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Active pixel sensor matrix based on 
monolayer MoS2 phototransistor array
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Claudio W. Ordonez4, Jeffrey R. Shallenberger3, Joan M. Redwing2,3, 

Kenneth L. Knappenberger4, Douglas E. Wolfe1,2,5 & Saptarshi Das    1,2,3,5,6 

In-sensor processing, which can reduce the energy and hardware burden for 

many machine vision applications, is currently lacking in state-of-the-art 

active pixel sensor (APS) technology. Photosensitive and semiconducting 

two-dimensional (2D) materials can bridge this technology gap by 

integrating image capture (sense) and image processing (compute) 

capabilities in a single device. Here, we introduce a 2D APS technology 

based on a monolayer MoS2 phototransistor array, where each pixel uses a 

single programmable phototransistor, leading to a substantial reduction in 

footprint (900 pixels in ∼0.09 cm2) and energy consumption (100s of fJ per 

pixel). By exploiting gate-tunable persistent photoconductivity, we achieve 

a responsivity of ∼3.6 × 107 A W−1, specific detectivity of ∼5.6 × 1013 Jones, 

spectral uniformity, a high dynamic range of ∼80 dB and in-sensor 

de-noising capabilities. Further, we demonstrate near-ideal yield and 

uniformity in photoresponse across the 2D APS array.

Pixel sensors are one of the most ubiquitous and essential types of 

technologies with a wide range of applications in the era of the Inter-

net of Things (IoT). As the scale and diversity of applications for pixel 

sensors have grown over time, information conversion and transmis-

sion of data through conventional architectures in complementary 

metal-oxide-semiconductor (CMOS) sensors have become extremely 

area and energy inefficient1,2. Steady progress has been made towards 

the development of energy-efficient photodetectors through the dis-

covery of new materials, innovation in device engineering and the devel-

opment of in-sensor or near-sensor computing architectures3,4. Due to 

their atomically thin nature, tunable bandgap and strong light–matter 

interaction when confined to their monolayer limit, two-dimensional 

(2D) transition metal dichalcogenides have created tremendous 

excitement in the optoelectronics community5–17. For example, 

gate-tunable photoconductivity in a WSe2-based photodiode array 

has been exploited for image sensing and processing5. Similarly, MoS2 

phototransistors have been used as image sensors6,10, insect-inspired 

collision detectors15, watermarks for securing integrated circuits17 and 

spike-timing-based photo encoders16.

Here we introduce a low-power and compact active pixel sen-

sor (APS) technology based on a monolayer MoS2 phototransistor 

array that integrates image capture (sense) and image processing 

(compute) capabilities in a single device. We exploit gate-tunable 

persistent photoconductivity to achieve high responsivity, high 

detectivity, spectral uniformity and high dynamic range (HDR), and 

utilize electrical programmability to achieve fast reset and de-noising 

capabilities. We also demonstrate 100% yield and uniformity in pho-

toresponse across the 2D APS array. Finally, our 2D APS consumes 

a miniscule amount of energy (<1 pJ per pixel) and occupies a foot-

print of <0.09 cm2 when scaled up to 900 pixels. We believe that the 

demonstrated 2D APS technology can transform edge sensing in the 

emerging era of the IoT.
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diffraction (SAED) of MoS2, which reveals a uniform single-crystalline 

structure. Figure 2c shows X-ray photoelectron spectroscopy (XPS) 

of the core-level spectrum of Mo 3d, exhibiting two peaks at 229.17 eV 

and 232.32 eV corresponding to MoS2 Mo4+ 3d5/2 and Mo4+ 3d3/2, respec-

tively18. In addition to the molybdenum peaks, Fig. 2d shows the sulfur 

peaks corresponding to the doublet of S2− 2p3/2 and S2− 2p1/2, which fur-

ther confirm the 2H-MoS2 crystal structure19,20. The calculated atomic 

ratio between S2− 2p and Mo4+ 3d is ∼2.08, indicating sulfur-rich MoS2 

with good crystallinity7.

Figure 2e,f, respectively, shows the Raman spectra and corre-

sponding spatial colourmaps of the peak separation between the two 

Raman active modes, E1
2g

 and A1g, measured over a 40 µm × 40 µm area 

for the as-grown MoS2 film; Fig. 2g,h, respectively, shows the photolu-

minescence (PL) spectra and corresponding spatial colourmaps of the 

PL peak position measured over the same area (see Extended Data  

Fig. 1a–d for similar results on the post-transfer film). These results 

confirm uniformity in the as-grown and post-transfer films. Extended 

2D APS
Figure 1a shows a 3D schematic and an optical micrograph of an individ-

ually programmable MoS2 phototransistor (see Methods for a detailed 

process flow of monolayer MoS2 synthesis, film transfer and device 

fabrication). Figure 1b shows an optical image and associated circuit 

diagram for a 900-pixel 2D APS matrix in a crossbar architecture with 

row and column select lines. During exposure, the pixel to be illumi-

nated is selected by applying a back-gate bias (VBG) to the gate pad (to 

select the column) and a drain bias (VDS) across the source and drain 

pads (to select the row).

