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Doping Elemental 2D Semiconductor Te through Surface Se Substitutions
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The development of two-dimensional (2D) semiconductors is limited by the lack of doping methods. We
propose surface isovalent substitution as an efficient doping mechanism for 2D semiconductors by
revealing the evolution of the structure and electronic properties of 2D Se/Te. Because of the different
electronegativity of Se and Te, Se substitution for Te at the specific lattice sites introduces electric dipoles
and leads to charge redistribution, which lowers the work function and tunes the Te films from p-type to
n-type semiconductors. This differs from the gap enlargement of alloy films with random Se-Te
substitutions. This doping method minimizes the change of lattice structure and surface roughness,
which benefits structure stacking. Further increasing the Se content leads to the formation of two types of

2D semiconducting Se polymorphs.
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Semiconducting two-dimensional (2D) van der Waals
materials such as transition metal chalcogenides and
elemental atomic crystals have good structural stability
and are characterized by the absence of dangling bonds.
These materials are promising as next-generation electronic
and optical devices [1-10]. Doping is a crucial technique
for adjusting the band structure and reducing the difference
in work function between the electrode and the 2D semi-
conductors, which is of great value in both fundamental
research and device applications [11-15]. Applying tradi-
tional doping techniques on 2D semiconductors typically
introduces significant charge or lattice disorder and the
Fermi level pinning effect, degrading the performance of
related devices [13,16-18]. Therefore, efficient doping
methods without the Fermi level pinning effect and a clear
understanding of the mechanism are urgently needed for
the further development of 2D semiconductors. So far,
doping of 2D semiconductors has been achieved by coating
or intercalation of charge-transferring molecules or atoms
[19-25], thickness engineering [26,27], surface function-
alization [28-30], and atomic substitutions [31-34]. The
introduction of isovalent substitutional dopants with same-
group elements results in fewer disordering and has been
extensively exploited [35-37]. However, the impact of
surface isovalent substitutions on the electronic properties
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of the 2D semiconducting systems remains an open
question.

We select the 2D Se/Te as a model system to study the
impact of surface isovalent substitutions since Se and Te
have significantly different electronegativity but could
share the same helical crystal structure [38]. Trigonal
tellurium has attracted significant research interest due to
its excellent physical properties, including outstanding
thermoelectricity [39—41], high carrier mobility [42-44],
midinfrared polarized photoresponse [45—47], chiral edge
states [48], spin-polarized band structure, possessing Weyl
fermions [49-52], and novel electronic-magnetic coupling
effect [53,54]. While pure Te is a p-type semiconductor
[50,55,56]. Electron doping in bulk Te crystals and thick Te
films has been achieved through potassium deposition or
the dielectric doping technique of atomic layer deposition
[25,49,52]. When the thickness of Te approaches the 2D
limit, tellurium exhibits multiple phases [57,58], thickness-
dependent band gap (0.33-1.0 eV) [42,59,60], and quasi-
periodic edge defect states [61], making it a promising
candidate in future energy and information devices.
Nevertheless, an efficient doping method without compro-
mising the lattice structure of ultrathin Te films is still
lacking.

Here, we use molecular beam epitaxy (MBE), scanning
tunneling microscopy, and spectroscopy (STM/STS), x-ray
photoelectron spectroscopy (XPS), and density functional
theory (DFT) calculations to study the doping effect of
surface Se-Te substitutions (Set.). The substitutions intro-
duce efficient electron doping and tune the ultrathin Te
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FIG. 1. Fabrication of Se/Te 2D structures. (a) Sketch of the
evolution of the Se/Te 2D structures. (b)-(e) STM images of the
pure Te film, Te film with surface Ser, dopants, trigonal Se film,
and Seg molecular crystal. Parameters: (b),(c), and (e) V, =
=2V, I, =100 pA; (d) Vy, =-2V, I, =50 pA. (f)—(g) The
differential conductance (d//dV) spectra acquired on pure Te film
(thickness ~4.6 nm), Te film with surface Ser, dopants (thick-
ness ~4.6 nm), trigonal Se film, and Seg molecular crystal.

films from p type to n type semiconductors without
breaking the lattice structure. The doping mechanism is
further revealed as the surface Ser. substitutions form the
surface dipole and accumulate the electrons on the surface,
lowering the system’s work function.

