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ABSTRACT 
The intercalation of metal is a promising method for the modulating electronic properties in transition metal dichalcogenides (TMDs). 
However, there still lacks enough knowledge about how the intercalated atoms directly impact the two-dimensional structural layers 
and modulate the band structures therein. Taking advantage of X-ray absorption fine structure and angle-resolved photoemission 
spectroscopy, we studied how Cu intercalation influences the host TaSe2 layers in Cu0.03TaSe2 crystals. The intercalated Cu atoms 
form bonds with Se of the host layers, and there is charge transfer from Cu to Se. By examining the changes of band dispersions, 
we show that the variation of electronic structures is beyond a simple rigid band model with merely charge doping effect. This work 
reveals that the unusual change of band dispersions is associated with the formation of bonds between the intercalated metal 
elements and anion ions in the host layers, and provides a reference for the comprehensive understanding of the electronic structures 
in intercalated materials. 
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1 Introduction 
Transition metal dichalcogenides (TMDs) are quasi-two- 
dimensional layered compounds with abundant physical 
phenomena such as superconductivity, metal-insulator transition, 
charge density wave, and many other electronic and optical 
properties [1–4]. Their physical and chemical characteristics 
could be tuned with various approaches, including chemical 
doping, vacancies, intercalation [5–7]. Owing to the weak 
coupling between neighboring layers, the intercalation procedure 
can introduce foreign species into the van der Waals gap. 
By this means, the main physics in the functional host layers 
could be easily altered by manipulating charge doping or the 
coupling between adjacent layers with different interlayer 
spacing.  

Generally speaking, the primary effect of the intercalation 
of metal elements is to increase the carrier concentration 
and realize electron doping in the host systems. This doping 
approach is able to result in new physical properties in the 
host layers. For example, in semiconducting materials, extra 
electrons provided by intercalated atoms fill in the bottom of 
conduction bands and thus induce metallic characteristics [8]. 
In Cu-intercalated TiSe2, electron doping by Cu intercalants 
suppresses charge-density-wave (CDW) phase and give rise  
to superconductivity [9, 10]. Li intercalation in MoS2 provides  

extra electrons to MoS2 layers and lead to a structural transition 
from 2H phase to 1T phase [11]. However, besides the versatile 
effects introduced by charge doping, there still lacks enough 
knowledge about how the intercalated atoms directly impact 
the two-dimensional structural layers and modulate the band 
structures therein.  

Aiming to reveal the influence of intercalated ions on the 
host layers, we studied Cu-intercalated TaSe2. In TaSe2, there 
are multiple bands around the Fermi level, and three pockets 
can be identified on the Fermi surface [12–15]. By monitoring 
the change of electronic structures near the Fermi level, we 
are able to reveal whether intercalated atoms affect the band 
structures in the pristine two-dimensional structural layers.  
In our studies, X-ray absorption fine structure (XAFS) was 
employed to investigate the atomic configurations in the 
intercalated system. Our data show that, though the lattice 
structure of the pristine TaSe2 remains basically the same after 
Cu intercalation, Cu ions do form bonds with Se anions in 
TaSe2 layers. On the other hand, our ARPES data demonstrate 
that band dispersions along high symmetry directions in k-space 
vary in different ways, and the overall characteristics cannot 
be interpreted within a simple rigid band model as expected 
for merely charge doping effect. We attribute the change of band 
dispersions to the formation of Cu–Se bonding and the resulting 
charge transfer. Our studies show that the intrinsic band  
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dispersions of host layers in van der Waals crystals could be 
tuned by atom intercalation when the foreign atoms form 
bonds with the anions of host layers. 

2  Results and discussions 
Our samples were grown using chemical vapor transportation 
(CVT) method. The stoichiometric amounts of Ta, Se, and Cu 
powders (purchased from Sigma-Aldrich) were mixed together 
for TaSe2 and Cu-intercalated TaSe2, with iodine as a transport 
agent. These materials were sealed into quartz ampoule tubes 
with inner diameter of 5 mm and length of 25 cm under a 
vacuum of 1 × 10−3 Torr. After sealing the quartz tubes were 
put into a two-zone furnace with the hot zone temperature of 
950 °C and the growth zone temperature of 850 °C for five days. 
The furnace was then cooled down to room temperature, and 
single crystals of TaSe2 and Cu0.03TaSe2 with size of a few millimeters 
were obtained. XAFS measurements were performed in the 
transmission mode at the beamline 14W1 in Shanghai Synchro-
tron Radiation Facility (SSRF). The X-ray was monochromatized 
by a double-crystal Si(311) monochromator. XAFS data were 
analyzed with the WinXAS3.1 program [16]. Theoretical ampli-
tudes and phase-shift functions were calculated with the FEFF8.2 
code [17]. ARPES measurements were performed at ARPES 
beamline (BL-13U) of National Synchrotron Radiation Laboratory, 
Hefei, with VG R4000 analyzer. The energy and angular 
resolutions are better than 20 meV and 0.3°, respectively. Single 
crystals of TaSe2 and Cu0.03TaSe2 were cleaved in ultrahigh 
vacuum better than 7 × 10−11 Torr to achieve clean surfaces.  

