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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   This Review introduces the General Photogating Effect (GPE) for low-dimensional photodetectors.

■   The GPE unifies light-induced gate modulation across diverse materials and device structures.

■   Design guidelines for high-performance and multifunctional GPE-based photodetectors are outlined.
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Low-dimensional  materials  have  attracted  tremendous  attention  as
promising building blocks for novel photodetector construction, providing a
versatile platform  to  explore  intriguing  photocurrent  generation  mecha-
nisms.  Among  them,  photogating  has  been  extensively  studied  and
demonstrated  to  play  a  pivotal  role  in  low-dimensional  photodetectors.
Photogating  refers  to  the  formation  of  electric  fields  induced  by  localized
photocarriers due to trap states or artificial heterostructures, which modu-
late  the  material  conductance  in  a  gate-like  manner.  However,  with  the
rapid  development  of  low-dimensional  photodetectors,  the  strategies  for
realizing light-induced gate modulation have become increasingly diverse,
rendering the  conventional  photogating  framework  insufficient  to  encom-
pass  emerging  device  operation  mechanisms.  To  broaden  the  conceptual
scope of  photogating,  this review revisits its  literal  meaning,  light-induced
gate modulation, and uses the concept of General Photogating Effect (GPE)
as a framework for integrating and extending related phenomena. First, the
underlying generation mechanisms of GPE are summarized, followed by an
analysis  of  the  performance  characteristics  and  device  architectures  of
GPE-based  photodetectors.  Subsequently,  representative  recent  advances
are reviewed. Furthermore, the potential of GPE in enhancing overall perfor-
mance  and  enabling  functional  photodetection  is  discussed.  This  review
aims to  refine  the  framework  of  photogating,  promote  a  unified  under-
standing  of  its  diverse  manifestations,  and  inspire  the  design  of  next-
generation low-dimensional photodetectors.

 INTRODUCTION
Photodetectors play a vital role in driving the informationization of modern

society,  with  broad  applications  in  optical  communication,  machine  vision,
deep-space  exploration,  and  environmental  monitoring.  The  photocurrent
generation mechanism  not  only  forms  the  physical  foundation  of  photode-
tector operation  but  also  serves  as  a  key  criterion  for  selecting  photosensi-
tive materials and designing device architectures. To date, extensive research
has been devoted to various photocurrent generation mechanisms,1-4 includ-
ing  the  photovoltaic  effect,  photoconductive  effect,  internal  photoemission
effect, pyroelectric effect, and thermoelectric effect. Among them, the photo-
voltaic  and  photoconductive  effects  are  the  most  widely  utilized,  although
their  effective  operation  range  is  typically  limited  by  the  semiconductor
bandgap.  The  internal  photoemission  effect  offers  a  viable  pathway  for
detecting  photons  with  energies  below  the  semiconductor  bandgap  but
above the interfacial  barrier.5,6 However,  in infrared detection,  strong thermal
excitation often necessitates cryogenic operation for these effects to perform
effectively.  In  contrast,  the  thermoelectric  and  pyroelectric  effects  enable
uncooled  infrared  detection,7 albeit  with  compromised  efficiency  and
response  speed.  Furthermore,  recent  advances  in  the  photothermoelectric
effect,  bulk  photovoltaic  effect,  and  photogalvanic  effect  have  provided  new
approaches  for  realizing  broadband,  self-powered,  or  polarization/phase-
sensitive  photodetectors.8-13 These developments  highlight  that  the  explo-
ration of  photocurrent  generation  mechanism is  crucial  for  breaking techni-
cal paradigms and guiding the rational design of photodetectors.

With the rapid advancement of photodetectors based on low-dimensional
materials,  such  as  two-dimensional  (2D)  materials,  one-dimensional  (1D)
nanowires, and zero-dimensional (0D) quantum dots, a photocurrent genera-
tion mechanism has emerged in  which illumination induces an electric  field

that acts as an equivalent gate, modulating device conductivity and generat-
ing photocurrent.  In short,  this process can be viewed as light-induced gate
modulation.  Therefore,  this  mechanism  is  commonly  referred  to  as  the
photogating effect. Photogating effect could be ascribed to the localization of
photocarrier  induced  by  defects/impurities  or  artificial  heterostructures,
which act as a gate voltage, modulating the material conductance.1-3,14-17 This
mechanism  explains  several  phenomena  observed  in  low-dimensional
photodetectors,  such  as  transfer-curve  shifts,18-20 ultra-high  gain,21,22 and
limited  bandwidth.23,24 More importantly,  photogating  effect  provides  advan-
tages  for  achieving  high-performance  photodetection  in  low-dimensional
systems.  Due to  their  ultrathin  geometry,  large surface-to-volume ratio,  and
high  electrostatic  susceptibility,  low-dimensional materials  are  highly  sensi-
tive to light-induced gate modulation. Consequently, even with limited optical
absorption, photogating effect can facilitate high gain and responsivity in low-
dimensional photodetectors.25-28

With the  growing  diversity  of  material  combinations  and  device  architec-
tures,  strategies for  achieving light-induced gate modulation have consider-
ably  expanded,  such as integrating vertical  solar  cell  structures,29,30 incorpo-
rating  photosensitive  gates,31,32 or  introducing  pyroelectric  substrates.33-35

These  strategies  have  not  only  enabled  breakthroughs  in  performance  but
also  broadened  the  functionality  of  low-dimensional  photodetectors.  For
instance,  subtle  device  designs have been proposed to  exploit  photovoltage
modulation to achieve photocurrent gain,24,36-38 thereby decoupling gain from
photocarrier  lifetime.  As  a  result,  high gain  and fast  response speed can be
simultaneously  achieved  in  low-dimensional  photodetectors.  In  addition,
combining 2D channel materials with pyroelectric substrates allows infrared-
induced  polarization  fields  to  modulate  channel  conductance,  enabling
uncooled  human  body  radiation  detection.33-35 Such  device  also  eliminates
the  need  for  mechanical  choppers  required  in  conventional  pyroelectric
devices.  Furthermore,  by  applying  an  additional  electrical  gate  voltage,  the
polarity  of  the  light-induced  gate  modulation  can  be  tuned,  leading  to  bi-
directional  photoresponse.37,39,40 Unlike  unidirectional  positive  photoresponse
widely  observed  in  conventional  photodetectors,  bi-directional photore-
sponse  provides  a  physical  basis  for  in-sensor  computing.41 Moreover,  the
duration of  the light-induced gate  modulation can be tuned via  photocarrier
lifetime  engineering,  allowing  control  of  the  temporal  response  and  even
enabling  persistent  photoconductivity  resembling  memory  behavior.42-45

Therefore, light-induced gate modulation has been employed to realize func-
tional photodetection, such as edge extraction,46 object recognition,47 motion
perception,39 and  optoelectronic  logic  operations.48 Overall,  as  low-dimen-
sional  photodetectors  continue  to  evolve  in  structure  design,  performance
optimization, and  functional  expansion,  the  traditional  photogating  frame-
work has  become  insufficient  to  encompass  recent  developments,  under-
scoring the need for a more generalized conception.

This review revisits the shared phenomena of light-induced gate modula-
tion and introduces the General Photogating Effect (GPE) as a unified analyti-
cal framework. GPE is defined as a process in which light generates an addi-
tional equivalent voltage or alters the effective electrical bias, thereby modu-
lating  the  electrostatic  characteristics  of  a  photodetector  in  a  gate-control
manner.  In  contrast,  traditional  photogating  is  typically  discussed  in  a
narrower  sense,  mainly  emphasizing  gate-like modulation  induced by  local-
ized photocarriers  (via  trap states or  heterostructures).15-17 Accordingly,  GPE
treats traditional  photogating  as  a  specific  subset  and  extends  the  concep-
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tual  scope  to  incorporate  additional  pathways,  such  as  open-circuit photo-
voltage,29,36 pyroelectric-polarization-induced  potential  modulation,33,35 and
photo-tunable electrical gating efficiency.31,37 By providing a more consistent
physical language, the GPE framework facilitates cross-platform comparison
and  offers  transferable  guidance  for  device  design  amid  rapidly  diversifying
mechanisms and architectures.

