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Supplementary Figure 1. Photoluminescence of ε-GaSe, α-In2Se3, and ε-GaSe/α-In2Se3 
heterostructures. (a) Optical image of a GaSe/In2Se3 heterostructure. Scale bar: 10 μm. (b) 
Photoluminescence spectra (PL) of bulk In2Se3 and GaSe flakes, and their GaSe/In2Se3 
overlapping area (T = 300 K, λ = 532 nm). The spectra show the band edge emission of In2Se3 
and GaSe. The two emissions are centred at about 1.4 eV and 2 eV, respectively, as expected 
for isolated bulk layers. 

 

Supplementary Figure 2. Time-dependent photocurrent of a device. Temporal dependence 
of the current under illumination at λ = 405 nm, power (a-b) P0 = 0.08 μW and (c-d) P0/10 at 
different voltages V = ±3 V. The rise and decay times shown in these plots were estimated by 
fitting the data by 𝐼(𝑡) = 𝐼0(1 ― 𝑒―𝑡/𝜏𝑟) and 𝐼(𝑡) = 𝐼0𝑒―𝑡/𝜏𝑑. The corresponding fits are plotted 
alongside the original dataset as red and blue lines.   
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Supplementary Figure 3. A graphene-contacted p-GaSe/n-In2Se3 (30/30 nm) 
heterojunction. (a) Left: Optical image of the device. Right: Schematic of a graphene contacted 
p-GaSe/n-In2Se3 junction (30/30 nm). Scale bar: 10 μm. (b-d) Photocurrent (ΔI) maps at (b) V 
= 0, (c) +1 V and (d) -1 V. The laser beam (λ = 425 nm and P = 15 μW) has a spot size of about 
1 μm. Scale bar: 10 μm. The left insets illustrate the direction of the current across the three 
interfaces of the heterostructure. 
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Supplementary Figure 4. A graphene-contacted p-GaSe/n-In2Se3 (10/20 nm) 
heterojunction. (a) Optical image of the device. Scale bar: 10 μm. (b) Current-voltage I-V 
characteristics in the dark and under illumination with  = 425 nm (T = 300 K, P = 0.12 μW). 
(c) Photoresponsivity (R) versus V at λ = 425 nm (P = 0.12 μW) and T = 300 K. (d) Room 
temperature (T = 300 K) photocurrent (ΔI) maps at V = 0, +1 V and -1 V. The laser beam (λ = 
425 nm and P = 20 μW) is focused by a microscope objective and the diameter of the spot size 
is around 1 μm. It can be seen that the photocurrent originates primarily from the region of 
overlap of the p-GaSe and n-In2Se3 layers with the bottom and top-graphene layers, rather than 
just the p-GaSe and graphene layers.  
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Supplementary Table 1. Comparison of device performance parameters for UV 
photodetectors based on Si or vdW heterostructures from this work and the literature.  

Materials Responsivity Working wavelength Bias condition Reference 

Si 0.75 A W-1 200 – 560 nm  2 V [1] 

a-Si:H 0.15 A W-1 260 nm 20 V [2] 

WS2/Si 5.7 A W-1 340 – 1100 nm -5 V [3] 

MoS2/GaAs 0.657 A W-1 300 – 873 nm -1 V [4] 

GaSe/WS2 149 A W-1 270 – 740 nm 2 V [5] 

GaSe/InSe 350 A W-1 270 – 920 nm 2 V [6] 

GaSe/Ga2O3 51.9 A W-1 < 280 nm 10 V [7] 

InSe/ReS2 1921 A W-1 365 – 965 nm 1 V [8] 

GaSe/In2Se3 145 A W-1 325 – 1025 nm 3 V This work 
 
 

Supplementary Figure 5. Photocurrent maps of graphene-contacted p-GaSe/n-In2Se3 
heterojunctions. (a-c) Room temperature (T = 300 K) photocurrent (ΔI) maps at V = 0 for three 
devices based on a graphene/p-GaSe/n-In2Se3/graphene heterojunction. The laser beam (λ = 
405 nm) is focused by a microscope objective and the diameter of the spot size is around 1 μm. 
Scale bar: 10 μm.  

a

b

c

-40 pA

+40 pA

-120 pA

+120 pA

-29 pA

+29 pADevice 1

Device 2

Device 3



 

6 

Supplementary Note 1. Energy band diagrams of graphene-contacted p-GaSe/n-In2Se3 

heterojunctions 

To model the junction, we have assumed bulk crystals and treated the pn-junction and 

Schottky junctions in isolation. Parameters (carrier density and electron affinity) for pristine 

graphene are used for both Schottky contacts and any shift in the Fermi level of graphene due 

to charge transfer between the semiconductors and graphene is neglected.  

