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Supplementary Information 1 

 

Material Illumination 
Source 

Response Time 
(s) 

Active Area 
(um2) 

Active Volume 
(um3) 

Responsivity 
(A/W) 

Detectivity 
(Jones) Ref. 

Conventional Ge 1550 nm 6∙10-7 7.1∙106 N/A 0.85 N/A 2 

Conventional InGaAs 1200 nm 3∙10-10 104 N/A 1.003 N/A 3 

Conventional Si 850 nm 0.35/2∙10-10 1.8∙104 N/A ~0.36 N/A 3 

1L BiOBr Laser, 245 
nm 1.02∙10-4 ~5.19 ~0.0030 1.27∙104 8.37∙1012 4 

1L Graphene on Si Laser, 155 
nm N/A ~1.55 ~5.35∙10-4 0.37 N/A 5 

1L Graphene on Si Laser, 850 
nm N/A ~128 ~0.0442 70 2∙1013 6 

1L MoS2 
Laser, 561 
nm 4/9 ~ 2.5 ~0.00163 880 2∙109 7 

1L MoS2 
Laser, 450-
800 nm 5/5∙10-2 5.46 0.00393 0.0075 N/A 8 

1L MoS2 (CVD) Laser, 405 
nm 0.9/2.2 65 0.04225 1.55∙10-4 4.07∙1014 9 

1L MoS2 (CVD) Laser, 520 
nm 4.1/0.2 15.96 0.0104 3.4∙107 4.3∙1016 10 

1L MoSe2 
Laser, 650 
nm 2.5∙10-2 9∙104 ~63 N/A N/A 11 

1L PtSe2 
Laser, 633 
nm 1.2∙10-3 15.4 - 18.1 0.0097 - 0.0114 0.9 N/A 12 

1L SnS Laser, 660 
nm 1.2∙10-4 50 0.035 920 1.09∙109 13 

3L BiOBr Laser, 245 
nm 1.02∙10-4 ~5.19 0.0187 1.27∙104 8.37∙1012 4 

3L MoS2 
Laser, 532 
nm 0.7/1.1∙10-4 7.9∙104 154 0.57 1010 14 

Bi2S3 nanobelt Lamp, 800 
nm 0.5/2∙10-4 ~150 ~15 201 2.7∙1010 15 

Bi2Se3 on Si Laser, 808 
nm 2.5/5.5∙10-6 3∙106 > 3∙104 24.3 4.39∙1012 16 

CdS nanowires on Si 
pyramids 

Laser, 1064 
nm N/A 2.25∙106 > 1.5∙106 14.2 1.65∙1012 17 

CdS on Si Laser, 442 
nm 3.68/4.4∙10-4 1.6∙107 > 1018 0.0041 9.2∙1011 18 

CH3NH3PbI3 
Laser, 265 
nm 2.2/4∙10-3 100 6 12 ~1011 19 

Cs-doped FAPbI3 on SI 
nanorods 

Laser, 850 
nm 4/8∙10-6 2.5∙107 3.75∙108 0.844 3.2∙1011 20 

CuInSe2 nanosheet N/A, 254 - 
700 nm 10.5/8.4 200 > 1.5 1900 7∙1011 21 

CuO on Si nanowires on 
In:Ga 

Laser, 532 
nm 6/8∙10-5 2∙106 > 107 1.05∙10∙ 109 22 

Few-layer AsP/InSe Laser, 520 
nm 2.17∙10-4 > 26.1 > ~0.56 1 1012 23 

Few-layer Bi2O2Se Laser, 405 
nm 3.2/9.8∙10-5 159.12 2.23 5.01∙104 8.2∙1012 24 

Few-layer BP Laser, 532 
nm N/A ~100 > 0.7 1.16 N/A 25 

Few-layer BP Laser, 640 
nm 10-3 ~80 ~0.64 0.0048 N/A 26 

Few-layer BP Laser, 3680 
nm N/A ~500 ~11.5 23 N/A 27 

Few-layer BP Laser, 580 
nm N/A ~320 ~9.6 ~6 N/A 28 

Few-layer BP Laser, 633 
nm 5∙10-3 0.45 0.0036 4.3∙106 N/A 29 
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Few-layer BP Laser, 520 
nm N/A ~28 ~0.28 2 N/A 30 