 RESULTS
 Description of general photogating effect

Photogating  describes  the  process  in  low-dimensional  material  systems,
where  impurities/defects  or  artificial  heterostructures  capture  photo-
carriers.1-3,14-16 The  captured  photocarriers  creates  a  localized  electric  gate
field  that  modulates  channel  conductance  (Figure  1A).  However,  with  the
continuous  evolution  of  low-dimensional  photodetector  designs,  various
strategies  have  been  proposed  that  also  generate  or  modulate  gate  fields
through illumination,  thereby influencing channel  conductivity.29-36,49-52 In  this
section, these  strategies  are  summarized  and  integrated  with  the  conven-
tional  concept  of  photogating,  thereby extending its  scope and defining this
expanded framework as General Photogating Effect (GPE).

Using whether an external electrical  gate bias is required as the first-level
boundary, GPE-based devices can be categorized into two operating modes:
(i) devices that generate equivalent gate voltage under illumination solely via
built-in  fields  or  intrinsic  material/structural  processes,27-29,36,43,53 and  (ii)
devices in which an external gate bias participates to trigger or actively regu-
late the light-induced gate modulation.31,37,49,54-56 The same device may switch
between  these  two  modes  under  different  biasing  strategies,  and  multiple
light-induced  gating  mechanisms  may  coexist  in  practical  devices.  Taking
the  first  operating  mode  as  example,  in  photodetectors  using  nanowires  or
2D materials as channels, trap states with certain spatial distribution capture
photocarriers  and  form  localized  fields  (Figure  1A-i).25,43,56-59 The  type  of
trapped  photocarriers  typically  depends  on  the  Fermi  level  of  the  channel
material, such as n-type (p-type) channel mainly has hole-trap (electron-trap)
states.15 In hybrid structures consisting of photosensitive and channel mate-
rials,  the  built-in  field  at  the  interface  drives  photogenerated  electron-hole
separation.  When  the  interfacial  barrier  is  high,  electrons  drift  toward  the
channel but are blocked by the barrier and accumulate at the interface, while
holes  move  in  the  opposite  direction  (Figure  1A-ii).  By  contrast,  when  the
barrier  is  low,  electrons can inject  into the channel  whereas holes remain in
the  sensitizer  (Figure  1A-iii).  Notably,  the  dominant  carrier  transport  and
accumulation pathways depend on the band bending in the heterostructure.
The spatial  separation of  photocarriers  produces a photovoltage,  analogous
to  the  open-circuit  voltage  in  solar  cells.  Benefiting  from  the  photovoltage-
induced shrinkage of the depletion region, a channel that is closed under dark
conditions  can  be  opened  under  illumination  (Figures  1B-i  &  ii).36,49,50,55,60-64

Depending  on  the  material  combinations,  the  junction  can  take  the  form  of
homojunctions,30,65,66 Schottky junctions,60-63 heterojunctions,49-51,67-69 or  back-
to-back  p-n  junctions  (Figure  1B-iii).70-72 Despite  their  structural  differences,
their core function is to separate photocarriers and generate photovoltage.

In addition to the “light → electrical” process, the “light → thermal → elec-
trical” process  can  also  produce  photovoltage.  Specifically,  pyroelectric
materials under infrared illumination can induce surface charge redistribution
due to temperature changes,  thereby generating a pyroelectric photovoltage
that modulates channel conductance (Figure 1C).33-35,73 2D materials are often
selected  as  channel  materials  in  such  devices  due  to  their  ease  of  transfer
integration and high susceptibility to external electric fields. It is worth noting
that  although  these  strategies  generate  GPE  without  external  gate  bias,  the
strength of GPE can still be modulated by an electrical gate voltage.

For the second operating mode (Figures 1D-F),  in interfacial  photovoltage
gating,  photocarriers  accumulate  near  the  dielectric  layer  under  gate  bias,
forming  a  photovoltage  that  modulates  channel  conductance.38,74,75 For
example,  under  negative gate bias,  photogenerated electrons accumulate at
the  interface,  inducing  excess  free  holes  in  the  channel  (Figure  1D).  If  an
interfacial electric field exists (e.g., due to interface states), similar effects can
occur  without  external  bias,  while  an  applied  gate  voltage  enhances  or
suppresses  the  process.  Moreover,  if  photocarriers  are  mainly  produced
within  the  channel,  gate  bias  can  drive  them toward  the  dielectric  interface.
These accumulated photocarriers can partially screening the gate bias.46,76-79

If negative  gate  bias  depletes  the  channel,  the  accumulated  holes  can miti-
gate  this  depletion  effect  through  screening  (Figure  1E).  Another  scenario
arises  when  the  photosensitizer  serves  as  the  gate  dielectric  (Figure  1F).  In
this case, changes in the resistivity of the photosensitizer affect the electrical
gate  modulation  efficiency.31,32,80-82 In  darkness,  the  photosensitizer  has  high
resistance,  causing  most  of  the  gate  voltage  to  drop  across  it,  resulting  in
limited  electrical  gate  control.  Under  illumination,  reduced  resistance
enhances  electrical  gate  modulation.  This  phenomenon  is  equivalent  to
modifying the modulation effect of electrical gate via light, applicable to both
top-gate  and back-gate  configurations.31,37,54,82,83 A  common design  employs
narrow-bandgap  photosensitizers  and  wide-bandgap  channel  materials  to
minimize channel interference by photoexcitation.

Regardless  of  whether  external  gate  bias  is  required,  the  essence  of  GPE
lies in utilizing illumination to generate a photovoltage (Vph) or alter the effec-
tive  gate  voltage  (ΔVg),  thereby  enabling  electrostatic  modulation  of  the
photodetector.  This  light-induced gate  modulation  can  alter  device  electro-
statics,  including  electric  field  distribution,  channel  current,  carrier  density,
depletion  width,  band  bending,  and  barrier  height  (Figure  1G),  ultimately
affecting  photocarrier  separation  and  transport,  and  thus  modifying  the
output  photocurrent.  By  rationally  selecting  materials  and  optimizing  device
structures  to  engineer  GPE,  it  is  promising  for  achieving  high-performance
and multifunctional photodetection.

 Characteristics of GPE-based photodetectors
This  section  discusses  the  characteristics  of  GPE-based  photodetectors,

including the  gain-bandwidth  relationship,  power-dependent  photoresponse,
light-induced transfer curve shifts, and bi-directional photocurrents. The typi-
cal performance  metrics  and  their  definitions  used  in  the  following  discus-
sion are summarized in Table S1.

 Gain and bandwidth
GPE  can  produce  photovoltage  (Vph)  or  alter  effective  gate  voltage  (ΔVg),

both of which can modulate the conductivity of low-dimensional photodetec-
tors.  According  to  the  gate-voltage  modulation  model  of  transistors,31,36 the
photocurrent  gain  (G)  can  be  approximately  expressed  as G ∝

(hv/q)×(Vph·gm/Popt) or G ∝ (hv/q)×(ΔVg·gm/Popt), where h is Planck’s constant,
v is the optical frequency, q is the elementary charge, Popt is the incident opti-
cal power, and gm is the transconductance. The transconductance is defined
as gm = ∂Ids/∂Vg, where Ids is the source-drain current, and Vg is the gate volt-
age.  It  can  be  seen  that  a  large gm can  lead  to  a  strong  modulation  effect,
thereby  yielding  high  photocurrent  gain.  Hence,  the  corresponding  gain
mechanism  can  be  described  as  transconductance-dominated  gain  (gm-
dominated  gain).  The  bandwidth  (f)  of  photodetectors  with gm-dominated
gain can also be approximated using the transistor model36, expressed as f ∝
gm/Ctot, where Ctot is the total capacitance. Therefore, both the gain and band-
width scale proportionally with transconductance (Figure 2A), highlighting the
feasibility in achieving simultaneously high gain and fast response speed.