Firstly, the energy step from (to) the valence (conduction) band in GaSe (In2Se3) to 

(from) the Fermi level is calculated using 𝑉𝑝 = 𝑘𝐵𝑇𝑙𝑛 𝑁𝑉

𝑝
= 0.37 eV (𝑉𝑛 = 𝑘𝐵𝑇𝑙𝑛 𝑁𝐶

𝑛

= 0.046 eV), where NV (NC) is the density of states in the valence (conduction) band and is 

given by 𝑁𝑉 = 2 2𝜋𝑚∗𝑘𝐵𝑇
ℎ2

3/2
 (𝑁𝐶 = 2 2𝜋𝑚∗𝑘𝐵𝑇

ℎ2

3/2
), where m* is the effective 

mass of the majority carriers.  

The Schottky barrier in GaSe is given by 𝜙𝐵𝑝 = 𝐸𝑔,𝑝 + 𝜒𝑝 ― 𝜙𝑚 = 1.04 eV, where 

the Fermi level in the graphene layers (as measured in graphene field effect transistors is 0.16 

eV below the Dirac point, corresponding to a hole concentration of 1.17 × 1012 cm-2) is treated 

as the work function of a metal, 𝜙𝑚. The corresponding built-in potential is 𝑉𝑏𝑖,𝑝 = 𝑉𝑝 ― 𝜙𝐵𝑝

= 0.67 eV. The depletion region width in the GaSe is 𝑥𝑝 = 2𝜖𝑠(𝑉𝑏𝑖,𝑝 ―  𝑉)
𝑞𝑝 = 8 μm at zero 

bias, where  𝜖𝑠 is the dielectric permittivity of GaSe. A similar approach is used to calculate 

the corresponding parameters in In2Se3, giving 𝜙𝐵𝑛 = 𝜙𝑚 ― 𝜒𝑛 = 1.06 eV, 𝑉𝑏𝑖,𝑛 = 𝜙𝐵𝑛 ― 𝑉𝑛

= 1.01 eV and 𝑥𝑛 = 2𝜖𝑠(𝑉𝑏𝑖,𝑛 ―  𝑉)
𝑞𝑛 = 54 nm at zero bias.  

The pn-junction has a built-in potential given by 𝑉𝑏𝑖,𝑝𝑛 = 𝐸𝑔,𝑝 + 𝜒𝑝 ― 𝜒𝑛 ― 𝑉𝑛 ― 𝑉𝑝

= 2.0 + 3.7 ― 3.6 ― 0.046 ― 0.37 = 1.68 eV.  

The carrier concentration in In2Se3 is much higher than that in GaSe, so we treat the 

junction as one-sided and abrupt, with a depletion region entirely contained within the GaSe; 

𝑊 = 2𝜖𝑠(𝑉𝑏𝑖,𝑝𝑛 ―  𝑉)
𝑞𝑝 = 10.7 μm at V = 0.  

Under an applied bias, it is assumed that the electric field is linear throughout the 

structure. The relative voltage drop across the junctions is therefore equivalent to their relative 

depletion widths in the case of a device with layer thicknesses equal to the combined 

depletion widths from each junction.  

The resulting band diagrams for V = 0, V = +1 V and at the flat band condition for the 

pn-junction are in Supplementary Figure 6. The parameters used and calculated are shown in 

Supplementary Table 2. 
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The depletion widths in GaSe are much larger than in In2Se3 due to the much lower 

carrier concentration in GaSe. In forward bias, this results in a negligible change in the 

bending of the In2Se3 bands and in the right Schottky junction. In the GaSe, the forward bias 

reduces the height of the pn-junction barrier, reaching the flat band condition of Vbi,pn = 1.68 

V at a total forward bias of V ~ +3 V. The reduction in barrier height is also accompanied by a 

decrease in the depletion width, reducing to zero at the flat band condition. The GaSe band 

bending near the GaSe/graphene interface increases under a forward bias.  

 
Supplementary Table 2. Parameters of GaSe, In2Se3 and graphene used in the calculation of 
the energy band diagrams. 

