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Abstract

Although infrared detection is of high technological and strategic impor-

tance, the narrow-bandgap materials used for infrared detection often suffer

from poor air stability and pose environmental hazards. Hot electron-based

detectors avoid such issues by using conventional wide bandgap semiconduc-

tors and exploiting intra-band transition. However, hot electron infrared

detectors usually suffer from poor quantum efficiency. By photo-exciting

MoS2 conduction electrons over a thin barrier layer, here we show that

a reversal of the role of the emitter and collector results in a > 1000-fold

enhancement in the photoresponse compared with conventional metal/2D

semiconductor Schottky diode. We reveal that electron-electron scattering

plays a key role in the device performance, which can be effectively tuned

by a gate voltage. The photodetector exhibits a nearly flat response up

to a measurement wavelength of 1800 nm with a responsivity of 42 mA/W

(@1550 nm) at room temperature. We demonstrate an operating frequency

of 30 kHz @1550nm excitation (100 kHz @633 nm). The detector chip is in-

tegrated with post-processing electronics in a printed circuit board, making

it readily usable for system-level applications - a demonstration of hetero-

geneous integration of 2D materials with conventional electronics.

Keywords: Hot electrons, Infrared Photodetector, van der Waals heterostructure, Broad-

band, Circuit integration
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Infrared (IR) photodetection is of great importance for a wide variety of technologies.

Photodetection in the wavelength range of the C band (1528–1561 nm) and the L band

(1561–1620 nm) is crucial for low-loss optical communication systems.1,2 IR photodetec-

tors find extensive applications in imaging,3 spectroscopy,4 night vision cameras,5 and non-

invasive biomedical applications.6 Conventional inter-band photodetectors, where incident

photons excite valence band electrons to the conduction band, are limited by their bandgap

to detect long wavelength (lower energy) IR radiation. Thus, one must use narrow bandgap

semiconductors to detect infrared photons. Unfortunately, these low-bandgap materials usu-

ally suffer from problems with stability, complex growth techniques, challenges in integration

into standard fabrication flows, and often possess environment-safety-and-health (ESH) re-

lated concerns.7–9

To this end, two-dimensional layered materials have garnered significant attention in

the last decade owing to their extraordinary electrical, mechanical and optical proper-

ties.10–15 Gate-tunability and ease of formation of atomically smooth heterojunctions, with a

large library of materials, made them highly attractive for sensitive photodetection applica-

tions,16–20 including the IR regime.21–28 Unfortunately, there are similar concerns, as stated

above, regarding the narrow bandgap layered materials as well.27–29

Using widely available, air-stable, large bandgap materials for IR detection alleviates

most of the above problems. However, the use of such materials would require a funda-

mentally different photodetection mechanism. A well-known mechanism is the intraband

photo-excitation of carriers and subsequent collection of the hot carriers through a hetero-

junction,30,31 also called internal photoemission. Schottky diodes,30,32–34 and more recently

Graphene / 3D semiconductor Schottky junctions35–38 and metal/2D Semiconductor Schot-

tky junctions39–43 have been explored for this purpose.

Unfortunately, due to the reasons stated below, for these Schottky junction devices, and

more so for those that use 2D layered materials, the achieved internal quantum efficiency is

poor, plaguing the achievable photodetection efficiency and hence limiting their widespread
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applications. This work aims to propose and demonstrate a different class of intraband IR

detector that intrinsically addresses this issue.

Internal quantum efficiency bottleneck: A typical Schottky photodiode utilizes the

heterojunction between a metal and a bulk semiconductor as shown in Figure 1a. When the

metal absorbs photons with energy above the Schottky barrier height (SBH), the hot elec-

trons overcome the barrier and get injected into the semiconductor.44,45 The built-in electric

field in the semiconductor, due to band bending, pulls the photoinduced electrons away from

the junction (Figure 1b). The primary bottleneck in the internal quantum efficiency arises

from the large free electron density in the metal, which causes rapid carrier relaxation due to

ultrafast electron-electron (e-e) scattering (shown by red dashed arrow in Figure 1b) . This