Material characterization of monolayer MoS2

Figure 2a shows the structure of MoS2 viewed down its c axis with atomic 

resolution high-angle annular dark-field scanning transmission elec-

tron microscopy (HAADF-STEM). The film appears to have a crystal-

line 2H-MoS2 structure with very few point defects, which appear as 

adatoms and vacancies. Figure 2b shows the selected-area electron 
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Fig. 1 | 2D APS. a, 3D schematic (left) and optical image (right) of a monolayer 

MoS2 phototransistor integrated with a programmable gate stack. The local 

back-gate stacks, comprising atomic layer deposition grown 50 nm Al2O3 on 

sputter-deposited Pt/TiN, are patterned as islands on top of an Si/SiO2 substrate. 

The monolayer MoS2 used in this study was grown via an MOCVD technique using 

carbon-free precursors at 900 °C on an epitaxial sapphire substrate to ensure 

high film quality. Following the growth, the film was transferred onto the TiN/

Pt/Al2O3 back-gate islands and subsequently patterned, etched and contacted 

to fabricate phototransistors for the multipixel APS platform. b, Optical image 

of a 900-pixel 2D APS sensor fabricated in a crossbar architecture (left) and the 

corresponding circuit diagram showing the row and column select lines (right).
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Data Fig. 1e,f, respectively, shows the bar plots for the mean peak sepa-

ration between E1
2g

 and A1g and the mean PL peak position, along with 

their corresponding standard deviation values for the as-grown and 

post-transfer films in all five locations. The difference in mean PL peak 

position between the as-grown and post-transfer films is noticeable 

and can be attributed to the strain in the film introduced during the 

synthesis, which gets partially relieved during the transfer process21. 

This difference in strain between the as-grown and post-transfer films 
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Fig. 2 | Characterization of monolayer MoS2. a, Structure of MoS2 viewed down 

its c axis with atomic-resolution HAADF-STEM imaging at an accelerating voltage 

of 80 kV. Inset: the atomic model of 2H-MoS2 overlayed on the STEM image. b, 

SAED of the monolayer MoS2, which reveals a uniform single-crystalline 

structure. c,d, XPS of Mo 3d (c) and S 2p (d) core levels of monolayer MoS2 film. 

e,f, Raman spectra (e) and corresponding spatial colourmap of peak separation 

between the two Raman active modes, E1
2g

 and A1g, measured over a 

40 µm × 40 µm area, for as-grown MoS2 film (f). g,h, PL spectra (g) and 

corresponding spatial colourmap of the PL peak position (h), measured over the 

same area as in f. The mean peak separation was found to be ~20.2 cm−1 with a 

standard deviation of ~0.6 cm−1 and the mean PL peak position was found to be at 

~1.91 eV with a standard deviation of ~0.002 eV. i, Map of the relative crystal 

orientation of the MoS2 film obtained by fitting the polarization-dependence of 

the SHG response shown in j, which is an example polarization pattern obtained 

from a single pixel of i by rotating the fundamental polarization and collecting 

the harmonic signal at a fixed polarization.
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is further confirmed by performing polarization-resolved 

second-harmonic generation (SHG) measurements.

Polarization-resolved SHG offers a rapid, non-destructive 

approach to determining the structural properties of 2D materials 

through analysis of the second-order nonlinear susceptibility tensor 

(χ(2)) (refs. 22–25). Analysis of the crystal orientation of the as-grown film 

indicates that the film consists of mostly a single-crystal orientation of 

∼15° with respect to the laboratory frame, with a standard deviation of 

2.5°. This is expected for a TMD film grown on an epitaxial substrate, 

which promotes the growth of unidirectional crystals26. However, fit-

ting the polarization-resolved SHG data shown in Fig. 2i required the 

incorporation of a parameter to account for isotropic contributions 

to the four-fold polar pattern expected for a single-defect-free MoS2 

crystal shown in Fig. 2j. The necessity of this parameter to obtain an 

accurate fit to the experimental data suggests that the sample exhibits 

inhomogeneous crystal orientations or defects occurring below the 

spatial resolution of the optical measurement (∼160 nm). Supplemen-

tary Information 1 shows the presence of strain in both as-grown and 

post-transfer MoS2 films by collecting the SHG signal at all harmonic 

angles while the polarization plane of the fundamental was varied, 

that is, without an analyser in the detection path. Finally, the surface 

morphology and thickness of the as-grown and post-transferred films 

were characterized using atomic force microscopy (AFM) as shown in 

Extended Data Fig. 2a,b.

