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1. Molecular dynamics simulation 

To test the thermal stability of the GeSe/SnSe heterostructure, molecular dynamics simulation 

based on density functional theory (DFT) has been explored [S1-S4]. The simulation is performed 

within a 4×4 supercell. The time step and total time are set as 1 fs and 10000 fs, respectively. The 

result indicate that the variation of free energy have slight oscillation with the increasing time, as can 

be found in Fig. S1. Therefore, the GeSe/SnSe heterostructure can remain stable and robust at room 

temperature.  
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Fig. S1 Evolution curves of the total energies of GeSe/SnSe heterostructure by molecular dynamics 

simulations at room temperature. 

 

2. The influence of interlayer distance on band gap 

The influence of interlayer distance on band gap is very significant for some vertical 

heterostructure. For example, Tongay et al. [S5] demonstrated experimentally that the band structure 

of WS2/MoS2 vdW heterostructure could be tuned by interlayer distance. Therefore, we calculate the 

band gap as a function of interlayer distance in GeSe/SnSe heterostructure, which is shown in Fig. S2. 

It shows that when GeSe/SnSe heterostructure is stretched along the vertical direction from 2.97 Å to 

4.57 Å, the band gap is almost linearly decreased from 0.54 eV to 0.44 eV. In contrast, if the 

GeSe/SnSe heterostructure is compressed to 2.76 Å, the band gap is linearly increased to 0.56 eV. 

However, the variation value of the band gap is small when applied vertical strain. Therefore, for 

GeSe/SnSe heterostructure the interlayer distance is negligible factors on the band gap.  
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Fig. S2 The variation of band gap under vertical stain for GeSe/SnSe heterostructure 

 

 

3. The influence of in-plane strain on band gap 

The group-IV monochalcogenides have analogy structure as phosphorene. Their pucker structure 

is very sensitive for in-plane strain [S6-S7]. In Fig. S3, we calculate the influence of in-plane strain 

on the band gap of GeSe/SnSe heterostructure. As can be found in Fig. S3(a), when applying 

stretched strain along x direction from 0% to 9%, the variation of band gap is almost linearly 

increased from 0.54 eV to 1.05 eV. In contrast, if the GeSe/SnSe heterostructure is compressed to 

-9%, the band gap is linearly decreased to 0 eV, which exhibits a semiconductor to metal transition in 

energy gap. Moreover, when stretching GeSe/SnSe heterostructure, it keeps inherent feature of direct 

band gap. However, the transition from direct band gap to indirect band gap has take place under -6% 

compressed strain. In Fig. S3 (b), when stretched strain is applied along z direction, the variations of 
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band gap is increased at first and then decreases. In addition, if applying over 6% stretched strain, the 

direct band gap of GeSe/SnSe heterostructure will be changed to an indirect band gap. As same with 

that along x direction, the band gap is also decreased under compressed strain. There is also a 

transition from direct to indirect under the strain of -2%. For bi-axis strain, when stretched strain is 

applied, the band gap is increasing with the increasing value of strain. However, when compressed 

strain is applied, the band gap is decreased at first, then it is increased. It finally tends to be reduced. 

This result shows that the band gap of GeSe/SnSe heterostructure is sensitive under in-plane strain. 

Moreover, the range of tunable energy gap for GeSe/SnSe is wide, which is in a range of 0 eV to 1.05 

eV. Therefore, our result shows that the GeSe/SnSe heterostructure is significantly promising for the 

applications in optoelectronics. 

 
Fig. S3 The variation of band gap under in-plane strains. The value range of σ is from -9% to 9%. 
The positive and negative value corresponds to stretching and compression strain, respectively. (a)-(c) 
indicate the results of GeSe/SnSe heterostructure under strains along different directions, (a) σx, (b) 
σz, and (c) σxz, respectively.  
 