Figure 1(a) shows the crystal structures of 2H-TaSe2, and 
Fig. 1(b) indicates the position of copper atoms in Cu0.03TaSe2. 
Copper atoms are intercalated into the van der Waals gap 
between neighboring TaSe2 layers. Though the exact positions 
of individual Cu atoms cannot be identified, as will be shown 
in Fig. 2, our XAFS data indicate that Cu atoms are not randomly 
sitting between the TaSe2 layers, and instead Cu–Se bonds  
take place in Cu0.03TaSe2. We note here that in our samples 
the Cu intercalation does not induce superlattice structures, as 
evidenced by the low energy electron diffraction (LEED) pattern  

in Fig. 1(c). This is distinct from the previous studies by Kordyuk 
et al., in which a superlattice structure arises in Cu-intercalated 
TaSe2 and leads to a very different band structures from our 
data [18]. This difference could be due to the different sample 
synthesis processes and Cu concentration.  

High-resolution transmission electron microscopy (HRTEM) 
was used to characterize the lattice parameters of TaSe2 and 
Cu0.03TaSe2 single crystals. HRTEM images reveal the d-spacing 
of 0.270 nm for the periodic interlayer arrays of (104) in both 
TaSe2 and Cu0.03TaSe2 single crystals (Figs. 1(d) and 1(e)).  
In order to investigate how Cu intercalants interact with TaSe2 
layers, we performed XAFS to examine the local chemical 
bonding in Cu0.03TaSe2. In Fig. 2(a), XAFS results show that, 
with the TaSe2 as a reference, the absorption edge of Ta shifts to 
lower energies after Cu intercalation, indicating extra electrons 
provided by Cu were transferred to the TaSe2 layers. Their 
Fourier transform spectra of extended XAFS (FT-EXAFS) 
curves indicate that the Ta–Se bond length remains the same 
(Fig. 2(b)), suggesting that the atomic configurations between 
Ta and Se is robust against Cu intercalation. We further examined 
the valence states of Cu in Cu0.03TaSe2. As shown in Fig. 2(c), 
the absorption edge of Cu in Cu0.03TaSe2 is very close to that of 
Cu foil, indicating that the charge transfer from Cu to TaSe2 
layers is not significant. The corresponding Fourier transform 
spectra indicate that Cu and the Se in TaSe2 layers form 
chemical bonds with a bond length similar to that of CuSe 
(see Fig. 2(d)). These results suggest that the intercalated Cu 
atoms are not simply sitting in the van der Walls gap between 
neighboring TaSe2 layers, and they do affect the electronic 
systems in TaSe2 layers by forming chemical bonds with Se. The 
detailed structure parameters calculated from XAFS studies 
are summarized in Table 1. Therefore, it is natural to expect 
some changes in the band dispersions other than a simple charge 
doping. The structural analysis of XAFS results are in agreement 
with our HRTEM data. 

To investigate how the Cu intercalation alters the electronic 
structures of TaSe2 layers, we carried out ARPES measurements 
of these samples. In Cu0.03TaSe2, Cu atoms donate extra electrons 
into TaSe2 layers and lead to a charge doping in the pristine  

 
Figure 1 (a) Crystallographic structures of TaSe2. Ta, Se and Cu atoms are represented by blue, yellow and green balls, respectively. (b) A schematic 
diagram for the intercalation position of copper atoms in Cu0.03TaSe2. (c) LEED pattern of Cu0.03TaSe2 taken at T = 20 K. (d) and (e) HRTEM images and 
corresponding Fast Fourier Transformation (FFT) pattern of TaSe2 and Cu0.03TaSe2, respectively. No evident lattice shift was observed in FFT patterns. 
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Table 1 Structural parameters of TaSe2, Cu0.03TaSe2 and CuSe 

Samples Bond Coordination 
number N  Bond length σ2 (10−3 Å2)

