive carrier recombination can occur in thicker materials. 
Therefore, the selection of thickness must be carefully evaluated, 
accounting for the trade-off between efficiency and response 
time, while being aligned with the specific needs of the targeted 
application.

Device area as a diagnosis tool
Assessing the limiting aspects of the time response of the photodetec-
tor is needed to improve its performance. At a first approximation, this 
involves identifying the roles of capacitance and transport effects. 
In this context, thickness and device area are valuable variables to 
interrogate device performance, given their different impact on 
transport and capacitance. For example, an analysis of response time 
versus device area provides a clear distinction between these two 
speed-limiting regimes20,25 (Fig. 3d). Although reducing the device area 

Photodiode. In this configuration, the active layer is positioned 
between two charge-selective transport layers, commonly in an n–i–p 
or p–i–n arrangement. Electrons and holes are extracted through the 
charge-selective contacts via drift (built-in and applied electric field, 
if any) and diffusion. In this design, the response time is determined 
by the transit time of carriers across the junction and extracting 
layers, as well as by capacitive effects from interfaces, depleted and 
quasineutral regions91,92.

Photoconductor. In this architecture, the active layer is between 
charge-selective layers, typically incorporating metals whose work 
function aligns with the semiconductor’s Fermi level. Photoexcitation 
leads to the retention of minority carriers in the active layer — either 
through capture in trap states or due to their inherently lower mobility 
or blockage of injection to charge-selective layers — whereas 
majority carriers circulate multiple times under the applied bias until 
they recombine with the minority carriers15,32,49,91,93. Consequently, the 
response time is predominantly governed by either the trap lifetime 
or the mobility disparity between minority and majority carriers. 
This design offers a bias-dependent gain attributable to carrier 
recirculation, quantified as the ratio of the trapped carrier lifetime 
to the transit time of the majority carriers across the device.

Avalanche photodiode. This architecture builds on a photodiode 
configuration especially designed to sustain high electric fields 
combining highly doped and intrinsic layers. Photoexcited carriers 
are swept based on the applied bias and then selectively injected  
into a multiplication layer. The distribution of applied electric field  
across the devices should be determined by modelling and needs 

careful consideration for optimum results94–97. Amplification, through  
secondary photomultiplicative gain, occurs based on charge scatter
ing and impact ionization. When operated beyond the breakdown 
threshold voltage (known as Geiger mode), this architecture can 
achieve sufficiently high gain to enable single-photon detection, 
operating in a photon-counting mode that incorporates avalanche 
quenching mechanisms.

Hybrid photo-field-effect transistor. This design builds on the 
operating principles of a photoconductor, but achieves more 
degrees of freedom due to different, gate-tunable, transport and 
charge-trapping mechanisms. Typically, this architecture involves 
a photoabsorbing layer and a high-mobility charge transport layer. 
On electron–hole pair generation, one carrier is selectively extracted 
to the transport layer, where it circulates multiple times, driven by an 
applied source–drain bias32,98. Charge recombination is prevented by 
a built-in electric field between the transport and absorbing layers. 
The gain mechanism is governed by the characteristics of the transport 
layer and the junction; both of which can be tuned through a gate.

Photovoltage field-effect transistor. In this hybrid configuration, 
the absorbing layer modulates a charge transport layer through 
electrostatic effects (akin to a junction-gate field-effect transistor)99–101. 
On photoexcitation, a photovoltage at their interface serves as a 
gate that can close or open transport in the transport layer. Distinct 
from other gain-enabling designs, this architecture does not rely 
on the transport of photogenerated carriers to the transport layer, thus 
resulting in different device physics, and trade-offs in gain versus time 
response that are largely determined by the photovoltage dynamics.

(continued from previous page)
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can improve performance in systems with high dielectric constants and 
impedance, there are practical limitations. Using pixels smaller than 
a certain size may not be feasible for some applications. Additionally, 
if the illumination area is larger than the pixel area, lateral diffusion 
currents can contribute to the time traces, extending response times 
and complicating data interpretation.

Deviation of fall time from rise time
In circumstances where the light excitation is shorter than the response 
time, the rise time becomes a function of light duration (in contrast to 
the fall time). This is a consequence of the photodetector not reach-
ing a steady state before the discontinuation of light. For short-pulse 
light, it is observed that the rise time of the response is comparable 
to the light pulse duration. By contrast, the fall time is independent 
of the light pulse duration. This results in asymmetric responses 
characterized by a fast rise and a slower fall. Figure 3f quantifies this 
effect by plotting the calculated ratio of the fall time to the rise time 
as a function of the light pulse duration for photodetectors with 
specified response times. This relationship offers a practical use: the 
duration of the light pulse can be estimated by comparing the fall and 
rise times of the response. It is important to note that for ultrashort 
pulse light (less than 100 ps), the measured rise time is often dictated  

by the upper bandwidth of the measurement setup, such as the 
oscilloscope and amplifier.