In addition to gm-dominated gain, various low-dimensional photodetectors
can  magnify  photocurrent  signal  through  the  photoconductive  gain  (GPC)
mechanism. Photoconductive gain is theoretically related to the lifetime (τlife-

time) of photocarriers and their transit time (τtransit),84 i.e., GPC ∝ τlifetime / τtransit.
By introducing trap states or constructing artificial heterojunctions to extend
the lifetime of photocarrier, low-dimensional photodetectors can achieve high
gain.22,25,53,59 However, since the bandwidth is inversely proportional to photo-
carrier  lifetime,  trap-assisted  gain,  while  boosting  responsivity,  inevitably
imposes severe bandwidth limitations.

When  considering  noise  characteristics,  low-dimensional  photodetectors
based on gm-dominated gain benefit from high bandwidth, allowing sensitiv-
ity  to  be  assessed  using  high-frequency  noise.  In  contrast,  for  low-dimen-
sional photodetectors constrained by trap-assisted gain, low-frequency noise
sources such as 1/f noise and g-r noise must be taken into account. Neglect
of the bandwidth characteristics of  a photodetector  could lead to an under-
estimation of the actual noise level (Figure 2B), resulting in inaccurate evalua-
tions of the noise-equivalent power (NEP) and specific detectivity (D*).85,86

 Light power dependence
The linear dynamic range (LDR) of a photodetector is defined as the range

of  optical  power  over  which  the  photocurrent  scales  linearly  with  incident
power.  This  range typically  extends from the  minimum detectable  power  to
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Figure 1.  Illustration of the GPE (A-i) Carrier dynamics in a p-type semiconductor with electron trap states. (A-ii, A-iii) Carrier dynamic processes in heterojunctions with large
and small electron barriers, respectively. (B-i, B-ii) Schematic illustration of the formation of open-circuit photovoltage. Under dark conditions, carrier transport in the channel is
blocked by the depletion region. The photovoltage compresses the depletion region. (B-iii)  Carrier dynamic processes in different junction configurations. (C-i,  C-ii)  Schematic
diagrams of photodetectors composed of channel materials and pyroelectric substrates in the dark and under illumination, respectively. Upon light absorption by the pyroelectric
substrate,  the resulting temperature increase induces polarized surface charges (marked with “+”),  which modulate the channel  conductance.  (D-i,  D-ii)  Carrier  dynamics and
corresponding band diagrams illustrating the process of interfacial photovoltage gating. The electrical gate drive photocarriers in the sensitizer to accumulate at the dielectric
interface,  generating  a  photovoltage  that  modulates  the  channel.  (E-i,  E-ii)  Carrier  dynamics  and  band  diagrams  illustrating  the  process  of  electrical  gate  voltage  screening.
Photocarriers generated in the channel accumulate at the interface under the attraction of the gate field, partially screening the applied gate voltage. (F) Schematic diagrams of
photodetectors with top- and bottom-gate configurations. Under illumination, the resistance of the photosensitive gate decreases, allowing the gate voltage to more effectively
modulate the channel conductance. Filled and open circles indicate electrons and holes, respectively. The lightning symbol denotes gate modulation, with its size qualitatively
reflecting the modulation strength. S and D denote the source and drain, Vg denotes the gate voltage, and Vtg and Vbg denote the top- and bottom-gate voltages, respectively.
(G) Schematic illustration showing how GPE modulates the electrostatic characteristics of low-dimensional photodetectors.
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the saturation absorption limit of the material (Figure 2C). Within this regime,
fitting the photocurrent (Iph) versus optical power (Popt) using the relation Iph ∝
Popt

α typically yields an exponent α very close to 1. According to the definition
of  responsivity, R = Iph / Popt,  one  obtains R ∝ Popt

 α-1.  Thus,  when α
approaches 1, the responsivity remains nearly independent of optical power.

The α values of most GPE-based photodetectors fall between 0 and 1,15,56-

58,87-90 indicating  a  nonlinear  relationship  between  photocurrent  and  optical
power.  This  nonlinearity  primarily  arises  from  the  complex  processes  of
carrier generation, trapping, and recombination in semiconductors.91 In addi-
tion, α can be treated as an empirical  exponent associated with trap-related
weak trapping processes. When α deviates from 1, it often suggests that trap
states near the band edges participate and affect the recombination dynam-
ics.92 For low-dimensional photodetectors that rely on trap states to produce
GPE,  increasing  optical  power  gradually  fills  the  available  trap  states.  Since
the number of  trap states is  finite,  even before the material  reaches satura-
tion absorption, a sufficiently high optical power may already occupy all traps.
Beyond this point, further increases in optical power no longer enhance GPE
but instead contribute only to free carrier generation. As a result,  the growth
rate of photocurrent lags behind that of optical power, leading to a nonlinear
response  manifested  as  a  decrease  in  responsivity  with  increasing  optical
power.  Nevertheless,  within  a  certain  weak  optical  power  range,  a  sufficient
density of trap states may sustain stable responsivity.21,26

Compared  with  trap  states,  GPE-based  photodetectors  that  exploit  the
photovoltaic effect to generate photovoltage in junction regions can achieve
superior  LDR.36,61 This  advantage  arises  because  the  strong  built-in  field  in
semiconductor junctions provides more efficient carrier separation or extrac-
tion than a limited number of trap states. Furthermore, applying an electrical
gate voltage to enhance carrier separation can facilitate photocurrent growth
to keep pace with optical power, thereby improving LDR.93,94 It is important to
note  that  a  nonlinear  relationship  between  photocurrent  and  optical  power
does not necessarily imply the presence of GPE.

 Ids-Vg shift and bi-directional photoresponse
In  GPE-based  photodetectors,  the  transfer  characteristics  (Ids-Vg curve)

often  exhibit  a  horizontal  shift  under  illumination  (Figures  2D-E).2,14,15 This
shift  can  be  understood  as  an  optical  gate  voltage  caused  by  GPE,  which
requires an additional electrical gate bias to compensate. The direction of the
shift depends on the polarity of the optical gate voltage as well  as the light-
induced electrical gate voltage variation. The former is related to the type of
trap states or energy band alignment at the junction, while the latter is asso-
ciated with the polarity of the pre-applied electrical gate bias.

For  instance,  in  a  GPE-based  photodetector  with  dual  electrical  gate,  if
illumination  enhances  the  depletion  effect  of  the  positive  top-gate  voltage
(Vtg)  on  the  channel,  a  larger  negative  back-gate  voltage  (Vbg)  is  required  to
turn on the channel, leading to a shift of the Ids-Vbg curve toward more nega-
tive  voltages.  However,  non-ideal  factors  such  as  non-uniform  doping  or
interface defects can affect the effective strength of GPE, making the shift of
the  transfer  characteristics  deviate  from  the  theoretical  prediction.15 It  is
worth noting that  in most cases,  illumination not only induces GPE but also
leads  to  the  accumulation  of  free  carriers  in  the  device,  which  results  in  an
overall  upward  shift  of  the  transfer  curve  in  addition  to  the  horizontal
displacement.