Electrical characterization of monolayer MoS2 
phototransistor
Figure 3a shows the transfer characteristics, that is, the source-to-drain 

current (IDS) as a function of the local back-gate voltage (VBG), at a 

source-to-drain voltage (VDS) of 1 V and measured in the dark for 720 

MoS2 phototransistors (80% of the devices that constitute the 2D 

APS array) with channel lengths (L) of 1 µm and channel widths (W) 

of 5 µm. Figure 3b–e, respectively, shows the distribution of electron 

field-effect mobility values (µFE) extracted from the peak transcon-

ductance, current on/off ratios (rON/OFF), subthreshold slopes (SS) over 

three orders of magnitude change in IDS and threshold voltages (VTH) 

extracted at an isocurrent of 500 nA µm for these 720 MoS2 phototran-

sistors. The mean values for µFE, rON/OFF, SS and VTH were found to be 

∼23.6 cm2 V−1 s−1, 6.4 × 107, 485 mV per decade and 2.54 V, respectively, 

with corresponding standard deviation values of 7 cm2 V−1 s−1, 8.2 × 106, 

115 mV per decade and 0.57 V, respectively. Our µFE, rON/OFF, SS and VTH 

values and the corresponding device-to-device variations are on par 

with the state-of-the-art literature on large-area-grown MoS2. Extended 

Data Fig. 3 shows minimal gate hysteresis in the transfer characteris-

tics of 49 representative MoS2 phototransistors when measured in air.

We also investigated the pixel-to-pixel variation in the pho-

toresponse of the 2D APS platform. Figure 3f shows the pre- and 

post-illumination transfer characteristics of 720 phototransistors 

after exposure to white light with an illumination intensity (Pin) of 

20 W m−2 for an exposure time (τexp) of 1 s while the back-gate bias (Vexp) 

is held at −1 V. Figure 3g–j, respectively, shows the corresponding his-

tograms of the distribution of dark (IDARK) and photocurrent (IPH), the 

ratio of post-illumination photocurrent to dark current (rPH), respon-

sivity (R) and detectivity (D*), each measured at VBG = −1 V. The mean 

values for IDARK, IPH, rPH, R and D* were found to be ∼2.9 × 10−11 A µm−1, 

∼1.84 × 10−7 A µm−1, ∼1.84 × 105, ∼1.84 × 103 A W−1 and ∼8.7 × 109 Jones, 

respectively, with corresponding standard deviation values of 

∼1.7 × 10−10 A µm−2, ∼1.9 × 10−7 A µm−1, ∼1.9 × 105, ∼2 × 103 A W−1 and 

∼9.1 × 109 Jones, respectively.

Mechanism of photoresponse in monolayer MoS2 
phototransistor
Next, we elucidate the photoresponse mechanism and demonstrate 

some of the key features of our monolayer-MoS2-based 2D APS technol-

ogy. Supplementary Information 2 shows the post-illumination transfer 

characteristics of a representative phototransistor measured using 

VDS = 1 V in the dark after τexp = 1 s exposure to different Pin spanning ∼4 

orders of magnitude for red, green and blue wavelengths, respectively. 

During the exposures to the light-emitting diodes, the phototransistor 

was biased in the on-state (top panel) and off-state (bottom panel) by 

applying Vexp = 2 V and −2 V, respectively, to the local back-gate. When 

the phototransistor was exposed in the on-state, there are little-to-no 

changes in the post-illumination device characteristics. This is because 

photocarriers generated in the semiconducting 2D channel drift 

towards the respective electrodes under the applied VDS = 1 V, resulting 

in non-persistent photoconductivity beyond optical illumination. How-

ever, for illuminations in the off-state, noticeable shifts are observed in 

the threshold voltage (VTH) of the device post-illumination. This can be 

ascribed to the phenomenon of gate-tunable photocarrier trapping, 

that is, the photogating effect.

Many factors can influence photogenerated carrier trapping in 

monolayer MoS2 phototransistors. According to previous studies based 

on exfoliated and large-area-grown MoS2, carrier trapping can occur 

in the band tail states in the conduction and valence bands of MoS2; 

these states can originate from structural defects such as vacancies, 

grain boundaries, dislocations and strain in the MoS2 film, or localized 

trap states at and/or near the MoS2/dielectric interface stemming from 

defects in the gate dielectric, from water and other gaseous adsorbates 

from an ambient environment, or residue from the device fabrica-

tion5,7,9,11,27–38. While we cannot rule out carrier trapping in the band tail 

states in the conduction and valence bands of MoS2, given the relatively 

high quality of the MoS2 film revealed through high-resolution trans-

mission electron microscopy and XPS and the relatively damage-free 

transfer and clean fabrication processes revealed through Raman 

and PL maps, and the low device-to-device variation, we believe that 

most of the carrier trapping occurs in the border traps located in the 

dielectric at and/or near the dielectric/channel interface. This can 

be substantiated by performing bias-temperature instability (BTI) 