Recovery time
The recovery time, often termed lag or relaxation time, denotes the 
time required for a photodetector to revert to its baseline state after 
excitation. In some cases, the accepted baseline is application-specific, 
referring to decay within a given percentage from the peak value, such 
as baseline <1% of peak value (Fig. 4a). This metric is crucial for imaging 
systems, especially when scene brightness undergoes substantial fluctua-
tions, resulting in a shadowing or carry-over effect on transitioning from 
a luminous to a dim scene. In lidar applications, recovery time constrains 
both the repetition frequency and dynamic distance resolution. Exces-
sive recovery times contribute to the cumulative build-up of dark current 
and noise, decreasing the overall signal-to-noise ratio. Accurate measure-
ment of noise level and detectivity estimation of the infrared detector 
presents challenges that require meticulous attention42,43.

Effect of defects on transport and electrostatic characteristics
Typically, material defects (such as vacancies, dangling bonds and grain 
boundaries) result in localized electronic states (traps) that negatively 
affect the dynamics of charge-carrier transport and recombination. 
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Traps can be positioned at different energies within the bandgap, 
where charge carriers might settle44–47. From a device perspective, 
traps can originate from the active layer (atomic vacancies, interstitials 

and dislocations; dopants and impurities; and grain boundaries in 
polycrystalline materials) or stem from the different junctions and 
interfaces (lattice mismatch, dangling bonds and surface states) 
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across the device. The Shockley–Read–Hall (SRH) model quantita-
tively describes these traps and their implications48. The model sug-
gests that electrons and holes can be captured, released (emitted) and 
recombined through both electron and hole traps (Fig. 4b). Given that 
trapped charge carriers have extended lifetimes relative to the transit 
time of free carriers, the recovery time is predominantly influenced by 
the slow release of these trapped carriers.

Trap dynamic modelling
Traps in semiconductor materials can be characterized by three main 
parameters: capture rate, trap density and trap depth. Focusing on elec-
tron traps, the capture rate (Rc) is determined by the rate at which 
electrons are captured from the conduction band by traps48, expressed as

R c nN= (3)nc t0

where n represents the free electron concentration in the conduction 
band, Nt0 the density of unoccupied electron trap states and cn the elec-
tron capture rate coefficient. According to the SRH model, if the speed 
of the electron (typically thermal velocity) is ν and the cross-section for 
capture by a trap is σ, then we have cn = σν. Here, σ is the cross-section 
through which an electron must pass to be captured, and it may be 
related to charge carrier mobility, applied field and temperature.

Considering only the capture and emission via electron traps, the 
dynamics of trapped carriers can be expressed as:

n t σνn N n e nd /d = capture rate − emission rate = [ ( − )] − [ ] (4)nt t t t

where nt is the concentration of trapped carriers, en the frequency of 
emission and Nt the total density of trap states.

At equilibrium ( n td /d = 0t ), emission and capture rates are equal. 
By considering the Fermi–Dirac distribution function to calculate  
the probability of an electron occupying the trap energy level (Et), the 
emission frequency can be estimated:

e σνN E E kT= exp( − / ) (5)n c t c

When the light is turned off, the number of free carriers drops 
rapidly, and trap emission becomes dominant. The lifetime of the 
trapped carrier can then be related to the emission frequencies: τ e= ntr

−1 
(ref. 49).

From the equations described above, it becomes clear that the 
capture rate has a direct effect on the lifetime of trapped carriers, 
which in turn affects the recovery time (Fig. 4e). Beyond influencing 
recovery time, traps have a pronounced effect on the dark current 
(baseline response in absence of the light). Traps serve as undesired 
recombination centres and create accessible states for charge injection 
from contacts, whether transport layers or electrodes, leading to small 
shunt resistances and deviations from ideal diode characteristics50–53. 
Nt is determined by the number of trap sites available within a given 
energy in a unit area. In general, increasing Nt leads to increases in dark 
current and extended recovery times42 (Fig. 4c).

