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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- An infrared detector with an optically tunable barrier is proposed to overcome the internal photoemission limit.

- Broadband infrared detection is attained while maintaining a low dark current.

- Highly sensitive blackbody radiation sensing is achieved at room temperature.

- This strategy shows promise for realizing uncooled, high-performance silicon-based infrared sensors.
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Internal photoemission is a prominent branch of the photoelectric effect and
has emerged as a viable method for detecting photons with energies below
the semiconductor bandgap. This breakthrough has played a significant role
in accelerating the development of infrared imaging in one chip with state-
of-the-art silicon techniques. However, the performance of these Schottky
infrared detectors is currently hindered by the limit of internal photoemis-
sion; specifically, a low Schottky barrier height is inevitable for the detection
of low-energy infrared photons. Herein, a distinct paradigm of Schottky
infrared detectors is proposed to overcome the internal photoemission limit
by introducing an optically tunable barrier. This device uses an infrared
absorbing material-sensitized Schottky diode, assisted by the highly adjust-
able Fermi level of graphene, which subtly decouples the photon energy
from the Schottky barrier height. Correspondingly, a broadband photores-
ponse spanning from ultraviolet to mid-wave infrared is achieved, with a
high specific detectivity of 9.83 3 1010 cm Hz1/2 W�1 at 2,700 nm and an
excellent specific detectivity of 7.23 109 cmHz1/2W�1 at room temperature
under blackbody radiation. These results address a key challenge in internal
photoemission and hold great promise for the development of the Schottky
infrared detector with high sensitivity and room temperature operation.
INTRODUCTION
Schottky infrared detectors (also known as photoemissive detectors) are

assembled from metals and semiconductors and possess the unique advan-
tages of broadband photoresponse, high uniformity, and full compatibility with
complementary metal oxide semiconductor (CMOS) technology in the field of
infrared detection. However, Schottky infrared detectors generally have a trade-
off between the quantum efficiency and cutoff wavelength against the dark cur-
rent.1,2 This trade-off is related to the limit of internal photoemission, which
originates from the association between the Schottky barrier height and photon
energy. Specifically, internal photoemission enables the Schottky infrared detec-
tors to sense infrared photonswith energies lower than the bandgap of the semi-
conductor. However, as the infrared photon energy decreases, the blocking effect
of the Schottky barrier on the photoemission of hot carriers becomes evident,
which greatly degrades the detection capability of the Schottky infrared detec-
tors.3 Although lowering the barrier can extend the cutoff wavelength and in-
crease the quantum efficiency, the dark current will also dramatically increase,4,5

causing a severe decrease in detectivity; detectivity is a figure of merit for evalu-
ating the sensitivity of photodetectors.6 As a compromise, cryogenic cooling sys-
tems are generally utilized;7 however, they are bulky, heavy, and inconvenient
to use.

A promising way to improve the performance of Schottky infrared detectors is
to strengthen optical absorption by introducing microcavities,8 waveguides,9

metallic nanoantennas,10 surface plasmon polaritons,11,12 and light-trapping
structures.13 In an alternative approach, emerging two-dimensional materials,
such as graphene, with intriguing linear energy-momentum relationships, have
been utilized to replace metals to increase the probability of hot carrier emis-
sion.14,15Moreover, by physically laminatingmetal with an atomically flat surface
onto a dangling-band-free two-dimensional material, an ideal Schottky interface
can be obtained to achieve efficient internal photoemission.16 These methods
have successfully promoted the photoresponse of the Schottky infrared detec-
tors within the near-infrared range. Nevertheless, the solution to overcome the
limit of internal photoemission remains elusive; thus, the detection of longer
wavelengths with high sensitivity at room temperature remains challenging.
ll
In this study, an uncooled Schottky photo-tunable barrier detector (SPBD) is
proposed to overcome the internal photoemission limit, enabling broadband
andhighlysensitivephotodetectioncapabilities.TheSPBDconfigurationcontains
a graphene-silicon (Gra-Si) Schottky junction for carrier blocking and a narrow
bandgap lead telluride (PbTe) for infrared light absorption. Essentially different
from that of conventional Schottky infrared detectors, the photoresponse of the
SPBD originates from the variation in the Schottky barrier under infrared illumina-
tion. Moreover, a large Schottky barrier can be maintained to suppress the dark
currents. As a result, infrared lightwith photon energy below the barrier canbe de-
tected without sacrificing detectivity. Experimentally, the SPBD exhibits broad-
band detection (254–4,000 nm), a low dark current density (<10�3 A/cm2),
and a fast response speed (0.13 ms/0.11 ms). More importantly, the device
possesses a room-temperature specific detectivity of up to 7.2 3 109 cm Hz1/2