tests originally developed to study interface traps in conventional 

silicon transistors (see Supplementary Information 3 for the BTI study 

of MoS2 phototransistors). Irrespective of the illumination condi-

tions and bias temperature, the VTH of the MoS2 phototransistor shifts 

towards a more negative voltage with increasing tstress, confirming the 

presence of hole-capturing border traps in the oxide. Furthermore, 

relatively large changes in ΔVTH at higher temperatures reaffirm the 

creation of more trap states in the oxide. Finally, under illumination, 

more photogenerated holes are available for capture, which leads to 

greater shifts in VTH.

Without any electrical intervention the de-trapping process can be 

rather slow, leading to persistent change in VTH. Figure 4a–c shows the 

post-illumination persistent photocurrent (Iph) read out with VBG = 0 V 

and VDS = 1 V as a function of Pin for different τexp at red, green and blue 

wavelengths, respectively (see Extended Data Fig. 4 for the correspond-

ing post-illumination transfer characteristics). Note that Vexp = −2 V for 

all cases. As expected, Iph increases monotonically with Pin and τexp. This 

phenomenon is equivalent to charge integration by the photodiode in a 

CMOS-based APS technology. However, for our 2D APS technology, the 

stored charge naturally translates into the abovementioned VTH shift, 

which can be read out as Iph, thus eliminating the need for an additional 

transistor that converts the charge to read out voltage/current as in 

CMOS-based APSs. Note that the dynamic range of our 2D APS is ∼80 dB 

for all three wavelengths investigated. Supplementary Video 1 shows 

the HDR image transcription for different wavelengths of light. The 

blue and green Ts are captured in less than 3 s, whereas transcription 

of the red T requires a longer exposure of ∼10 s. This can be ascribed 

to the spectral non-uniformity of the photosensing material and is a 

commonly encountered problem in the development of image sensors.

For CMOS-based APSs, spectral non-uniformity in the pho-

toresponse is circumvented through additional exposure control 

and amplifier circuitry to allow enough charge accumulation and 
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conversion of charge to measure voltage/current, respectively, both 

of which add area and energy overhead. In contrast, our 2D APS tech-

nology eliminates the need for extensive peripherals by exploiting a 

gate-tunable persistent photocurrent. Figure 4d–f, respectively, shows 

IPH read out with VBG = 0 V and VDS = 1 V as a function of Pin for different 

Vexp and τexp = 100 ms at red, green and blue wavelengths, respectively 

(see Extended Data Fig. 5 for the corresponding post-illumination 

transfer characteristics). Note that IPH ≈ 100 pA for Pin = 15 W m−2 is 

achieved with Vexp = −4, −2, −3 V at red, green and blue illuminations, 

respectively, for the same τexp = 100 ms. This clearly shows that our 2D 

APS technology can achieve spectral uniformity without adding area 

and energy overhead. We have also extended our measurements to 

high frequencies and measured the response of the MoS2 phototran-

sistor using τexp = 100 ns. Extended Data Fig. 6 shows the pre- and 

post-illumination transfer characteristics of a representative MoS2 pho-

totransistor after being exposed to blue illumination with an intensity 

of Pin = 15 W m−2 at Vexp = −4 V for texp = 100 ns. We observe a change in the 

post-illumination transfer characteristics, indicating that the charge 

trapping in the MoS2 phototransistor can occur as rapidly as 100 ns.

Photodetection metrics
Overall, our 2D APS platform offers the capability to dynamically recon-

figure the responsivity (R = Iph/WLPin) by adjusting Vexp without tuning 

τexp. Figure 5a–c shows R as a function of Vexp and Pin for τexp = 10 s at red, 
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Fig. 3 | Device-to-device variation in the characteristics of MoS2 

phototransistors. a, Transfer characteristics, that is, source to drain current (IDS) 

as a function of the local back-gate voltage (VBG), at a source-to-drain voltage (VDS) 

of 1 V and measured in the dark for 720 monolayer MoS2 phototransistors (80% 

of the devices that constitute the vision array) with channel lengths (L) of 1 µm 

and channel widths (W) of 5 µm. b–d, Device-to-device variation is represented 

using histograms of electron field-effect mobility values (µFE) extracted from the 

peak transconductance (b), current on/off ratios (rON/OFF) (c), subthreshold slopes 

