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Supplementary Figures 

 

Supplementary Figure 1 | High mobility of 2D Bi2O2Se device. (a) Temperature dependence 

of longitudinal resistance in a typical Bi2O2Se device. (b) Temperature dependence of electron 

mobility. Left y axis shows mobility and right one shows carrier density with temperature. 

 

 

 

Supplementary Figure 2 | High photoresponsivity of 2D Bi2O2Se photodetector. (a) 

Photoresponsivity under 0.6 V bias at wavelength of 532 nm. (b) Dependence of 

photoresponsivity with incident power and voltage bias at 532 nm wavelength. (c) Dependence 

of photoresponsivity with incident power and voltage bias at 1310 nm wavelength.  
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Supplementary Figure 3 | Illustration of trap states in photoconductive gain regime. Only 

electron trap states are shown here. Blue arrows show interband transitions, while black zigzag 

arrows show the trapping process. 

 

 

Supplementary Figure 4 | Similar trends between photocurrent and transconductance in 

photogating mechanism. (a) The transfer curves with and without light are shown by red and 

black circle, respectively. The left and right y-axis show linear and log scale. The device 

consists of approximately 10 nm thick Bi2O2Se on mica substrate with top gate structure, which 

has dielectric layer of 20 nm HfO2 by ALD. (b) Gate-dependent photocurrent by triangle mark 

and transconductance by black circle. 
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Supplementary Figure 5 | Noise spectrum of 2D Bi2O2Se photodetector. The noise shows a 

typical feature of 1/f noise with value of 8.5ൈ10-11 A Hz-1/2 at 1 Hz. The two peaks corresponds 

to 50 Hz and 100 Hz, which come from power line.  

 

 

 Supplementary Figure 6 | Photoresponse time of different 2D materials. From top to 

bottom: Intrinsic response time (photocarrier relaxing time) of graphene with approximately 

1.5 ps1,2 and Bi2O2Se with approximately 1 ps, graphene with 20 ps response time3,4, graphene 

in waveguide (G-W)5,6, Intrinsic response time (photocarrier relaxing time) of MoS2
7, black 

phosphorus (bP)8, WS2
9, MoS2

10, GaSe11, InSe12, GaS13, MoSe2
14, GaTe15, In2Se3

16, MoS2
17, 

In2Se3 in photogating mode18. We note that the response of bP, WS2, GaSe, InSe, GaS, MoSe2, 
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GaTe, In2Se3 are measured by turning on/off light, which are usually slower than that measured 

from pump-probe measurement with ultrafast laser.  

 

 

Supplementary Figure 7 | Time-resolved photocurrent spectroscopy of 2D Bi2O2Se 

photodetector. (a) Photocurrent as a function of laser power. Saturation absorption is observed 

when probe power reach 60 W. (b) photocurrent intensity as a function of delay-time under 

different pump power. The probe power is fixed at 70 W.  The solid lines are fitted by 

exponential relation. The photocurrent decreased at zero delay. (c) The absolute values of the 

photocurrent obtained at time-zero with different pump power. The photocurrent at zero delay 

decreases as the pump power increases. These values show saturation as pump power increases, 

which is consistent with the saturation effect. 
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Supplementary Figure 8 | Photocarrier dynamic at metal-semiconductor junction. (a) Drift and 

recombination of photocarrier inside metal-semiconductor junction (M-S junction). Open and thick 

circles represent photoexited holes and photoexited electrons, respectively. Dashed rectangle indicates 

M-S junction with length of L. (b) Photocurrent generation and loss inside M-S junction. Photocarriers 

inside the M-S junction have two channels to decay. One is photocarrier drifting out of the junction 

which introduces photocurrent. The other one is electron-hole recombination which introduces loss. (c) 

Photoresponse times of Bi2O2Se device with channel lengths of 16 m and 8 m. The 

photoresponse times do not show channel-length dependence. 

