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Supplementary Note 1. With the electrostatic tunability of 2D materials, many researchers have 

demonstrated electrically/optically programmable conductance/persistent-photoconductance 

(PPC) using varied materials for electrical channels and charge storage layers as summarized in 

Supplementary Table 1. On top of PPC, the programmable photoresponsivity (R) of the bP-PPT 

device enables instantaneous in-sensor image processing. The multifunctional operation in both 

optical and electrical domain together with the array geometry realizes CNN to recognize 

handwritten digits with 92% accuracy. The optical programmability sets over 5-bit of stable states 

and suggests parallel and remote programmability.  

 

Supplementary Table 1. Comparison of key features and performance of our device with prior 

works. 

Ref 
Material Programming 

method 

Physical Attribute CNN 

Accuracy 

# of 

stable states Channel Storage Weight Input 

This work bP AHA 
Electrical & 

Visible light 
g, R E, O 92 36 

1 bP POx UV light g E 90 N.D. 

2 WSe2 h-BN Electrical g, R E, O 90 N.D. 

3 MoS2 AlOx 
Electrical & 

Visible light 
g E 94 4 

4 bP AHA Electrical g E N.D. 2 

5 bP cPVP Electrical g E N.D. 5 

6 MoS2 graphene Electrical g E N.D. N.D. 

7 InSe graphene Electrical g E N.D. 16 

8 WSe2 No memory Electrical  R O 99 N.D. 

* Input E: electrical, O: optical 

* Weight: g for conductance, R for responsivity  

* N.D.: Not demonstrated 

* AHA: Al2O3/HfO2/ Al2O3 stack, cPVP: cross-linked poly-4-vinylphenol 

 



Supplementary Note 2. The retention time of the bP-PPT device is estimated by fitting the drain-

source current Ids versus time curves with the power function9,10, 𝑓(𝑡) = 𝐴𝑡! (Supplementary 

Figure 1a). The black and red curves indicate the highest conductive state programmed by the 

positive electrical pulse and the lowest conductive state set by the negative pulse, respectively. 

30 % retention time is estimated to be about 1 year. 

 

Supplementary Figure 1. The retention time and endurance performance of a bP-PPT device. (a) 

Time trace of state retention for two conductive states. (b) 3 bits (8 states) programming with 

electrical pulses. The first 18 V voltage pulse sets the device to the highest conductance state. 

Following depressive pulses of 20-ms with different voltage from -4 V to -12 V set the device to 

8 different states (color coded). (c) Endurance test of the bP-PPT devices for 200 cycles of repeated 

procedure described in (b).  

   

 

 

 

 

  



Supplementary Note 3. The charge stored in the dielectric layer (𝜎") (Supplementary Figure 2a) 

is modulated by the maximum (minimum) voltage (𝑉#$%) applied on the top gate during a voltage 

sweep. Supplementary Figure 2b shows that the hysteresis window increases with the larger 

maximum voltage, indicating a larger number of stored charges. The stored charge density 𝛥𝑛" 

can be estimated with the following expression:3  

𝛥𝑛"(𝑉#$%) =
𝜎"
𝑞 =

𝛥𝑉&'𝜖(
𝑑(𝑞

=
𝛥𝑉&'(𝑉#$%)𝐶)*

𝑞 	

, where 𝛥𝑉&'(𝑉#$%) is the threshold voltage shift toward the positive voltage direction when 𝑉#$% 

is changed, 𝐶)* is the specific capacitance of the blocking layer, 𝑞 is the electron charge, and 𝜖( is 

the permittivity of the Al2O3 blocking layer. The maximal charge density that can be stored in the 

HfO2 layer is estimated to be 𝛥𝑛",#$% = 1.8	 × 10(,	𝑐𝑚-., for electrons or holes. In addition, as 

it will be further discussed in Supplementary Note 4 and 5 with a theoretical model of bP-PPT, the 

charge density stored in the storage layer is determined by 𝑉#$% when the gate sweeping takes 

longer than 100 ms. Thus, the charge density stored in the storage layer is related to the change of 

threshold voltage which determines the conductance of bP-PPT channel at zero gate voltage as 

shown in Supplementary Figure 2c.  