Few-layer BP-carbide Laser, 2000 
nm 7∙10-10 ~50 ~0.375 2163 ~1011 31 

Few-layer CuGaSe2 
Lamp, 254 - 
700 nm 1.6/6.6 350 > 2.1 103 8∙1011 32 

Few-layer GaS Laser, 254 
nm 3∙10-2 200 0.45 4.2 N/A 33 

Few-layer GaSe Laser, 254-
700 nm 2∙10-2 > ~600 > 2.4 2.8 N/A 34 

Few-layer GaTe Laser, 532 
nm 6 ~50 ~0.5 104 N/A 35 

Few-layer graphene with 
Au antennas 

Laser, 4000 
nm 10-4 40 0.0276 1.66∙10-5 5∙106 36 

Few-layer In2Se3 
Laser, 300 
nm 1.8∙10-2 0.108 0.00108 395 2.26∙1012 37 

Few-layer In2Se3 
Laser, 405 - 
940 nm 9 ~2 ~0.028 9.8∙104 ~3.3∙1013 38 

Few-layer InSe Laser, 543 
nm 6∙10-5 10 > 0.0083 4.86 N/A 39 

Few-layer InSe and Au 
NPs 

Laser, 685 
nm 2.5/2.5∙10-2 60 1.8 0.244 ~5∙1012 40 

Few-layer InSe doped with 
AuCl3 

LED, 470 
nm N/A 71 0.994 1.93∙104 3∙1013 41 

Few-layer InSe/BP Laser, 4000 
nm 1.5/4∙10-4 4 0.08 80 N/A 42 

Few-layer MoS2 
Laser, 532 
nm 2∙10-5 22.5 -  62.4 0.099 - 0.150 12 > 1013 43 

Few-layer MoS2 
Laser, 637 
nm 4.8∙10-4 20 - 100 > 0.029 - 0.14 3260 9∙1014 44 

Few-layer MoS2 on Si Laser, 580 
nm 1/1.9∙10-5 100 1 8.73 1.12∙1012 45 

Few-layer MoS2/BP Laser, 3800 
nm 3∙10-6 > 382 > 61 0.9 1.1∙1010 46 

Few-layer MoSe2 
Laser, 532 
nm 1.5∙10-2 ~580 ~11.6 97.1 N/A 47 

Few-layer MoTe2 
Laser, 532 
nm 3∙10-5 ~230 ~2.75 5 3∙1012 48 

Few-layer MoTe2 
Laser, 1265 
nm < 10-9 ~3 - 6 ~0.033 - 0.27 0.15 N/A 49 

Few-layer MoTe2 
Laser, 1550 
nm N/A ~270 ~10.80 0.01 N/A 50 

Few-layer MoTe2 on Si Laser, 980 
nm 1.5∙10-7 5.6∙107 2.32∙105 0.19 6.8∙1013 51 

Few-layer 
MoTe2/Graphene/SnS2 

Laser, 1064 
nm 2.86∙10-2 23.3 ~0.284 2600 1.1∙1013 52 

Few-layer Pb1-xSnxSe Laser, 375 - 
980 nm 0.9/0.74 32.93 > 0.494 5.95 N/A 53 

Few-layer PdSe2 
Laser, 780 
nm N/A 107 > 1.2∙104 0.3 1.18∙1013 54 

Few-layer ReS2 
Laser, 532 
nm > 10 2.28 0.00912 8.86∙104 1.18∙1012 55 

Few-layer SnS2 
Laser, 350 
nm 2/1.6∙10-2 ~9.41 0.0941 261 1010 56 

Few-layer SnSe2 
LDLS, 530 
nm 1.45/0.8∙10-2 ~11.35 ~0.0170 1100 1010 57 

Few-layer Sr2Nb3O10 
Lamp, 270 
nm 0.04/4∙10-2 ~3.63 ~0.0446 1214 1.4∙1014 58 

Few-layer Te Laser, 1700 
nm N/A 10.2 0.102 - 0.204 16 2∙109 59 

Few-layer WS2 
Laser, 458-
647 nm 5.3∙10-3 > 2.5∙104 > 200 9.2∙10-5 N/A 60 

Few-layer WS2 
Laser, 532 
nm N/A ~5 ~0.005 2.5 9.9∙1010 61 

Few-layer WS2/HfS2 
Laser, 4700 
nm 2.2∙10-3 6 0.0162 1535 N/A 62 

Few-layer WSe2 
Laser, 852 
nm 5.37∙10-2 128 ~0.23 - 1.28 2 7.2∙1010 63 
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Few-layer WSe2 (CTAB-
doped) 