The effective release of charge carriers from a trap, and their emis-
sion to the conduction/valence bands, requires external energy inputs. 
This energy can be harnessed from the available thermal energy, 
enough to overcome the activation energy governed by the Arrhenius 
equation. This activation energy, called trap depth, is equivalent to the 
energy difference between the trap states and the corresponding 
transport band (E E−t c) in the context of electron traps). Deeper trap 
depths into the midgap lead to elongated recovery times and dark 
current (Fig. 4d). In the presence of a significant external electric field 
across the film, trapped carriers might be released by tunnelling or 

hopping from the trap states, either into a transport band or resulting 
in trap-assisted transport54,55.

Using temperature as a multilevel diagnosis tool
Analysing the influence of temperature on photodetector performance 
can provide insights into performance limitations related to its time 
response. For example, temperature can aid in charge release from 
deeper traps, reduce overall trap lifetime and improve recovery time. 
However, increases in temperature also increase charge recombina-
tion and tunnelling and/or hopping events, thereby amplifying dark 
current and noise level (Fig. 4f). Temperature plays a key role in thermal 
admittance spectroscopy, thermally stimulated current and deep-level 
transient spectroscopies, offering insights into the defect physics of 
materials such as trap depth and their density, distribution and capture 
cross-section35,56. It also serves as an exceptional diagnostic tool for 
evaluating transport mechanisms, as each mechanism shows distinct 
temperature-dependent behaviour57–61.

Beyond the SRH model
It should be noted that the SRH model assumes ideal crystalline 
systems, with a bandlike transport. These assumptions might not be 
adequate for disordered materials, where transport is not delocalized 
and bandlike, but proceeds through localized states and results in a 
low overall charge-carrier mobility. Polycrystalline and disordered 
materials will also have a non-uniform distribution of states in both 
the energy and space landscapes. Although the core principles of trap 
physics, statistics and dynamic modelling remain consistent across 
various materials, it is crucial to reassess the initial assumptions of 
the SRH model when adapting it to a specific material system in the 
complete device stack. An example is the adoption of the SRH model for 
disordered organic semiconductors, which are characterized by limited 
mobility and hopping transport between localized states45,59,62–65.

Outlook and direction of development
With the target of maximizing the gain and speed characteristics, below 
we briefly discuss potential directions from the perspective of materials 
and device architecture.

Materials perspective
The exceptional mobility of 2D materials contributes to their com-
bined efficiency and speed characteristics21–23,66–69. To further enhance 
this aspect, focusing on increasing the absorption cross-section is 
advisable. This enhancement can be achieved through sophisticated 
light management (strategies to optimize the interaction of light and 
material) in the design of photodetector architecture70–75. Exploring 
these meta-architectures in large pixel areas, which is crucial for 
some applications, and modulating their energetics in the bulk and at 
interfaces to reduce dark current and noise levels, could be interesting.

Organic materials have been recognized for their superior perfor
mance in minimizing dark current, but their limited mobility often 
results in a compromised response time20. Recent studies, however, 
have demonstrated that organics can achieve high mobility, exceeding 
1 cm2 V−1 s−1 (refs. 76–78). The development of organic, organometallic 
or polymeric materials that absorb in the infrared spectrum while 
maintaining high mobility presents a promising avenue for research.

Colloidal quantum dots (CQDs) are of interest in solution- 
processed fast infrared detectors, owing to their tunable properties. 
Despite their potential, they are often hampered by issues such as 
low stability and high dielectric constants, which limit their speed. 
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Recent advances in the development of III–V quantum-dot-based pho-
todetectors, especially in the shortwave infrared region (in materials 
such as InAs), indicate a shift towards materials with more covalent 
characteristics, as opposed to conventional ionic PbS or CdS CQDs. 
This transition seems to mitigate previous limitations25,79–81. In general, 
materials with a more covalent nature are advantageous; they not only 
reduce the dielectric constant and associated charging effects but are 
also less susceptible to ion motion and instability issues under external 
stimuli such as applied field or temperature. Continued investigation 
into the large-scale synthesis of monodisperse dots, the use of effective 
passivation schemes that include doping and energetic modifications, 
and the tailoring of transport layers within device architectures are 
critical for the development of solutions that could compete with 
current commercial technologies.

The progress in perovskite-based solar cells has direct implications 
for photodetection devices34,82–84. Binary PbSn perovskites, in 
particular, have shown a favourable balance between efficiency and 
speed, especially for near-infrared (NIR) detection20. The primary 
challenge with perovskites lies in the limitation of their bandgap to 
the visible and near-infrared region. Investigating new perovskite 
compositions and structures with a reduced bandgap is essential.