W�1 under blackbody radiation, which is a reliable approach for gauging the per-
formance of infrared photodetectors by imitating realistic objects.17

RESULTS
Device working mechanism and structure
Figures 1A and 1B display the operation mechanism of the SPBD in compar-

ison with that of a typical photoemission detector. The photoresponse of a
photoemissive detector is dominated by internal photoemission. Specifically,
the hot electrons excited by high-energy photons in a metal can be injected
over the Schottky barrier to generate a photocurrent. However, a photoemissive
detector can hardly detect illumination with a photon energy lower than the
Schottky barrier height (SBH) because the hot electrons excited by low-energy
photons have difficulty crossing the barrier. Although the utilization of a low
SBH can solve this issue, a low SBH inevitably leads to a large dark current.
The optically tunable barrier of the SPBD contributes to the photoresponse.
Specifically, the electrons excited by infrared light in the narrow bandgap ma-
terial are injected into graphene, causing the Fermi level of graphene to in-
crease (Section S1). As a result, the SBH of the SPBD is optically reduced,
and a measurable photocurrent is obtained. This process successfully decou-
ples the photon energy from the SBH, which allows the SPBD to utilize a large
SBH to suppress the dark current and detect infrared light with photon energies
below the SBH.
According to the analysis models of the photoemission detector and SPBD

(Section S2), the SPBD can maintain a lower dark current than a photoemissive
detector operating at room temperature or even under cryogenic conditions by
exploiting the large SBH (Figure 1C). Furthermore, with decreasing photon en-
ergy, the energy of the hot electrons decreases, leading to fewer hot electrons be-
ing emitted across the barrier in the photoemissive detector. Thus, the external
quantum efficiency (EQE) of the photoemissive detector continues to decrease
with increasing light wavelength. For the SPBD, the decrease in the SBH under
illumination enables a large number of electrons to cross the barrier, which re-
sults in a relatively high EQE compared with that of the photoemissive detector
(Figure 1D).
The structure schematic, transmission electronmicroscopy (TEM), and optical