results in a small fraction of the generated hot electrons to overcome the Schottky barrier.
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Figure 1: Internal quantum efficiency in hot electron photodetectors and proposed
solution: (a) A typical Schottky diode-based photodetector with metal emitter (E) and
bulk semiconducting collector (C). (b) Band diagram of (a) along the dashed line. (c) A
2D hot-electron photodetector without any barrier layer. (d-e) Band diagrams of (c) along
the horizontal black dashed line (d) and along the vertical magenta dashed line (e). The
transfer length (LT ) region is indicated by the dashed box. (f) The proposed 2D hot-electron
photodetector with a barrier layer (shown in green) between the emitter and collector. (g)
band diagram of (f) along the dashed line. In each band diagram, the brown solid arrows
show the electron path from being excited in the emitter to the collector. The red dashed
arrows show carrier relaxation due to e-e scattering. The grey dashed arrows denote the
back transfer from the collector to the emitter.
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When an ultra-thin layered semiconductor replaces the bulk semiconductor (Figure 1c),

and the photocarriers are extracted laterally, there is an additional mechanism that further

plagues the quantum efficiency of the photodetector, as explained using the band diagrams

in Figure 1d-e. These two band diagrams are plotted along the lateral dashed black line

and the vertical dashed magenta line in Figure 1c. Note that the electric field exponentially

drops in the lateral direction within a transfer length (LT ) from the metal-semiconductor

contact edge,46–49 as marked by the dashed box in Figures 1c-d - degrading the drift of the

photo-generated electrons under the metal-semiconductor overlap area. In addition, being

the energetically favourable process, in the vertical direction, the photo-induced carriers

injected from metal to the layered material are transferred back to the metal at a fast

timescale (τsm) (see Figure 1e). τsm is far shorter than the time (τl) it takes for the carrier to

traverse the lateral metal-semiconductor overlap area. This results in poor carrier injection

efficiency unless the photocarrier is generated adjacent to the metal-semiconductor edge.40,46

This effectively reduces the active area of the photodetector, eventually resulting in a weak

photoresponse.

Proposed device structure: To circumvent these problems, we propose to use an

asymmetric double heterostructure with a thin barrier layer being sandwiched between the

emitter (carrier injector) and the collector layers (Figure 1f). Unlike a typical Schottky

barrier diode, the collector conduction band (CB) edge is chosen to be energetically lower

than the emitter, as shown in Figure 1g. The proposed structure has several important

features: (a) The light absorption occurs in a doped semiconductor instead of a metal, and

we show later that the interplay between the availability of free electrons and e-e scattering

dictates an optimum doping condition that provides the maximum photoresponse. A gate

voltage tunes the electrostatic doping in the absorbing layer. (b) The band-offsets of the

constituting layers are chosen so that the heterojunction acts as a valve. Once the hot

electrons are transferred from the emitter layer to the collector layer and relax to the band

edge, the back transfer probability is minimal due to the high energy cost. Note that fast
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Figure 2: Proposed structure and relative performance: (a) Schematic representation
of D1, MoS2-Au device without any barrier layer. (b) Band diagram of the conduction
band (CB) edge of D1. (c) Schematic of D2, WS2/WSe2/MoS2 device where the WSe2
barrier layer is sandwiched between the WS2 emitter and MoS2 collector. The two layers
are contacted using a few-layer graphene (FLG). (d) Band diagram of the conduction band
edge of D2. (e) Schematic of D3, MoS2/WS2/Au device with MoS2 emitter and Au collector.
(f) Band diagram of the conduction band edge of D3. Gate (G), emitter (E) and collector
(C) terminals are indicated in each schematic. The strength of the photoelectron flux in
different directions is shown by the width of the corresponding arrows in band diagrams.
(g) Comparative photocurrent of the device structures D1, D2 and D3 at similar incident
power (1550 nm). (h) Gate bias dependent collector current characteristics of D2 (left panel)
and D3 (right panel) as a function of collector bias under dark conditions. (i) Temperature-
dependent collector current characteristics of D3 as a function of collector bias under dark
conditions. (j) Arrhenius plot to extract Schottky barrier height for Au injection (0.16 eV)
for the device D3.
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carrier relaxation is detrimental in the emitter but is desirable in the collector as it reduces

back transfer probability. Thus, choosing a metal as the collector layer further helps to

improve the photoresponse. (c) Note that, in the absence of the barrier layer, the electrons

from the emitter will be transferred to the lower-energy collector even under dark condition,

and the emitter will not be left with sufficient free electron density for the infrared photo-

absorption to take place. The energy barrier provided by the barrier layer blocks such

undesirable electron transfer in the dark. (d) The asymmetric band-offsets also help towards

the unidirectional flow of photocurrent, improving the overall efficiency (indicated by the

thickness of arrows in Figure 2b,d,f). (e) The metal also acts as a back reflector for the

incident photons, and the thickness of the entire stack is optimized to improve absorption.