Laser, 450 
nm 7.8∙10-3 ~2.75 ~0.0055 30 1.25∙1011 64 

Ge Laser, 1550 
nm N/A 153.9 53.865 0.62 N/A 65 

Ge Laser, 1310-
1480 nm N/A 0.009 7.2∙10-4 N/A N/A 66 

Ge Laser, 1300 
nm N/A 15 2.1 0.4 N/A 67 

Ge Laser, 532 
nm 7/0.6∙10-2 ~10 > 0.085 200 1.06∙1010 68 

Ge (nanowire) Laser, 532 
nm N/A 0.0125 9.82∙10-4 8.9∙104 1011 69 

Ge (nanowire) Laser, 532 
nm N/A 5.4∙10-4 1.27∙10-5 ~8000 N/A 70 

Ge (photocavity-enhanced) Laser, 733 
nm N/A 1250 21.5 4.7 N/A 71 

GeSn/Ge dual-nanowire Laser, 2000 
nm N/A ~0.45 - 1.00 ~0.053 - 0.157 1.2∙10-6 N/A 72 

Graphene and Ti2O3 NPs Laser, 
10000 nm 2.6∙10-3 210.6 > ~0.218 300 7∙108 73 

Graphene on Si Laser, 890 
nm 3.2/7.5∙10-4 107 > 7.8∙104 0.73 5.77∙1013 74 

Graphene/Ta2O5/Graphene Laser, 532 
nm N/A 12.9 - 24 0.073 - 0.137 ~1000 N/A 75 

InAs nanorods on Si 
(vertical) 

Laser, 300 - 
3000 nm N/A 2.56∙105 1.54∙105 0.16 N/A 76 

InGaAs nanowire Laser, 1346 
nm N/A ~0.0198 ~0.001188 0.68 N/A 77 

InGaAs on Si 
Laser, 
400−1250 
nm 

1.3∙10-2 2500 500 7520 N/A 78 

Many-layer WSe2/ZnO Laser, 405 
nm 1.65∙10-4 ~95.73 > 7.85 4830 1.56∙1013 79 

NiO NPs on ZnO nanowire 
Halogen 
lamp, 365 
nm 

133.5 0.688 0.0865 N/A N/A 80 

PbS QDs with Ag 
nanoparticles 

Lamp, 400 - 
1200 nm ~10-3 5∙106 ~3∙104 >20 6∙1012 81 

PbSe QDs (~2500 arranged 
in line) 

Laser, 532 
nm 2/3∙10-7 0.04 ~8.38∙10-5 3.9 N/A 82 

Perovskite nanowires LED, 530 
nm 2.8/2.5∙10-5 ~25 ~7.85 1.5∙104 7∙1015 83 

Perovskite on TiO2 on Si Laser, 800 
nm 1.16/5∙10-2 2.4∙107 8.4∙107 0.87 6∙1012 84 

Se nanorods on Si Laser, 610 
nm 0.2/1.7∙10-3 4.19∙104 N/A 0.374 4.39∙1011 85 

Si N/A, 400 
nm < 2∙10-2 0.1118 0.00559 N/A 4.3∙1012 86 

Si nanowire with Au shell Lamp, white 
light N/A 0.15 0.00589 N/A N/A 87 

SnS nanobelt Laser, 800 
nm 4.3∙10-2 ~4.5 0.144 300 6∙109 88 

SnTe Laser, 254 - 
4650 nm 2.1/7.3∙10-7 ~0.007 ~8.4∙10-4 71.11 N/A 89 

TiO2 nanorods on Si Laser, 600 
nm N/A 1.9∙107 3.2∙107 10-6 N/A 90 

Vertical MoS2 on Si Laser, 808 
nm 0.3/4∙10-5 9∙106 1.35∙107 0.3 1013 91 

Vertical MoSe2 on Si Laser, 650 
nm 2.7/3.5∙10-4 7.07∙106 1.4∙107 0.27 7.13∙1010 92 