microscope images of the SPBD are shown in Figures 1E, S2, and S3A inset,
respectively. The monolayer graphene (see Raman spectral in Figure S3A) is
attached to lightly n-dopedSi to formaSchottky junctionwith van derWaals con-
tact. PbTe is an infrared photosensitive layer and covers the surface of graphene.
Photocurrent mapping (Figure S3B) indicates that the photocurrent mainly
flows through the overlapping area of graphene and Si. According to the exper-
imentally measured I‒V curves (Figure 1F), the SPBD exhibits a strong rectifying
behavior, and its dark current density is within 10�3 A/cm2. In addition, due to the
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Figure 1. Conception and characteristics of the SPBD Working mechanism illustration of a (A) typical photoemissive detector with a metal-semiconductor junction and the
(B) proposed SPBD herein. 4SB, Idark, and Iph indicate the Schottky barrier height, dark current, and photocurrent, respectively. The green (red) wavy arrow represents light with high
(low) photon energy. (C) Dark current as a function of the wavelength for the photoemissive detector and SPBD. Since the dark current is related to4SB, temperature, and bias voltage,
the dark current is consistent under different wavelengths of light. (D) EQE vs. wavelength plots for the photoemissive detector and SPBD. The spectral response of the narrow
bandgap material in the analysis model is assumed to be wavelength-independent. (E) Schematic diagram of the SPBD. Infrared light excites electron-hole pairs in PbTe. The
photogenerated electrons will be injected into graphene, increasing the Fermi level of graphene. (F) I–V curves of the SPBD in the dark and under 2,700 nm illumination. Smooth I–V
curves imply good contact between the top Au layer and graphene, as well as between the bottom Au layer and Si. The increase in current under infrared illumination can be attributed
to the decrease in the SBH. However, as the Gra-Si junction is gradually forward-biased, a substantial increase in forward current dominates, overshadowing the incremental current
caused by infrared light. (G and H) Simulated optical generation and electron density profile under 2,700 nm illumination compared with the equilibrium in the dark.
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introduction of PbTe, the SPBD responds to 2,700 nm light, which is impossible
for bare Si detectors. Note that the photon energy of 2,700 nm light (0.46 eV) is
lower than the SBH (0.658 eV, see Figure S4) in the SPBD; this result indicates
that the photoresponse of the SPBD originates from an optically lowered barrier.
2 The Innovation 5(3): 100600, May 6, 2024
In addition, the capacitance-voltage measurements demonstrate a decrease in
the SBH of the SPBD under 2,700 nm illumination compared with that under
the dark condition (Section S5). This decreased SBH can also be viewed as a
result of the photo-induced doping, along with other impressive two-dimensional
www.cell.com/the-innovation
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Figure 2. Effect of graphene Fermi level variation on the photocurrent Time-dependent current response when the Vis (A) and SWIR (B) lights act as the modulation sources. The
power densities of the 2,700 nm and 635 nm lasers are 119mW/cm2 and 4.43mW/cm2, respectively. (C) Net photocurrent of the SPBD under different modulation conditions. (D and
E) Energy band diagrams corresponding to the situations in (A) and (B), respectively. Since the quantum efficiency of PbTe is extremely weak near and below 1.5 mm,22 the carriers
excited by Vis light in PbTe are assumed to be negligible.
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material doping approaches;18–21 these doping approaches promote the photo-
detection capabilities of the devices.

Using computer-aided design software (Section S6), the working principle of
the SPBD is illustrated. Figure 1G shows the optical generation inside the
SPBD; here, the carriers induced by infrared light are mainly generated within
PbTe. As the photogenerated electronsmove toward graphene, the electron den-
sity near the PbTe-Gra junction increases (Figure 1H). Subsequently, the reduced
Schottky barrier in the Gra-Si junction region causes more electrons to cross the
barrier and enter Si. Therefore, the electron density in Si also increases, which pro-
duces a photocurrent under infrared illumination.

Verification of the device working mechanism
To further verify the working principle, an experimental scheme is designed

to introduce visible light (Vis, 635 nm) and short-wave infrared light (SWIR,
2700 nm) to excite the photogenerated carriers in Si and PbTe, respectively.
By using these two light sources to modulate each other, the optically modu-
lated currents are recorded (Figures 2A, 2B, and S6). During this process, the
carriers excited by the modulation light are injected into graphene, which tunes
the Fermi level of graphene. Subsequently, the variation in the Fermi level alters
the junction characteristics, such as the SBH, build-in field, and depletion region
width (Section S8), and ultimately modulates the photocurrent excited by the
signal light.

Figure 2C shows the net photocurrent under different optical modulation
conditions. Regardless of which light source is used for modulation, the signal
photocurrent decreases. Typically, the photocurrents generated by two light
sources are superimposed (within the linear dynamic range) for conventional
photodetectors, while the opposite occurs for SPBD. This result can be ex-
plained as follows. When Vis light is used as the modulation light (Figure 2D),
it can excite a large number of electron-hole pairs in Si. Driven by the built-in
field in the Gra-Si junction, the photogenerated holes are injected into graphene,
leading to a decrease in the Fermi level of graphene.23,24 Compared with Si,
ll
PbTe remains almost in a steady state; therefore, the PbTe-Gra junction can
be analyzed according to the Schottky junction model. When the graphene
Fermi level decreases, the built-in field of the PbTe-Gra junction weakens, re-
sulting in the contraction of the depletion layer. Consequently, the separation
efficiency of the photogenerated carriers in the PbTe-Gra junction decreases,
and the SWIR photocurrent decreases.
In contrast, when SWIR is used as the modulation light (Figure 2E), the photo-

generated electrons in PbTe are injected into graphene, increasing the graphene
Fermi level. Since Si is in a steady state, the increase in the graphene Fermi level
leads to a decrease in the Schottky barrier in the Gra-Si junction, as well as a
decrease in the built-in field and the width of the depletion region. As a result,
the Vis photocurrent is reduced. Thus, the photoresponse is presumed tomainly
originate from the Schottky barrier variation caused by the shift of the graphene
Fermi level under illumination.

