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ABSTRACT

The dangling-bond-free surfaces of van der Waals (vdW) materials make it 

possible to build ultrathin junctions. Fundamentally, the interfacial phenomena and 

related optoelectronic properties of vdW junctions are modulated by the interlayer 

coupling effect. However, the weak interlayer coupling of vdW heterostructures limits 

the interlayer charge transfer efficiency, resulting in low photo-responsivity. Here, a 

bilayer MoS2 homogenous junction is constructed by stacking the as-grown onto the 

self-healed monolayer MoS2. The homojunction barrier of ~165 meV is obtained by the 

electronic structure modulation of defect self-healing. This homojunction reveals the 

stronger interlayer coupling effect in comparison with vdW heterostructures. This ultra-

strong interlayer coupling effect is experimentally verified by Raman spectrums and 

Angle resolved photoemission spectroscopy. The ultrafast interlayer charge transfer 

takes place within ~447 fs, which is faster than those of most vdW heterostructures. 

Furthermore, the homojunction photodiode manifests outstanding rectifying behavior 

with an ideal factor of ~1.6, perfect air-stability over 12 months, and high responsivity 

of ~54.6 mA/W. Moreover, the interlayer exciton peak of ~1.66 eV, are found in vdW 

homojunctions. This work offers an uncommon vdW junction with strong interlayer 

coupling and perfects the relevance of interlayer coupling and interlayer charge transfer.
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Atomically thin and sharp van der Waals (vdW) heterostructures are 

fundamentally different from those made from conventional covalently bonded 

junctions.1-3 Such unique structures have brought novel electronic and optoelectronic 

functionalities previously not possible in bulk materials.4-6 Some vdW heterostructures 

behave strong light-matter interactions, photoluminescence (PL) quenching effect, and 

interlayer exciton emissions.5, 7-12 However, the lattice mismatch of vdW 

heterointerface, which restraints are partially relaxed by dangling-bond-free surfaces, 

is still a non-negligible shortcoming also exists in new-generation heterostructures.13-15 

The interlayer couplings bonded by vdW forces are not enough to form strong interlayer 

coupling (lattice-matched) heterostructures, resulting in momentum mismatch and 

discontinuous band alignments.3, 14, 16-21 Then, the interlayer charge transfer efficiency 

is limited to the degree assistance of external phonon, since momentum difference must 

be made up in interlayer movement.22 Moreover, discontinuous band alignments, which 

originates from the energy band structure difference of lattice mismatch, can provoke 

substantial carrier scattering and trapping sites at heterointerfaces.13, 20, 23, 24 Now, there 

is not still effective solutions to address lattice mismatch. Even epitaxial growth cannot 

completely solve this drawback and enhance the interface charge transfer efficiency.3, 

16, 25

Conventional lattice-matched homojunctions are widely used in high-performance 

commercial optoelectronic devices because of their efficient interface charge transfer. 

Graphene,26 MoS2,27-29 MoTe2,30-32 MoSe2
13 and black phosphorus33 two-dimensional 

(2D) homojunctions also manifest better-rectifying behavior and more efficient 

Page 3 of 44

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

photoresponse than those of 2D vdW heterostructures. Nevertheless, the fundamental 

interlayer coupling mechanism is still rarely involved. An ideal homojunction study 

object is plagued by the poor control accuracy and instability of the homojunction 

processing technology (doping).26, 29, 32 Still, defect engineering to control the electronic 

structure of monolayer MoS2 behave high regulation precision and air-stability and 

have received much attention recently.27, 34-38

Here, the strong interlayer coupling vdW homojunctions are stacked by the two 

monolayer MoS2 with different electronic structures via defects self-healing. Compared 

with vdW heterostructures, this homojunction exhibits stronger interlayer coupling 

effect. Meanwhile, the strong interlayer coupling effect at the lattice-matched interface 

can greatly enhance the interlayer charge transfer efficiency and promote the emergence 

of the photovoltaic effect. The ultrafast interlayer charge transfer takes place within 

~447 fs, which is faster than those of most vdW heterostructures. Furthermore, the 

homojunction photodiode manifests outstanding rectifying behavior with an ideal 

factor of ~1.6, perfect air-stability over 12 months, and high responsivity of ~54.6 

mA/W that greatly exceed those obtained for previous stacked or epitaxial 

heterobilayers. The observations compare the interlayer coupling differences between 

vdW heterostructures and vdW homojunctions, and provide the interlayer coupling 

damage mechanism about lattice mismatch for the preparation of high-performance 2D 

vdW structures.