Results and Discussion

We perform a systematic study by fabricating three different structures (D1, D2, and D3),

as schematically depicted in Figures 2a, c and e (SEM images of D2 and D3 are shown

in Supplementary Information S1). Figures 2b, d and f show the corresponding band

diagrams. The thickness of the different layered semiconductors (MoS2, WS2, and WSe2)

used is in the range of 5 nm to 15 nm in all the devices (AFM characterization results of

devices D2 and D3 are provided in Supplementary Information S1.). The details of the

fabrication steps are explained in Methods. In D1, we directly place MoS2 on Au film,

making a conventional Schottky photodiode. D2 consists of a stack of WS2/WSe2/MoS2

layers. The infrared photons excite electrons in the conduction band of the WS2 emitter

layer, which are collected by the MoS2 collector through the WSe2 barrier layer. However,

the electrons excited in the MoS2 collector layer find it difficult to cross the barrier due to

the larger barrier height of WSe2. Finally, in D3, a WS2 barrier layer is sandwiched between

Au collector and MoS2 emitter layers. As shown in Figures 2a, c and e, all three structures

are controlled by a gate voltage (VG).
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Figure 2g shows the relative photoresponse of the three structures when excited with

the same optical power (Pop) of 1550 nm radiation. D1 shows no measurable photocurrent

(Iph), likely due to strong backscattering, as discussed above (dark current characteristics

of D1 are shown in Supplementary Information S2). D2 and D3 exhibit appreciable

photoresponse; however, Iph from D3 is about 1000-fold stronger than that of D2. The

enhanced structural asymmetry and fast relaxation of the injected carriers in the Au collector

layer improve the unidirectional flow of Iph in D3 (Figures 2d and f).

To understand the difference in asymmetry between D2 and D3, we perform current-

voltage characteristics in the dark condition (Figure 2h-i). The results suggest a more diode-

like behaviour in D3 compared with D2, which results from stronger asymmetry. Further, we

show the current-voltage characteristics for D3 at different temperatures (Figure 2i). Note

that when the electrons are injected from Au to MoS2 (negative collector bias), there is a

strong temperature dependence, indicating thermionic emission. We extract an effective SBH

of about 0.16 eV from the temperature dependence,49 as shown in Figure 2j. On the other

hand, when electrons are injected from MoS2 to Au (positive collector bias), the temperature

dependence is negligible, suggesting that the carriers tunnel through the WS2 barrier layer.

Engineering the hot electron injection: When illuminated, the electrons in the con-

duction band of the emitter layer are excited to higher energy states. These non-equilibrium

high energy electrons (hot electrons), in turn, relax initially through e-e scattering in an

ultrafast time scale (τee) and eventually through phonon scattering at a relatively longer

timescale (τp).
50–52 However, in the van der Waals junctions under consideration, the hot

electrons are also transferred from the emitter to the collector at a fast timescale (τec), with

τee < τec < τp.
53–56 Thus, in our device, the phonon scattering is essentially filtered out,

and the injection efficiency to the collector is primarily controlled by the e-e scattering rate,

which, in turn, can be controlled by tuning the free electron density in the emitter layer

through VG.

We plot the VG dependence of Iph for both D2 and D3 in the left and right panels of
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Figure 3: Tuning photocurrent through controlling e-e scattering: (a) Photocurrent
as a function of gate bias for device structures D2 (left panel) and D3 (right panel). The red
stars indicate experimental data, and the blue traces indicate model prediction. The dashed
lines show the variation in the fit on changing the simulation parameter (electron tempera-
ture) by ±5% (b) Carrier excitation and relaxation for high gate bias (bottom panel, with
higher carrier concentration) and low gate bias (top panel, with lower carrier concentration).
The relaxation time (τEe−e) for higher gate bias is lower. The thickness of different arrows
indicates the relative strength of the process. (c) Fitted electron temperature (Te) profile for
devices D2 (left panel) and D3 (right panel) as a function of gate bias. (d) Schematic band
profiles for two gate biases: low (solid line) and high (dashed line). For each gate bias, the
electron distribution is also shown for low Te and high Te in blue and red traces, respectively.
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Figure 3a, respectively. For both the devices, Iph initially increases with an increase in VG,

reaching a maximum value, followed by a reduction in Iph with a further increase in VG. At

large VG, we again observe a weak increasing trend of Iph with VG. The initial increase in

Iph is expected due to an increase in the available free electron density that can be excited

to higher energy states by the incoming infrared radiation (see top panel of Figure 3b).