Broadband photodetection
Next, the broadband photodetection capacity of the SPBD is tested. In addition

to ultraviolet (UV) (254 nm, Figures S7A and S7B) and Vis (365 nm, Figures S7C
and S7D; 635 nm, Figure 3A) light, the device is sensitive to near-infrared (NIR)
(1,550 nm, Figure S8), SWIR (2,700 nm, Figure 3B), and middle wavelength
infrared (MWIR) (4,000 nm, Figure S9) light. Furthermore, the SPBD shows
notable long-term stability, with a slight degradation in the photoresponse after
1 year (Section S10). To analyze the laser response performance of the SPBD,
its responsivity and EQE are calculated and plotted in Figures 3C and S10. The
highest responsivity and EQE are 464 mA/W and 90%, respectively, in the Vis re-
gion; these values are comparable to those of previously reported high-perfor-
mance photodetectors based on graphene and organic films.25,26 More impor-
tantly, the device has a responsivity of 50 mA/W and an EQE of 2.5% in the
SWIR region at room temperature; these results are comparable or even superior
to those of the classical PtSi photoemissive photodetector in a cryogenic cooling
environment.7,27,28 The photovoltage response of the SPBD in the SWIR region is
The Innovation 5(3): 100600, May 6, 2024 3
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Figure 3. Broadband response of the SPBD (A and B) Photoresponse characteristics of the SPBD under Vis (635 nm) and SWIR (2,700 nm) light illumination. (C) Responsivity vs.
power density under different light wavelengths. (D) Performance of the SPBD and other reported graphene-based photodetectors.
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alsomeasured (FigureS11);here, thehighestvoltage responsivityandspecificde-
tectivity reaches 106 V/W and 9.83 3 1010 cm Hz1/2 W�1, respectively. The
remarkable specific detectivity exhibited by the SPBD is attributed to its working
mechanism,which exceeds the limit of internal photoemission. A high SBHeffec-
tively mitigates the dark current, while an optically tunable SBH results in a sub-
stantial infrared photoresponse. Notably, alongside ingenious heterojunction en-
gineering,29–34 the operational mechanism of the SPBD provides an alternative
approach for reducing thedarkcurrentwhileenhancing thephotoresponse,which
shows great potential for achieving highly sensitive infrared photodetection. To
further evaluate its broadband detection ability, the SPBD is comparedwith other
graphene-based photodetectors35–51 (Table S4). The SPBD not only has a re-
sponsivity comparable to those of these other devices in the UV‒Vis region but
also possesses a detectable wavelength region from the UV to the MWIR, as
shown in Figure 3D.

Blackbody sensitivity
Blackbody radiation closely simulates the emission characteristics of realistic

objects and is commonly employed to evaluate the practical performance of
infrared photodetectors;17 thus, the blackbody detection performance of the
SPBD at room temperature is specifically examined. A schematic diagram of
the measurement system is shown in Figure S13A. The photovoltage response
of the SPBD under blackbody radiation at different temperatures is shown in Fig-
ure 4A. As the blackbody temperature increases, the radiation power increases
(Figure S13B), and the peak wavelength blueshifts (Figure S13C), resulting in
an increase in the photovoltage. The current response of the SPBD under black-
body radiation is alsomeasured (Figure S14) and shows a trend similar to that of
the voltage response. Figure 4B displays the noise voltage variation, and the 1/f
noise behavior is prominent at low frequencies; this result is consistent with the
previously reported Gra-Si photodiode.52 In addition, due to the bias voltage,
random telegraph noise is superimposed on the 1/f noise, causing the noise
4 The Innovation 5(3): 100600, May 6, 2024
voltage curve to bulge.53 Figure 4C shows the specific detectivity and equivalent
noise power (NEP) of the SPBD. The highest specific detectivity and the lowest
NEP are 7.23 109 cm Hz1/2 W�1 and 1.43 10�12 W Hz�1/2, respectively; these
results are comparable to those of blackbody sensitive detectors based on low-
dimensional materials.54,55 Moreover, due to the low dark current, even under
500 K blackbody radiation at room temperature, the device still achieves a spe-
cific detectivity of 7.0 3 108 cm Hz1/2 W�1.
Subsequently, by exploiting a 2,700 nm lasermodulated at high frequency as a