RESULTS AND DISCUSSION
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The stacked MoS2 homojunction in Figure 1a was fabricated by artificial stacking 

of the as-grown (chemical vapor deposition, CVD) and self-healed MoS2. The 

electronic structure regulation of the self-healed MoS2 was completed by the as-

mentioned poly(4-styrenesulfonate) (PSS)-induced sulfur vacancy self-healing (SVSH) 

effect. The self-healing mechanism is that the hydrogenation of PSS guides sulfur 

adatom clusters on the as-grown MoS2 surface to heal sulfur vacancies (Figure S1, 

Supporting Information).27 Figure 1b is the optical microscope image of a 

homojunction. As we all known, the electron concentration in less defective 

semiconductors is low and tends to its intrinsic electron concentration.39, 40 To visually 

characterize the electron concentration change, the Kelvin probe force microscopy 

(KPFM) was performed. The KPFM image maps the variation of surface potential 

corresponding to the work function of the three typical domains in Figure 1c. The 

surface potential of the as-grown (blue), self-healed (red) and stacked (green) domains 

are ~195, ~30 and ~152 mV in Figure 1d, respectively. The deduced built-in potential 

barrier of the as-grown/self-healed homojunction is ~165 meV, which shows that the 

vdW homojunction has been successfully constructed through the self-healing. 

The electronic structure regulation was reconfirmed. The absolute value of the 

threshold voltage in the self-healed MoS2 transistor is much lower than those of the as-

grown one (Figure 1e). This indicates that the native n-type doping in the as-grown 

monolayer was removed while the same drive voltage was maintained (Supporting 

Information Figure S2). To further confirm that the electronic structure regulation 

mainly originates from the self-healing, Auger electron spectroscopy (AES) was 
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performed to prove the no fluctuation of sulfur atom content before and after self-

healing (Supporting Information Figure S3). To sum up, the electronic structure control 

of the MoS2 monolayers has been achieved by sulfur vacancy self-healing.

The PL spectrum intensity of the as-prepared homojunction is significantly 

stronger than that of the isolated monolayers in Figure 1f. The PL spectrum intensity of 

the stacked region is approximately equal to the intensity sum of the as-grown and self-

healed MoS2 (Supporting Information Figure S4). This phenomenon indicates that the 

as-prepared homojunction is lack of interlayer coupling. The stacked monolayers 

behave as if they are isolated from each other and exert the negligible fluctuation onto 

each other. In a word, the PL quenching effect of the homojunction seems not to work 

in this case, unlike vdW heterostructures.10 However, after mild annealing at 250 ℃ for 

9 h, the PL spectrum intensity of the stacked region decreased rapidly to less than that 

of the two monolayers in Figure 1g and 1h. Thus, the built-in electric field of the 

annealed MoS2 homojunction can efficiently separate the photocarriers, and produce 

the PL quenching effect. This fundamental transformation could be attributed to the 

enhancement of the interlayer coupling strength of the MoS2 vdW homojunction 

induced by mild annealing. 

The Raman mapping in Figure 1i shows that the A1g peak position is maintained 

before and after self-healing, and the peak intensities haven’t changed significantly. 

Thus, the self-healing successfully regulates the electronic structure of MoS2 

monolayer, while also retaining its intrinsic properties. However, the peak position of 

the layer-sensitive A1g mode for the annealed homojunction appears blue shift in Figure 
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1j. This suggests the interface vdW force between the as-grown and self-healed MoS2 

gradually work. The difference between the three kinds of E1
2g peaks will be discussed 

in detail later. The frequency difference between the E1
2g and A1g Raman modes in the 

stacked region was increased to ~22.1 cm−1 by the mild annealing (Figure 1j). The value 

is larger than that of the isolated monolayers (~19.7 and ~21.0 cm-1) and consistent with 

that of the natural bilayer MoS2 (22-24 cm-1). This reflects that the coupling strength is 

enhanced close to that of natural bilayer by mild annealing.41

To reduce the effect of thermal excitation of phonons on the interlayer excitons 

stability, the low-temperature PL spectrum characterization was performed. Compared 

to the as-mentioned PL spectrums at room temperature, these PL spectrums of the 

homojunction exhibit three differences in Figure 2a and Supporting Information Figure 

S5. Firstly, a new PL peak of ~1.74 eV appears in the as-grown monolayer and stacked 

homojunction but not in the self-healed sample. This peak is a defect peak XD closely 

related to the sulfur vacancies of the as-grown MoS2.42, 43 Secondly, the A peak of the 

homojunction is resolved into the sum of those of the as-grown and self-healed 

monolayer. Thus, the intralayer A peaks of the isolated MoS2 monolayers coexist in the 

stacked region, which demonstrates the preservation of intralayer excitons in the 

homojunction. The homojunction also contains the defect peak XD of the as-grown 

monolayer, which again indicates that there is some independence of the isolated 

monolayers in the strongly coupled homojunctions.

Last and most important, the interlayer coupling also creates the radiative 

recombination of interlayer excitons of X1 (~1.66 eV), which is experimentally 
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observed in vdW homojunctions. The reason for not observing X1 at room temperature 

may be that increasing the temperature decreases the PL spectrum intensity of the 

interlayer exciton.44 Since XI has never been observed in the as-grown and self-healed 

samples, the origin of XI should not come from the two isolated monolayers. Under the 

same measurement environments, no similar peaks about interlayer excitons of X1 are 

observed in the as-grown/as-grown homobilayer (Supporting Information Figure S6). 