TaSe2 Ta–Se 6 2.60 4.3 

Ta–Se 5.9 2.60 4.6 Cu0.03TaSe2 Cu–Se 3.4 2.39 8.9 

CuSe Cu–Se 4 2.37 7.5 

 
electronic structures of TaSe2. Generally speaking, such a charge 
doping is expected to suppress the CDW phase in the parent 
TaSe2. In TaSe2, the electronic structures become very complicated 
in below T = 90 K [19, 20], which is thus not suitable to serve 
as a reference to evaluate the variation of electronic structure 
in Cu0.03TaSe2. In order to eliminate the effect of CDW in TaSe2, 
we performed ARPES measurements at T = 95 K, and the 
Fermi surface topology is shown in Fig. 3(a). For comparison, 
the data of Cu0.03TaSe2 is displayed in Fig. 3(b).  

Previous ARPES measurements and theoretical calculations 
show that the electronic structure of TaSe2 has quasi-two 
dimensional characteristics [21–24], which indicates that the 
kz dispersions are relatively weak and the band dispersions 
probed by ARPES measurements are approximately independent 
of the photon energies. Meanwhile, the two-dimensionality of 
electronic structures in the intercalated crystals is also confirmed 
experimentally, as shown in Fig. 3(c), since the kz dispersions 
are very weak. Therefore, when comparing the effect of Cu 
intercalation on the band dispersions of TaSe2, we can ignore 
the kz variation of electronic structures in both the parent and 
the intercalated compounds. 

In Fig. 3, there are two evident changes. The pocket size around 
the center of the Brillouin zone is reduced in the intercalated 
crystals, and the shape of dog-bone pocket around M in 2H-TaSe2 
changes to rounded rectangle in the Cu0.03TaSe2. In addition, 
the pocket around K cannot be clearly identified in the intercalated 
samples. The pocket around the center of the Brillouin zone is  
a hole type. Its shrink in size suggests that intercalated Cu 
atoms contribute extra electrons to the TaSe2 layers and lead 

to a rise of the Fermi level. In Fig. 4, we also show the ARPES 
intensity plots of 2H-TaSe2 and Cu0.03TaSe2 along high symmetry 
directions in momentum space. It is evident that the overall 
electronic states in Cu0.03TaSe2 move to deeper binding energies, 
indicating an electron doping effect induced by Cu intercalation.  

The change of pocket shape around M could arise either 
from the shift of the Fermi level caused by a charge doping,  
or from the change of band dispersions induced by the Cu 
intercalation. In order to find out whether the former case plays 
an important role, we show in Figs. 3(d)–3(i) the photoemission 
intensity at various constant energies taken from 2H-TaSe2 
and Cu-intercalated compound. One can notice that in both 
the parent and the intercalated samples, the different profiles 
of the Fermi pockets around M remain the same over a larger 
energy range, though the size changes as a function of binding 
energies. This behavior indicates that the shape change of Fermi 
surface pockets is not due to the charge doping effect. We thus 
argue that Cu intercalants are not only responsible for the shift 
of the Fermi level, but also accountable for the change of band 
dispersions in Cu0.03TaSe2.  

Moreover, the different band structures are not related to 
the possible change of dimensionality after the Cu intercalation. 
One may expect that the intercalation could slightly increase 
the interlayer spacing, reduce the interlayer coupling and make 
the system more two-dimensional. In fact, ARPES studies on 
single-layer TaSe2 have indicated that the Fermi surface of TaSe2 
on the two-dimensional limit still bears similarity to that of 
bulk TaSe2 [25].  

Figure 4 shows band dispersions of both TaSe2 and Cu0.03TaSe2. 
In order to examine the variations of band structures induced 
by Cu intercalants, we plot the dispersions of TaSe2 (red dashed 
lines) along high symmetry directions on the data of intercalated 
samples. One could notice that a simple rigid band shift is not 
suitable to account for the changes in dispersive features.  
In Figs. 4(a) and 4(d), along the –K direction, though the 
dispersion is not clear on the right side for Cu0.03TaSe2, one can 
still notice that the overall dispersions are very different. On 
the left side, the Fermi crossings are close to each other, while 

 
Figure 2 (a) Ta K-edge XANES spectra for the TaSe2 and Cu0.03TaSe2 single crystals. (b) The corresponding Fourier transforms FT(k3χ(k)) Ta–Se. (c) Cu 
K-edge XANES spectra for the Cu0.03TaSe2, CuSe and Cu foil. (d) The corresponding Fourier transforms FT(k3χ(k)) Cu–Se. The shoulder is derived from 
Cu–O bond, which is introduced by the oxidation during the sample grinding process for XANES measurements. 
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Figure 4 (a)–(c) Band dispersions of TaSe2 along Γ–K, Γ–M and M–K–M 
directions, respectively. (d)–(f) Band dispersion of Cu0.03TaSe2 along Γ–K, 
Γ–M and M–K–M directions, respectively. The red dash lines indicate the 
band dispersions of TaSe2. 