Se atoms are introduced to Te films by thermal evapo-
ration and post-annealing in ultrahigh vacuum conditions

[Fig. 1(a)]. Ultrathin trigonal Te films [Fig. 1(b) for atom-
resolved STM image] are grown on graphene/SiC(0001)
substrate following the reported methods [59,61]. Upon Se
deposition with Te films held at room temperature and
postannealing at ~60 °C, Se atoms substitute for surface Te
atoms and form Ser, substitutional dopants. By optimizing
the Se dosage and postannealing conditions, we can get Te
films with homogenously surface Set, dopants distribution
at a few tens nm scale (See Fig. S1 for details) [62]. As
shown in Fig. 1(c), the bright and dim atoms are distributed
on the surface while the film maintains the lattice structure
of Te. The Te films, both before and after adding surface
Set. dopants, exhibit atomically flat Te terraces (Fig. S2)
[62]. Benefiting from the flat surface, two different 2D Se
crystalline structures, including trigonal Se and Seg mole-
cular crystal, are further obtained [Figs. 1(d) and 1(e)]. The
evolution of electronic structure is revealed by our STS
measurements [Figs. 1(f)-1(i)] (See Fig. S3 for the details
of determining band edges and carrier types [62], following
the reported method [69]). The conduction band minimum
(CBM) of surface Se-doped Te films can be tuned to
~38 meV above the Fermi level (345 meV for pure Te),
showing the efficient doping effect. The fabricated 2D
trigonal Se and Seg molecular crystals are both n-type
semiconductors and feature larger band gaps.

Figures 2(a)-2(c) compare the atom-resolved STM
images of Se-doped Te films with increased Se dosage
after postannealing. They are different from the homog-
enous atom arrangement on pure Te film, showing bright
(larger) and dim (smaller) atoms simultaneously. Though
the detailed height analysis of the STM image acquired on
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FIG. 2. STM and STS characterizations of Te films with surface Set, dopants. (a)—(c) Atom-resolved STM images of Te films with

increased Ser. concentration. Parameters: (a)—(c) Vi, = —1 V, [ =

100 pA. (d) The DFT simulated STM image of Ser. dopant at

Vy = —1 V with a structural model superposed. The red and grey balls represent Se and Te atoms, respectively. (e) Site-dependent
dI/dV spectra measured on bright atoms and dim atoms, indicated by black and red dots in (b). The translucent curves show their
logarithmic spectra. (f) d//dV spectra measured on the pure and doped Te films with different Se concentrations and the same thickness.
The curves are vertically shifted for clarity. The energy gaps are highlighted in different colors. All spectra are obtained on Te films with
a thickness of 4.6 nm (~12 layers) to exclude thickness dependency and substrate doping. (g) The logarithmic d//dV spectra of pure Te,
Se-Te alloy, and surface Se-doped Te films (4.2 nm, ~11 layers). (h) The sketch of the electronic modulation of surface Ser. dopants and

Se-Te alloy.
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the surface Se-doped Te films show some continuous
distribution in the heights (due to the initial height
fluctuation of pure Te film), the height statistics can still
be well fitted in a binary peaks curve (see Figs. S4 and S5)
[62]. Since the portion of dim atoms increases with Se
dosage, they are assigned to Set, dopants. Our DFT
simulated STM image of trigonal Te film with Ser, further
confirms this [Fig. 2(d)]. The dopants show relative
homogenous distribution at the few tens nanometers scale
but a clustering feature at the few nanometers scale. The
further calculational results of the negative logarithm pair
correlation function (—1In[C,)]), which is proportional to
the mean force potential [70-73], indicate that the paired
Set. dopants show attractive interactions below 1 nm and
maximum repulsive interaction at ~3 nm (Fig. S6) [62].