(SS) over three orders of magnitude change in IDS (d) and threshold voltages (VTH) 

extracted at an isocurrent of 500 nA µm−1 for 80% of devices in the 2D APS array 

(e). f, Pre- and post-illumination transfer characteristics of 720 monolayer MoS2 

phototransistors after exposure to white light with Pin = 20 W m−2 at Vexp = −3 V 

for τexp = 1 s. g–j, Histograms of dark current (IDARK) (green) and photocurrent (IPH) 

(yellow) (g), the ratio of post-illumination photocurrent to dark current (rPH) (h), 

responsivity (R) (i) and detectivity (D*) (j), all measured at VBG = −1 V.
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green and blue wavelengths, respectively. R increases monotonically 

with Vexp. While the R values are comparable to those in earlier reports 

on MoS2 (refs. 39,40), the magnitude of R can be further increased by 

using more negative Vexp and longer texp, and by using more positive VBG 

and larger VDS for read out of Iph. Figure 5d shows the pre- and 

post-illumination transfer characteristics after exposure to blue illu-

mination at Vexp = −6 V for texp = 200 s with VDS = 5 V. Figure 5e shows that 

the magnitude of R can reach very high values of as much as 

∼3.6 × 107 A W−1 when extracted at VBG = 5 V. However, note that the 

noise current (Inoise), in units of A Hz−1/2, extracted from the dark current, 

is high under the aforementioned biasing conditions. Therefore, a 

better benchmarking metric for the MoS2 phototransistor is the specific 

detectivity (D*), which is defined as D∗ = √

A/NEP, where A = WL is the 

area of the phototransistor and NEP is the noise equivalent power given 

by NEP = Inoise/R. Figure 5f shows D*, which expectedly follows a 

non-monotonic trend with VBG; the peak D* reaches a very high value 

of ∼5.6 × 1013 Jones. See Supplementary Information 4 for a benchmark-

ing table comparing our MoS2 phototransistor with other 2D photo-

detectors. Finally, the energy expenditure for image transcription can 

be calculated from equation (1).
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Here, IDS is the source-to-drain current in the MoS2 phototransistor 

during illumination at VBG = Vexp and C
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 is the gate capaci-

tance; ε0 = 8.85 × 10−12 F m−1 is the vacuum permittivity, εOX = 10 and 

tOX = 50 nm are, respectively, the relative permittivity and thickness of 

Al2O3, and W and L are the channel width and length of the MoS2 pho-

totransistor. The first term in equation (1) represents the energy spent 

to charge the gate capacitor to Vexp and the second term represents the 

energy dissipation in the phototransistor due to the flow of IDS, that is, 

the sum of the dark current and photocurrent, during the entire dura-

tion of illumination (τexp). Figure 5g shows E as a function of Vexp. E was 

found to be <200 fJ even for the most negative Vexp.

Reset and de-noising
While the photogating effect allows our 2D APS technology to achieve 

HDR and spectral uniformity, the retention of optical information in the 

form of trapped charges is detrimental to video streaming applications. 

To accelerate the de-trapping process, large positive reset voltage (Vreset) 

pulses can be applied to the local back-gate of the post-illumination 

MoS2 phototransistor.

Figure 6a shows the post-reset transfer characteristics of a repre-

sentative MoS2 phototransistor with Vreset = 12 V applied for 

treset = 100 µs. During reset, the source and drain terminals are kept 

grounded, that is, VDS = 0 V. Note that the post-illumination to post-reset 

conductance ratio (CR) can be adjusted by changing the magnitude of 

Vreset, as shown in Fig. 6b. In other words, a fast refresh can be achieved 

irrespective of the illumination level. Brighter illumination invokes 

higher conductance change and hence requires higher Vreset, which 

leads to higher energy expenditure (E
reset

=

1

2

C

G

V

2

reset

) as shown in Fig. 

6c. Interestingly, even for the highest Vreset = 12 V, Ereset is ∼0.6 pJ.

Next, we elucidate the de-noising capability of our 2D APS tech-

nology. Note that CMOS-based APS technology adopts extensive 

peripheral circuitry to implement sophisticated de-noising algorithms, 

which adds area and energy overhead. Figure 6d and Supplementary 

Video 2 show the colourmaps of the time evolution of conductance 

(G) measured at VBG = 0 V while capturing an image of the letter T in 

the presence of background noise with and without Vreset. To generate 

the noisy images, the input current to the light-emitting diode cor-

responding to each pixel was superimposed with a zero mean white 

Gaussian random noise of standard deviation σI = 2 mA. This translates 

into a fluctuation in Pin with a standard deviation of σP = 0.6 W m−2 for 

each pixel. In the absence of reset (Vreset = 0 V), the pixel sensors which 

are expected to remain in the low conductance state also get randomly 

photoexcited due to noise, making it impossible to capture the pattern 

present in the image. In contrast, when reset is enabled (Vreset = 8 V), 

the random photoexcitations in the unintended phototransistors are 

compensated, allowing the 2D APS matrix to accurately capture the 

letter T under noisy illumination. This demonstration highlights the 
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Fig. 4 | HDR and spectral uniformity. a–c, The post-illumination persistent 

photocurrent (IPH) read out using VBG = 0 V and VDS = 1 V under different exposure 

times (τexp) is plotted against Pin for Vexp = −2 V at red (a), green (b) and blue 

