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1. Strain calculation in MoS2 directly grown on a p-Si substrate  

Figure S1a and b display the statistical frequency distribution between the E1
2g and 

A1g modes for the A-MoS2 and T-MoS2 films on a p-Si substrate, respectively. Figure 

S1c shows the frequency difference (A1g - E1
2g) between the A-MoS2 and T-MoS2 

films. In Figure S1a,b, the differences between the E
1

2g
 and A

1g
 modes are 23.4 and 

21.4 cm-1 for the A-MoS2 and T-MoS2 films, respectively. As shown in Figure S1c, the 

A1g peak of the A-MoS2 shows a negligible redshift of ~0.1 cm-1, whereas  the E1
2g 

peak of the A-MoS2 shows a significant redshift of ~2.0 cm-1 compared to those of the 

T-MoS2. Using the Gruneisen parameter of the E1
2g mode for MoS2,

1-4 we can 

calculate the biaxial lattice strain in the A- MoS2 by applying the following equation1:  

ε ൌ
ω െω

2γω
ൌ
382.75 െ 384.74
2 ∗ 0.65 ∗ 384.74

ൌ െ0.398% 

where  and are the Raman wave number at finite strain and zero strain, 

respectively, γ is the Gruneisen parameter of E1
2g (0.65),2 and ε is the biaxial strain.  

 

Figure S1. The statistical frequency distribution of the E
1

2g
 and A

1g
 modes for the (a) 

A-MoS
2
 and (b) T-MoS

2
 films on the p-Si substrate. (c) The frequency difference 

between the A-MoS
2
 and T-MoS

2
 films for the E

1

2g
 and A

1g
 modes.  
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2. TEM data for the A-MoS2 and T-MoS2 samples 

 

Figure S2. (a) Schematic illustration (upper panel) and a representative plan-view 

SEM image (lower panel) showing the cross-section for the A-MoS2 and T-MoS2 

samples. (b) STEM image and corresponding EDX results for the A-MoS2 and T-

MoS2 samples. 
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3. XPS data comparison between previous reports and our work for binding 

energy of the Mo 3d and S 2p peaks 

The binding energy of the Mo 3d and S 2p core levels in MoS2 obtained from XPS is 

summarized in Table S1.  

Table S1. XPS data comparison for binding energy of the Mo 3d and S 2p peaks 

Number 
Binding Energy (eV) 

References 
Mo 3d 

3/2
 Mo 3d 

5/2
 S 2p 

1/2
 S 2p 

3/2
 

1 232.4 229.2 163.1 162.2 [5] 

2 232.4 229.4 163.3 162.2 [6] 

3 232.5 229.3 163.3 162.2 [7] 

4 232.6 229.4 163.3 162.2 [8] 

5 232.5 229.3 163.3 162.1 [9] 

6 232.3 229.2 163.3 162 [10] 

7 - 229 - 162 [11] 

8 232.4 229.2 163.3 162.1 [12] 

9 232.5 229.3 163.3 162.2 [13] 

10 232 228.8 163.3 162 [14] 

11 232 229 163 161.8 [15] 

12 232.4 229.1 163 162.2 [16] 

13 231.9 228.7 162.7 161.5 [17] 

14 - 229 - 161.8 [18] 

15 232.6 229.4 163.3 162.3 [19] 

16 232.1 228.9 163.1 162.1 [20] 

17 233 230 164 163 [21] 

18 233 230 - - [22] 

19 

232.4 229.2 163.3 162.1 T-MoS
2
 

Our 

Works233.1 229.9 163.8 162.7 
A-

MoS
2
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4. Work function comparison of MoS2 films between previous reports and our 

work 

We examined ultraviolet photoemission spectroscopy (UPS) to study the electronic 

structures of the A-MoS2 and T-MoS2 films. From the UPS measurement, the WF was 

calculated from the difference between the secondary electron cut-off of the highest 

binding energy (Figure 3a) and the exciting photon energy of 21.22 eV. The valence 

band maximum (VBM) was determined from the cut-off of the lowest binding energy 

(Figure 3b). The work function (WF) values from previous reports and our work are 

summarized in Table S2.  

Table S2. Work function values of MoS2 from previous reports and our work. 