Ultraviolet photoelectron spectroscopy (UPS) was implemented to further confirm 

the origin of X1. In Figure 2b, the energy difference between the Fermi level and valence 

band maximum (ΔVB) is decreased from ~1.76 to ~1.53 eV, demonstrating the electron 

concentration decrease of monolayer MoS2. Thus, the difference of the ΔVB between 

the as-grown and self-healed film is ~0.23 eV. After our self-healing, the work function 

of MoS2 monolayer has also increased from ~4.43 to ~4.62 eV in Figure 2c. In addition, 

the work function difference between the as-grown and self-healed monolayers is ~0.19 

eV, which was close to ~0.16 eV obtained by as-mentioned KPFM measurement in 

Figure 1c. The interlayer exciton peak X1 (~1.66 eV) observed in Figure 2a is 

approximately equal to the energy difference (~1.63 eV) between XA and ΔVB. This 

indicates that the interlayer excitons are composed of electrons and holes provided by 

the as-grown and self-healed samples, respectively. On the other hand, the binding 

energy of interlayer excitons is often negatively related to the degree of formation 

difficulty. The electronic energy bandgap of the less defective and more defective 

monolayers are ~2.61 and ~2.34 eV.45 Then, the binding energy (~0.45 eV) of the 

interlayer excitons deduced is less than the intralayer excitons of the isolated 
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monolayers (~0.69 and ~0.48 eV) in Figure 2d. 

The transient absorption measurements were used to further monitor the carrier 

and exciton dynamics of the MoS2 homojunction. The fast time constants (~378, ~168 

and ~447 fs) is associated with photocarrier lifetime in Figure 2e.15, 46 The time constant 

comparison of the as-grown, self-healed and homojunction shows clearly the interlayer 

photocarrier transfer occurs in the interface between the two MoS2 monolayers. With 

no efficient interlayer transfer, the decay signal of the homojunction would show as a 

simple sum of the as-grown and self-healed MoS2. Or, the signal would be dominated 

by the recombination of carriers in the as-grown monolayer on the larger time scale of 

~378 fs. However, the sum of the reflection delay signal of two separated monolayers 

is obviously different from those of the homojunction (Figure 2f). This proves that the 

interlayer charge transfer takes place in Figure 2g, driven by the potential barrier 

between the self-healed and as-grown monolayers. 

The electron transfer from the self-healed to as-grown takes place within ~447 fs, 

which is significantly faster than those of most vdW heterostructures.7, 15 Due to the 

effect of momentum mismatch between the adjacent layers of vdW heterostructures, 

the rates of photocarrier transfer and recombination depend on the magnitude of 

phonons assistance.11, 15, 18, 22 With no momentum mismatch, the interlayer charge 

transfer of vdW homojunctions does not require phonon assistance. Besides, 

heterostructures do not have continuous band alignments and contain the cusp and 

notch between the conduction and valence bands. Those drawbacks could provoke 

carrier scattering and trapping sites to decrease the interlayer transfer efficiency.20, 23 
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Figure 3a is the structure diagram and OM image of the MoS2 homojunction 

photodiode. In Figure 3b ， the two types of homojunctions show good current 

rectification performance which is further quantitatively analyzed under bias voltage 

by fitting to the diode equation47-49

                   ,                         (2)𝐼𝐷 = 𝐼𝑆[exp ( 𝑉𝐷

𝑛𝑉𝑇) ― 1]
where IS, n and VT denote reverse bias saturation current, the ideality factor, and thermal 

voltage, respectively. Thus, n can be calculated from linearly fitting the natural 

logarithm plot of current and voltage. The ideal factor n and the rectifying ratio of the 

MoS2 homojunction are ~1.6 and ~72, respectively. This ideality factor is much better 

than heterostructures p-n diodes in bulk semiconductors or 2D materials (n >> 2), which 

can be attributed to the continuous band alignment and fewer carrier traps of the 

homojunction interface.13, 20, 28, 32, 50 On the other hand, unlike unstable conventional 

doping effects, this current rectifying performance is able to remain unchanged under 

atmosphere for 12 months in Figure 3c. To confirm that the origin of the rectifying 

behavior, the electrical transport properties of other contact types were characterized. 

Ohmic characteristics are all obtained among the following two types of contact 

(Supporting Information Figure S2 and S7): the as-grown or self-healed MoS2 and Au 

electrodes. So, the existence possibility of large potential barrier in electrode contact 

interfaces is excluded. In addition, the linear output curve of the as-grown/as-grown 

MoS2 homobilayer suggests the self-healed sample is the key component of the 

rectifying effect (Supporting Information Figure S7). Thus, the current rectifying 

Page 10 of 44

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

behavior of the MoS2 homojunction originates from its interlayer potential barrier 

between the as-grown and self-healed MoS2.

