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An in-plane p–n junction with contin-
uous lattice by a homogeneous material 
would be particularly ideal for applica-
tions. The experimental realization relies 
on: 1) a prepatterned substrate that can 
modulate, with spatial variance, the elec-
tronic band structures of the overlayer; 
2) an ultrathin semiconductor film with 
continuous lattice across the pattern edge 
of the underlying template; and 3) the car-
rier type of the semiconductor film can be 
inverted by the template tuning. In this 
study, we choose 6H-SiC(0001) (referred 
to as SiC in the following) as the substrate. 
With proper treatment, the surface is cov-
ered by few-layer graphene whose thick-
ness can be controlled. The graphene/

SiC normally dopes electrons to the epitaxial films, and the 
doping level can be modulated by the graphene thickness[23–27] 
(see Figure 1a). The recently synthesized monolayer (ML) Te is 
chosen as the semiconductor film.[4] We obtain ML Te films in 
p-type grown on trilayer (TL) graphene/SiC, and in n-type on 
bilayer (BL) or ML graphene/SiC. Furthermore, we epitaxially 
grow an ML Te film covering the ML and TL graphene/SiC ter-
races with continuous lattice across the step edge, and realize 
a 2D in-plane p–n junction by one single homogeneous mate-
rial. As characterized by in situ scanning tunneling micros-
copy/spectroscopy (STM/STS), the type-II band alignment with 
a narrow space charge region of ≈6.2 nm and a large build-in 
field of 4 × 105 V cm−1 are observed at the junction.

Adopting the standard graphitization process with the 
annealing conditions carefully optimized,[25,28] we obtain SiC 
substrate covered by graphene with different number of atomic 
layers in a controlled way (the details of the annealing process 
are described in the Supporting Information). The thickness of 
graphene can be identified based on the characteristics of STM 
images and the location of Dirac point measured by the dI/dV 
spectra.[29] Monolayer Te is grown on graphene/SiC substrate 
by molecular beam epitaxy.[4] The film is composed of parallel-
arranged helical chains (Figure 1b), which can spread across 
different graphene terraces with continuous lattice at the step 
edges. In the current work, we grow Te films at the substrate 
temperature of 100 °C to enhance the formation of monolayer 
films. Monolayer Te nanoribbons with the width ranging from 
8 to 23 nm are observed (without width dependence of the elec-
tronic structures, see the Supporting Information for detail).

Figure 2a shows the STM image of ML Te on TL graphene/
SiC. The thickness of the underlying graphene can be identified 

Two-dimensional (2D) in-plane p–n junctions with a continuous interface 
have great potential in next-generation devices. To date, the general 
fabrication strategies rely on lateral epitaxial growth of p- and n-type 2D 
semiconductors. An in-plane p–n junction is fabricated with homogeneous 
monolayer Te at the step edge on graphene/6H-SiC(0001). Scanning 
tunneling spectroscopy reveals that Te on the terrace of trilayer graphene is 
p-type, and it is n-type on monolayer graphene. Atomic-resolution images 
demonstrate the continuous lattice of the junction, and mappings of the 
electronic states visualize the type-II band bending across the space-charge 
region of 6.2 nm with a build-in field of 4 × 105 V cm−1. The reported strategy 
can be extended to other 2D semiconductors on patternable substrates for 
designed fabrication of in-plane junctions.

2D Semiconductors

The flourish of two-dimensional (2D) atomic crystals[1–8] and 
the advances in van der Waals epitaxial growth technology[9–16] 
stimulate tremendous interest in the fabrication of 2D in-plane 
p–n junctions, which have great potential in the next-generation 
integrated circuits and optoelectronic devices.[15,17–21] To date, 
the fabrication strategies rely on the lateral epitaxial growth of 
p- and n-type 2D semiconductors. Based on transition metal 
dichalcogenides, the lateral epitaxial growth has been realized 
in systems such as MoS2–WS2 and WSe2–MoS2.[15,19] However, 
at these heterointerfaces, chemical intermixing may occur such 
that lattice disorder is inevitable. Besides, the lattice mismatch 
also induces interfacial scattering, and thus deteriorates the 
device performance.[22]
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by the location of Dirac point (≈−0.20 V, see Figure 2j).[29] The 
dI/dV spectra measured along the red dashed line are plotted 
in a color-coded map in Figure 2d, indicating the homogeneous 
electronic bands of the Te film, i.e., the identical positions of 
the valence band maximum (EV) and conduction band min-
imum (EC) at different sites within the film, respectively. The 
position of Fermi level (EF) at zero bias is closer to EV than EC, 
revealing the p-type characteristic. The quantitative informa-
tion is clearly shown in Figure 2g, i.e., EV at −0.43 eV and EC 
at 0.66 eV. The band gap Eg is determined as EC – EV = 1.09 eV, 
while the center between EC and EV, i.e., Ei  = (EC  + EV)/2 is 
located at +0.12 eV. Note that the sign of Ei reflects the carrier 
type, i.e., the positive corresponds to p-type, while the negative 
corresponds to n-type as shown in the following.