Supplementary Figure 2. Charge density in the AHA stack of bP-PPT. (a) The schematics of 

electric field and charge distribution when gate voltage across the dielectric stack is applied. (b) 

the hysteresis loop for gate voltage swept with different maximum voltage. (c) The conductance 

of bP-channel without gate voltage versus the threshold voltage shift and the charge density stored 

in the storage layer. Approximately linear relation between the 𝑛"&/012 and the conductance of bP-

channel will be used for further analysis of optical programming in Supplementary Note 6.  

 



Supplementary Figure 3. Plot for the photocurrent versus the incident optical power. The 

photocurrent linearly depends on the optical power dependence when the bP-PPT device is 

programmed to the low-g and high-g states with photoresponsivity of 60 mA/W and 20 mA/W, 

respectively. The programmable photoresponsivity (R) enables the linear calculation by measuring 

the photocurrent: 𝐼3' = 𝑅 ∙ 𝑃456. The bias voltage is set constant at 50 mV. 
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Supplementary Figure 4. States of different conductance and photoresponsivity. (a) The source-

drain current 𝐼2"(= 𝐼2$0! + 𝐼7') measured with/without optical illumination at 100 mV bias 

voltage. (b) The photocurrent of different states. The higher the conductive states, the lower 

photoresponsivity is measured, consistent with the reference [11]. The state numbered as S2 is 

equivalent to #1 in Fig. 2e of the main text (S3 to #22, S4 to #35). S1, S5, and S6 are obtained with 

gate voltage keeping on (not optically programmable states). The telecom band laser is used at 

1550-nm wavelength with 10-mW power.  

   

 

 

 

 

 

 

 

  



Supplementary Figure 5. Pulse energy for setting different conductance states. (a) The pulse 
energy for each pulse number. (b) The conductance of each state (the same as Fig. 2e in the main 
text). The pulse number 1 changes the state from #0 to #1, and the pulse number 2 changes the 
state from #1 to #2, and so on. The required pulse energy for state-change grows exponentially 
because the reduced charge density in the storage layer also reduces the built-in electric field that 
assists the escape of photoexcited charges from the storage layer to the bP-channel, which is further 
discussed in Supplementary Note 4, 5 and 6. Inset: the time stability of the three representative 
states with more than 1000 sec of retention. (c) The statistics for each state. The conductance states 
of our bP-PPT devices are differentiated with the following two criteria: 

(1) Each state is stable within a 99 % confidence interval (C.I.) (2.5 standard deviations) upon 
the repeated setting of the desired states. 

(2) The separation between the states is more than 6 times of the standard deviation (6𝜎) so 
that each state can be clearly distinguished from the two adjacent states. 

 



 



Supplementary Note 4. The working principle of the bP-PPT device can be modeled by the 

Fowler-Nordheim tunneling (FN tunneling), which explains the charge trapping and de-trapping 

mechanism by electrical and optical control. 

Supplementary Figure 6a depicts the band alignment of the bP channel, Al2O3 tunnel layer, and 

HfO2 charge storage layer. When a sufficiently large voltage is applied to the top ITO gate (Fig. 

1e in the main text), the large electric field across the tunneling layer can lead to the FN tunneling. 

A tunneling current will be injected into the HfO2 trapping layer, where charges are trapped at 

trapping sites with energy in the bandgap12. After the applied gate voltage is removed, these 

metastable trapped charges remain in the HfO2 layer and induce effective gating to the bP channel, 

modulating its optical and electric properties. Supplementary Figure 6b illustrates the band 

diagram under the built-in electric field by these trapped charges. 