Device physics and architecture
To maximize the detection speed, architectures can be designed that 
use carrier transport mechanisms largely exempt from energy dissipa-
tion and scattering events, thus enabling near-instantaneous transport. 
Coherent tunnelling serves as a prime example of such a mechanism60,61. 
This quantum mechanical phenomenon allows carriers to traverse 
transport barriers rather than surmount them classically. Given that 
the process does not depend on thermal activation and is immune to 
scattering, it operates in a nearly instantaneous, ballistic manner once 
the conditions for its occurrence are met. This brings advantages in 
both high-speed and temperature-independent operations, suitable for 
detection in extremely low temperatures85. In this area, further research 
is needed in designing nanostructures that allow sequential tunnel-
ling through a series of coupled metal–semiconductor assemblies 
or using on-chip waveguide platforms to establish light propagation 
pathways that are orthogonal to the tunnelling direction. An example 
involves expanding on the resonant (activationless) photostimulated 
current demonstrated in covalently bonded aromatic oligomers85,86 and 
their integration into a hybrid waveguide platform. This approach can 
markedly increase light absorption while keeping the excited carrier 
tunnelling distance under 10 nm.

Advancing and integrating quenching mechanisms for high-gain 
devices is another promising avenue. In situations involving 
short-pulsed light measurement, once the peak response is reached, 
additional signal amplification through the gain mechanism becomes 
adverse. Quenching the recirculation of carriers, either optically or 
electrically, can substantially enhance the achievable speed of the 
device. Such a quenching mechanism would be particularly advan-
tageous for the development of high-speed photoconductors. 
This concept could greatly benefit from insights gleaned from the 
mature techniques used in passive and active response quenching for 
avalanche and single-photon detectors87–90.

Light management strategies, particularly in devices featuring 
materials with low mobility (like organic materials) and a small absorp-
tion cross-section (such as 2D materials), are used to increase the EQE 
of devices. However, these strategies can be repurposed to maximize 
the speed of detection. Making use of the high travel speed of light, 

nanometric quantum wells (confined spaces for the recirculation of 
light) can be designed to minimize the carrier transit time while EQE 
is not compromised.

Decoupling the absorption from the carrier transport and 
multiplication processes offers a strategic pathway for optimizing photo
detector performance. Platforms such as avalanche photodetectors  
have already benefited from such decoupling. More opportunities 
exist to delve deeper into probe structures, architectures and detection 
principles. The primary objective is to enhance gains without sacrific-
ing speed or elevating the dark current, especially when integrating 
multiple components in photonic systems26. In this realm, a diverse 
class of materials can be integrated in a manner that leverages their 
individual strengths, leading to optimized device performance. Two 
main approaches are emerging for this decoupling. The first is the inno-
vative design of detector architectures that allows for the integration 
of different layers with distinct roles. For instance, one can implement 
hybrid photo-FET architectures by pairing high-mobility 2D materials 
(which serve as the transport layer) with colloidal quantum dots as active 
layers having tunable absorption characteristics. The second is a method 
wherein hybrid materials are purposely constructed to maximize their 
synergistic functionality. For instance, one can imagine vertically aligned 
2D perovskites with double-sided anchoring cations that bridge the 
perovskite quantum wells to an organic layer that absorbs infrared light. 
Such a design has the potential for fast and tunable infrared detection.

Emphasizing the investigation of trap origins and devising strat-
egies to reduce their density and depth, both at the synthesis and 
device (interfaces) levels, are instrumental in improving the recov-
ery time. Yet controlling and tuning these parameters, especially in 
solution-processed materials, presents considerable challenges. Where 
recovery time acts as a bottleneck, a stimulated detrapping mechanism 
could prove advantageous. For example, a secondary light pulse with 
energy equal to the trap depth, following the main pulse, can stimulate 
the emission of trapped charges into the corresponding energy band, 
followed by their rapid extraction through the contacts. As the energy 
of these complementary pulses is below the material’s bandgap, they 
do not induce excitation from ground states. Given that the flux of these 
emitted charges is relatively low compared with the main peak (small 
cross-section), the population of the recaptured charges is negligible. We 
note that the integration of these de-trapping mechanisms, which incur 
additional costs to the system, must be evaluated in terms of total cost 
efficiency. For practicality, the assessment should be made in compari-
son to existing solutions for the intended applications, ensuring that the 
added expense is justified by the performance improvements or benefits.
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