In fact, the rectifying behavior of the MoS2 homojunction diode can be regulated 

by an external electric field. When the gate voltage changes from negative to positive, 

the rectifying ratio of the MoS2 homojunction is gradually reduced to close to 1 in 

Figure 3d-e. When the vertical upward electric field produced by positive gate voltage 

is sufficiently large, the original built-in electric field of the homojunction will be 

almost eliminated in Figure 3f. The built-in electric field of the MoS2 homojunction 

and the electric field generated by gate voltage can be calculated E= U/(εrd). The built-

in potential U, interlayer vacuum gap d and vacuum relative permittivity εr are 165 mV, 

0.35 nm and 1 respectively. The gate voltage of the rectifying ratio of ~1 is 90 V, the 

thickness and relative permittivity of the SiO2 insulating layer are 300 nm and 3.9 

respectively. The electric field of ~1.17 V/nm generated by gate voltage is close to the 

built-in electric field of ~0.47 V/nm, which shows that the change of the rectifying ratio 

mainly comes from the variation of the built-in electric field. Unlike vdW 

homojunctions, it is almost impossible to regulate the rectifying junction of similar vdW 

heterostructures as an ohmic junction.11 Because the bandgaps of two adjacent 

monolayers of vdW heterostructures are different and their abilities controlled by gate 

voltage are also different. 

We also investigated the photoresponse of the as-prepared homojunction, but no 

photovoltaic effect was observed in Figure 4a. However, after complete mild annealing, 

the annealed homojunction exhibit a photovoltaic effect with the open-circuit voltage 
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of ~70 mV and short-circuit current of ~1.1 nA in Figure 4b. This fundamental shift 

can be attributed to that mild annealing removes the limitations that impede the 

photocarrier separation in Figure 4c. The same annealing process was also applied to 

the as-grown/as-grown MoS2 homobilayer. The linear output curve still exists 

(Supporting Information Figure S7). Moreover, no photovoltaic effect is discovered in 

Figure 4d. These results again demonstrate that the built-in potential barrier is an 

essential component of forming the current rectifying effect and photovoltaic effect. 

This photovoltaic effect confirms that interlayer charge transfer can occur in the MoS2 

homojunction, which is also consistent with the PL quenching effect and the 

prolongation of the carrier lifetime. 

The light responsivity of the MoS2 photodiode is negatively correlated with laser 

intensity, up to ~54.6 mA/W at zero biased voltage in Figure 4e. Corresponding 

external quantum efficiency (EQE) reaches 12.8%, which performance greatly exceed 

those obtained for previous stacked or epitaxial heterobilayers (Supporting Information 

Table S1).1, 2, 11, 26, 39, 51, 52 The above results show that enhancing the interlayer coupling 

strength is an effective way to improve the interlayer charge transfer. In addition, the 

rise time (0–90%) and recovery time (10–100%) are ~3.10 and ~0.38 s, respectively in 

Figure 4f. The response speed is much faster than that of many 2D materials-based 

photodiodes.

As all we known, gradually reducing the interlayer gap can make the coupling 

effect of interlayer vdW force increase exponentially.6 The transformation mechanism 

we proposed is that mild annealing can remove interlayer residues and thus reduce the 
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13

interlayer gap in Figure 5a. The interlayer gap can be attributed to the unexpected 

residues (water, ambient gas and speckles) trapped at the interface during the transfer 

process.53, 54 Figure 5b shows that the as-prepared homojunction has an interlayer step 

of ∼2.5 nm significantly larger than its expected equilibrium value (monolayer MoS2 

thickness, 0.65 nm) (Supporting Information Figure S8). This interlayer step was 

reduced from ~2.5 nm to ~1.0 nm by the complete annealing. 

To simply compare the photocarrier separation efficiency at different coupling 

strength in Figure 5c, the PL spectrum intensity ratio between the homojunction (IH) 

PL spectrum intensity and the PL spectrum intensities sum of the as-grown (IA) and 

self-healed (IS) MoS2 is normalized by the value that is, R = IH / (IA + IS). With the 

increase of the annealing time, the PL spectrum intensity ratio R decreases gradually 

from 0.94 to 0.23, and the photocarrier separation efficiency grows gradually which 

indicates that the interlayer coupling strength of the homojunction raises. Due to no 

potential difference in the adjacent monolayers of the as-grown/as-grown homobilayer 

(Supporting Information Figure S9), the interlayer charge transfer effect can be 

ignored.11, 46 In addition, self-healing makes both the A and B exciton resonances of the 

as-grown monolayer clearly blue-shifted. The amounts of change are consistent with 

those of the absorption spectrums (Supporting Information Figure S10), which 

indicates self-healing has successfully regulated the electronic structure of the as-grown 

monolayer. 

As the annealing time increases in Figure 5d and 1j, the peak position of the layer-

sensitive A1g mode for the homojunction appears blue shift, which suggests the 
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interface vdW force between the as-grown and self-healed MoS2 gradually work. When 

the interlayer step decreases, the interlayer vdW force in the homojunction suppresses 

atom vibration, resulting in the high force constants. A1g modes are supposed to stiffen 

(blue-shift). The frequency difference between A1g and E1
2g peak in the homojunction 

and homobilayer is consistent with that of the exfoliated bilayer MoS2 in Figure 5e. 

This result reflects that the coupling strength is enhanced close to that of exfoliated 

bilayer by mild annealing.