Under optical illumination, the trapped electrons can be excited and escape from the trap site to 

tunnel back to the bP-channel, facilitated by the built-in field as in Supplementary Figure 6b. The 

amount of tunneling charges can be precisely controlled by the optical power and pulse duration 

to realize 36 intermediate states. The electric field distributions with and without gate voltage are 

depicted in Supplementary Figure 6c and d, for different charge densities in the charge storage 

layer (long-dashed line, short-dashed, and straight lines for the highest, moderate, and no charges, 

respectively). To estimate the electrical programming/erasing speed and optical programming 

speed, we calculate the FN tunneling current with a triangle barrier of bP/AHA/ITO device. The 

quantum tunneling transmission function TC(ξ) is first calculated using the Wentzel-Kramers-

Brillouin (WKB) approximation, and is given by 6,13,  

𝑇𝐶(𝜉) = expA−
2
ℏ
E F2𝑚/%(𝑉(𝑥) − 𝜉)	𝑑𝑥	
&!"

8
H	 (1) 

 

where 𝑡/% is the thickness of the tunneling layer (Al2O3), 𝑚/% is the effective mass of the carriers 

in the tunneling layer, 𝑉(𝑥) is the potential function of the triangle-barrier, and 𝜉 is the energy of 

incident carriers referenced to the Fermi energy of the electrode.  

When the gate voltage is applied, the electric field across the tunneling Al2O3 layer is calculated 

using the capacitor model: 



𝑉9 =
𝜎(
𝜖:*;

𝑡)*< +
𝜎(

𝜖=>;.
(𝑡"&0? ) +

𝜎( + 𝜎=>;#
𝜖=>/

I𝑡=>; − 𝑡"&0? J +
𝜎( + 𝜎=>;#

𝜖:*;
	𝑡&@* 	 (2) 

 

𝐸/% =
𝑉&@*
𝑡&@*

=
𝜎( + 𝜎=>;#

𝜖:*;
	 (3) 

 

where 𝜎(, 𝜎=>;# are the charge density at the interface between the gate electrode and the blocking 

layer, and the charge density stored in the HfO2 layer, 𝜖:*;, 𝜖=>; are the dielectric constant for 

Al2O3 and HfO2, 𝑡&@*, 𝑡=>;, 𝑡)*< and 𝑡"&0?  are the thickness of tunneling layer, charge storage layer, 

blocking layer, and the position for the barycenter of the stored charge, respectively. We assume 

the charge density is uniformly spread in the HfO2 layer so that the barycenter is assumed as the 

center of the HfO2 layer. Accordingly, the tunneling current through the tunneling layer can be 

estimated as 13:  

𝐽A4 =
𝑚1𝑞,

8𝜋𝑚/%ℎ𝑞ΦB
𝐸/%. expA−

4F2𝑚/%

3ℏ𝑞𝐸/%
(𝑞ΦB)

,
.H	 (4) 

 

 where 𝑞, ℎ,𝑚1, and ΦB are electron charge, Planck’s constant, electron mass, potential energy 

barrier at the bP and Al2O3 interface, respectively. 

The stored charge density in the HfO2 layer (𝜎=>;#(𝑡)) (negative for electrons and positive for 

holes) is the integration of the tunneling current density over the operation time t, 

𝜎=>;#(𝑡) = E 𝐽A4
&

8
(𝑡?)𝑑𝑡?. (5) 

 

The stored charge density after the programming by gate pulse can induce the effective gating to 

the bP-channel. Meanwhile, those stored charges in the HfO2 layer can form the built-in electric 

field across the tunneling layer and cause the charges leakage to the bP channel. The tunneling 



current of the leakage process depends on the tunneling coefficient and the carrier density 

regarding the process, which can be described by Tsu-Esaki formula14: 

𝐽*1$! = −𝑞
𝑑𝑛"&/012
𝑑𝑡

=
𝑞

4𝜋,ℏ
E 𝑇𝐶(𝜉)𝑔(𝜉)𝑓(𝜉)	𝑑𝜉
C$%"