An important feature of this transfer curve shift is that it can give rise to bi-
directional  photocurrent,  i.e.,  positive  photocurrent  (PPC)  and  negative
photocurrent  (NPC).3,19,95 In  contrast,  conventional  thin-film  photodetectors
usually  exhibit  a  fixed  photocurrent  direction,  where  illumination  reduces
resistance and generates only  PPC.  Specifically,  when GPE induces a nega-
tive optical gate voltage, the Ids-Vg curve shifts toward more positive voltages
(Figure 2E). If the electrical gate bias sets the channel into a hole-conduction
regime  (point  A),  the  negative  optical  gate  voltage  induces  more  holes,
producing a positive photocurrent. Conversely, if the channel is biased into an
electron-conduction  regime  (point  B),  the  negative  optical  gate  voltage
depletes  electrons,  resulting  in  a  negative  photocurrent. Figure  2F  presents
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Figure 2.  Characteristics  of  GPE-based  photodetectors (A)  Relationship  between  gain  and  frequency  of  various  photodetectors.  Trap-assisted  gain  and gm-dominated  gain
belong to low-dimensional photodetectors with photoconductive gain and GPE, respectively. Photodiodes produce no gain, and their response speed is mainly related to doping
profile,  bias  voltage  and  material  thickness.  (B)  Responsivity  and  noise  characteristics  for  photodetectors  with  different  bandwidths.  Green  (blue)  line  represents  the  typical
responsivity  curve  of  photodetectors  with  low  (high)  bandwidth.  For  the  responsivity-frequency  analysis,  the  frequency-dependent  responsivity R(f)  is  normalized  by  the  DC
responsivity RDC,  i.e., R(f)/RDC,  to provide a benchmark for comparing gm-dominated and trap-assisted gain mechanisms. Red line represents the typical noise characteristics.
White noise includes thermal noise and shot noise. (C) Variation of photocurrent and responsivity with the light power density. (D) Ids-Vg curves of unipolar devices in the dark and
under illumination. Threshold voltage (Vth) is shifted by ΔVg due to GPE. (E) Ids-Vg curves of ambipolar devices in the dark and under illumination. (F) Ids-Vds curves corresponding
to point A and point B in (E).
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the Ids-Vds curves corresponding to points A and B in Figure 2E. Although the
dark  current  remains  the  same,  the  channel  conduction  type  and  the
photocurrent  polarity  are completely  opposite.  Such bi-directional photocur-
rents  provide  direct  device-level  support  for  analog-domain  weighting  and
differential  operations,  thereby  underpinning  functional  photodetection
concepts such as in-sensor computing, and enabling front-end tasks includ-
ing contrast enhancement, noise suppression, and feature extraction.

 Configurations of GPE-based photodetectors
Figure 3 and Supplemental Information (SI) Section 3 summarize the main

device architectures for realizing GPE, which can be broadly categorized into
three-terminal and two-terminal devices. These devices involve a wide range
of material systems, including 3D thin films, 2D materials, 1D nanowires, and
0D  quantum  dots.  By  employing  heterogeneous  integration  strategies  to
combine  materials  of  different  dimensions,  mixed-dimensional  structures
can be constructed.96,97 Such designs not only exploit the unique advantages
of  individual  materials  but  also  allow  band  structure  engineering,  thereby
enabling low-dimensional photodetectors with superior performance.

Three-terminal devices  primarily  include  four  classic  transistor  architec-
tures:  bipolar  junction  transistors  (BJTs),  junction  field-effect  transistors

(JFETs), metal-semiconductor field-effect transistors (MESFETs), and metal-
oxide-semiconductor field-effect transistors (MOSFETs). BJT consists of two
back-to-back  p-n  junctions  (e.g.,  n-p-n  or  p-n-p). In  addition  to  homojunc-
tions,  heterojunction  BJTs  can  also  be  realized  through  mixed-dimensional
material  design.  The  three  terminals  of  BJTs  are  the  emitter,  base,  and
collector.  Current  flows  from  the  emitter  through  the  base  to  the  collector,
and  the  collector  current  can  be  modulated  by  adjusting  the  base  voltage.
Similarly, in BJT-type photodetectors, a photovoltage generated at the emitter-
base junction can tune the current at the collector.

Three electrodes in JFETs, MESFETs, and MOSFETs are source, drain, and
gate.  In  JFETs,  the  middle  channel  forms  a  p-n  junction  with  surrounding
doped  regions  or  other  materials.  Replacing  the  p-n  junction  with  a  metal-
semiconductor Schottky junction yields a MESFET.  The gate voltage modu-
lates the depletion width of  the p-n or  Schottky junction,  thereby controlling
the source-drain current (Ids) in JFETs and MESFETs. In MOSFETs, a dielec-
tric layer separates the gate and the channel, and the gate voltage modulates
both  the  type  and  concentration  of  channel  carriers  via  capacitive  coupling,
thereby  regulating Ids.  For  JFET- and  MESFET-type photodetectors,  photo-
carriers  redistribute  under  the  built-in  field  of  the  junction,  and  the  resulting
photovoltage  compresses  the  depletion  region  and  expands  the  conducting
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Figure 3.  Main device configurations and material systems of GPE-based photodetectors.
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channel.  For  MOSFET-type  photodetectors,  carrier  accumulation  at  the
dielectric interface induces a photovoltage that tunes channel carrier density.
When the gate dielectric itself is photoactive (e.g.,  in JFET- or MOSFET-type
photodetectors),  illumination  alters  its  conductivity,  thereby  affecting  the
electrical gate control over the channel. This process is equivalent to use light
to “altering” the  electrical  gate  voltage.  Three-terminal  devices  also  benefit
from  external  electrical  control,  which  enables  optimization  of  dark  current
and sensitivity.98-100 Moreover, since the gain primarily depends on transcon-
ductance, such architectures are often explored to overcome the gain-band-
width  trade-off  in  traditional  low-dimensional  photodetectors.29,31,36,37 More
importantly,  electrical  modulation  also  allows  control  over  the “direction” of
photocurrent, unlocking multifunctional photodetection.41,46-48,101-103

For two-terminal devices, the most typical configuration is the “bare chan-
nel” structure, where the channel is usually composed of 1D or 2D materials.
In these devices, trap states at the surface of 1D materials or within 2D mate-
rials  capture photocarriers,  leading to localized fields that  modulate channel
conductance.  In  particular,  core-shell  1D  nanowires  can  further  enhance
photocarrier  localization.56,104 Incorporating  ferroelectric  materials  to
strengthen channel  depletion  and  photocarrier  localization  can  simultane-
ously optimize dark current and gain.20,105 The integration of 2D channels and
photosensitizers yields “channel+sensitizer” structures, where the photosen-
sitizer  not  only  improves  light  absorption  (compensating  for  the  weak
absorption  of  2D  materials),  but  also  leverages  built-in  fields  to  promote
photocarrier  separation.  This  process  can  confine  one  type  of  carrier  within
the  sensitizer,  generating  a  localized  field  that  modulates  the  channel  and
achieves ultrahigh gain.21,22 In addition, semiconductor or insulator substrates
can  also  serve  as  sensitizers,  providing  both  structural  support  and  light
absorption,  thereby  offering  a  simpler  and  more  fabrication-friendly  device
layout for realizing light-induced gate modulation.106-109

Another  special  category  of  two-terminal  devices  is  based  on  sandwich-
shaped van der Waals (vdW) heterojunctions. In these structures, graphene is
sandwiched  between  the  sensitizer  and  the  channel.  One  electrode  is
connected  to  graphene,  while  the  other  is  connected  to  the  channel.  Upon
illumination,  localized  fields  at  the  sensitizer/graphene  interface  shift  the
Fermi  level  of  graphene,  thereby  modulating  the  Schottky  barrier  at  the
graphene/channel  interface  and  influencing  the  conduction  current.110 This
architecture enables optimization of dark current, responsivity, and operating
temperature, and is advantageous for sensitive infrared photodetection.5,111

 Recent progress of GPE-based photodetectors
In this section,  previously reported representative GPE-based photodetec-

tors  are  reviewed,  organized  by  device  architecture  (with  performance
summarized  in  SI  Section  4).  The  detection  mechanisms  of  these  devices
involve the generation of a photovoltage (or a localized field) under illumina-
tion, or the variation of the electrical gate voltage by light. By carefully design-
ing  material  combinations  and  device  structures  to  harness  the  GPE  for
photocurrent generation, these photodetectors demonstrate excellent perfor-
mance and diverse functionalities.