 

Photon source 

energy (eV) 

Secondary 

electron edge 

(eV) 

WF (eV) 
VBM 

(eV) 
References 

T-MoS2 
21.22 

17.02 4.2 

4.25 

1.43 
Our work 

A-MoS2 16.97 1.3 

Pristine MoS2 

21.2 

16.84 4.36 

- [23] 16.68 4.52 
150 Ԩ MoS2 

250 Ԩ MoS2 16.68 4.52 

80Ԩ MoS2 
21.22 

16.81 4.41 
0.69 [24] 

200 Ԩ MoS2 16.70 4.52 

MoS2 21.2 16.01 5.19 - [25] 

ce-MoS2 - - 4.50 - 
[26] 

O-ce-MoS2 - - 4.93 - 

n-MoS2 21.2 17 4.2 1.7 [27] 

Pristine MoS2 

21.22 

16.59 4.63 1.32 

[28] N1- MoS2 17.65 3.57 1.76 

P1 - MoS2 15.74 5.48 1.06 
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5. Band-gap modulation under biaxial tensile strain for the A-MoS2 bilayer  

The electron affinity () and energy gap (Eg) of p-Si are ∼4.05 and ∼1.1 eV, 

respectively.29,30 The work function () of Al is 4.3 eV31 and the electron affinity () 

of MoS2 is ∼4.1 eV.32,33 Meanwhile, from UPS measurements, we found the  of 

∼4.25 and ∼4.2 eV for the A-MoS2 and T-MoS2, respectively. Here, assuming that the 

bilayer T-MoS2 is tensile-strain-free, the energy gap (Eg) of the A-MoS2 and T-MoS2 

can be expressed by the following equation, 

E,୭ୗమ ൌ E െ VBM ୭ୗమି୭ୗమ
 

where EF is the Fermi level energy, VBM is the valence band maximum, S2 is the 

work function of MoS2, S2 is the electron affinity of MoS2. 

Furthermore, we can estimate the decreased rate of the energy gap under biaxial 

tensile strain (Eg) using the following equation, 

∆E ቀeV %ൗ ቁ ൌ െ
E,ି୭ୗమ െ E,ି୭ୗమ

εୠ୧
	

 

where biis a biaxial lattice tensile strain for the A-MoS2 on the p-Si substrate 

(~0.398%) (see Figure S1). Thus, the band-gap modulation under biaxial tensile strain 

for a MoS2 bi-layer is -0. 2 eV per % strain.  
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6. Fabrication process of the MoS2-based heterojunction devices 

Figure S3 shows the fabrication process of vertical p-n heterojunction devices. First, 

the p-type Si wafers were cleaned using DI water, acetone, and isopropyl alcohol and 

then dried by the blowing of nitrogen gas (Figure S3a). After that, the MoS2 films are 

directly synthesized or transferred on the p-Si substrate (Figure S3b). Note that the 

transferred MoS2 films were synthesized on a SiO2/p-Si substrate first and then were 

transferred onto another p-Si substrate. Finally, top and bottom electrodes were 

fabricated on an MoS2/p-Si substrate using a thermal evaporator (Figure S3c and d).  

 

Figure S3. (a-d) Fabrication process of MoS2-based heterojunction devices. (e) A 

representative plan-view SEM image of the fabricated vertical heterojunction devices 

p-Si substrate

MoS2

Top electrode

(a)

(c)

(b)

(c)

Bottom  electrode

500 m

(e)
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7. Statistical distribution of turn-on voltages and ideality factors for the A-MoS2-

based and T-MoS2-based heterojunction devices  

 

Figure S4. The statistical distribution of turn-on voltages and ideality factors for 

vertical heterojunction devices based on A-MoS2 and T-MoS2 films.     
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8. The photocurrent versus light power density for the A-MoS2-based and T-

MoS2-based heterojunction devices 

Figures 4d and e show the absolute current under dark/illumination at a forward and 

reverse voltages of 5 and -5 V from I-V curves (Figures 4b and c), respectively, for 

the A-MoS2-based and T-MoS2-based heterojunction devices. In Figure S5, the 

photocurrent is the difference between the current under illumination and the dark 

current, namely Iph = Ilight- Idark. The absolute current and photocurrent of the A-MoS2-

based and T-MoS2-based devices are summarized in Tables S3 and S4 below. 

 

Figure S5. Iph vs. light power density at (a) reverse and (b) forward bias for the A-

MoS2-based and T-MoS2-based devices. 

 

Table S3. Absolute current for the A-MoS2-based and T-MoS2-based devices. 