The strong interlayer coupling of the MoS2 homojunction not only acts on the 

vertical vibration of the S-Mo bond but also changes its horizontal vibration. As the 

annealing time increases, the in-plane E1
2g peak of the homojunction has been gradually 

merged from the two superimposed peaks into an individual peak. Figure 5d and 1j 

show that the difference between the E1
2g peaks of the as-grown and self-healed films 

is due to the wrench of the S-Mo bond and the lateral stretching of sulfur atoms induced 

by the sulfur vacancies.55 The in-plane E1
2g peak will be divided into two since the 

anomalous splitting of the degenerate interlayer shear phonon modes by uniaxial strain 

or plasma treatment.45, 56, 57 Therefore, the strong interlayer coupling effect can bind 

two irrelevant monolayers together. 

In the following, Low-frequency (LF) interlayer Raman modes were used to 

further study the annealing enhanced interlayer coupling mechanism in Figure 5f. The 

difference between LF and high-frequency (HF) Raman modes is detailed in Supporting 

Information Figure S11.58 In Figure 5f, a pronounced Raman peak layer-breathing 

mode (LBM) emerges at ∼35.8 cm-1 for the 1 h annealed MoS2 homojunction. This 
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Raman feature isn’t observed in the two isolated monolayers, indicating that mild 

annealing improves the interlayer interaction. Then, the LBM vibrational frequency of 

the 9 h annealed homojunction increased from ∼35.8 to ∼38.5 cm-1
, which is very close 

to ~41 cm-1 of the mechanically exfoliated bilayer MoS2.58 In vdW structures, greater 

LBM frequency means stronger interlayer coupling strength.59 The LBM frequencies 

of vdW heterostructures are relatively small and only 30-35 cm-1.58, 59 Thus, prolonging 

the annealing time can improve the interlayer coupling strength. Simultaneously, the 

MoS2 vdW homojunction possesses stronger interlayer coupling strength than vdW 

heterostructures. 

Shear mode (SM) vibrations are different from LBM vibrations. Only when the 

two layers have high-symmetry (2H) stacking are SM modes active since the lateral 

displacement can provide the restoring forces (Supporting Information Figure S11). 

After mild annealing for 9 hours, the SM peak of ∼22.5 cm-1 finally appears in Figure 

5f, which indicates that the annealed homojunction is a vdW structure with the lattice-

matched coherent region. Due to lattice mismatch between the two layers, vdW 

heterostructures are almost impossible to form lattice-matched structures; even it is of 

epitaxial growth.3, 14, 16, 58 After the same complete annealing, the MoS2/WS2 

heterostructure does not appear SM peaks, indicating that the lattice-matched coherent 

junction still doesn’t forms (Table 1 and Supporting Information Figure S12). SM peaks 

have barely been detected in other vdW heterostructures.22  

Our discovery indicates that the highly efficient interlayer charge transfer of 

homojunctions are attributed to strong interlayer coupling compared to vdW 
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heterostructures. To compare farther the interlayer coupling strength between vdW 

homojunctions and heterostructures, angle-resolved photoemission spectroscopic 

(ARPES) experiments and density functional theory (DFT) calculations were carried 

out. The homojunction has been proved to have greater interlayer coupling strength 

than most vdW heterostructures and are indirect bandgap junctions (Table 1, Figure 6 

and Supporting Information Figure S13-14). The valence band maximum (VBM) of the 

MoS2 homojunction is at Γ point (Figure 6). Whereas, the VBM of MoS2 monolayer is 

at K point in Figure 6b. For MoS2 homojunction, the band edge near K will almost not 

move before and after stacking for their Mo-dxy and Mo-  states are localized dx2 -y2

within the adjacent layers. While the valence state at the Γ point has appreciable S-pz 

content between layers, as well as Mo-  character. In short, the VBM of Γ point is dz2

very sensitive to interlayer interactions, and the VBM of K point is almost unaffected 

by interlayer coupling strength. The resulting band structures mostly depend on the 

interlayer coupling strength.21, 60 Therefore, the strong interlayer orbital hybridization 

exists in the stacked MoS2 homojunctions. In addition, the interlayer coupling strength 

of MoS2 homojunction is much higher than that of similar vdW heterostructures 

(Supporting Information Figure S14). Although the MoS2 homojunction is an indirect 

band gap in Figure 6c, the defect energy levels of the sulfur vacancies hinder the indirect 

exciton observation (Supporting Information Figure S15).

However, there is no indirect exciton peak observed in the as-grown/self-healed 

MoS2 homojunction in Figure 6c. Meanwhile, no indirect exciton peak is observed in 

the as-grown/as-grown MoS2 commensurate homobilayer. More interestingly, after 
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some sulfur vacancies were made in the top monolayer of the exfoliated MoS2 bilayer 

by hydrogen annealing, the original indirect exciton peak disappeared (Supporting 

Information Figure S15). Thus, sulfur vacancies in MoS2 homojunctions or 

commensurate homobilayers have a very negative effect on the formation of indirect 

(K-Γ) exciton peaks. The deep and shallow states created by sulfur vacancies may 

prevent the recombination of electrons from K point and holes from Γ point (Supporting 

Information Figure S13). Deeper influence mechanism is still not clear yet to be further 

explored.