 BJT-type photodetectors
In  BJT  photodetectors,  the  base-collector  (B-C)  junction  is  typically

employed  as  the  photosensitive  region  rather  than  the  emitter-base  (E-B)
junction. This is because, in order to inject a large number of carriers from the
emitter into the base under forward bias, the emitter region is usually heavily
doped (Figure 4A). The strong indirect recombination in heavily doped semi-
conductors results in short carrier lifetimes, making the E-B junction unsuit-
able  as  a  photosensitive  region.  When  incident  light  excites  electron-hole
pairs  at  the  B-C  junction,  one  type  of  carrier  is  injected  into  the  base  and
gradually  accumulates,  leading  to  the  formation  of  a  photovoltage.  This
photovoltage further forward-biases the E-B junction and drives a large elec-
tron current from the emitter, across the base, and into the collector (Figures
4B & S1A). This working mechanism is analogous to the amplification mode
of electrical BJTs.

Homojunction  BJT  photodetectors  are  relatively  common  in  various
works.112 For instance, by employing controlled doping technologies, an n+-p-
n  homojunction  BJT  photodetector  based  on  MAPbBr3 perovskite  can  be
fabricated (Figure 4C).113 Under reverse bias at the B-C junction and forward
bias  at  the  E-B  junction,  photogenerated  electrons  at  the  B-C  junction  are
collected  by  collector,  while  holes  are  injected  into  the  base.  As  the  hole
concentration  in  the  base  increases,  the  resulting  photovoltage  further
strengthens  the  forward  bias  of  the  E-B  junction,  enabling  a  large  electron
injection from the heavily doped emitter. Consequently, the device exhibits an
enhanced photocurrent with a current gain factor as high as 2.9×103 (Figure
4D).

Heterojunction  BJT  photodetectors  can  be  realized  by  combining  distinct
materials with different doping types.114 Figure 4E illustrates a BJT photode-
tector  based on a  PbS CQDs-Si  heterojunction,115 in  which p-type Si,  n-type
PbS  CQDs,  and  p-type  PbS  CQDs  serve  as  the  emitter,  base,  and  collector,
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Figure 4.  BJT-type photodetectors with GPE (A) Schematic diagram of a typical BJT photodetector with n+-p-n doping profile. E, B, and C denote the emitter, base, and collector,
respectively. (B) Carrier transport diagram in a n+-p-n BJT photodetector under forward biased mode. (C) Schematic diagram of the MAPbBr3 n-p-n BJT photodetector. (D) Gain
and external quantum efficiency (EQE) versus the incident light intensity. (E) Schematic diagram of the PbS CQDs-Si BJT photodetector. (F) Responsivity and D* as a function of
bias voltages. Credit: reproduced with permission from ref. 113, Wiley (D); ref. 115, Nature (F).
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respectively.  The  device  operates  under  forward  bias  at  the  p-Si:n-CQDs
junction and reverse bias at  the n-CQDs:p-CQDs junction.  When illuminated
with 1550 nm  light,  electrons  excited  in  the  PbS  CQDs  are  injected  into  the
base. Due to the large conduction band offset at the Si-PbS CQDs interface,
these electrons  are  confined  within  the  base,  forming  a  negative  photovolt-
age. This negative photovoltage attracts a large number of holes from Si into
the base, thereby producing current gain. In addition, the reverse-biased CQD
homojunction  helps  maintain  a  low  dark  current  (~10−3 A/cm2).  As  a  result,
the  device  achieves  not  only  a  high  responsivity  of  410  A/W  but  also  an
impressive specific detectivity of 4.73×1013 cm·Hz1/2·W−1 (Figure 4F).

 JFET-type photodetector
Similar to BJT photodetectors, typical JFET photodetectors are also based

on n-p-n or p-n-p structures. However, unlike BJTs, the conduction current in
a  JFET  mainly  flows  through  the  central  channel.  For  instance,  in  an  n-p-n
JFET  photodetector,  due  to  the  depletion  effect  of  n-p  junctions,  carriers
mainly transport through the non-depleted region in the center of the p chan-
nel.  When  illumination  generates  a  photovoltage  at  the  p-n  junction,  the
photovoltage  compresses  the  depletion  width  and  expands  the  conductive
channel,  thereby  enhancing Ids.  Theoretical  modeling  has  shown  that  this
mechanism can lead to high gain in Si homojunction JFET photodetectors.71

In addition,  single p-n homojunctions or heterojunctions can also be utilized
for  JFET  photodetector  design  (Figure  S1B).  For  example,  a  heterojunction
JFET photodetector  composed of  an Si  channel  and a Ge infrared-sensitive
gate exhibits a similar working mechanism.51,116

Low-dimensional  materials  are  suitable  for  channel  design  in  JFET
photodetectors.  In  2015,  a  photojunction  field-effect  transistor  with  a  PbS

CQDs channel  was reported.62 A  layer  of  MoO3 was deposited on top of  the
PbS CQDs channel, forming a heterojunction that depleted free carriers in the
channel (Figure 5A).  Upon light absorption by PbS CQDs, the built-in field of
the  heterojunction  separated  photogenerated  electron-hole  pairs  and
produced  a  photovoltage,  leading  to  depletion  layer  shrinkage  (Figure  5B).
The device  achieved  a  gain  of  ~10  and  a  response  time  of  10  μs.  Further-
more,  thinning  the  PbS  CQD  channel  can  enhance  depletion  effect.  As  a
result,  the  dark  current  is  reduced  to  a  level  significantly  lower  than  that  of
conventional PbS CQD photoconductors (Figure 5C).

Integrating broadband infrared-sensitive materials with Si provides a strat-
egy  to  overcome  the  intrinsic  spectral  limitations  of  Si.50 In  2017,  a  vertical
PbS CQDs-Si heterojunction photovoltage field-effect transistor (PVFET) was
reported,36 where  Si  served  as  the  channel  and  PbS  CQDs  as  the  infrared-
sensitive  layer  (Figure  5D). Under  infrared  illumination,  interfacial  photovolt-
age  weakened  the  built-in  field  at  the  PbS  CQDs/Si  junction,  narrowing  the
depletion region (Figure 5E). Since both the gain and bandwidth of the PVFET
are proportional to its transconductance, it simultaneously achieved a gain of
104 and  a  bandwidth  of  100  kHz.  Compared  with  conventional  CQD-based
photoconductors,  photo-FETs,  and photodiodes,  the  PVFET demonstrated a
much higher gain-bandwidth product (Figure 5F).

