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Abstract Photoinduced charge transfer (CT) is decisive to the efficiency and speed of photoelectric con-
version in two-dimensional (2D) van der Waals (vdWs) heterostructures. Generally, CT rate enhancement
is realized by increasing the band offset (BO). In this study, we propose that a fast and efficient CT can
be realized via strong hybridization of energy levels in 2D vdWs heterostructures with minimal BO. First-
principles calculations reveal that the smallest energy difference between conduction-band edges and minimal
BO in the WS2/WzMo1_4S2 (z = 0.78) heterostructure yields the strong hybridization of energy levels and
then results in ultrafast CT (2.7 ps). Experimental results agree with theoretical calculations. The photo-
luminescence of WSs is quenched in the WS2/W;Mo1_,S2 (z = 0.78) heterostructure, attributable to the
strong hybridization-induced fast and efficient CT. This study provides insights into the mechanism of CT
in heterostructures and offers new strategies to create superior optoelectronic devices with fast and efficient
photoelectric conversion.
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1 Introduction

Charge transfer (CT) is an essential basis of functional electronic and optoelectronic devices [1-7]. Increas-
ing the CT rate (CTR) is a crucial strategy to realize high-speed and efficient optoelectronic devices, such
as photodetectors, photocatalysis, and solar cells. In heterostructures, the CTR is generally enhanced
by a significant driving force, i.e., the band offset (BO) between two materials [8]. However, additional
energy loss would be induced by a large BO, which would limit the maximum achievable efficiency of
photoelectric conversion [9,10]. Another key approach to enhance the CTR is increasing the electronic
coupling strength at the heterointerface, which can be controlled by various means, such as interfacial
quality, stacking geometry, and hybridization of energy levels [11-13]. The energy level hybridization
strength is proportional to the overlap of wavefunctions between two materials, which occurs only at the
scale of atomic radius [14]. Therefore, the hybridization strength is strongly influenced by dimension-
ality. For bulk heterostructures, the width of a depletion region where photoelectric conversion occurs
is approximately hundreds of nanometers [15, 16], and the effect of the hybridization of energy levels is
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negligible. When the dimensionality decreases from three-dimensional (3D) to 2D, strong hybridization
of energy levels could be achieved because the width of the depletion region is exactly the thickness of
the junction in 2D van der Waals (vdWs) vertical heterostructures [17]. Therefore, constructing a 2D
vdWs heterostructure might be a facile and straightforward method to realize fast and efficient CT. This
heterostructure requires strong interfacial coupling empowered by the hybridization of energy levels under
the minimal BO condition.

In this study, we built a model of the WSs/W,Mo;_,Ss heterostructure in which continuous BO and
hybridization strength could be provided by controlling the chemical composition (z) of the ternary alloy.
Through theoretical simulation and experimental verification, we demonstrated that the hybridization
of energy levels strongly affected the CTR, especially under the minimal BO condition. A CT time of
2.7 ps was achieved for x = 0.78, which was due to the interplay between the interlayer coupling caused
by the hybridization of energy levels and BO. This was further verified by experiments in which the
photoluminescence (PL) of WSy was quenched in the WSy /W, Moj_,Ss (z = 0.78) heterostructure.

2 Results

Figure 1(a) illustrates the band structure of a heterostructure with type-II band alignment. The CTR in
this heterostructure was strongly influenced by the BO between two materials, i.e., the driving force for
separating the photoexcited electron-hole pairs. Further, the CTR was highly dependent on electronic
coupling strength (Vpa), which was caused by the hybridization of energy levels between two materials,
denoted by hybridization strength (Figures 1(a) and (b)). The coupling strength can be evaluated using
a diabatic-state approach:

Vpa = (WP [H[p), (1)

where ¢P and # are the wavefunctions of the initial and final states, respectively and H is the interaction
potential [18,19]. Considering electron transfer as an example, with a decrease in conduction BO, energy
levels involving CT between two materials become closer, and their hybridization becomes stronger.
This enables greater penetration of the electron wavefunctions from one material (M1) into another
(M2); therefore, the transition matrix elements (TMEs) between the two states are increased. The CTR
ket dependence on the BO and hybridization strength can be described by classical Marcus theory as
follows [20,21]:
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where h is the Planck constant, kp is the Boltzmann constant, T is the temperature, Vp4 is the hy-
bridization strength, AGy is the free energy (BO), and A is the reorganization energy derived from the
variations in bond length and angle, which is very small due to the similar crystal structures of WSy and