CONCLUSIONS

In summary, a bilayer MoS2 homogenous junction was constructed by stacking 

the as-grown onto the self-healed monolayer MoS2. The interlayer coupling of the vdW 

homojunction is experimentally proved to be stronger than that of reported vdW 

heterostructures. The homojunction photodiode manifests outstanding rectifying 

behavior of ideal factor of ~1.6, perfect air-stability of 12 months and high responsivity 

of ~54.6 mA/W that greatly exceed those obtained for previous stacked or epitaxial 

heterobilayers. The ultrafast interlayer charge transfer takes place within ~447 fs, 

resulting in the drastic PL quenching effect and photovoltaic effect. Our results compare 

the interlayer coupling differences between vdW heterostructures and vdW 

homojunctions, offer a fresh idea to design and optimal vdW structures to enhance the 

interlayer charge transfer efficiency, and provide a global understanding of the 

interlayer coupling damage mechanism about lattice mismatch.
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MATERIALS AND METHODS 

Growth of monolayer MoS2.The MoS2 monolayers were grown at 850 °C for 30 min 

onto SiO2/Si substrates by the oxygen-assisted chemical vapor deposition (CVD) 

method.61 MoO3 (Sigma-Aldrich, ≥ 99.5% purity) and sulfur (Sigma-Aldrich, ≥99.5% 

purity) were applied as precursor and reactant materials respectively. MoO3 powder (25 

mg) was placed in a quartz boat at the center of the furnace. A 2 × 2 cm2 SiO2/Si 

substrates were put face down at top of the MoO3 powder. Excessive S powder was 

heated to 180 ℃ by the heating belt and carried through Ar flow of 500 sccm. The 

experiments were implemented at a reaction temperature of 850 ℃ for 30 min with 

oxygen assistance of 2 sccm. It needs to point out that the sample cooling process was 

carried out in the sulfur vapor at 180 ℃. Thus, a large number of sulfur clusters will be 

stationed on MoS2 monolayers surface. 

Construction of the as-grown/self-healed MoS2 homojunctions and the as-

grown/as-grown homobilayers. The as-grown/self-healed homojunctions were 

prepared using standard PMMA-based transfer as below. Firstly, the CVD grown MoS2 

was immersed in the poly(3,4ethylenedioxythiophene):poly(4-styrenesulfonate) 

(PEDOT:PSS) solution (Sigma-Aldrich, 1.0 wt%), after standing for 1 h, and then 

immersed in plenty of DI water at 120 ℃ to totally wash the PEDOT:PSS solution for 

30 min. Secondly, PMMA was spin-coated on as-grown monolayer MoS2 and warmed 

at 120 °C for >2 min. The PMMA/MoS2 sample was separated from the SiO2/Si 

substrate by mildly etching SiO2 in 1 mol/L KOH solution for 0.5-2 h. The 
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PMMA/MoS2 sample was transferred to DI water to reduce KOH residue. Then, with 

the aid of accurate transfer platform (Metatest, E1-T), the as-prepared film was 

transferred onto the self-healed MoS2 on SiO2/Si substrate. One of the criteria in the 

stacking process is that the twist angle should be as close to 0° or 60° as possible. Due 

to the smaller interlayer gap, the interlayer coupling strength is particularly strong at 

this moment.41, 62 The PMMA layer was removed by acetone and then rinsed with 

isopropyl alcohol. Thirdly, mild vacuum annealing of several hours at 250 ℃ was used 

to increase the interlayer adhesion between the as-grown and self-healed monolayers. 

The construction of the homobilayer removes the solution treatment step, and the rest 

of the process is similar to those of the homojunction.

KPFM measurement. To visually characterize the electron concentration change, a 

Kelvin probe force microscopy (KPFM) was employed to verify the work function 

variation of MoS2 nanosheets. The contact potential difference (CPD) between the 

AFM tip (Pt/Ir coated tips) and the sample is defined as63-65

,                      𝑉𝐶𝑃𝐷 =
𝜑sample ― 𝜑𝑡𝑖𝑝

𝑞

where ,  and q are the work functions of the sample, tip and the elementary 𝜑𝑠𝑎𝑚𝑝𝑙𝑒 𝜑𝑡𝑖𝑝

charge, respectively.

UPS measurement. The work function variation of the monolayer MoS2 was also 

carefully double-checked by UPS which is used to explore the energy level alignment 

with respect to the Fermi energy (EF). The as-grown and self-healed MoS2 are 
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separately transferred onto Si substrates coated with 70 nm thermally evaporated Au. 

The Au layer serves as a reference for EF, assigned to 0 eV. The work function can be 

calculated using66

,                           𝜙 = ℎ𝜈 ― 𝐸𝑜𝑛𝑠𝑒𝑡

where  is the incident photon energy (21.22 eV) and  is the onset level ℎ𝜈 𝐸𝑜𝑛𝑠𝑒𝑡

related to the secondary electrons. Then, the energy difference between the Fermi level 

and valence band maximum is decreased from 1.76 to 1.53 eV, demonstrating the 

electron concentration decrease of monolayer MoS2. The calculated difference of the 

valence band maximum ΔVB between the as-grown and self-healed film is ~0.23 eV. 