In  addition  to  photovoltage,  incorporating  photosensitive  gate  dielectrics
enables light to alter the electrical gate modulation effect.49 In 2020, a device
named the light-driven junction field-effect transistor (LJFET) was reported.31

The LJFET employs ZnO as the channel and WSe2 as the photosensitive gate
dielectric,  which  is  connected  to  the  electrical  top  gate  (Figure  5G).  In  the
dark,  the  high  resistance  of  WSe2 hinders  effective  top-gate  modulation  on
the  ZnO  channel,  whereas  under  illumination,  the  increased  conductivity  of
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Figure 5.  JFET-type photodetectors with GPE (A) Schematic diagram of the photoJFET. (B) Shrinkage of the depletion layer under illumination. (C) Quantitative comparison, in
terms of dark current, between the photoJFET and a pure CQDs photoconductor. (D) Schematic diagram of the PVFET. (E) Shrinkage of the depletion layer under illumination.
(F) Gain-frequency plot for diodes, photo-FETs (CQD-based), photoconductors (CQD-based) and the PVFET. (G) Schematic diagram of the LJFET. (H) Expansion of the depletion
layer under illumination. (I) I-T curve of the LJFET. Credit: reproduced with permission from ref. 62, American Chemical Society (C); ref. 36, Nature (F); ref. 31, Wiley (I).

REVIEW    Composite Materials   

8  　　　The Innovation Materials 4(3): 100229, July 22, 2026 www.the-innovation.org/the-innovation-materials

https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials


WSe2 enhances gate control. Since the top gate reverse biases the WSe2-ZnO
junction, depleting the ZnO channel (Figure 5H), the LJFET produces a nega-
tive photocurrent (Figure 5I). A notable advantage of the LJFET design is that
its  gain  and  response  time  are  independently  determined  by  field-effect
modulation  and  transistor  switching  speed,  respectively,  thereby  achieving
both a high gain of 104 and a fast response speed of 10 μs.

 MESFET-type photodetector
The operating mechanism of MESFET photodetectors is similar to that of

JFET  photodetectors,  in  which  the  channel  can  be  depleted  by  the  built-in
field  of  the  junction.  Under  illumination,  the  depletion  region  is  compressed,
allowing more carriers to traverse the channel (Figure S1C). A representative
example  is  the  GaAs-based  MESFET  photodetector,63 which  simultaneously
achieves high gain and fast response,117,118 including a bandwidth approach-
ing the GHz regime and a responsivity of ~103 A/W. The fast response origi-
nates from the high carrier mobility of GaAs, particularly through band struc-
ture  engineering  that  introduces  a  two-dimensional  electron  gas  to  further
enhance  carrier  transport.119 The  high  responsivity,  on  the  other  hand,  is
associated with photoconductive gain and photovoltage modulation.63

Because  metallic  films  reflect  incident  light,  the  metal  gate  cannot  fully
cover  the  channel  surface  if  sufficient  optical  absorption  by  the  channel
material is to be ensured. Nevertheless, part of the channel inevitably remains
shadowed by the metal gate. Graphene, as a zero-bandgap semimetallic 2D
material,  not  only  forms  Schottky  junctions  with  semiconductors  but  also
provides high optical transmittance.120 As a result,  graphene has become an
attractive  candidate  for  the  gate  electrode  of  MESFET  photodetectors.  As
illustrated in Figure 6A, a photo-driven semimetal-semiconductor field-effect
transistor  (photo-sMESFET)  employs  a  graphene-Si  Schottky  junction  to
deplete  the channel,  thereby suppressing dark current.61 Moreover,  owing to
the  GPE-induced  photocurrent  gain,  this  device  achieves  higher  gain  than
conventional photoconductors and photodiodes under the same dark current
conditions (Figure 6B).

Compared  with  Si  thin-film  channels,  2D  material  channels  are  more
susceptible  to  depletion  by  the  metal  gate  as  well  as  modulation  by  a  gate
bias. Figure  6C  presents  a  MESFET  photodetector  with  a  MoS2 channel,  in
which  a  semitransparent  conductive  oxide  (NiOx)  forms  a  Schottky  junction
with MoS2.121 Notably, the high-quality vdW interface between NiOx and MoS2

prevents contamination, thereby preserving intrinsic high mobility of MoS2. In
photodetection  measurements,  the  device  exhibits  a  high  on/off  ratio  of

2.85×103 (Figure 6D). Further reducing the physical dimensions of the chan-
nel, a MESFET photodetector employing 1D CdS nanobelts not only achieves
a  more  efficient  optical  gate  voltage  modulation  but  also  substantially
suppresses  dark  current  (Figure  6E).122 As  shown  in Figure  6F, the  photoin-
duced localized field shifts the transfer curve toward negative gate voltages.
With an appropriate gate bias, this device attains an ultrahigh on/off ratio of
2.7×106.

 MOSFET-type photodetectors
In MOSFET photodetectors, the blocking effect of the oxide layer on photo-

carriers  facilitates  the  formation  of  a  photovoltage,  thereby  modulating
the  channel  conductance  (Figure  S1D).  A  typical  graphene-based  MOSFET
photodetector  is  illustrated  in Figure  7A,  where  graphene  serves  as  the
channel,  Si  acts  as  the  photosensitive  layer.  The  photoresponse  of  this
device originates from the modulation effect of the Si/SiO2 interfacial photo-
voltage  on  graphene.38 Specifically,  the  built-in  field  induced  by  interface
states  attracts  photogenerated  holes  and  causes  them  to  accumulate
near  SiO2 (Figure  7B).  The  positive  photovoltage  induced  by  these  holes
shifts  the  transfer  curve  of  the  device  toward  negative  voltage  (Figure  7C).
Due to  the  susceptibility  of  graphene  to  external  modulation,  the  photovolt-
age can alter  its  Fermi  level,  thereby generating a  photocurrent.  This  device
achieved a responsivity as high as 105 A/W and a response time of 1.8 μs.37

Furthermore, by applying a pulsed gate voltage to Si to form a deep depletion
well  for  photocarrier  accumulation,  the  photovoltage  can  be  enhanced.
Subsequently,  the  photovoltage  modulation  effect  on  graphene  enables
the  readout  of  charges  stored  in  the  potential  well.  This  process  integrates
in  situ  signal  readout  from  complementary  metal  oxide  semiconductor
(CMOS) sensors with the charge integration feature of charge-coupled device
(CCD)  technology,  offering  a  promising  route  toward  sensitive  infrared
photodetection.75

In  graphene  MOSFETs  with  an  ultrathin  oxide  layer  (Figure  7D),  the
competitive effect between the oxide capacitance and the Si depletion capac-
itance gives rise to a new phenomenon.37,54 As shown in Figure 7E, under dark
condition,  the  total  capacitance  of  the  device  is  dominated  by  the  depletion
capacitance. In this case, the gate voltage primarily modulates the depletion
width  rather  than  tuning  graphene,  leading  to  only  a  slight  increase  in  its
Fermi  level.  In  contrast,  under  illumination,  the  depletion  region  is
compressed,  and  the  total  capacitance  becomes  dominated  by  the  oxide
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Figure 6.  MESFET-type photodetectors with GPE (A) Schematic diagram of the photo-sMESFET. (B) Relationship between gain and dark current for photodiode, photoconduc-
tor,  and  the  photo-sMESFET.  (C)  Schematic  diagram  of  the  NiOx-MoS2 MESFET  photodetector.  (D)  Photoinduced  transfer  curves  of  the  NiOx-MoS2 MESFET  photodetector.
(E)  Schematic  diagram  of  the  CdS  nanobelt  MESFET  photodetector.  (F)  Transfer  characteristic  curves  of  the  CdS  nanobelt  MESFET  photodetector.  Credit:  reproduced  with
permission from ref. 61, Wiley (B); ref. 121, American Chemical Society (D); ref. 122, American Chemical Society (F).
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capacitance, enabling the gate voltage to modulate graphene. Thus, illumina-
tion  can  be  considered  to  enhance  the  electrical  gating  capability  over
graphene, resulting in a transition of the transfer characteristics from unipo-
lar  to  bipolar  (Figure  7F).  This  polarity  transition  gives  rise  to  a  strong
photocurrent. Moreover, the acceleration of photocarriers by the gate voltage,
along  with  the  leakage  pathway  provided  by  tunneling  current  through  the
ultrathin  oxide,  enables  fast  response  and  yields  a  gain-bandwidth produc-
tion up to 9.14×1010 Hz.