 

 

Supplementary Figure 9 | Infrared image taken by single pixel 2D Bi2O2Se. (a) Sample to 

be imaged. The sample consists of gold patterns (Chinese characters, not visible here) on silicon 

chip, which is covered by long-pass optical filter with cut-off wavelength of 780 nm. Scale bar 

is 5 mm. (b) Commercial camera picture of the imaging area in figure a. Since the imaging area 

is covered by the filter, the gold patterns are not observable here. Scale bar is 200 m. (c) 

Infrared image taken by scanning focused 1150 nm beam over the same imaging area. The 

scheme of the imaging system is the same as shown in Fig. 4c. While scanning laser beam, a 

single pixel Bi2O2Se photodetector is used to detect the infrared reflecting signals at different 

locations. In contrast to commercial camera working in visible light range, the gold patterns 

could be easily observed by infrared Bi2O2Se photodetector. Scale bar is 200 m.   
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Supplementary Note 1: Photogating effect in Bi2O2Se device 

The high responsivity of Bi2O2Se device is attributed to the existence of photoconductive 

gain. Such gain mechanism could only prevail when there is an external source-drain bias. This 

photoconductive gain is usually introduced by localized states either inside 2D materials or at 

material-substrate interface. Under illumination, these localized states (namely trap states) 

could trap one type of photocarriers (electrons or holes), leaving the other type of photocarriers 

circulating as schematically shown in Supplementary Fig. 3. Therefore, this effect could 

prolong the lifetime (𝜏୲୰ୟ୮) of the other type of carriers. If the lifetime 𝜏୲୰ୟ୮ is larger than the 

transit time (𝜏୲୰ୟ୬ୱ୧୲, the time of electron/hole travelling across the channel under source-drain 

bias), one photoexcitation event will introduce more than one electron transit event, which 

means the photoconductive gain (
𝜏୲୰ୟ୮

𝜏୲୰ୟ୬ୱ୧୲ൗ ) is larger than 119. Such effect at some cases is 

also called photogating effect, as the localized charges at the trap states act like local gate, 

which effectively modulates a transistor behaviour, such as shifting the threshold voltage. This 

mechanism has been widely accepted in nanostructured materials—exacerbated by their high 

surface-to-volume ratio—such as colloid quantum dots20, nanowires21. It has also been found 

and intensively studied in 2D materials, such as MoS2
17,22 and black phosphorous23.  

To evidence the existence of photogating effect in Bi2O2Se device, we measured gate-

dependent photocurrent by shedding light on the device. As shown in Supplementary Fig. 4a, 

the transfer curve under illumination shows a shift compared with the one in dark. This agrees 

well with the above-mentioned photogating effect, in which threshold voltage in transfer curve 

is shifted under illumination. To quantitatively study the effect, we calculated photocurrent and 

transconductance by equations: 

𝐼୮୦ ൌ 𝐼୪୧୥୦୲ െ 𝐼 ୟ୰୩ (1) 

𝑔୫ ൌ ∆ூౚ౗౨ౡ
∆௏ౝ

 (2) 

where 𝐼୮୦, 𝐼୪୧୥୦, 𝐼 ୟ୰୩, 𝑔୫ and 𝑉୥ denote photocurrent, drain current under illumination, drain 

current in dark, the transconductance and gate voltage, respectively. As shown in 

Supplementary Fig. 4b, photocurrent and transconductance show similar trends, which agrees 

well with photogating theory23, in which the photocurrent could be seen as drain current shift 

and follow the trend of transconductance through equation: 

𝐼୮୦ ൌ 𝑔୫ ൈ ∆𝑉୲୦  (3) 

where ∆𝑉୲୦ is the threshold voltage shift. Based on the equation and data in Supplementary Fig. 

4b, we extract ∆𝑉୲୦ ൌ0.45 V. In this experiment, the similar trends between the photocurrent 
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and transconductance confirm the existence of photogating effect. 

In addition, two very typical features of photogating effect were already shown in Fig. 2 

in the main text. The first one is that responsivity decreases with incident power, which is 

shown in Fig 2a, 2b in main manuscript and Supplementary Fig. 2. The decrease is due to the 

limited density of state of trap states. As power increase, more photocarriers are excited, but 

similar amount of photocarrier can be trapped (thus relatively less), giving rise to lower 

responsivity. The second feature is the increasing sensitivity with increasing external bias as 

shown in Fig. 2b and the corresponding Supplementary Fig. 2b and 2c. As the gain 

(
𝜏୲୰ୟ୮

𝜏୲୰ୟ୬ୱ୧୲ൗ ) depends on transit time 𝜏୲୰ୟ୬ୱ୧୲, higher bias will shorten transit time and thus 

increase gain and responsivity. 

In conclusion, the high responsivity in Bi2O2Se detector is due to photoconductive gain, 

which is introduced by trap states.  