However, when the electron density increases significantly (bottom panel of Figure 3b), the

fast relaxation due to enhanced e-e scattering tends to quench the hot electron density,

reducing the injection efficiency to the collector, thus degrading the net Iph.

We develop a simple physical model to explain such nonmonotonic behaviour quantita-

tively, as schematically explained in Figure 3d. The details of the model are described in

Supplementary Information S3. We solve the Poisson equation along the vertical di-

mension to obtain the electrostatic potential of each layer under dark conditions. We assume

that, under illumination, the nonequilibrium electrons available for transfer to the collector

can be described by Fermi-Dirac statistics with a higher electron temperature (Te) compared

to the lattice temperature (TL). Te is primarily governed by the e-e scattering under the

condition of τee < τec < τp. A higher Te broadens the electron distribution with a longer high

energy tail, thus allowing more electrons to cross the barrier layer (Figure 3d). We use Te

as a fitting parameter. The model predicted Iph is shown in solid blue traces in both panels

of Figure 3a, and the corresponding fitted Te is depicted as a function of VG in Figure 3c.

Consider the case of small VG in Figure 3d. The conduction band edges are shown in black

solid lines, and the corresponding electron distribution with and without photoexcitation is

shown in blue and red continuous traces, respectively. Both are calculated, keeping the total

electron concentration in the conduction band fixed. This is achieved by calculating a new

quasi-Fermi level under illumination. The broader electron distribution under illumination

allows more carriers to cross the barrier.

At higher VG, the free electron density increases under dark conditions, and the band

edges are energetically shifted downward (shown in black dashed lines). This increment in
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the available free electron density results in an enhanced Iph (the rising part in Figure 3a).

However, with further increase in VG, Te also decreases due to faster e-e scattering (Figure

3d), resulting in a narrower electron distribution (dashed traces in blue and red under dark

and illumination conditions, respectively), eventually reducing Iph. Figure 3c indicates that

the fitted Te gradually reduces with VG for both D2 and D3, as expected. With an even

further increase in VG, the increase in electron concentration slows down significantly due to

screening, which in turn flattens out Te and results in either flattening or slight increment

in Iph again. The results suggest an intricate way to tune the quantum efficiency of the

photodetector by controlling e-e scattering rate.

Infrared photodetection performance: We now focus on device D3 for analyzing

the IR detection performance. To understand the steady-state Iph characteristics under

1550 nm excitation, we plot in Figure 4a the device current under laser on (shaded regions)

and off conditions at various collector bias (VCE) values. The magnitude of the device current

systematically increases with VCE. The corresponding photocurrent (Iph = Ilight − Idark) is

plotted in Figure 4b. Due to an increased bias, a higher electric field helps the electrons

excited in the emitter layer to quickly escape to the collector before relaxation, increasing

Iph. However, due to an increase in Idark, larger VCE also increases the shot noise (and

thermal noise as well due to substrate heating), as clearly observed in Figure 4b.

The corresponding responsivity (R = Iph/Pop at VCE = 4 V) is plotted in Figure 4c as

a function of incident optical power (Pop), showing a maximum R of 42 mA/W. Note that,

unlike typical 2D material-based photodetectors where R changes by order of magnitude

with a variation in Pop, in our device, R remains a relatively weak function of Pop. This

suggests a negligible role of photocarrier recombination and trapping effects in the device

photocurrent.

We extract the noise amplitude (N) from the low-frequency temporal response of D3

(Figure 4a) by calculating the standard deviation of the device current under optical illu-

mination. The corresponding signal-to-noise ratio (SNR =
Iph
N
) is plotted in Figure 4d as a
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Figure 4: Infrared detection performance of D3: (a) Collector current of device D3
with periodic optical (1550 nm) excitation. Grey bands indicate the duration when the
optical excitation is on. (b) Collector bias dependence of photocurrent, as extracted from
(a). (c) Responsivity (R) of the photodetector as a function of input power at a collector
bias of 4 V. (d) The detector’s signal-to-noise ratio (SNR) as a function of input power at a
collector bias of 4 V (red triangles), 2 V (green dots) and 0.1 V (blue stars). (e) Normalized
photocurrent at zero collector bias at various NIR wavelengths.

function of Pop, for different VCE. Interestingly, at low Pop, we obtain higher SNR at VCE = 2

V compared with VCE = 4 V due to enhanced shot noise at higher bias. This suggests that

an optimal VCE exists for weak signal detection to maximize SNR.

The photoresponse of D3 is nearly flat from 1100 nm to 1800 nm excitation (Figure 4e).