A dual-gate MOSFET photodetector design allows the exploitation of  GPE
interactions  induced  by  different  photosensitizers,  thereby  endowing  the
device with functionalities.40 As shown in Figure 7G, the photosensitive layers
above and below an ultrathin Si channel are MoS2 and Si substrate,  respec-
tively. When a positive Vtg is applied, photogenerated holes in MoS2 accumu-
late  near  the  oxide;  conversely,  when  a  negative Vbg is applied,  photogener-
ated electrons in the Si  substrate migrate toward the oxide (Figure 7H).  The
two  oppositely  polarized  photovoltages  exert  competing  modulation  effects
on  the  Si  channel.  By  tuning  the Vtg,  the  GPE  induced  by  MoS2 can  be
enhanced or  suppressed,  causing the responsivity  to decrease from a posi-
tive value to zero and then transition to a negative value. Notably, due to the
distinct spectral responses of MoS2 and the Si substrate, the Vtg correspond-
ing  to  0  A/W  shifts  with  the  incident  wavelength  (Figure  7I).  Based  on  the
magnitude of this voltage shift, the incident light wavelength can be deduced.
In addition, under similar visible-near-infrared dual-band operating schemes,
incorporating  a  floating-gate  design  can  further  regulate  the  photoresponse
state and enable wavelength-selective response.123

 Two-terminal GPE-based photodetectors
In two-terminal photodetectors, GPE can leads to an additional optical gate

voltage, playing a crucial role in achieving high-performance photodetection.
For “bare  channel” devices  using  purely  2D materials  such as  MoS2,  In2Se3,
and  bP  as  channels,57,58,100,124 responsivity  can  sometimes  reach  several
hundred to several thousand A/W. Transfer characteristics and time-depen-
dent  photocurrent  analyses  confirm  that  GPE,  arising  from  trap-assisted
capture of photocarriers, makes a positive contribution to high gain.43 More-
over, substrate geometric engineering that tailors the potential distribution in
a 2D channel can enhance light-induced gate modulation, thereby improving
device responsivity.125 The surface states of  1D nanowires can also capture
photocarriers,  forming localized fields that modulate channel conductance.25

A 2020 study proposed a photocurrent gain model for Si nanowire photode-
tectors  (Figure  8A).126 In  these  Si  nanowires,  surface  states  induced  by
micro/nano-fabrication  and  molecular  adsorption  give  rise  to  depletion
regions.  Under  illumination,  a  photovoltage  (Vph)  is  generated  within  the
depletion  region,  compressing  its  width  and  allowing  more  carriers  to  pass
through  the  nanowire.  Based  on  this  mechanism,  the  Si  nanowire  can  be
modeled as a combination of a photodiode and a resistor (Figure 8B), and by
applying  the  open-circuit  voltage  equation  together  with  Ohm’s  law,  explicit
gain  equations  can  be  derived.  As  shown  in Figure  8C,  this  model  fits  the
experimental gain characteristics well.

For “channel+sensitizer” structures,  a  2017  study  reported  a  pyroelectric
bolometer based on a graphene-LiNbO3 hybrid structure (Figure 8D), combin-
ing  the  high  carrier  mobility  of  graphene  with  the  infrared  absorption  of
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Figure 7.  MOSFET-type photodetectors with GPE (A) Schematic diagram of the graphene-based MOSFET photodetector with a thick oxide layer. (B) Energy band diagram of the
lightly n-doped silicon/SiO2 interface with interfacial states. (C) Transfer characteristic curves of the device under varying light power. (D) Schematic diagram of the graphene-
based  MOSFET photodetector  with  an  ultra-thin  oxide  layer.  (E)  Energy  band  diagram of  the  graphene/ultra-thin  Al2O3/Si  hybrid  structure  in  the  dark  and  under  illumination.
(F) Transfer characteristic curves of the device under different light intensities. (G) Schematic diagram of the MOSFET photodetector based on the MoS2/HfO2/silicon-on-insula-
tor hybrid structure. (H) Energy band diagrams along the vertical direction from MoS2 to the Si substrate when Vtg > 0 V and Vbg < 0 V. (I) Relationship between responsivity and
Vtg. Credit: reproduced with permission from ref. 37, American Chemical Society (C, F); ref. 40, Wiley (I).

REVIEW    Composite Materials   

10  　　　The Innovation Materials 4(3): 100229, July 22, 2026 www.the-innovation.org/the-innovation-materials

https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials


LiNbO3.33 Upon  infrared  illumination,  LiNbO3 undergoes  a  temperature  rise,
leading  to  changes  in  its  polarization  direction  and  surface  charge  density.
This  process  generates  a  potential  difference  that  can  be  regarded  as  a
photovoltage.  By designing floating-gate patterns to enhance the photovolt-
age,  the  Fermi  level  of  graphene  can  be  modulated  (Figure  8E),  thereby
improving  photocurrent.  Experiments  demonstrated  that  this  device  could
detect  9  μm  infrared  light  (Figure  8F)  and  human  body  radiation  at  room
temperature.  Unlike  conventional  pyroelectric  detectors,  this  mechanism
enables  direct-current-mode  (DC-mode)  operation  without  the  need  for
chopping.34 Further  optimization  was  achieved  by  introducing  an  ultrathin
Al2O3 layer  at  the  graphene-LiNbO3 interface  to  strengthen  the  pyroelectric

photovoltage.35

The  PbS  CQDs-graphene  photodetector  is  another  representative “chan-
nel+sensitizer” device.  It  not  only  exhibits  ultrahigh  gain  but  has  also  been
extended  to  CMOS-compatible  infrared  image  sensors  (Figure  8G).  This
device  relies  on  the  separation  of  photocarriers  at  the  PbS  CQDs-graphene
interface: holes are injected into graphene, while electrons remain confined in
PbS CQDs, generating a localized field that modulates graphene (Figure 8H).21

This mechanism yields a responsivity as high as ~107 A/W. Owing to the high-
performance  infrared  photodetection,  graphene-PbS  CQDs  image  sensors
are capable of capturing infrared images of objects (Figure 8I).127

The modulation of graphene Fermi level  provides an approach to control-
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Figure 8.  Two-terminal GPE-based devices (A) Structure and (B) equivalent device model diagrams of the Si nanowire photodetector. (C) Gain as a function of light illumination
intensity. Solid lines are fitting curves. (D) Schematic diagram of the graphene-LiNbO3 pyroelectric bolometer.  (E) Graphene fermi level variation induced by pyroelectric effect
under  infrared illumination.  (F)  Response at  1,100 cm−1 (~9 μm) over  several  ON/OFF cycles induced by a  manual  shutter.  (G)  Side view of  the PbS CQDs-graphene imaging
sensor  and  the  underlying  read-out  circuit.  (H)  Energy  band  diagram  of  the  PbS  CQDs-graphene  interface.  (I)  Photoresponse  versus  power  measured  from  twilight  (~10−6