MoS;. Besides, the CTR depends on the activation energy (AG7) and is described as follows:
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where the activation energy (AG7) is given by
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From (4), AG7 is a quadratic function of AGy; ke is a negative exponential function of AG7, shown
by (3). When —AGy > A, AG# decreases, and ke increases with an increase in AGy; when —AGo<\,
AG?# increases, the reaction is in the Marcus inverted region. In addition, k.; decreases with an increase
in AGp. In our heterostructure, AGy is larger than A, so the rate is facilitated by a large BO. In this
case, the hybridization of the energy level is very weak in the heterostructure, and a large BO dominates
the CT. By contrast, the hybridization strength could also dominate CT and facilitate an extremely high
CTR at the status of a small BO (Figure 1(b)). However, for bulk heterostructures, achieving strong
electronic coupling by hybridization of energy levels is difficult. This is because wavefunctions overlap
only occurs within atomic scales (Figure 1(c)), which is almost negligible compared to the width of the



An X H, et al. Sci China Inf Sci  February 2023 Vol. 66 122404:3

(2) (©

Electron transfer

--------- 1 I AVAN
- ~"Energy levels / P\ k=0 / \\ A
and iationt A A i
offsctI S1 an] —;T\_L# PN
/] Sl Lallmmazy hie
Ml // M2 r r=2h
Wavefunction Overlap of wavefunction (h)
SO X = (d) 3D heterostructures
M M2
Ml -
. o .
Type-II band alignment Hybridjzation region @ (x=0.78) @ (x=022) @ (x=0)
(b) ommTmmTmTTmTe > (g)
Depletion layer(10-10? nm) M
~2
© 2D heterostructures @

CBN\ oM

Electron transfer rate

Depletion layer

Decreasing conduction band offset

Figure 1 (Color online) Illustration of the hybridization-induced CT. (a) Schematic of CT in the heterostructure with type-II
band alignment. (b) CTR depends on BO and hybridization strength (Vpa) caused by the hybridization of energy levels; solid
depicts 2D heterostructures, whereas dash depicts 3D heterostructures. (c)-(e) The wavefunction overlap (h) depends on the
distance (r) between M1 and M2 atoms. The atomic radius of M1 (M2) is donated as al (a2). (c) Schematic of the depen-
dence of overlap on distance. (d) The hybridization of 3D heterostructures. (e) The hybridization of 2D vdWs heterostructures.
(f) Schematic of the WS /W, Moi_,S2 heterostructure. (g) CT process in the WSz /W Moj_,Ss heterostructure. @, @, @
presents W composition of z = 0.78, 0.22, and 0, respectively.

depletion region where photoelectric conversion occurs (Figure 1(d)). Compared with bulk heterostruc-
tures, 2D vdWs heterostructures possess prominent merits, such as atomically thin thickness, no dangling
bonds, and unconstrained lattice matches. This implies that strong hybridization of energy levels could
be readily achieved and occurs in the entire heterojunction region, as the hybridization region is almost
the same as the thicknesses of the materials (Figure 1(e)). WSy monolayer and ternary W,Mo;_,Ss
monolayer were employed to construct a 2D vdWs heterostructure (Figure 1(f)), and it possessed con-
tinuously tunable electronic band structures with changing stoichiometry of W (z) atom, indicating the
possibility of realizing energy level hybridization and maximizing the electronic coupling strength. In
addition, continuously tunable z could also provide continuously tunable BO [22-27]. Therefore, the
WSy /W,Moj_,Ss heterostructure is an ideal platform to investigate the CT process under controllable
BO and hybridization strength (Figure 1(g)).