Supplementary Note 2: Ultrafast photoresponse measurement 

In the measurement, two trains of ultrashort pulses (820 nm, 100 fs) with controllable time 

delay are focused on the same spot of metal-Bi2O2Se junction (M-S junction) in a device to 

excite photocarriers, which lead to photocurrent afterwards. This technique can probe 

photocarrier dynamic and photoresponse time by exploiting sublinear power dependence of 

photovoltage. Such sublinear behavior happens when shedding two trains of pulses with large 

power at the sample. During excitation, each pulse will excite photocarriers at the junction and 

then the two type of photocarriers drift separately due to build-in field at the Schottky barrier 

as shown in Supplementary Fig. 8a. If the two neighbour pulses from two beams are too 

temporally close, the photocarriers due to the first excitation does not have enough time to 

recombine, or escape (drift out of) the exciting area when the neighbour pulse arrives. These 

simultaneous excitations by the two neighbour pulses trigger photocurrent reduction and result 

in the lowest photocurrent when the two pulses fully overlap (as shown as dip at zero-time 

delay in Fig. 3a). In contrast, at long time delay, the photocarriers has enough time to either 

recombine, or escape (drift out of). The two pulses behave independently, resulting in a large 

photocurrent. Thus, by varying the delay time, we can extract the time duration from 

photocarrier generation to photocarrier disappearance at the junction (we neglect the 

photocarrier generation time as it is in general very fast24). This process is denoted as 

photocarrier decay, while the time duration is denoted as decay time in the following text. 
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Photocarriers inside the junction decay through two channels, which are recombination 

and drift as shown in Supplementary Fig. 8b (Note that we do not include exciton process here 

in order to simplify the explanation. If considering exciton processes such as exciton 

dissociation and recombination, we could treat exciton dissociation as part of the photocarrier 

drift process, while exciton recombination as a completely separate channel. The latter one 

usually has much longer time scale of approximately 1 ns25-27. This is much longer than free 

carrier recombination and thus does not affect our discussion here.). Total response time from 

the experiment is as revealed in Fig. 3, while photocarrier recombination time is 𝜏୰ୣୡ୫, and 

photocarrier drift time is 𝜏ୢ୰୧୤୲ . The total decay rate is 1/𝜏 , which denotes how fast the 

photocarriers decay. It is the adding up of the two decay rates  1/𝜏୰ୣୡ୫ and 1/𝜏ୢ୰୧୤୲ from the 

two channels. It follows equation as 

ଵ

ఛ
ൌ ଵ

ఛ౨౛ౙౣ
൅ ଵ

ఛౚ౨౟౜౪
 (4) 

The electron-hole recombination time 𝜏୰ୣୡ୫ depends on the electron band structure, defect 

concentration, phonon band structure, surface states, etc. It is relatively long in semiconductors 

and was reported as more than 30 ps in transition metal dichalcogenide (TMD)25,28. Therefore, 

we believe it is the faster decay channel—drift channel—dominate the whole decay process, 

although the domination of recombination channel cannot be completely ruled out here. The 

drift process does strongly depend on the mobility. For this channel the drifting time can be 

calculated by equation29 

𝜏ୢ୰୧୤୲ ൌ
௅మ

ଶఓ௏
(5) 

where L, , V are length of M-S junction, carrier mobility, and Schottky barrier height, 

respectively. Based on Supplementary equation 5, 𝜏ୢ୰୧୤୲ depends on length of M-S junction, 

instead of the whole channel length. This is because as soon as one type of photocarriers drifts 

out of the junction, there will be charge accumulation and then photocurrent in the circuit. To 

confirm this theory, we conducted photoresponse measurement for devices with different 

channel-lengths. As expected, they do not lead to different photoresponse time. Instead, both 

devices with channel lengths of 16 m and 8 m show similar photoresponse time of 

approximately 1 ps (Supplementary Fig. 8c), which agrees well with that the drift time and 

photoresponse time relates to length of the junction instead of the channel length.  
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Supplementary Note 3: Chemical etching process with facile region-selectivity 

CVD-grown 2D Bi2O2Se crystals on mica substrates can be patterned into ordered arrays 

by a facile wet-chemical etching method using dilute H2O2 and protonic acid as mixed etchants. 

Assistant by microfabrication technique and pre-patterned lithography mask, the pre-designed 

patterns can be realized by standard electron beam lithography (EBL) process. Then the 

optimized component ratio of H2O2: H3O+: H2O at 2:4:8 can facilitate the facile chemical 

patterning of 2D Bi2O2Se crystals. A typical region-selective chemical etching process can be 

completed at approximately 20 s and then the samples should be quickly transferred to large 

quantities of water and rinsed for several times to terminate the etching reaction and avoid end-

cutting effect. Finally, ordered 2D Bi2O2Se arrays can be obtained after the removal of 

patterned mask. 
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