there is a large separation in energy between the band bottoms 
of the parent and Cu-intercalated compounds. Figures 4(b) 
and 4(e) show that in the –M direction the spectral weight 
around M in Cu0.03TaSe2 move to deeper binding energies after 
Cu intercalation. In Figs. 4(c) and 4(f), along the M–K–M 

direction, the band bottom shifts remarkably after Cu inter-
calation, while the dispersion of  band in TaSe2 is different 
from that of ' band in Cu0.03TaSe2. Our data indicate that, 
after Cu intercalation, the overall dispersions are altered 
significantly. This finding is another evidence that the effect of 
Cu intercalation cannot be interpreted within a rigid band 
model with a simple electron doping. Such properties suggest 
that Cu intercalants interact with the host TaSe2 layers and affect 
the fundamental band dispersions. Moreover, the variation 
of spectral weight after Cu intercalation is also related to  
the change of band structures, since the photoemission matrix 
element is modified by the change of electronic structures and 
eventually alters the spectral weight in ARPES data.  

In CuxTiSe2, the interactions between Se and the intercalated 
Cu has been investigated by first-principles calculations [26]. 
This study provides some insight for our understanding of the 
underlying mechanism in Cu0.03TaSe2. Theoretical studies 
suggest that in CuxTiSe2 the chemical bonds form between the 
copper intercalant and neighboring Se atoms, a mild charge 
transfer occurs and slight increases the carrier concentration 
in the host layers, while the structural configurations in the 
host layers are not evidently affected by the Cu–Se bonds and 
the charge transfer [27]. All these properties are highly consistent 
with our observations from XAFS measurements on Cu0.03TaSe2.  

According to our XAFS data, the Cu–Se bond length is ~ 
2.4 Å, which is very close to the Cu–Se bond length in Cu2Se 
[28] and CuInSe2 [29]. Around the Fermi level, electronic states 
from Ta are dominant and the formation of Cu–Se bonds will 
change the charge transfer between Ta and Se and consequently 
alter the electronic states dominated by Ta. Therefore, we can 
naturally expect a variation of electronic bands in Cu-intercalated 
TaSe2. 

In van der Waals crystals, the carrier concentration of basic 
structural layers can be regulated through atom intercalation, 

 
Figure 3 (a) and (b) Fermi surface topologies of TaSe2 and Cu0.03TaSe2. The data were taken using 35 eV photons. (c) kz dispersion along the –K cut in
Cu0.03TaSe2.The cut is marked by the red dash line in (b). The energy range is 20–50 eV and the step size is 1 eV. (d)–(f) ARPES intensity at various
constant energies in TaSe2. The data were taken at the Fermi level, −0.1 and −0.2 eV below the Fermi level, respectively. The purple dash lines outline the
dog-bone pockets around M points in TaSe2. (g)–(i) ARPES intensity at various constant energies in Cu0.03TaSe2. The blue dash lines outline the straight
sides around M points in Cu0.03TaSe2. 
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and consequently the physical properties of host materials 
are modulated. Whether atom intercalation alters the host 
layers and the band structures therein require investigations. 
In combination of XAFS and ARPES, we are able to depict 
atomic configurations in real space and illustrate electronic 
structures in k-space, and eventually evaluate how the intercalants 
influence the electronic properties in the functional layers  
of host materials. Our studies suggest that by regulating the 
chemical bonds between the intercalants and host layers in 
van der Waals crystals, the fundamental physical or chemical 
properties of the parent compounds could be modulated, 
which may lead to exotic functionalities in some materials. 

3 Conclusions 
In summary, we have studied the structures and electronic 
states in Cu-intercalated TaSe2 using XAFS and ARPES. By 
comparing with the parent 2H-TaSe2, we found that the 
intercalated Cu ions form chemical bonds with Se in the host 
TaSe2 layers and a mild charge transfer occurs from Cu to TaSe2 
layers. Band structure measurements show that the resulting 
electronic structures in Cu0.03TaSe2 cannot be interpreted by a 
simple rigid band model with merely charge doping effect. 
Our studies suggest that the pristine band dispersions in the 
host layers could be regulated by the intercalants when the 
chemical bonds develop between the foreign ions and the 
anions in the host layers. 
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