Absolute current 
Bias  

condition 
Idark 

Ilight (0.51) 

at 0.51 mW/cm2 
Ilight (16.3) 

at 16.3 mW/cm2 
A-MoS2 -5 V 4.30 × 10-8 A 7.34 × 10-8 A 1.44 × 10-6 A 
T-MoS2 -5 V 8.76 × 10-10 A 4.19 × 10-8 A 1.52 × 10-6 A 
A-MoS2 5 V 2.72 × 10-4 A 2.82 × 10-4 A 3.31 × 10-4 A 
T-MoS2 5 V 1.9 × 10-3 A 1.92 × 10-3 A 2.42 × 10-3 A 

 
Table S4. Photocurrent for the A-MoS2-based and T-MoS2-based devices.  

Photocurrent Bias condition Iph (0.51) = Ilight (0.51) - Idark Iph (16.3) =Ilight (16.3) - Idark 

A-MoS2 -5 V 3.04 ×10-8 A 1.40 ×10-6 A 

T-MoS2 -5 V 4.10 ×10-8 A 1.52 ×10-6 A 

A-MoS2 5 V 0.1 × 10-4 A 0.59 × 10-4 A 

T-MoS2 5 V 0.02 × 10-3 A 0.5 × 10-3 A 
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9. The phoresponsivity versus light power density for the A-MoS2-based and T-

MoS2-based heterojunction devices 

Figure S6a shows a logarithm scale plot of current (y-axis) versus linear time scale (x-

axis), which is the changed form of Figure 4f. The photoresponsivity, which is 

described as Rph = Iph/Plight with light intensity Plight, is shown in Figure S6b below. 

Under light power density of 16.3 (0.51) mW/cm2, the Rph at a reverse voltage of -5 V 

is ~ 0.34 (0.23) and ~ 0.37 (0.32) A/W for the A-MoS2-based and T-MoS2-based 

device, respectively. 

 

Figure S6. (a) A semi-logarithm scale plot of photoswitching curves of the A-MoS2-

based and T-MoS2-based devices. (b) Photoresponsivity vs. light power density at -5 

V for the A-MoS2-based and T-MoS2-based devices. 
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10. The photovoltaic effect of the A-MoS2-based and T-MoS2-based 

heterojunction devices 

 

Figure S7. The current-voltage characteristics showing photovoltaic effect for the 

vertical heterojunction devices based on A-MoS
2
 and T-MoS

2
 films. 

Table S5. Photovoltaic parameters of the A-MoS2-based and T-MoS2-based 

heterojunction solar cell under light power density of 16.3 mW/cm2. 

Type  VOC ISC FF 

A-MoS2 0.18 ± 0.03 V 20.7 ± 17.9 nA 0.12 ± 0.05 

T-MoS2 0.11 ± 0.02 V 104.2 ± 62.4 nA 0.17 ± 0.02 

 

  

0.0 0.1 0.2 0.3
-0.02

-0.01

0.00

 

 

A-MoS
2

 dark
 0.51 mw/cm2

 16.3 mw/cm2C
u

rr
en

t 
(

A
)

Volateg(V)
0.0 0.1 0.2 0.3

-0.10

-0.05

0.00

T-MoS
2

 dark

 0.51 mw/cm2

 16.3 mw/cm2

C
u

rr
en

t 
(

A
)

Volateg(V)

(a) (b)



13 
 

11. Correlation between the defect sites and the amount of decreasing current for 

two types of devices 

According to Ref. [34], we tried to qualitatively calculate trap density from the 

dynamic curve of photoswitching although the calculation in our work is rough. From 

Figure R4 below, we determined the dominant time constant from the time when the 

signal reaches 37% of its maximum value. From the absorbed photon flux at 

saturation region sat = Plight/Ahc, where η ≈ 0.15 is the optical absorption of MoS2 

in the visible, Plight is the light power (4.12 W),  is the wave length, A is the area of 

illumination (2.6×10-4 cm2), h is Planck’s constant (6.63×10-34 Js), and c is the speed 

of light (3.0×108 m/s), the trap density at saturation can roughly be estimated as Nsat = 

sats. Note that we assumed = 665 nm, which was a dominant peak when we 

measured spectrum of white-light and from Figure S8b, s can be determined to 2 s 

and 1.5 s for the A-MoS2 and T-MoS2, respectively.  