A similar broad response is obtained from D2 as well (see Supplementary Information

S4). This broad response arises because the photon energy at this wavelength range is

significantly higher than the band offset between the emitter and the barrier layer. The

results from another fabrication run of D3 are shown in Supplementary Information S5.

Some more devices with thicker emitter (MoS2) layers are also tested to understand if
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thicker emitter layers would help in improved IR absorption. However, we observe that a

device with about 50 nm emitter thickness exhibits a poor response (see Supplementary

Information S6), while another one with about 100 nm emitter layer thickness does not

show any discernible photoresponse. This is likely due to a relaxation of the photocarriers

before reaching the barrier layer interface and underlines the need for an optimum emitter

layer thickness.

Time [ms]

RL
RD

VBIAS VDD

BPF

(a)

(b)

(c)

G VOUT

C

E

Figure 5: System integration and speed of operation: (a) Circuit diagram representing
the setup to measure the frequency response. Inset: The 2D photodetector chip (in blue
colour at the centre) integrated into a PCB with other off-chip electronics. (b) Temporal
response of the detector D3 from 100 Hz to 30 kHz. Signal above the noise floor can be
observed up to 30 kHz. (c) Relative response [VOUT (f)/VOUT (100 Hz)] of the device D3 in
dB as a function of laser modulation frequency.

Next, we measure the frequency response of D3 using a setup shown in Figure 5a. The
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detector is connected to a VBIAS = −4 V through an external load resistor (RL) of 570 kΩ,

which helps convert the output current to a voltage signal. The signal from the photodetector

is fed to a JFET-based single-stage amplifier with a load resistance (RD) of 100 Ω. The JFET

is biased with a VDD = 3 V. The detector, external resistors and the JFET are integrated

into a printed circuit board (PCB) (inset of Figure 5a). The signal output is then further

bandpass-filtered with an input gain of 20 dB and observed in an oscilloscope.

The photodetector is illuminated with a 1550 nm laser at varying frequencies. The

temporal response of the output signal for different laser modulation frequencies is shown in

Figure 5b. The time during which light is illuminated is shown in grey bands in the top left

panel. A signal above the noise floor could be observed up to ∼30 KHz. Figure 5c shows

relative photoresponse (in dB) as a function of the laser intensity modulation frequency.

The measured frequency response is primarily limited by the gain-bandwidth product of

the external measurement setup and not by the intrinsic device. The limiting factor arises

from the relatively large input capacitance of the JFET. The intrinsic response from the

device itself could be much faster, as all the physical processes involved in the detection

mechanism are fast. In Supplementary Information S7, we show the device’s response

to 633 nm excitation (which allows bandgap absorption and hence a stronger signal), demon-

strating a detectable response above the noise floor up to 100 KHz. A table benchmarking

our device performance with other works is given in Supplementary Information S8.

Conclusion

To conclude, we demonstrate efficient broadband infrared response using a different class

of intra-band photodetector where the internal quantum efficiency is intrinsically improved

through elegant hot electron management. The simplicity of the design makes the device

readily integrable with different photo-excitation schemes, such as with a waveguide. We also

demonstrate the heterogeneous integration of the photodetector chip with post-processing
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electronics on a printed circuit board, making it immediately usable at a system level.

Methods

Device fabrication and characterization: First, contacts are defined by optical lithog-

raphy on a 285 nm thermally grown SiO2 coated Si substrate. This is followed by Ti (20

nm) and Au (40 nm) deposition by DC sputtering and lift-off. Then, layers of each material

of appropriate thickness for the respective devices are exfoliated on a PDMS stamp and

transferred sequentially on the pre-patterned substrate. Finally, the devices are annealed at

150oC in a vacuum (10−6 Torr) for three hours to form good contacts.

DC electrical and optical characterization of the devices is performed under vacuum

(10−4 Torr) in Lakeshore CRX-6.5K probe station equipped with an optical fibre probe. For

frequency response measurement, the substrate with the device is wire-bonded on a PCB.

The PCB also contains an n-channel MMBFU310LT1G JFET from Onsemi and surface

mount resistors of appropriate value. The output of the PCB is connected to a digital

storage oscilloscope through a gain stage and a bandpass filter.

The photocurrent of the device has been measured by shining light on the device using a

fibre of 100 µm diameter. The device is kept at a distance of about 50 µm from the device

at an oblique angle of about 30o. The power of the light coming out is measured using a

power meter. Since the spot size (Afiber) from the fibre is much larger than the device area

(Adevice), the responsivity is calculated as

R =
Pop

IPh

Afiber

Adevice
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