(c) wavelengths. Clearly, the 2D APS demonstrates HDR for all wavelengths 

investigated. d–f, However, the 2D APS displays spectral non-uniformity in the 

photoresponse, which can be adjusted by exploiting gate-tunable persistent 

photoconductivity, that is, by varying Vexp. This is shown by plotting IPH against Pin 
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importance of in-sensor compute capability in perceiving information 

obscured by noise.

In summary, we have demonstrated a monolayer MoS2 

phototransistor-based multipixel APS technology that operates with 

a miniscule energy budget, occupies a small device footprint, and 

combines sensing and compute to achieve HDR, spectral uniformity, 

reconfigurable photoresponsivity, fast reset and de-noising capabili-

ties. Our 2D APS technology can benefit resource-limited edge devices 

in the rapidly growing IoT era.
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Methods
Fabrication of local back-gate islands
To define the back-gate island regions, a commercially bought sub-

strate (285 nm SiO2 on p++-Si) was spin-coated with bilayer photoresist 

consisting of lift-off-resist (LOR 5A) and series photoresist (SPR 3012) 

and baked at 185 °C and 95 °C, respectively. The bilayer photoresist was 

then exposed using a Heidelburg maskless aligner (MLA 150) to define 

the island, and then developed using MF CD26 microposit followed by a 

deionized water rinse. The back-gate electrode of 20/50 nm TiN/Pt was 

deposited using reactive sputtering. The photoresist was removed using 

acetone and photoresist stripper (PRS 3000) and the substrate was then 

cleaned using 2-propanol (IPA) and deionized water. An atomic layer 

deposition process was then implemented to grow 50 nm Al2O3 across 

the entire substrate, including the island regions. To access the indi-

vidual platinum back-gate electrodes, etch patterns were defined using 

the same bilayer photoresist (LOR 5A and SPR 3012). The bilayer pho-

toresist was then exposed using the MLA 150 and developed using MF 

CD26 microposit. The 50 nm Al2O3 was subsequently dry etched using a 

BCl3 reactive ion etch chemistry at 5 °C for 20 s, which was repeated four 

times to minimize heating in the substrate. Finally, the photoresist was 

removed to give access to the individual platinum electrodes.

Large-area monolayer MoS2 film growth
Monolayer MoS2 was deposited on epi-ready 2 inch c-sapphire sub-

strate by metal–organic chemical vapour deposition (MOCVD). An 

inductively heated graphite susceptor equipped with wafer rotation 

in a cold-wall horizontal reactor was used to achieve uniform mon-

olayer deposition as previously described41. Molybdenum hexacar-

bonyl (Mo(CO)6) and hydrogen sulfide (H2S) were used as precursors. 

Mo(CO)6 maintained at 25 °C and 375 torr in a stainless-steel bubbler 

was used to deliver a nominal 2.0 × 10−2 sccm of the metal precursor 

for the growth, while 400 sccm of H2S and 4,100 sccm of H2 were used 

for the process. MoS2 deposition was carried out at 900 °C and 50 torr 

in H2 ambient, where monolayer growth was achieved in 15 min. The 

substrate was first heated to 900 °C in H2 and maintained for 10 min 

before the growth was initiated. After growth, the substrate was cooled 

in H2 and H2S to 400 °C to inhibit decomposition of the MoS2 films. More 

details can be found in our earlier work15,42,43.

MoS2 film transfer to local back-gate islands
To fabricate the MoS2 field-effect transistors, the MOCVD-grown mon-

olayer MoS2 film was first transferred from the sapphire growth sub-

strate to the SiO2/p++-Si substrate with local back-gate islands using a 

polymethyl-methacrylate (PMMA)-assisted wet transfer process. First, 

the MoS2 on the sapphire substrate was spin-coated with PMMA and 

left to sit for 24 h to ensure good PMMA/MoS2 adhesion. The corners of 

the spin-coated film were scratched using a razor blade and immersed 

inside a 2 M NaOH solution kept at 90 °C. Capillary action caused the 

NaOH to be preferentially drawn into the substrate/film interface due 

to the hydrophilic nature of sapphire and the hydrophobic nature of 

MoS2 and PMMA, separating the PMMA/MoS2 film from the sapphire 

substrate. The separated film was then fished from the NaOH solu-

tion using a clean glass slide and rinsed in three separate water baths 

for 15 min each before finally being transferred onto the application 

substrate. Subsequently, the substrate was baked at 50 °C and 70 °C 

for 10 min each to remove moisture and promote film adhesion, thus 

ensuring a pristine interface, before the PMMA was removed using 

acetone and the film was cleaned with IPA.