Figure 2(e) shows the typical differential conductance
(d1/dV) spectra measured on the Te atom and Sey, dopant
on the same sample. Compared to the Te site, the Ser,
dopant exhibits a similar local density of states (LDOS)
near the valence band maximum (VBM) and CBM energy
but enhanced LDOS near the CBM. No in-gap state is
observed on the Ser, site, suggesting the free of Fermi level
pinning effect, similar to the Og, and Og substitutional
dopants in MoSe, and WS, [74]. The Ser, dopants give rise
to a dopant state near CBM, which has been reproduced by
our DFT calculations (Fig. S7) [62]. As shown in Fig. 2(f),
It is evident that by increasing Set. concentration, the
p-type Te is modulated towards n-type with an enhanced
dopant band. The Ser, dopants also reduce the band gap
from 0.63 eV of pure Te to 0.54 eV of Te with 2.1% Se
content because of the overlap between the dopant band
and the conduction band. The movement of the band
structure versus the increased concentration of Set, dopants
shows a logarithmic relation (Fig. S8) [62], which follows a
Boltzmann distribution in a nondegenerate doping of
semiconductors.

Through the surface method for introducing Sert, substi-
tutional dopants, only a small number of Se atoms replace
the surface Te atoms. The angle-dependent XPS measure-
ments show an increased area ratio of Se-3ds,,/Te-3ds,
peaks with the increasing tilting angle of the sample,
manifesting that the Se atoms mainly exist on the surface
(see Fig. S9 in [62]). The surface Ser. substitution at a
specific lattice site is distinct from the Se-Te alloy regime.
The Se-Te alloy film (see Fig. S10 for the STM images)
[62] with the same thickness exhibits an enlarged band gap
of 0.72 eV, much larger than pure and surface-doped Te
films [Figs. 2(g) and 2(h)]. It is reasonable since pure
trigonal Se has a larger band gap than pure Te. Furthermore,
we find that the dopant band can be detected even near the
doped region with almost no Set, dopants (Fig. S11) [62],
suggesting that the doping effect of the Ser. dopants is
delocalized and free from the Fermi-level pinning effect.
This is consistent with the distance-related interactions
between the dopants analyzed through the pair correlation
function discussed before.
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FIG. 3. XPS characterization and DFT calculation results. (a),
(b) XPS Survey near the 3ds,, and 3d3,, peaks of Se (a) and Te
(b) in the heavily surface Se doped sample. (c) Comparison of
XPS results of three samples with different Se dosages. (d) Evo-
lution of the Te-3ds;, peak with increased Se dosage. (¢) DFT
calculated charge redistribution at the surface of the Te film when
Ser, substitutional dopants are introduced. The left panel shows
the electron stripping and injection situation along the film’s
normal direction.

To characterize the doping effect of the surface isovalent
Set. dopants at the macroscale, we carried out an XPS
survey on pure Te films and Te films with increased surface
Se concentration. As shown in Fig. 3(a), the binding
energies (BE) of Se 3d3/, and 3ds/, in a sample with high
surface Set, concentration (S3) are shifted to 55.1 and
54.3 eV, ~1.3 eV lower than those in elemental Se (56.4
and 55.6 eV, respectively), indicating the negative valence
state of Se atoms in Ser, dopants. By fitting the Te 3ds,
spectrum of the heavily doped sample in Fig. 3(b), three
components are resolved: the weak feature at 576.4 eV
(blue area) is assigned to oxidized Te>*; the component at
574.4 eV, which is ~1.4 eV higher than that in pure Te, is
assigned to those Te atoms bonding to Se atoms; the main
peak at 573.3 eV is assigned to Te atoms. Compared to
pure Te, the BE of Te” atoms in the S3 sample is 0.3 eV
higher, which is attributed to a decreased work function
caused by the electron doping effect of surface Ser,
dopants. The Se 3d and Te 3d spectra in doped Te films
with different Se dosages are compared in Figs. 3(c) and
3(d), respectively. With increased Se dosage, the Se 3d
signal gets stronger, and the main peak shifts gradually
from 573.0 eV in pure Te to 573.3 eV in heavily surface
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Se-doped Te, which is consistent with the STS measure-
ments [Fig. 2(f)]. The air sensitivity of the surface Ser,
substitution doping method is further explored by STM and
XPS. The surface Ser. doping did not lower the stability
against air exposure of Te films (see Fig. S12) [62],
showing its advantage over some charge transfer methods.
In another aspect, the introduction of Ser. substitutions
does not lower the thermal stability of the films due to the
stronger bonding of Se-Te than Te-Te [75].