4. The comparison of PCE between our results and other reported heterostructures 

  To further verify our method, we use our method to calculate the PCE and mobility in previous 

reported materials. For example, we regenerated the PCE of ZrS3/HFS3 [S8], InSe/GeSe [S9], 

phosphorene/MoS2 [S7], and GeSe/SnS [S10-S11] heterostructures. 
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Using our method mentioned in our paper, we calculated the PCE of ZrS3/HFS3, 

phosphorene/MoS2, and GeSe/SnS heterostructures. For GeSe/SnS heterostructure, we calculated its 

VBO, CBO and donor band gap. For other heterostructures, the VBO, CBO and donor band gap 

were reported in published works. Our results and previous reported results are listed together to be 

compared with each other. As shown in Table S1, we can find that there is only minor difference in 

VBO, CBO and donor band gap of GeSe/SnS [S11-S12] heterostructure between our calculated 

Structures VBO CBO Donor bandgap Voc Jsc PCE PCE* 

eV eV eV eV A % % 

GeSe/SnSe (Our result) 1.18 0.06 1.48 1.12 0.3 21.47  

GeSe/SnS (Our result) 0.14 0.17 1.59 1.12 0.26 18.79 18 

GeSe/SnS [Ref.13-14] 0.29 0.15 1.66 1.21 0.24 18.64 18 

ZrS3/HFS3 [Ref. 4] 0.08 0.17 1.92 1.45 0.16 15.52 16 

Phosphorene/MoS2 [Ref. 2] 1.17 0.12 1.03 0.61 0.47 18.48 18 

carrier type Effective mass 

(m0) 

deformation potential (eV) Elastic modulus (J m-2) Mobility (103 cm2 V-1 s-1) 

mx my Ex Ey Cx Cy μx μy 

 

electron 

InSe/GeSe 0.316 0.356 5.77 4.72 62.11 101.55 0.41 0.81 

InSe/GeSe* 0.208 0.241 6.099 5.331 56.535 95.585 0.7 1.33 

hole InSe/GeSe 0.291 0.361 3.56 8.45 62.11 101.55 1.21 0.26 

InSe/GeSe* 0.189 0.256 4.068 9.310 56.535 95.585 1.75 0.42 

TABLE S1. The comparison of PCE between our results and other reported heterostructures. VBO and CBO 
are the valence band offset and conduction band offset between two monolayer structures, respectively. Donor 
band gap is refer to the band gap of donor layer. Voc represents the open voltage, while JSC represents the 
short-circuit current. The denoted PCE is the result obtained from our calculation, while the denoted PCE* are 
obtained from corresponding published paper for comparison with our calculated result. 
 

TABLE S2. The calculated effective mass m*, deformation potential El (eV), elastic modulus (Jm-2) and 
carrier mobility (103 cm2V-1s-1) of InSe/GeSe heterostructure for electron (e) and hole (h) along x and y 
direction. The results of InSe/GeSe* are obtained from corresponding paper in the literature [S11] to be 
compared with our result. 
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results and previous reported values. This minor difference is acceptable due to use different DFT 

code and different parameters set in SCF calculations. For PCE of GeSe/SnS heterostructure, our 

predicted result is 18.79%, which is very close to previous reported PCE of 18% [S11]. In addition, 

for other heterostructures, our predicted PCE is consistent with previous reported values. For 

example, by our calculations, the PCE of phosphorene/MoS2 heterostructure is 18.48%. Dai et al. [S7] 

predicted the PCE of phosphorene/MoS2 heterostructure is 18%. It can be found that our test result of 

PCE is consistent with the result reported by Dai et al. We also calculated the mobility of InSe/GeSe 

heterosture. Our obtained results are summarized in Table S2 for comparison. As shown in Table S2, 

our calculated hole mobility of 103 cm2V-1s-1 for InSe/GeSe heterostructure has same scale of 

magnitude as that reported in previous work [S9]. Therefore, we believe that our used method in 

manuscript is reliable due to the consistent results between our tested cases and the reported values in 

the literature. 

5. Phonon dispersion of monolayer GeSe, monolayer SnSe and GeSe/SnSe heterostructure 

 

 

 

 

 

  

Fig. S4. Phonon spectrum of (a) GeSe, (b) SnSe, and (c) GeSe/SnSe heterostructure 
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   In Fig. S4, we show the calculated phonon dispersion of monolayer GeSe, monolayer SnSe and 

GeSe/SnSe heterostructure to verify the dynamic stability. Our results indicate that no imaginary 

frequency is found in the phonon spectrum, which proves that the monolayer GeSe, monolayer SnSe 

and GeSe/SnSe heterostructure are stable at room temperature. 
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