Fabrication of monolayer MoS2 phototransistor
To define the channel regions for the MoS2 phototransistors, the sub-

strate was spin-coated with PMMA and baked at 180 °C for 90 s. The 

resist was then exposed via an electron beam (e-beam) and developed 

using a 1:1 mixture of 4-methyl-2-pentanone (MIBK) and IPA. The mon-

olayer MoS2 film was subsequently etched using a sulfur hexafluoride 

(SF6) reactive ion etch chemistry at 5 °C for 30 s. Next, the sample was 

rinsed in acetone and IPA to remove the e-beam resist. To define the 

source and drain contacts, the sample was then spin coated with methyl 

methacrylate (MMA) followed by A3 PMMA. E-beam lithography was 

again used to pattern the source and drain contacts. The sample was 

then developed using a 1:1 mixture of MIBK/IPA for 60 s and pure IPA 

for 45 s. Next, 40 nm of nickel and 30 nm of gold were deposited using 

e-beam evaporation. Finally, a lift-off process was performed to remove 

the evaporated nickel/gold except from the source/drain patterns by 

immersing the sample in acetone for 30 min followed by IPA for another 

30 min. Each island contained one MoS2 field-effect transistor to allow 

for individual gate control.

Fabrication of MoS2 phototransistor crossbar
To define the crossbar architecture connecting the source and drain of 

the phototransistors in a row, the sample was spin-coated with MMA 

and baked at 150 °C for 90 s before applying PMMA A3, which was 

baked 185 °C for 90 s. Both resists were spun at 4,000 r.p.m. for 45 s. 

E-beam lithography was used to pattern the crossbar connections, 

and development was again performed using a 1:1 mixture of MIBK 

and IPA for 60 s and pure IPA for 45 s. Next, 60 nm of nickel and 30 nm 

of gold were deposited using e-beam evaporation. Finally, lift-off of 

the evaporated material was performed by immersing the sample in 

acetone for 30 min and in IPA for 15 min.

TEM
HAADF-STEM was performed using an aberration-corrected Ther-

moFisher Titan3 G2 60–300 with monochromator and X-field emis-

sion gun source at an accelerating voltage of 80 kV. The convergence 

semi-angle used for STEM imaging was 30.0 mrad and the collection 

angle range of the HAADF detector was 42–244 mrad. An SAED spot 

pattern was collected using a ThermoFisher Talos F200X transmission 

electron microscope at an accelerating voltage of 200 kV.

SHG
Polarization-resolved SHG microscopy was performed using a 

home-built instrument in which an 800 nm laser fundamental (Coher-

ent, Vitara) was focused onto the sample with an aspheric lens (0.23 

numerical aperture). Nonlinear emission was collected with a 100× 

oil-immersion objective (1.3 numerical aperture, Amscope) and iso-

lated from the fundamental with a shortpass filter before imaging in 

a combined spectrograph/electron multiplication charge-coupled 

device (Andor, Shamrock 303i/ iXion Ultra). For the measurements 

shown in Fig. 2i,j, an analyser was placed at a fixed angle before the 

detector, and a half-wave plate inserted before the sample was rotated 

to vary the fundamental polarization. For these measurements, an 

analyser was placed at a fixed angle before the detector to collect 

the harmonic signal at a single polarization and a half-wave plate was 

inserted before the sample was rotated to vary the fundamental polari-

zation. Each pixel of the resulting polarization data was fitted using 

equation (2).

y (α) = amplitude × (cos

2

(3θ − 2α) + b) (2)

Here, θ is the crystal orientation, α is the polarization of the funda-

mental and b is a factor indicative of the local disorder. For the meas-

urements shown in Supplementary Information 1, the total harmonic 

signal (without an analyser in the detection path) was detected as a 

function of the fundamental polarization.

XPS
XPS experiments were performed using a Physical Electronics Ver-

saProbe III instrument equipped with a monochromatic Al Kα X-ray 

source (hν = 1,486.6 eV) and a concentric hemispherical analyser. 

Charge neutralization was performed using both low-energy electrons 
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(<5 eV) and argon ions. The binding energy axis was calibrated using 

sputter-cleaned copper (Cu 2p3/2 = 932.62 eV, Cu 3p3/2 = 75.1 eV) and gold 

foils (Au 4f7/2 = 83.96 eV)44. Spectra on the gold samples were charge 

referenced to Au0 band in the Au 4f spectra at 84.0 eV. The MoS2 spectra 

were charge referenced to sulfide band in the sulfur 2p3/2 spectra at 

162.0 eV. Measurements were made at a takeoff angle of 45° with respect 

to the sample surface plane. This resulted in a typical sampling depth 

of 3–6 nm (95% of the signal originated from this depth or shallower). 