ZnO nanowires on Si Laser, 442 
nm 0.101 6.4*105 > 6.4∙107 7100 7.1∙109 93 

α-In2Te3 
Laser, 370 - 
1064 nm 1.5∙10-2 3∙104 660 44 6∙1012 94 

γ-In2Se3 on Si Laser, 820 
nm 1.8/2.3∙10-4 2.5∙105 5000 5.67 5.66∙1013 95 

1L MoS2 (MOCVD) LED, 450 
nm 1/1∙10-3 0.0065 4.23∙10-6 8.84∙108 7.13∙1012 

This 

Work 
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Table S1. Benchmarking table of low-dimensional photodetectors. Comparison between this work and other 
notable works concerning the fabrication and characterization of photodetectors based on low-dimensional 
materials. Based on this literature survey, the active volume of the ultra-scaled monolayer-MoS2-based 
phototransistor reported in this work is ~3× smaller than the previously-reported smallest photodetector. Note 
that we are also aware of the work by Lin et al.1 in which they report a photodetector based on single-crystal 
CH3NH3PbI3 with an active area of ~20 nm2. We have chosen to omit that work from this table due to the 
unscalable nature of the fabrication process used, as it relies upon the random development of nanogaps in carbon 
nanotubes during drop-casting. 
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VDS = 100 mV to 1 V
VBG = -3 V to 5 V

(a) (b)

Figure S1. Electrical characterization of a representative MoS2 phototransistor. a) Transfer characteristics, i.e., 
source-to-drain current (IDS) as a function of the local back-gate voltage (VBG), when source-to-drain voltage 
(VDS) is varied from 100 mV to 1 V in steps of 100 mV. The change in threshold voltage (Vth) with VDS is indicative 
of drain-induced barrier lowering as a result of small Lch. b) The output characteristics, i.e., IDS versus VDS, at 
varying VBG for the same device as in (a). 
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Figure S2. Photogating in ultra-scaled MoS2 phototransistors. a-b) Post-illumination transfer characteristics of 
a representative phototransistor measured at VDS = 1 V in dark after τexp = 1 s exposure to Pil spanning four orders 
of magnitude (0.015 Wm-2 to 15 Wm-2) for blue light (λ = 450 – 455 nm). During illumination the device was 
biased both in the ON-state (a) and in the OFF-state (b) by applying a voltage (Vexp) of 2 V and -2 V, respectively, 
to the global back-gate. Significant and persistent changes in the transfer characteristics were only seen when the 
device was biased in the OFF-state, indicating the presence of the photogating effect.  
 

(a) (b)
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Figure S3. Contact scaling of MoS2 phototransistors. a) Transfer characteristics, i.e., source-to-drain current (IDS) 
as a function of the local back-gate voltage (VBG), when source-to-drain voltage (VDS) is varied from 100 mV to 1 
V in steps of 100 mV for an MoS2 phototransistor with a channel length (Lch) of 20 nm, a channel width of 400 nm, 
and a contact length (Lc) of 40 nm. The change in threshold voltage (Vth) with VDS is indicative of drain-induced 
barrier lowering as a result of small Lch. b) The output characteristics, i.e., IDS versus VDS, at varying VBG for the 
same device as in (a). The device shows more Schottky-like behavior than the device in Fig. 1, which may be a 
result increased current crowding due to Lc-scaling. c-d) Post-illumination transfer characteristics of the same 
device as in (a-b) measured at VDS = 1 V in dark after τexp = 1 s exposure to Pil spanning four orders of magnitude 
(0.015 Wm-2 to 15 Wm-2) for blue light (λ = 450 – 455 nm). During illumination the device was biased both in the 
ON-state (c) and in the OFF-state (d) by applying a voltage (Vexp) of 2 V and -2 V, respectively, to the global back-
gate. Significant and persistent changes in the transfer characteristics were only seen when the device was biased 
in the OFF-state, indicating the presence of the photogating effect. The presence of the photogating effect in an 
MoS2 phototransistor with scaled contacts (Lc = 40 nm) indicates that the total device area can be reduced by 
almost half (to 0.040 µm2) without overtly sacrificing its photodetecting capabilities. 
 