To figure out the physical origin of the electron doping
effect caused by the surface isovalent Set, dopant in Te
films, we performed first-principles calculations to inves-
tigate the change in charge density before and after
substituting Se for Te (see Supplemental Material [62]
for details). The Ser. substitution leads to charge density
redistribution, introducing ripples in differential charge
density (DCD) penetrating from the Se towards the inner
layers of the film, at least two layers deep [Fig. 3(e)].
Electron accumulation occurs at the Se atoms, causing
electron depletion at the Te atoms directly bonding to the Se
atoms, which is consistent with the 1.3 eV BE shift seen in
XPS experiments. Electrons also accumulate in the
undoped second trilayer to balance the positive charge at
the Te atoms bonding to Se. The Se-Te surface electron
dipole induces a charge accumulation that reduces the
films’ work function. This strategy could also be applied to
tune the surface work function of thicker films, which is
helpful for lowering the contact resistance that mainly
occurs at the interface of semiconductors and electrodes.
Furthermore, this effect can be extended to various
elemental 2D crystals with surface isovalent dopants. We
demonstrate DFT calculations for a few layers of trigonal
tellurium with surface St substitutions and a few layers of
arsenic in a black phosphoruslike structure with surface Py
substitutions. Both systems are stabilized under DFT
relaxation, generating perpendicular electric dipoles and
introducing charge redistribution similar to that in Se/Te
(see Fig. S13) [62]. These results demonstrate the appli-
cability of this doping mechanism to other elemental 2D
semiconductors beyond the Se/Te case.

Increasing the Se dosage beyond the surface substitution
regime cannot make the extra Se act as dopants further but
form 2D Se structures, giving the upper limit of the surface
doping method. Two types of crystalline Se films are
observed: trigonal Se and Seg molecular crystals. The
trigonal Se film has a similar structure to trigonal Te but
with different lattice parameters [Fig. 4(a)]. The large-scale
and zoomed-in STM images of trigonal Se show in-plane
lattice constants b = 0.45 nm and ¢ =0.55 nm and a
nominal height of 0.41 nm [Figs. 4(b) and 4(c)]. A tentative
structural model of the molecular Seg film, calculated by the
material database Atomly [76], is shown in Fig. 4(d). The
Seg molecular film has a nominal height of 0.45 nm, an in-
plane unit cell of @ = 0.81, ¢ = 1.05 nm (111°), which is
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FIG. 4. 2D elemental selenium structures. (a) Crystal structure
of trigonal Se. The upper panel and lower panel show the top
view and side view, respectively. (b) and (c) Large-scale and
atom-resolved STM images acquired on the ultrathin trigonal Se
films. Parameters: (b) and (¢) V,, = =2 V, I, = 50 pA. (d) Cal-
culated crystal structure of monolayer Seg. The upper and lower
panel shows the top view and side view, respectively. (e) and
(f) Large-scale and atom-resolved STM images of monolayer Seg
films. The Seg crystal structure is superposed on (f). Parameters:
@ Vy,=-2V,I,=50pA, ) V, =15V, I, =200 pA.

close to the calculated structure (ay = 0.89, ¢y = 1.12 nm,
and an angle of 105° between them) (see Figs. S14 and S15
for details) [62].

In summary, we report the controllable doping on the
ultrathin tellurium films by introducing surface Ser. sub-
stitutions. The doping method has low processing temper-
ature, efficient doping capacity, and some degree of air and
thermal stability, compatible with the mainstream device
preparation technology. The generalizability of this method
is confirmed by the analogical calculations in Sy, and Py
systems. We propose that the electric dipole introduced by
specific-lattice-sited isovalent substitutions could effi-
ciently tune the work function of vast elemental 2D
semiconducting materials, which paves the way for further
development of elemental 2D semiconductors.
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