C$&'		
	 (6) 

where 𝑔(𝜉) and 𝑓(𝜉) are the density of state of charge carriers and distribution function, 

respectively. For simplicity, we assume charge trapping in HfO2 is dominated by one type of traps 

so simplify 𝑔(𝜉) with delta function, 𝑔(𝜉) = 𝑛"&/012𝛿(𝜉 − 𝜉&0$7). 𝑓(𝜉) is Fermi-Dirac 

distribution function. Then, since the tunneling coefficient depends on the built-in field and the 

stored charge density, we have: 

 

−
d𝑛"&/012
𝑑𝑡

∝ Y
𝑇𝐶 Z𝜉&0$7, 𝐸)EF*&(𝑛"&/012)[ ∗ 𝑛"&/012 + 𝑇𝐶I𝜉&' , 𝐸)EF*&(𝑛"&/012)J ∗ 𝑛&'

+𝑇𝐶 Z𝜉/7& , 𝐸)EF*&(𝑛"&/012)[ ∗ 𝑛/7&
]

	
	 (7)

 

 

where the first and second terms of the right-hand side are related to the leakage process without 

any external illumination. The first is the direct tunneling due to built-in field from the traps of the 

stored charges and the second term is thermally excited charges from traps to conduction band 

with energy 𝜉&' and contributes to tunneling. In the third term, we also consider the optical 

excitation of the stored charges with the photon energy ℏ𝜔 and the excited electron energy 𝜉/7& =

ℏ𝜔 + 𝜉&0$7, which are related to the tunneling coefficient 𝑇𝐶, while the stored charge density in 

the storage layer also affects the built-in field that assists the tunneling process.  

 

 

 

 



Supplementary Figure 6. The working principle of programming and erasing of bP-PPT device. 

(a) Band diagram of bP/AlO/HfO layer when 18 V top gate voltage is applied. Electrons from bP 

tunnel into HfO2 layer and are trapped below the conduction level. (b) Band diagram of AHA 

charge storage layer with a charge density of  1.5 × 10(,	cm-. in the HfO2 layer without top gate 

voltage. Trapped charges can optically be excited and removed from the charge storage layer. (c), 

(d) The band alignment changes with the trapped charged density with (c) and without (d) the top 

gate applied. Long-dashed line, short-dashed line, and straight line refer to charge density of 1.5, 

0.5, and 0 (× 10(,	cm-2), respectively. 

 



Supplementary Note 5. From equations (3), (4), and (5) in S.I. Note 4, the stored charges can 

screen the effective electric field in the tunneling layer. Hence, the FN tunneling current is 

suppressed with increasing density of stored charge, which we calculate and plot in Supplementary 

Figure 7a. The initial programing of conductance of the bP-PPT channel requires 10s of ms gate 

pulse to saturate the charge density in the trapping layer as shown in Fig. S7b. Different gate 

voltages and pulse time are considered in Supplementary Figure 7 a and b, which result in the 

different conductive states as shown in Fig. 2C of the main text. The shorter pulses on the order of 

µs can be used to program the devices in smaller steps of conductance. 

 

Supplementary Figure 7. The electrical programming speed. (a) The FN tunneling versus the 

trapped charge density in the storage layer with different top gate voltage VG. (b) Different charge 

densities in the storage layers depending on the pulse duration. Inset: Zoomed-in plot of (b) with 

shorter pulses.  

 

 

 

 

 



Supplementary Note 6. For optical programming, we used optical pulses of ms duration in our 

experiment. But based on the theoretical analysis, the programming speed can be increased with 

ns~µs optical pulses, depending on the pulse intensity and photon energy. Mechanisms of de-

trapping of the stored charges in the HfO2 layer include field-assisted tunneling, thermally excited 

charge tunneling, and optically excited charge tunneling as indicated in equation (7). Without the 

gate voltage, the tunneling coefficients for the first two mechanisms are negligible compared to 

the optically excited tunneling coefficient as shown in Supplementary Figure 8a. Because the 

trapped charges have to overcome the large tunneling barrier with ΦB
? , the charge tunneling process 

can be activated with optical illumination, which reduces the effective barrier to ΦB
? − ℏ𝜔. The 

optically assisted tunneling process can be described as: 