Time-dependent ab initio nonadiabatic molecular dynamics (NAMD) was performed to analyze the
dependence of CTT on BO and hybridization strength in the WSa/W,Mo1_,S2 heterostructure. Inves-
tigations were focused respectively on five stoichiometric compositions of z = 1, 0.78, 0.45, 0.22, and 0.
Their band structures are shown in Figures 2(a)—(c) (z = 0.78, 0.45 and 0.22) and Figures S1(a) and (b)
(z = 0 and 1), respectively. The conduction BOs between WSy and W,Mo;_,Ss for z = 0, 0.22, 0.45,
0.78, and 1 are 357, 341, 292, 152 and 0 meV, respectively. The value of 357 meV in the WSz /MoSs
heterostructure agrees with a previous report [28]. The valence band maximum (VBM) does not vary
with the change in z because it results from the dgo—,2 and dg, orbitals of Mo/W and the p, and p,
orbitals of S. These orbitals are in-plane interactions and insensitive to the interplay between layers [29].
The conduction-band minimum (CBM) originates from the d? orbital of Mo/W and the p, and p, or-
bitals of S, which are out-plane interactions that strongly depend on the interplay between layers. For
W.,Moi_,Ss, the energy difference between the W atom (5d) and Mo atom (4d) facilitates energy level
splitting to form Levels 1 and 2. The energy level marked in red (denoted as Level 3) is degenerated
and arisen from WS,. With a decrease in BO (increase in z), Level 3 (WS2) and Level 2 (W;Moq_5;S2)
become closer, and they are nearly degenerated at z = 0.78. Meanwhile, the energy difference between
Levels 1 and 3 is the smallest. Therefore, a strong hybridization of energy levels occurs, which increases
the TMEs and lowers the activation energy based on Henry-Taube theory [30-32]. This facilitates a
higher CTR based on the Marcus theory, evidenced by the variations in CTT of 303.7, 27.3, and 2.7 ps
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Figure 2 (Color online) Calculated band structures and CTRs of the WS> /W;Moi_, Sz heterostructure. (a)—(c) Band structures

of WSy /W,Moq_,Ss with z = 0.78, 0.45, and 0.22, respectively. The energy levels involving CT are mainly red (Level 3) derived
from WSy and blue energy (Level 1/2) resulting from W;Moj_,S2. The inserts are the top views of calculation models. (d) CTR
(1/t) as a function of W composition (z). The CTT are 29.6, 303.7, 27.3, 2.7, and 1200 ps in the WS2 /W ;Mo _,S» heterostructure
with W compositions of z = 0, 0.22, 0.45, 0.78, and 1, respectively, as indicated in the inset.

corresponding to & = 0.22, 0.45, and 0.78, respectively (Figure 2(d)). Although the energy levels (Levels
1/2 and 3) completely degenerate at z = 1, a BO of 0 meV does not satisfy the CT requirement, i.e.,
back electron transfer would also occur. Consequently, the CTR is very slow (1.2 ns). In the case of z
= 0 with a BO of 357 meV, the distance between Levels 3 and 1/2 is very large, and the hybridization
strength is weak. Therefore, a CTT of 29.6 ps is obtained, wherein this CT process is dominated by the
driving force, i.e., the BO.

To further confirm the above result, the time evolutions of the energy level vibrations located at the
point at z = 0.78, 0.45, and 0.22 were calculated and shown in Figures 3(a)—(c). Levels 1 and 2 in
WMo _,So and degenerated Level 3 in WS, are highlighted. With increasing x from 0.22 to 0.78, the
BO decreases from 341 to 152 meV, respectively; i.e., the energy differences between the three energy
levels decrease, which leads to stronger vibration and then enables greater penetration of the electron
wavefunctions from WS, into W, Mo _,Ss in the heterostructure. Therefore, it increases the TME, lowers
the activation energy, and promotes CT. The hybridization strength is quantitatively identified by the
nonadiabatic TMEs. As shown in Figures 3(d)—(f), the coupling between Levels 1 and 2 in W,;Mo;_,S,
and degenerated Level 3 in WS, at the point forms six TMEs. The nonadiabatic TMEs are 0.095, 0.004,
and 0.00093 meV for z = 0.78, 0.45, and 0.22, respectively. These are in accordance with the calculated
CTTs, which are 2.7, 27.3, and 303.7 ps, respectively.

To experimentally prove the theoretical prediction, the evolution of the CTR in the WSy /W, Mo;_, S
heterostructure is probed by means of PL quenching. Generally, the occurrence of CT would induce
quenching of PL in type-II heterojunctions. Based on the Stern-Volmer equation, the relationship between
the CTR and the degree of PL quenching can be described as follows [33-36]:

1 1 Iy

o 5
Tt 10 I’ (5)

where 7—10 is the radiative decay rate (7 is the lifetime of bare WSa, which is constant in our system),



An X H, et al.