Quantification was done using instrumental relative sensitivity factors 

that account for the X-ray cross section and inelastic mean free path 

of the electrons. On homogeneous samples, major elements (>5 at%) 

tend to have standard deviations of <3% while minor elements can be 

notably higher. The analysis size was ∼200 µm in diameter.

Raman and PL spectroscopy
The Raman and PL spectroscopy was performed on a Horiba LabRAM 

HR Evolution confocal Raman microscope with a 532 nm laser. The 

power was 40 mW filtered at 1% to 400 µW. The objective magnification 

was 500× with a numerical aperture of 0.9, and the grating had a spacing 

of 1,800 grooves per mm for Raman and 300 grooves per mm for PL.

AFM
AFM was used to study the surface morphology, domain size, coverage 

and thickness of the deposited layers. Scanasyst air probe AFM tips with 

a nominal tip radius of ∼2 nm and a spring constant of 0.4 N m−1 were 

used for the measurements, and images were collected in peak-force 

tapping mode with a peak force of 500 pN and a scan speed of 2 Hz.

Electrical characterization
Electrical characterization of the fabricated devices was performed 

using a Lake Shore CRX-VF probe station under atmospheric conditions 

with a Keysight B1500A parameter analyser.

Reporting summary
Further information on research design is available in the Nature 

Research Reporting Summary linked to this article.

Data Availability
The datasets generated during and/or analysed during the current 

study are available from the corresponding author on reasonable 

request.

Code Availability
The codes used for plotting the data are available from the correspond-

ing authors on reasonable request.
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Extended Data Fig. 1 | Raman spectroscopy of monolayer MoS2. a, Raman 

spectra, and b, corresponding spatial colormap of peak separation between the 

two Raman active modes, E1
2g

 and A1g, c, PL spectra, and d, corresponding spatial 

colormap of PL peak position measured over a 40 µm × 40 µm area for 

post-transfer MoS2 film. The mean Raman peak separation was found to be 

~20 cm−1 with a standard deviation of ~0.72 cm−1 and the mean PL peak position 

was found to be at ~1.83 eV with a standard deviation of ~0.005 eV for the 

post-transfer film, respectively. Bar plots for e, the mean peak separation 

between E1
2g

 and A1g Raman modes and f, mean PL peak position along with their 

corresponding standard deviation values for as-grown and post-transfer films 

obtained over 40 µm × 40 µm areas for 5 different locations.

http://www.nature.com/naturematerials
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Extended Data Fig. 2 | Atomic force microscopy (AFM) of monolayer MoS2. 

AFM images were taken at 4 different locations for a, as-grown and b, post-

transfer MoS2 films. Although the thickness of both films was ~1 nm, we do 

observe polymer residues concentrating near the edges of bilayer islands and/

or grain boundaries in the transferred film. This is typical of polymer-assisted 

transfer processes.

http://www.nature.com/naturematerials
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Extended Data Fig. 3 | Hysteresis in the transfer characteristics of 2D APS. Hysteresis in the transfer characteristics of 49 2D APS.

http://www.nature.com/naturematerials
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Extended Data Fig. 4 | Post-illumination transfer characteristics of the 2D APS when exposed to different illumination intensities (Pin) for different duration 

(τexp). Post-illumination transfer characteristics of the 2D APS when exposed to different Pin for different τexp periods for a, red, b, green, and c, blue illuminations, 

respectively. All illuminations were done at Vexp = −2 V.

http://www.nature.com/naturematerials
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Extended Data Fig. 5 | Post-illumination transfer characteristics of the 2D APS when exposed to different illumination intensities (Pin) at different gate bias 

(Vexp). Post-illumination transfer characteristics of the 2D APS when exposed to different Pin for different Vexp values for a, red, b, green, and c, blue illuminations, 

respectively. All illuminations were done for τexp = 100 ms.

http://www.nature.com/naturematerials
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Extended Data Fig. 6 | Pre- and post-illumination transfer characteristics of 

a MoS2 phototransistor. Pre- and post-illumination transfer characteristics of 

a representative MoS2 phototransistor after being exposed to blue illumination 

with Pin = 15 Wm−2 at Vexp = −4 V for τexp = 100 ns. Clearly, we observe a change in the 

post-illumination transfer characteristics, indicating that the charge trapping in 

the MoS2 phototransistor can occur as fast as 100 ns.

http://www.nature.com/naturematerials
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