Hence, the  for the as-grown and self-healed MoS2 is 4.43 and 4.62 eV, respectively. 𝜙

Transient absorption measurements. The time-resolved differential reflection is 

defined as ΔR/R0 =(R − R0)/R0, where R and R0 are the reflectivity of the probe with and 

without the presence of the pump, respectively. The decay signals of the three regions 

are fitted by biexponential function (ΔR/R0 = A1e−t/τ1 + A2e−t/τ2 + B) with fast (τ1) and 

slow (τ2) decay components. The slow time constants (~6.1, ~3.1 and ~10.5 ps) are 

attributed to the defect-mediated electron-hole recombination. This difference between 

the homojunction and the isolated monolayers indicates that although annealing 

minimizes the adverse effects of the residues in the interface, the few residues are still 

involved into the capture and release of photocarriers. The prolongation of the slow 

time constants is related to the recombination of electron-hole pairs dominated by 

defects via Auger processes.67, 68 The recombination rate will be significantly reduced. 
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Sulfur vacancies also have similar functions as the interface residues. Thus, the as-

grown one (~6.1 ps) has a time scale much longer than that of the self-healed MoS2 

(~3.1 ps). Similar enhancement of carrier lifetime has also been observed in the 

exfoliated MoS2 monolayer with and without high-power laser-induced defects.67

ARPES measurement. The as-prepared MoS2 homojunction was transferred to the 

silicon substrates by standard PMMA-based transfer. Fresh surfaces were obtained by 

monocrystalline MoS2 film samples annealed at 300 ℃ in a vacuum chamber for two 

hours. Samples were under a base pressure of 5 × 10-11 mbar and cooled to 30 K with 

liquid helium during measurements. The main ARPES measurements were performed 

at the ‘Dreamline’ beamline of the Shanghai Synchrotron Radiation Facility (SSRF) 

with a Scienta Omicron DA30L analyser. The photon energy ranged from 70 eV to 

200 eV. The energy resolution was 25 meV, and the angular resolution was 0.1°. 

DFT Calculations. The calculation was performed using the projector augment wave 

methods69 as implemented in the Vienna Ab initio Simulation Package (VASP) within 

the generalized gradient approximation70 and the spin-orbit interaction is included. The 

cutoff energy of the plane-wave was set to 600 eV. The first Brillouin zone is sampled 

on a 24 × 24 × 1 k-point Gamma centered mesh for the density optimizations. During 

structural relaxation, the energy convergent criterion was 10-5 eV per unit cell, and the 

forces on all relaxed atoms were less than 0.03 eVÅ−1. A vacuum layer of more than 20 

Å was used to decouple the adjacent atomic slabs between the neighboring supercells.
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Measurements. The KPFM and AFM measurements were taken on a commercially 

available AFM (Nanoscope IIID, Multimode). Scanning electron microscopy (SEM) 

observation was done in an FEI Quanta 3D. The PL and Raman spectrum measurements 

were performed with confocal microscopy (JY-HR800 and WITec CRM200) excitation 

under 532 nm laser with a power of 20 mW. The spot size of the laser is about 1 μm2. 

The step size for Raman and PL map is about 0.1-0.5 μm. The variable temperature PL 

spectrums were characterized in Renishaw inVia plus. UPS curves were obtained in an 

ultrahigh vacuum chamber using a helium lamp source emitting (AXIS ULTRA DLD) 

at 21.2eV. The pump-probe measurements were measured by a home-built platform 

with a mode-locked oscillator (Tsunami 3941C-25XP), photonic crystal fiber (Newport 

SCG-800) and a high-sensitivity photomultiplier (Thorlabs PMM02). The photocurrent 

used 532 nm laser as light source. The electrical characteristics and the photoresponse 

properties were implemented by a semiconductor analysis system (Keithley 4200). All 

electrical and optical signals were recorded in the ambient atmosphere, except variable 

temperature PL spectrums.
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Figures S1-S15, Table S1, and references (refs 1-3). Additional discussion on AES 

measurement, absorption spectra, interlayer gap, detailed low-temperature PL 

spectrums and further characterization of interlayer exciton peaks (PDF).
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Figure 1. Construction of a MoS2 vdW homojunction via sulfur vacancy self-healing. 

(a) The construction of MoS2 homobilayers: one of the two as-grown MoS2 monolayers 
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was used for sulfur vacancy self-healing and another one was stacked above the self-

healed monolayer. (b) Optical microscopy (OM) image of the stacked MoS2 

homojunction. (c) Corresponding 2D surface potential image. (d) Work functions at the 

white dashed box shown in (c). The potential barrier between the as-grown and self-

healed MoS2 is ~165 meV. (e) Transfer characteristics of monolayer MoS2 transistors 

before and after self-healing. (f, g) PL spectrum intensity mapping before (f) and after 

annealing (g). (h) PL spectrum intensities at the corresponding location of the white 

dashed lines shown in (f and g). (i) Corresponding Raman mapping constructed by 

integrating the A1g mode of the as-prepared homojunction. (j) Raman peak statistics of 

E1
2g and A1g of the annealed homojunction at the corresponding location of the red 

dashed line shown in (i).