Sci China Inf Sci

(@ 30 (b) 3.0 (c) 30
25F 25§
- o 2.0y
% 15 E E 1.5 o
L 15+ > St
&>‘3 x=0.78 éﬂ x=0.45 g x=022
2 1.0 ’ = 10F @ 1.0f
45|
0.5 0.5} 0.5¢
0.0 . 0.0 x . 0.0 . . .
1 2 3 4 0 1 2 4 0 1 2 3 4
Time (ps) Time (ps) Time (ps)
@ Alloy Alloy WS, WS, NAC (meV) (e) Alloy Alloy WS, WS, NAC (meV) ® Alloy Alloy WS, WS, NAC (meV)
0.10 0.10 0.10
WS, 0.09 WS, 0.09 WS, 0.09
0.08 0.08 0.08
WS, 0.06 WS, 0.06 WS, 0.06
0.05 0.05 0.05
Al X X
loy =078 004  Alloy =045 0.04 Alloy =022 0.04
0.03 0.03 0.03
Alloy 001 Alloy 0.01 Alloy 001
0.00 0.00 0.00

February 2023 Vol. 66 122404:5

Figure 3 (Color online) The vibration and coupling of energy levels. (a)—(c) Time evolutions of the energy level vibration located
at the I" point (three energy levels involving CT in W;Moj_,S> and WS are highlighted) at = 0.78, 0.45, and 0.22. (d) and (f)
Nonadiabatic TMEs between energy levels (Levels 1, 2, and 3) at the high symmetry I" point, corresponding to z = 0.78, 0.45, and
0.22, respectively.

and II—" is the degree of PL intensity quenching. I, is the initial intensity, and I is the PL intensity after
quenching. Therefore, the degree of PL quenching is a clear sign of the CTR in heterostructures.

The Raman images of the WSy /W;Mo;_,Ss heterostructure are shown in Figures S4(a)—(d), which
confirms the formation of a heterostructure comprising WS, and W,Mo;_,Ss with continuously vary-
ing z. Figures 4(a) and (b) depict the PL images of W,;Mo;j_,S, centered at 650 nm and WS, at
620 nm, respectively. The PL spectra of bare WSa, bare W, Mo;_,Ss (z = 0.78, 0.42, and 0.29), and
WSa/W,Moj;_,Ss heterostructures are shown in Figures 4(c)—(e). Evidently, the intensities of both PL
peaks are quenched with the formation of a heterostructure. The quenching degree of the PL intensity of
WS, presents a significant dependence on the composition () variation of WMo _,Ss. In particular, the
PL intensities of WSy are completely quenched when it is stacked on W,Mo;_, Sy with 0.7 < z < 1 (blue
dotted frame in Figures 4(b) and (c)). More results for different samples are shown in Figures S4(e)—(h),
and a similar quenching phenomenon is observed. Complete quenching is also observed at a low temper-
ature of 10 K (Figures S5(a) and (b)), demonstrating that quenching arises from CT rather than phonon
assistance. Moreover, the peak of WSy still exists at 0 < = < 0.7 (Figures 4(d) and (e)), and the PL
intensities are reduced only by two to four times.

Comparison investigations were performed on WSy /WSs (i.e., z = 1) and WSy /MoS; (i.e., z = 0) het-
erostructures (Figure S6). The PL intensity of WSs was quenched approximately six times in WSs/WSs
due to CT, back electron transfer, and stacking order [37]. Moreover, it was up to approximately
21 times higher in the WSs/MoSs heterostructure, which agrees with a previous report [38]. The degree
of PL quenching (I/I) as a function of W composition (z) is plotted in Figure 5. Considering the synergy
of BO and hybridization, the CTR decreases at the initial stage (0 < z < 0.2) with an increase in x due
to decreasing BO. In the second stage (0.2 < z < 0.7), the hybridization of energy levels plays a more
crucial role, and the CTR slightly increases with an increase in z. In the resonant regime (0.7 < z < 1),
the hybridization of energy levels becomes the dominant factor of CT and facilitates the maximum CTR.
This result agrees with the theoretical prediction (Figure 1(b)).