 

−
d𝑛"&/012
𝑑𝑡 ∝ 	𝑇𝐶 Z𝜉/7& , 𝐸)EF*&(𝑛"&/012)[ ∗ 𝑛/7&	

= 𝑇𝐶 Z𝜉/7& , 𝐸)EF*&(𝑛"&/012)[ ∗ I𝐺I𝑃/7&J ∗ 𝑡J	 (7) 

 

where 𝐺 is charge generation rate due to the optical illumination, which is assumed to be 

proportional to the optical power 𝑃/7&. To solve this nonlinear differential equation, we assume 

the conductance of the bP channel is in the range of 30 – 80 µS, which corresponds to the stored 

charge density of 4 – 12 ´1012 cm-2, as discussed in S.I. Note 3. Also, we approximated the 

analytical function of TC with an exponential function and only considered the trap site with 1.25 

eV below the conduction band, where the largest density of oxygen vacancies in HfO2 exists as 

reported with optical absorption spectra12.  

The resulting trapped charge density 𝑛"&/012 versus illumination time is plotted in Supplementary 

Figure 8b. The operation speed can be further reduced to the ns regime with higher photon energy 

and higher optical power. Considering our experimental conditions: the optical power on the bP-

PPT device is 12 µW, pulse width is varied from 1 ms to 200 ms, and photon energy is 1.6 eV 

(780 nm). We use equation (7) to calculate the optical pulse energy required to change the device 

from state #(n-1) to state #n, which is plotted in Supplementary Figure 8c. The model shows a 

good agreement with the experimental results in Supplementary Figure 5a.  



 Supplementary Figure 8. The optical programming speed. (a) Tunneling coefficients depending 

on the stored charge density in the storage layer. (b) The conductance of bP-channel changes 

depending on the optical power and illumination time. (c) The calculated and experimental optical 

energy depending on the pulse number n, that changes the device from state #(n-1) to #n.  

 

 

  



Supplementary Figure 9. Optical Microscope image of bP flake for (a) as transferred and (b) 

after patterning to the bP-PPT device array. All 12 devices are fabricated from the flat region of 

the bP flake as outlined with red-dashed line to minimize the device-to-device variation. Each 

device has source and drain contacts and an ITO top gate electrode.  Inset: the thickness of bP by 

AFM along the white dashed line. Scale bar: 10	𝜇𝑚. 

 

 

 

 

 

 

 

 

 



Supplementary Note 7. Characterization of bP degradation during the fabrication process is 

performed by repeating the bP patterning process (e-beam lithography, ICP etch, resist removal). 

The optical microscopic images and AFM measurements of a bP flake as transferred and after 

etching are shown in Supplementary Figure 10a. The freshly exfoliated bP flake with a flat surface 

with 17-nm thickness is preserved in its optical contrast, surface smoothness, and thickness after 

the ICP etching. The thickness of the bP rectangles can be estimated considering the etched 

thickness of SiO2 substrate as shown in the right column of Supplementary Figure 10a. 

Additionally, the Raman spectroscopy of the bP rectangle in Supplementary Figure 10b shows no 

signs of PxOy or HxPOy, at around Raman signal from 800 to 1000 cm-1, revealing that oxidation 

and degradation of bP during the fabrication process is negligible15.  

 

Supplementary Figure 10. Degradation test of the bP flake upon the device fabrication process. 

(a) Optical images and AFM measurements for flat surface and preserved thickness of a bP flake 

upon ICP etching into two rectangles. The step height measurements are performed along the white 

dashed lines. The thickness of the bP flake is maintained as 17 nm. (b) Raman spectroscopy for 

ICP etched bP rectangle. It shows no indication of PxOy or HxPOy formed during the fabrication 

process.  