light source, the temporal response of the SPBD is characterized. The rising time
and falling time, defined as the time necessary for the net photocurrent to in-
crease from 10% to 90% and decrease from 90% to 10%, are 0.13 ms and
0.11 ms (Figures 4D and 4E), respectively. By reducing the thickness of the Si
substrate or designing a PIN-like doping profile, the response speed of the
SPBD is expected to further improve.

Photoresponse of the SPBD array
Finally, the photoresponse of the SPBD array is measured. By using a custom

mask to block part of the light, a 5 3 5 SPBD array is used to detect the corre-
sponding spot pattern (Figure 5A, top panel). An image of the 53 5 SPBD array
and schematic diagrams of two custom masks representing the English letters
“C” and “Q” are shown in the bottompanel of Figure 5A. Upon blackbody radiation,
the pixels under the exposed area produce evident photocurrents, while the
photocurrents recorded from pixels under the blocked area are negligible. The
photocurrents obtained in all pixels are shown in Figures 5B and 5C; here, the cor-
responding shape letters “C” and “Q” can be recognized. These results indicate
that the SPBD should have great potential for imaging applications.

CONCLUSION
In summary, an intriguing device architecturewith lowdark current, broadband

photodetection, high response speed, and blackbody sensitivity at room
www.cell.com/the-innovation
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Figure 4. Blackbody sensitivity, noise, and response
speed of the SPBD (A) Time-dependent photovoltage
response under blackbody radiation at different tem-
peratures. Thebias current is�10nA. (B) Noise voltage
of the device and the system. The noise voltage of the
device at 1 kHz is 6.47 3 10�14 V2/Hz. (C) Specific
detectivity and NEP of the device with different
blackbody temperatures. (D) Temporal response of
the device. (E) Close-ups of the rising and falling edges
(indicated by the shaded boxed regions in D).

ARTICLE
temperature is proposed and demonstrated. A conventional photoemissive de-
tector based on a metal-semiconductor Schottky junction requires a barrier
height below the photon energy; however, the SPBD provides an effective way
to achieve a wide detectable wavelength and a low conduction dark current by
decoupling the infrared photon energy and SBH. The SPBD is highly important
for attaining inexpensive, low-power consumption Si-based infrared sensors.
More significantly, the performance could be further improved by substituting
the original infrared sensitizer with emerging materials56 and optimizing the
graphene transfer technology,57 thereby enhancing the quality of the Schottky
junction.
MATERIALS AND METHODS
Electrochemical growth of PbTe

PbTewasdeposited on the surface of a SiO2/Si substrate coveredwith an Aufilmby elec-

trochemical growth. Cyclic voltammetry andcoulometry experimentswere performed using

a CH310H electrochemical workstation. A common three-electrode cell including a working

electrode, counter electrode, and referenceelectrodewasused toapply and read voltages by

connectingwith the electrochemical workstation. Theworking electrodewas connected to a

SiO2/Si substrate, while platinum foil and Ag/AgCl were used as the counter electrode and

reference electrode, respectively. The electrolyte solution used in the experiment was pre-

pared with deionized water. The electrochemical deposition of PbTe was conducted in a

mixed solution containing 5 mM Pb(NO3)2 (>99%) dissolved in 100 mM NaOH (98%) and