The calculated trap density is 16.2×1015 and 12.2×1015 cm-2 for the A-MoS2-based 

and T-MoS2-based devices, respectively. The trapped charge density of the T-MoS2-

based device is lower than that of A-MoS2-based device. This can be attributed to the 

increase in positively charged trap sites due to thicker silicon oxide at the MoS2-Si 

interface for the A-MoS2 based device.35-36  

 

Figure S8. (a) Semi-log plot of Photoswitching curves and (b) current decay curves 

(zoom-in graph of blue box region in Figure S8a) of the A-MoS2-based and T-MoS2-

based devices. (c) Linear scale photoswitching curves showing the difference of 

decreasing current. 
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Table S6. Parameters for calculation of charge trap density (s: dominant time 

constant, sat: absorbed photon flux at saturation region, and Nsat: trapped charge 

density)	

Device type s sat Nsat 

A-MoS2 2 s 8.11 ൈ 1015 s-1cm-2 16.2 ൈ 1015 cm-2 

T-MoS2 1.5 s 8.11 ൈ 1015 s-1cm-2 12.2 ൈ 1015 cm-2 
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12. Schematic energy band diagrams of the A-MoS2 and T-MoS2 under the 

equilibrium state and under bias conditions 

As shown in Figures 3c,d, the energy band diagrams of the A-MoS2-based and T-

MoS2-based heterojunctions were constructed based on the UPS results. Figure S9 

shows schematic energy band diagrams of only the A-MoS2 and T-MoS2 layers under 

the equilibrium state and under bias conditions before and after illumination. The A-

MoS2 layer in our work was directly synthesized on the p-type substrate using a CVD 

system, whereas the T-MoS2 layer was transferred onto the p-Si substrate after CVD-

synthesis on an SiO2 substrate to release strain by interaction between the SiO2 

substrate and MoS2. For the A-MoS2, tensile strain arising from a thermal expansion 

mismatch  and the SiO2 layer formation during the direct synthesis of MoS2 on the p-

Si substrate1,4,37-40 can create charge trap states induced by disorder, defects, or S 

vacancies34,41-43 and lead to a reduction of the energy band gap. Due to the charge trap 

states through the formation of SiO2 layer, the Fermi level pinning can be caused at 

the interface between A-MoS2 and p-Si.44,45 Additionally, in our work, Al as a top 

contact electrode of vertical heterojunctions can be classified as a metal with weak 

adsorption (physisorption) on 2D van der Waals materials.46,47 Accordingly, the 

energy band in the A-MoS2 slopes downwards towards the contact of the p-Si side 

(the Al top contact) under forward bias (under reverse bias), as shown in Figure S6a. 

Under illumination, the contribution of photo-excited carriers to the modulation of the 

band slope can be negligible due to the Fermi level pinning and charge recombination 

induced by tensile strain through the formation of SiO2 layer at the interface between 

p-Si and A-MoS2. In contrast, the band slope in the T-MoS2 for the p-Si/T-MoS2/Al 

heterojunctions can switch its direction at the Al top contact or the p-Si contact, as 

shown in Figure S6b. The band slope of the T-MoS2 under illumination can be 
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strongly affected by photoexcited carriers due to weakly interacting contacts at the p-

Si/T-MoS2/Al heterointerfaces. These energy band diagrams can be considered as the 

modulation of energy band slopes for vertically-stacked graphene-MoS2- graphene or 

graphene-MoS2-metal (Ti) heterojunction devices.33,48 

 

Figure S9. Schematic energy band diagrams of the A-MoS2 and T-MoS2 under the 

equilibrium state and under bias conditions before and after illumination. 
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 13. Tunneling barrier heights under dark and light illumination for the A-MoS2-

based and T-MoS2-based heterojunction devices  

The effective values of B under dark and light illumination for the A-MoS2-based and 

T-MoS2-based heterojunctions were estimated from the slope of the linear fits in the 

high forward bias region highlighted with the green colour in each figure (Figures 6a 

and b). The tunneling barrier heights for the A-MoS2-based and T-MoS2-based 

heterojunctions are summarized in Table S7 below. 

Table S7. The barrier heights under dark and light illumination for A- MoS2-based and 

T-MoS2-based heterojunctions  

 B for A-MoS2 B for T-MoS2 

Dark 0.58 ± 0.27 eV 0.39 ± 0.1 eV 

Illumination 0.57 ± 0.28 eV 0.35 ± 0.1 eV 
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