 

 

 



Supplementary Figure 11. Estimation of lifetime of bP-PPT device. (a) Ids-VG measurement and 

(b) time traced retention of two states of a bP-PPT device over 3 months. Both show the good 

consistency of gate modulation, memory windows, on-off ratio, and retention time even after the 

3 months.  

Note: Considering our device geometry, we have 35 nm AHA oxide (Al2O3/ HfO2/Al2O3) layers 

grown by atomic layer deposition (ALD) which can effectively passivate the bP and improve the 

stability of the bP devices. It is previously demonstrated that the 20 nm ALD oxide (Al2O3) can 

conformally coat the device and protect the thin bP flake from degradation for more than 90 days16. 

 

 

 

 

 

 

 

 

  



Supplementary Note 8. The 36-level-high-precision programmability of the bP-PPT device is 

used to compute the convolutional layer with two kernels of the CNN explained in Fig. 4a. The 9 

devices of bP-PPT which performs most closely were selected to exhibit the 3 ´ 3 kernels with the 

element indicated in Fig. 4b in the main text. The target conductance levels are decided by the 

following equation: 

𝑔F,G
&$0H1& = 𝑔F,GI − 𝑔01>,G = 𝑘Ie𝑤F,GI e − e𝑤F,G- e	J = 𝑘	𝑤F,G

&$0H1&	

, where 𝑔F,G
&$0H1& indicates the target conductance with both positive and negative values. 𝑔F,GI  and 

𝑔01>,G indicate the device conductance at a pixel in row 𝑖  and column 𝑗, and at reference pixel of 

column 𝑗, respectively, with only positive values. Similarly, 𝑤F,G
&$0H1& is the target weight which is 

obtained from an offline CNN and 𝑘 is the coefficient to relate the weights and the conductance. 

𝑤F,G
±  represent the target weight in its positive and negative values. Since the 9 pixels are all used 

for the convolution, the reference is done by reprogramming the bP-PPT devices to the reference 

weights. The product of input voltage vector 𝒗	(𝑚 × 1) and the weight conductance matrix 

𝑔(𝑚 × 𝑛) produces the output current vector 𝒊	(𝑛 × 1). In our case, n=1 and m=9 for each kernel. 

At each time frame of the computation, a convolution value of a pixel among 26 ´ 26 of the 

convolved image is read out as a total current, whose time trace is shown in Supplementary Figure 

12. The two 3 ´ 3 kernels are discretized to take the nearest values of the ideally trained kernel 

from offline CNN, as tabled in Supplementary Table 2.  

 

 

 

 

 

 

 



Supplementary Figure 12. Raw data of the time trace of the convolutional result for the symbol 

“0”.  

  

Supplementary Table 2. Discrete Kernel values compared to the kernel values of ideally trained 

CNN for two convolution kernels K1 and K2 (Fig. 4b). The bP-PPT devices are set to the state 

numbers from #0 to #35 and reference numbers to cover the weight values spanning from positive 

to negative values. 

K1 
Device state no. (#i - #ref) Ideally trained Kernel Discrete Kernel 

34 
 (#34 - #0) 

11 
(#21 - #10) 

-17 
(#3 - #20) 1.9539 0.6355 -0.9577 1.94 0.63 -0.97 

35 
(#35 - #0) 

9 
(#19 - #10) 

-15 
(#5 - #20) 2.0035 0.4924 -0.8589 2.00 0.51 -0.86 

28 
(#28 - #0) 

3 
(#13 - #10) 

-13 
(#7 - #20) 1.6262 0.1575 -0.7946 1.60 0.17 -0.74 

K2 
Device state no. (# i - # ref) Ideally trained Kernel Discrete Kernel 
25 

(#25 - #0) 
11 

(#21 - #10) 
-6 

(#14 - #20) 3.477 1.5833 -0.773 3.43 1.51 -0.82 

28 
(#28 - #0) 

12 
(#22 - #10) 

-8 
(#12 - #20) 3.7587 1.6116 -1.091 3.84 1.64 -1.09 

35 
(#35 - #0) 

13 
(#23 - #10) 

-13 
(#7 - #20) 4.7789 1.7567 -1.7929 4.80 1.78 -1.78 

 



Supplementary Figure 13. Evaluation of the edge detection result by comparing the measured 

values of each pixel to the simulated results for all three pictures (MNIST handwritten digits, a 

husky dog, and a cameraman). (a) Experimental output photocurrent versus the simulated result, 

which shows linear correlation. (b) The correlation coefficients between the experimentally 

processed images and simulated results. All three pictures show the correlation coefficient over 

92%.   