10 mM TeO2 (>99.99%) dissolved in 100 mM NaOH. Finally, the electrochemically grown
ll T
PbTewas dispersed from the substrate to ethanol by ul-

trasonic vibration to produce the PbTe dispersion

solution.58

Material characterization
Section S13 shows the characteristics of PbTe. The

phase of PbTe was identified by X-ray diffraction using

a D8 ADVANCE instrument. The morphology, crystal

structure, and crystallinity of PbTe were characterized

by using TEM (Tecnai G2 F30 S-Twin) and high-resolu-

tion TEM. X-ray photoelectron spectroscopy was per-

formed with a Thermo ESCALAB 250Xi instrument to

analyze the elemental composition and chemical state

of PbTe. The Raman spectra were measured to eval-

uate the quality of the graphene by using a Renishaw

inVia Reflex instrument, and the laser excitation wave-

length was 532 nm.

SPBD fabrication
Section S14 shows the fabrication process diagram

of PbTe. The SPBD was fabricated on a lightly n-doped

Si substrate (resistivity 5–10 U cm, thickness 500 mm)

with a 300-nm SiO2 layer. The electrodes (50 nm Au)

were prepared by photolithography and magnetron

sputtering, with a lift-off process. SiO2 windows were

defined by photolithography, and the substrate was

then immersed in an etching solution (BOE:H2O = 1:1)

for 210 s to remove SiO2 and expose Si. After wet

etching, the substrate was successively immersed in

deionized water and acetone to remove the etching so-

lution and photoresist. The CVD-grown monolayer gra-

phenewas subsequently transferred onto the substrate
by polymethyl methacrylate (PMMA)-assisted wet transfer technology. The substrate was

dried for 12 h and then heated at 150�C for 40 min to promote the adhesion of graphene

and Si. Next, acetone was used to remove the PMMA. Next, graphene was patterned by

photolithography and oxygen plasmon etching. The PbTe dispersion solution was added

dropwise on the substrate surface, followed by spinning at 500 rpm for 5 s. The substrate

was dried ethanol at 80�C and heated at 150�C; afterward, the contact between these ma-

terials was optimized. The fabrication process of the 53 5 device array is the same as that

of the single-point SPBD.

Device performance measurements
The electrical characteristics of the SPBDs were measured by a Keithley 4200-scs semi-

conductor analyzer. The capacitance measurements were performed using a small AC

signal amplitude of 25mV at an 8 kHz frequency superimposed on a DC bias voltage, which

was swept from �4 to 4 V. The photocurrent mapping was obtained by scanning over the

device using a scanning Galvo System (Thorlabs GVS212) with a focused 980 nm laser

beam (spot diameter of�2 mm). For the broadband photodetection test, a UV light-emitting

diode (LED) with 254 nm and 365 nm filters and four lasers with emission of 635 nm,

1,550 nm, 2,700 nm, and 4,000 nmwere used as light sources. A low-frequency modulated

light signal was generated by using an electronic shutter (GCI-73M, DahengOptics). The po-

wer of the light sourcewas calibrated by using a commercial optical powermeter (Thorlabs

S405C). The response speed of the device was measured by switching the 2,700 nm laser

on and off with a signal generator (RIGOL DG1022U) and recorded by an oscilloscope (Tek-

tronix DPO 5204). The blackbody test was conducted by using a commercial blackbody ra-

diation source (SR 200N). The noise of the device was measured by a noise spectrum
he Innovation 5(3): 100600, May 6, 2024 5
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Figure 5. Photoresponse of the SPBD array (A) Top: schematic of the photoresponsemeasurement based on the device array. Bottom: photograph of the 53 5 device array and the
schematics of the two custommasks representing “C” and “Q.” The photosensitive area of each pixel is 1 mm3 1 mm. The results of the letter pattern when using masks (B) “C” and
(C) “Q” under 1,000 K blackbody radiation. The photoresponse of the SPBD array when using a light-emitting diode (LED) as a light source is shown in Figure S15, which exhibits similar
results.
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analyzer (Shenzhen Liangwei Co., Ltd.). The light sources used for measuring the photores-

ponse of the device array were a blackbody with 1,000 K and an ordinary white LED lamp.
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