Page 36 of 44

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



37

Figure 2. Interlayer charge transfer and Interlayer excitons of vdW MoS2 

homojunctions. (a) PL spectrums of the isolated monolayers and the homojunction at 

77 K, and their Lorentzian deconvolutions. The orange, blue, red, purple and green lines 

represent the B exciton resonance peak (XB), the A exciton resonance peak of the self-

healed MoS2 (XS), the A peak exciton resonance of the as-grown MoS2 (XA), the defect 

peak of the sulfur vacancies (XD) and the interlayer exciton peak of the homojunction 

(X1), respectively. (b, c) Valence-band and secondary-edge spectrum of the as-grown 

and self-healed MoS2. (d) Energy diagram showing the connection between the exciton 

transition energies, band offset and binding energies. Eb indicates the derived exciton 

binding energy, ΔVB is the difference of the valence band maximum measured by UPS 

between the as-grown and self-healed film. (e) Differential reflection signal as a 

function of the probe delay measured from the as-grown, the self-healed and the 
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homojunction. The three lines indicate biexponential decay fits. (f) The signal of the 

MoS2 homojunction and the simple signal sum of the two isolated as-grown and self-

healed monolayers. (g) Schematic illustration of charge separation processes in the 

homojunction. After the 3.1 eV pump excitation, electrons (holes) are rapidly 

transferred in the as-grown (self-healed). Then the intralayer recombination was 

measured by setting the probe photon energy of 1.91 eV.
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Figure 3. Current rectifying effect of MoS2 homojunction photodiodes. (a) Schematic 

diagram of a MoS2 homojunction device on SiO2/Si substrate with Au electrodes. Inset 

is the OM image of the device. (b) Output characteristic on linear (orange) and 

logarithmic (blue) scale of the MoS2 homojunction. (c) Rectifying ratio of the 

homojunction measured during 12 months of storage under ambient conditions. (d) The 

output characteristic of the MoS2 homojunction under different back gate voltage VG. 

(e) The rectification ratio under different gate voltage. (f) Energy band structure under 

different gate voltage. 
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Figure 4. Photovoltaic effect of MoS2 homojunction photodiodes. (a, b) Output 

characteristic of the homojunction at dark and under light illumination both before (a) 

and after (b) annealing. With the decrease of laser power intensity, both short-circuit 

current and open-circuit voltage will decrease in (b). (c) Schematic of photocurrent 

generation processes under light illumination for the as-prepared (left) and annealed 

(right) interfaces. (d) Output characteristic of the as-grown/as-grown homobilayer at 

dark and under light illumination. (e) Photocurrent and responsivity calculated as a 

function of laser power at zero voltage. The photocurrent increase and the responsivity 

decrease as the power increases. (f) Photocurrent response of the photodiode at zero 

voltage (66.69 mW/cm2).
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Figure 5. Formation mechanism of strong coupling interface. (a) Schematic of 

annealing enhanced interlayer coupling effect. (b) Cross-sectional height profiles of a 

self-healed monolayer on the as-grown monolayer for different annealing time. (c) PL 

and (d) Raman spectrums for the as-grown MoS2, the self-healed MoS2 and the 

homojunction in the different annealed conditions, for the same sample. R indicates the 

PL spectrum intensity ratio of the homojunction and the sum of the as-grown and self-

healed MoS2. (e) Raman spectrums of the exfoliated MoS2 monolayer, the exfoliated 

MoS2 bilayer, the annealed MoS2 homojunction and the annealed as-grown/as-grown 

MoS2 homobilayer.
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Figure 6. Electronic structure of MoS2 homojunctions. (a) Experimental band 

structures of the MoS2 homojunction measured by ARPES, shown as momentum slice 

along Γ-K. The green dashed lines correspond to the theoretical band structures 

calculated by DFT. The band edges of Γ point of the MoS2 homojunction is higher than 

those of K point, indicating that the homojunction possesses strong-coupled interface, 

and is also an indirect bandgap junction. (b) Theoretical band structures of MoS2 

monolayer. (c) PL spectrums of the annealed MoS2 homojunction, the annealed MoS2 

homobilayer, the exfoliated MoS2 bilayer, and the exfoliated MoS2 monolayer. Sulfur 

vacancies in MoS2 homojunction and homobilayer will impede the detection of the 

indirect exciton peak.
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Table 1. Interlayer coupling strength comparison of the stacked MoS2 homojunction 

and vdW heterostructures.

Device LBM (cm-1) SM A1g - E1
2g (cm-1) EK - EΓ (eV) Reference

MoS2 homojunction ~38.5 Yes ~22.1 Negative This work

MoS2 homobilayer 32-39 Yes 21-22 Negative Ref.59

Natural bilayer MoS2 ~41 Yes 22-24 Negative Ref.56

MoSe2/WSe2 / / / Positive Ref.21

MoS2/WSe2 ~32 No / Positive Ref.59

LBM: layer-breathing mode.    SM: shear mode.
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