Properties GaSe In2Se3 Graphene Reference 

m* 0.8 m0 0.24 m0 N/A [9] 

p (n) 1 × 1013 cm-3 4.9 × 1017 cm-3 1.17 × 1012 cm-2 This work 

χ 3.7 eV 3.6 eV 4.5 eV [10-12] 

Eg 2.0 eV 1.4 eV N/A This work 

εs 6.18 ε0 16.68 ε0 N/A [9] 

ΦB 1.04 eV 1.06 eV N/A This work 

Vbi 0.67 eV 1.01 eV N/A This work 

WSchottky (V = 0) 8 μm 54 nm N/A This work 

WSchottky (V = +1 V) 8.67 μm ^ N/A This work 

WSchottky (V = +2.95 V) 11.51 μm ^ N/A This work 
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Supplementary Figure 6. Energy band diagrams. Energy band diagrams of graphene-
contacted p-GaSe/n-In2Se3 heterojunctions at (a) V = 0, (b) V = +1 V and (c) V = +2.95 V. Blue 
dashed lines represent flat band regions of arbitrary length between the depletion regions.   
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Supplementary Note 2. Photoresponsivity under illumination with an unfocused and a 

focused laser beam 

We estimated the responsivity of our devices under a focused laser at a fixed wavelength 

and different bias voltages. The responsivity values in the focused and unfocused mode versus 

the laser power density are plotted in Supplementary Figure 7. In the focused mode, the 

responsivity is calculated as the ratio between the current induced by light at one position (area 

A = πd2/4 ~ 1.5 μm2, diameter d = 1.22λ/NA = 1.4 μm, where NA = 0.35 is the numerical 

aperture and λ = 405 nm) and the incident power. Since the photocurrent is non-uniform, we 

illustrate the responsivity data as a vertical line, spanning the lowest and highest responsivity 

values at different positions. The line is centred around the average responsivity. To estimate R 

at each position, we subtracted from the measured current the dark current over the same area 

of the laser spot. The data show that the responsivity in the focused laser mode is in line with 

data for the unfocused mode: the value of R tends to decrease with increasing power density. 

This non-linear response is similar to that reported for many photodetectors in the literature 

[13-16]. An increasing power density tends to increase the carrier recombination rate due to an 

increase density of photogenerated carriers. 

Supplementary Figure 7. Photoresponse under unfocused/focused laser beam. 
Photoresponsivity versus laser power density for different applied voltages V under an 
unfocused (dots) and a focused (vertical lines) laser beam for a graphene contacted p-GaSe/n-
In2Se3 junction (80/80 nm).  

unfocused laser focused laser

100 101 102 103 104 105 106
10-5

10-4

10-3

10-2

10-1

100

101

102

V = 0

V = +1 V

V = 0

V = +2 V
V = +1 V

V = +2 V

 80/80 nm Device
  = 405 nm

Ph
ot

or
es

po
ns

iv
ity

 (A
/W

)

Power density (W/m2)



 

10 

Supplementary Note 3. Laser annealing of GaSe flakes 

A focused laser beam with a diameter of ~ 1 μm, power P > 0.5 mW and λ = 532 nm 

was used to anneal a GaSe flake for a time interval in the range t = 10 s to 60 s. After each 

annealing, the sample was allowed to cool down for approximately 20 s before conducting PL 

and Raman measurements. All measurements were taken on the same point of the flake at T = 

300 K. Supplementary Figure 8 shows the PL (a) and Raman (b) spectra of a GaSe flake 

before and after laser annealing at T = 300 K. The time for each curve shows the total 

annealing time at the given laser power. Following a prolonged laser annealing, the band edge 

PL emission weakens and is replaced by a broad PL emission peaked at ~ 1.7 eV. The 

strengthening of the Raman line at 255 cm-1 following the annealing is attributed to the local 

photo-oxidation of the flake due to the formation of amorphous selenium (α-Se) [17].  

 

Supplementary Figure 8. PL and Raman spectra of a GaSe flake. (a) PL spectra of a GaSe 
flake before and after laser annealing in air with different powers/annealing times (T = 300 K, 
λ = 532 nm). (b) Raman spectra of a GaSe flake before and after annealing (T = 300 K, λ = 532 
nm). The enhancement of the peak at 255 cm-1 is attributed to the photo-oxidation of GaSe [17].  
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Supplementary Note 4. Stability tests  

Since GaSe can oxidize in air, leading to morphological and chemical changes of its 

surface, our device studies were conducted in vacuum and at laser powers that avoid light-

induced changes of GaSe. Examples of the stability tests for our devices under these conditions 

are in Supplementary Figure 9. The measured current remains stable over time, switching 

between high to low (dark current) values in response to the impinging laser power.  

Supplementary Figure 9. Stability tests. Temporal dependence of the current for a graphene 
contacted p-GaSe/n-In2Se3 junction (80/80 nm) in the dark, laser power P = 12.5 μW (blue) and 
exposure to laser with increasing powers (from 12.5 μW to 100 μW, as indicated by arrows) (T 
= 300 K, λ = 405 nm, V = +1 V).  
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