W·cm−2)  down to  starlight  (10−10-10−9 W·cm−2)  conditions.  (J)  Structure  and (K)  working  mechanism diagrams of  the  PbTe-graphene-Si  photodetector.  (L) D* and NEP of  this
device under different blackbody temperatures. Credit: reproduced with permission from ref. 126, American Chemical Society (C); ref. 33, Nature (F); ref. 127, Nature (I); ref. 5, Cell (L).
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Figure 9.  Perspectives for photodetectors with GPE. (A) Typical configuration of a hybrid structure photodetector based on channel material and sensitizer. The bandgap of the
sensitizer is generally smaller than that of the thin channel. (B) Ideal transfer characteristic curves of the device in (A) in the dark and under illumination. ΔVg is produced by GPE.
(C) Response wavelength of hybrid structure photodetector based on different channel materials and sensitizers. (D) Performance comparison of photodiodes (PV), photocon-
ductors (PC) with trap-assisted gain, and GPE-based photodetectors with gm-assisted gain. Photodiodes possess low dark current, high sensitivity and fast response speed, but
produce no gain. Photoconductors with trap-assisted gain generally achieve high gain at the cost of high dark current and slow response speed. Compared to photodiodes and
photoconductors based on a single photosensitive material, GPE-based photodetectors exhibit a wider spectral response range. (E) Bi-directional and non-volatile photocurrent
enabled by GPE and its application in motion detection. (F) Device spectral response modulation enabled by electrically modulating GPE and its possible application in spectral
reconstruction. (G, H) Wearable photodetector and CMOS-compatible image sensor based on PbS CQDs-graphene hybrid structure photodetector, respectively. (I) Double layer
graphene photodetector enables light field detection. GPE brings considerable photoresponse in devices presented in (G-I),  which is crucial for efficient photodetection. Credit:
reproduced with permission from ref. 39, Nature (E); ref. 134, AAAS (G); ref. 127, Nature (H); ref. 137, Nature (I).
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ling the Schottky barrier at graphene-semiconductor interfaces.128 In 2024, a
photodetector  based  on  a  PbTe-graphene-Si  sandwich-shaped  vdW
heterostructure was reported (Figure 8J).5 In this device, the PbTe-graphene
junction separates electron-hole pairs generated in PbTe under infrared illu-
mination: electrons are injected into graphene while holes remain localized in
PbTe. The combined effect of electron injection and localized holes shifts the
Fermi level of graphene upward, thereby lowering the Schottky barrier at the
graphene-Si interface and enabling a photocurrent (Figure 8K). This mecha-
nism  allows  the  device  to  suppress  dark  current  using  a  large  Schottky
barrier,  while  detecting  infrared  photons  with  energies  below  the  Schottky
barrier. Experimental results showed that the device responded to blackbody
radiation at room temperature (Figure 8L), with a D* of 7.2×109 cm·Hz1/2·W−1.
In  addition,  other  novel  structures,  such  as  PbS  CQDs-graphene-TiO2-Au111

and  graphene-MoS2-graphene,110 also  exploit  light-induced  interface  barrier
modulation to achieve sensitive photodetection.

 Perspective
With  the  deepening  understanding  of  GPE,  device  design  can  be  more

targeted to achieve further enhanced performance and expanded functionali-
ties. Figure  9A  illustrates  a  representative  hybrid  photodetector  design  that
leverages GPE,  consisting of  a  channel  material  coupled with  a  photosensi-
tizer. Typically,  the  photosensitizer  is  required  to  exhibit  strong  and  broad-
band light absorption, while the channel material should be sufficiently thin to
ensure  full  depletion  and  effective  modulation  by  the  light-induced  gate
field.129 By  applying  an  appropriate  operating  voltage,  such  devices  can
suppress dark current while generating large photocurrents via GPE-induced
transfer curve shifts (Figure 9B), which is crucial for achieving high sensitivity.
Compared with photoconductive detectors with normally open channels, the
concurrent  dark-current  suppression  and  photoresponse  enhancement
enabled by GPE-based operation can improve the signal-to-noise ratio under
appropriate  conditions.  Moreover,  this  mechanism  allows  fast  response
speed  since  the  gain  does  not  rely  on  the  long  lifetime  of  photocarriers.15,36

The combination of channel and photosensitizer also enables spectral super-
position,  thereby  broadening  the  spectral  response  range  of  the  device
(Figure  9C).  Consequently,  hybrid  structure  photodetectors  based  on  GPE
hold promise for optimization of multiple performance metrics (Figure 9D).

In terms of functionality, GPE not only enables bi-directional photocurrents,
but  also facilitates nonvolatile  characteristics  through tailored energy bands
for  carrier  storage.  Specifically,  pre-stored  interfacial  electrons  or  holes  can
be  erased  by  light,  while  the  remaining  carriers  modulate  the  channel
conductance, giving rise to a persistent photocurrent. Memory states can be
re-established by applying pulsed gate voltages to trap carriers at  the inter-
face. Such features are appealing for the development of intelligent photode-
tectors with motion perception capabilities (Figure 9E).39,130 Furthermore, GPE-
enabled bi-directional photocurrents can be harnessed for visual information
preprocessing46,101 and various optoelectronic logic operations within a single
unit.48 By  rational  device  design,  GPE  can  also  be  tailored  to  modulate  the
spectral response of photodetectors.40 For instance, incorporating two photo-
sensitizers  together  with  a  dual-gate  architecture  enables  control  over  GPE
via  both  the  incident  wavelength  and  gate  bias.  The  GPE  generated  by  the
two  photosensitizers  can  synergistically  modulate  channel  conductance,
thereby reshaping  the  spectral  response  curve  and  enabling  spectral  infor-
mation  encoding.  Based  on  the  constructed  hyperspectral  response
datacube  of  the  device  and  reconstruction  algorithms,131-133 the  incident
spectrum can be recovered (Figure 9F).

Low-dimensional  photodetectors  also  offer  opportunities  in  applications
such  as  wearable  optoelectronics134,135 (Figure  9G)  and  CMOS-compatible
image  sensors  (Figure  9H).127 These  advantages  stem  from  the  intrinsic
mechanical flexibility of low-dimensional materials and their ease of integra-
tion with diverse material platforms.136 In addition, their high optical transmit-
tance allows the realization of “transparent” low-dimensional photodetectors.
By  vertically  stacking  several  transparent  devices  along  the  optical  path,
advanced  systems  such  as  ranging  and  light-field  imaging  can  be
constructed  (Figure  9I).137 Note  that,  GPE  plays  a  vital  role  by  ensuring  that
even  under  limited  photon  utilization,  the  devices  can  produce  significant
photocurrent signals and fulfill the desired functionalities.

 CONCLUSION
This review summarizes the phenomena of light-induced gate modulation

in  low-dimensional photodetectors  and  proposes  GPE  as  a  unifying  frame-
work that integrates and extends diverse related strategies, thereby broaden-
ing  the  traditional  concept  of  photogating.  The  performance  characteristics
and  representative  device  architectures  of  GPE-based  photodetectors  are
analyzed,  and recent  advances in  this  field  are  reviewed.  By viewing diverse
devices through the common lens of light-induced gate modulation, the GPE
framework  also  provides  a  consistent  language  to  compare  mechanisms
across  platforms and  helps  translate  previously  scattered  observations  into
transferable  design guidelines.  Current  studies  demonstrate  that  GPE offers
advantages  for  achieving  high-performance  photodetection,  particularly  in
overcoming the gain-bandwidth trade-off in low-dimensional photodetectors,
realizing  ultrahigh  sensitivity,  and  enabling  uncooled  broadband  infrared
detection.  Moreover,  GPE  endows  low-dimensional  photodetectors  with
reconfigurable bi-directional photoresponse and shows great promise for in-
sensor  visual  signal  preprocessing,  motion  recognition,  and  optoelectronic
logic operations.

Despite these encouraging advances in performance and functionality, the
practical deployment of GPE-based devices still faces challenges in scalabil-
ity,  device  uniformity,  and  long-term  stability  (SI  Section  5).  Encouragingly,
continued progress in wafer-scale growth of low-dimensional optoelectronic
materials,  high-quality  array  fabrication,  and  large-area heterogeneous  inte-
gration is helping to lower these barriers. With further advances along these
directions, GPE is expected to support the development of high-performance
and  multifunctional  low-dimensional photodetectors  and  to  inspire  innova-
tion in key components of next-generation optoelectronic systems.
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