 

 

 

 

 

 

 

 

 

 

 



Experimental set up. 

The bP-PPT devices were wire-bonded to the 64-pin chip holder as shown in 

Supplementary Figure 14. As for the electrical measurements of the bP devices, each device was 

wired to 3 pins for the individual connection to the gate, source, and drain. Since we have 12 bP-

PPT devices, we can simultaneously measure the conductance or photocurrent of several devices 

using SMU modules. For the optical input, both 780 nm and telecom-band laser beams were 

aligned and focused onto one device. We programmed the devices using a 780 nm laser diode 

(LP785SF20, Thorlabs) with tunable output power and pulse width. The optical images were input 

to the devices by modulating the intensity of the telecom laser (TSL-210, Santec Corporation) 

using a variable optical attenuator (EVOA1550A, Thorlabs), and detected by measuring the 

photocurrents of the bP-PPT devices. 

The optical programming can be done parallelly with a spatial light modulator. For the 

future packaging of the edge computing sensor, we can connect the preprocessing devices to a 

local data acquisition system17 and the output from the circuit can be feedback to the 

postprocessing bP-PPT devices working as a deeper layer of the network. 

Moreover, to characterize the programmable responsivity in the broadband infrared 

spectrum, a tunable infrared OPO laser (Firefly, M Squared) has been used with its signal beam 

for the wavelength 1.5-1.8 μm and with its idler beam for the wavelength 2.6-3.1 µm. The signal 

and idler beams are focused onto the bP-PPT device with the CaF2 lens. 

 

 

 

 

 

 

 

 



Supplementary Figure 14. Measurement scheme for the bP-PPT array.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Methods 

bP-PPT Device Fabrication 

Few-layer black phosphorus (bP) with 11 nm thickness is mechanically exfoliated from a 

bulk crystal (HQ Graphene) and dry transferred with a PDMS stamp onto 300-nm-thick thermally 

grown SiO2/Si substrate. The thickness of the bP flake is identified by AFM (Bruker Dimensions 

Icon). The bP flake with the lateral size of 20 µm ´ 30 µm was patterned into an array of 4 ´ 3 

pixels with each pixel size of 3 µm ´ 4 µm (Fig. 1c) by Ebeam lithography and SF6 inductively 

coupled plasma (ICP) etching with the ZEP 520A as a protective mask. Source and drain contacts 

(5 nm /25 nm, Ni/Au) were patterned by standard E-beam lithography (JEOL- JBX6300FS) and 

then deposited by the E-beam evaporation. The exfoliation of bP, the thickness measurement, and 

the lift-off process of deposited metal were all performed in the Ar-filled glovebox with oxygen 

and water molecule <0.1 ppm to avoid the degradation of the bP flake by minimizing the exposure 

to moisture and oxygen. Subsequently, the gate dielectric stack of Al2O3/HfO2/Al2O3 (AHA) was 

grown over the array by an atomic layer deposition (ALD) system. The 6-nm-thick tunneling layer 

of Al2O3 was grown on bP at 150 ˚C by thermal ALD, and the 7-nm-thick storage layer of HfO2 

was then grown at 290 ˚C by plasma-enhanced ALD, followed by the 20-nm-thick blocking layer 

of Al2O3. On top of the gate stack, Indium-tin-oxide (ITO), a transparent gate electrode, was 

patterned and deposited by E-beam lithography and a pulsed sputtering system (Evatec LLS EVO), 

respectively. 
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