(a) (c)

(b) (d)

VDS = 100 mV to 1 V

VBG = -3 V to 5 V
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Figure S4. Photoconduction and photogating in MoS2 phototransistors. Band diagrams explaining the origins 
explaining the origins of the photoconduction effect and the photogating effect when the device is biased (Vexp) in 
the a) ON-state and b) OFF-state during illumination, respectively. In the ON-state, i.e., when Vexp is positive, 
When the device is in equilibrium, all trap states (interface traps, deep oxide traps, etc.) below the Fermi energy 
(EF) are filled, while all trap states above the Fermi energy (EF) remain empty. When the device is biased in the 
ON-state, i.e., when a positive Vexp is applied to the gate, most trap states lie below EF; this makes trapping of 
photogenerated holes under illumination unlikely, thus preventing any display of photogating and persistent 
photoconductance. However, when the device is biased in the OFF-state, i.e., when a negative Vexp is applied, 
most trap states will be brought above EF, making hole trapping significantly more probable. These trapped holes 
then realign the Fermi level, shifting the threshold voltage (Vth) of the device. The more photogenerated holes 
available, i.e., the higher Pil and the longer τexp, the more of these trap states that will be filled and the greater the 
shift in Vth. 
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Figure S5. Non-volatile program/erase operations in MoS2 phototransistors. a) Transfer characteristics of an 
MoS2 phototransistor when negative programming voltage pulses (VP) of duration (τpulse) 1 ms with increasing 
magnitude are applied to the back-gate, starting at -8 V and increasing to -12 V in steps of -1 V. The source and 
drain terminals are kept grounded during this process. A negative shift in the threshold voltage (Vth) can be clearly 
seen, indicating electrostatically-induced hole trapping similar to that observed in the photogating effect. The 
magnitude of the shift monotonically increases with increasing VP and τpulse just as the shift induced by photogating 
increases with Vexp and τexp. b) Transfer characteristics of the same MoS2 phototransistor as in (a) when negative 
programming voltage pulses (VE) with τpulse = 1 ms and increasing magnitude are applied to the back-gate, starting 
at 10 V and increasing to 16 V in steps of 1 V. A positive shift in Vth can be clearly seen, indicating hole de-
trapping and/or electron trapping, with the magnitude of the shift varying based on the magnitude of VE and τpulse. 
Additionally, increasing the magnitude of VE is shown to increase the post-illumination to post-reset current ratio 
(CR), indicating that the resetting process can be tailored for different Pil. 
 

(a) (b)



11 
 

Supplementary Information 7 

 

 

  

Figure S6. Energy expenditure of light detection. a) Bar plot of the energy expenditure for each erase operation 
(Eerase) as a function of VE, as given by the approximation 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  ≈  1

2
𝐶𝐶𝐺𝐺𝑉𝑉𝐸𝐸2. b) Bar plot of the total energy 

expenditure a detection operation (Edetect) as a function of VE and Vexp. This relationship is given by the 
approximation 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  +  𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  ≈  1

2
𝐶𝐶𝐺𝐺𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒2 +  1

2
𝐶𝐶𝐺𝐺𝑉𝑉𝐸𝐸2. 

 

(a) (b)
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Figure S7. Transfer characteristics for photocurrent extraction at Vexp = -3 V. Transfer characteristics following 
illumination under a) blue, b) green, and c) red wavelengths at Vexp = - 3 V and varying τexp and Pil used for 
extraction of the photocurrent shown in Figure 2a-c. 
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Figure S8. Transfer characteristics for photocurrent extraction at τexp = 1 s. Transfer characteristics following 
illumination under a) blue, b) green, and c) red wavelengths at τexp = 1 s and varying Vexp and Pil used for extraction 
of the photocurrent shown in Figure 2d-f. Note that the MoS2 phototransistor used for these measurements was 
reset between each experiment using the mechanisms discussed in Fig. S4-S5. 
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