3 Summary
In summary, we demonstrated that fast and efficient CT with minimal BO could be realized by strong

hybridization of energy levels in 2D vdWs heterostructures. Our computational results in the WSy /
WMo _;So heterostructure showed that a low BO yielded strong hybridization between the energy
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Figure 4 (Color online) PL mappings and spectra of WSz, W;Moj_;S2, and WSs /W, Mo1_,S> heterostructure. (a) PL image
of W;Moi_,S2 peak at ~650 nm. (b) PL image of WSy peak at ~620 nm. (c)—(e) PL spectra and fitted results of bare WSs, bare
W,Moi—4S2, and WSy /W,Mo1_,S2 at z = 0.78, 0.42, and 0.29, respectively.
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Figure 5 (Color online) The degree of PL quenching (Ip/I) of WSy as a function of W composition. I is the initial intensity,
and I is the intensity after quenching.

levels in bare WSy and W,Mo;_,Ss, attributable to the closer energy and stronger vibration of energy
levels involved in CT. The CTT of 2.7 ps was achieved at z = 0.78, and it was even faster at 0.78 < z
< 1. These results agree with the experimental results of the completely quenched PL of WSy in the
heterostructure region of WSo/W,Mo1_,Ss (z = 0.78). Understanding the dependence of the CTR on
the BO, interlayer coupling strength caused by the hybridization of energy levels, and the degree of PL
quenching is beneficial for the fabricating of high-performance electronic and optoelectronic devices based
on the vdWs heterostructures.

Experimental and calculational methods.

Synthesis: W, Mo;_,S2 monolayers were grown on SiO2/Si (300-nm oxide layer) substrates via a two-
step chemical vapor deposition approach under atmospheric pressure. The synthesis was performed in a
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tube furnace with dual-heating zones. A quartz boat containing sulfur powder (99.5%) was positioned
in the first heating zone, whereas another boat containing MoO3 (99.99%) or WO3 (99.99%) powder
was placed in the second heating zone (Figure S1(a)). The substrate was positioned on top of the boat
containing MoO3 (WO3) and faced down. A tube chamber was pumped to 10 Pa, and then, argon gas
(99.99%) was introduced into the chamber as the carrier gas. The system ramped to temperatures of
220°C for S powders and 700°C for MoO3z (WO3~1075 °C) for the first and second zones, respectively.
The temperature was maintained for ~10 min and then cooled naturally.

Heterostructure fabrication: The WSs monolayer was transferred onto W,Mo;_,So via the standard
dry transfer method under room temperature and air [39]. First, a WS monolayer was exfoliated onto a
polydimethylsiloxane film from a bulk crystal under room temperature and air and then transferred onto
a W;Moj_, S, monolayer using an optical microscope with an aligned transfer system.

PL and Raman characterizations: Raman and PL images and spectra were collected using a WITec
alpha300R confocal system under room temperature and air. A 532 nm laser was employed to excite the
samples. The laser power was controlled at < 0.5 mW to avoid laser-induced heating. The spot size of
the laser beam was ~1 um after focusing.

Computational details: Geometric optimization and electric structure calculations were performed
based on density functional theory (DFT), implemented in the Vienna ab initio simulation package code.
The Perdew-Burke-Ernzerhof functional of the generalized gradient approximation was chosen as the
exchange-correlation function, and the projected augmented wave method was used. A vacuum region of
15 A was used to prevent the interaction between two adjacent layers. In addition, the energy of 1072 eV
and the force of 0.02 eV - A~! are considered the convergence criteria. During geometry optimization and
electronic structure calculation, cutoff energy of 500 eV and k-point meshes of 9 x 9 x 1 were set. The
vdW interactions resulting from the long-range effect are added with the DFT-D3 method of Grimme.

NAMD calculations were performed using the PYXAID code, which simulates photoexcited carrier
relaxation using the decoherence-induced surface hopping method in time-dependent DFT in the Kohn-
Sham model. The adiabatic molecular dynamics (MD) was first performed to execute NAMD calculations.
A total of 54 atoms were used to construct a 3 x 3 hexagonal supercell including a heterostructure. Every
structure was completely relaxed at 0 K, then heated to 300 K, and held on 10 ps by repeated velocity
rescaling. Afterward, an 8 ps adiabatic MD orbit was acquired in the microcanonical ensemble (NVE)
with a 1 fs nuclear time step, and the nonadiabatic coupling matrix elements were simulated along the
orbit. A total of 400 geometries were considered as the original configurations for evaluating the electron
dynamics during the first 2 ps MD trajectory. Five ps NAMD emulations were executed for various
models.
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