On the ML Te grown on BL graphene/SiC (the Dirac point 
is located at −0.34 V as shown in Figure 2j), EV is dramatically 
lowered to −0.70 eV and EC to 0.35 eV, resulting in the change 
of Ei to −0.18 eV (Figure 2e,h). This is the signature of an 
n-type semiconductor, i.e., the carrier type of Te is reversed due 
to the doping effect of the graphene/SiC. Similar results are 
obtained on ML Te grown on ML graphene/SiC (Figure 2c,f,i). 
The values of EC, EV, and Ei are further lowered to −0.75, 0.20, 
and −0.28 eV, respectively, signaling the n-type semiconductor. 
Note that the slight difference between Eg of ML Te on TL, BL, 
and ML graphene arises from the blurred band-edge measured 
by STS, which can be attributed to the convolution of the den-
sity of states of the top layer Te and the underlying graphene.

Statistics of STS results on the ML Te films on TL, BL, and 
ML graphene/SiC are carried out on different samples. (The 
STM images and the dI/dV spectra of five more samples are 
shown in Figure S2, Supporting Information). As displayed in 
Figure 2k, the averaged values of Ei explicitly show that the ML 
Te on TL graphene is p-type, while it is n-type on BL or ML gra-
phene. The charge modulation of graphene/SiC can be consid-
ered as a compromise between electron doping from SiC and 
the dielectric screening of graphene. The decreased thickness 
of graphene suppresses the screening effect and thus enhances 
the electron transfer from SiC to ML Te. Ristein et  al.[26] esti-
mated that the area electron density of ML graphene/SiC is  
1.2 × 1013 cm−2. Then the area electron density of TL gra-
phene/SiC can be calculated as 2.4 × 1012 cm−2 since it is 

proportional to the difference between EV and the position of 
the Dirac point.[27] Considering the charge (hole) density of Te 
(1.5 × 1012 cm−2) determined by the quantum oscillation meas-
urements,[30] the graphene/SiC partially transfers its electrons 
to Te. The carrier type of Te can be reversed when the electron 
density of the underlying substrate is high enough (ML or BL 
graphene/SiC). Indeed, the enhanced electron doping effect is 
presented as the band lowering of Te films upon the decrease of 
graphene thickness.

By controlling the graphitization process of the SiC sub-
strate, the surface covered by graphene with different thickness 
in different areas is obtained. And ML Te films can be grown 
across the graphene steps with continuous lattice, probably due 
to the strong covalent bonds along the helical chains. Figure 3a 
shows the 3D STM image of ML Te film covering two adjacent 
terraces of graphene (the original image is shown in Figure S3, 
Supporting Information). The film maintains continuous lat-
tice without significant distortion across the step edge. The step 
height difference is about 80 pm, corresponding to the height 
between the ML graphene on an upper SiC terrace and TL gra-
phene on the lower SiC terrace (see Figure 3b). Figure 3c pre-
sents the in-plane atomic configuration, in which Te chains are 
arranged in parallel with each other with an angle of ≈32° rela-
tive to the step edge. It is worth mentioning that different orien-
tation angles have been observed and the electronic structures 
of Te films are not sensitively affected (see Supporting Informa-
tion). The dI/dV spectra are measured across the step, and the 
color-coded map is plotted in Figure 3d. Away from the step 
edge, as expected, the ML Te is n-type on the ML graphene/SiC 
(left), while it is p-type on TL graphene/SiC (right). Near the 
step, a type-II band alignment is observed, indicating the for-
mation of an in-plane p–n junction. The length of the junction 
region (space charge region), where the band bending occurs, 
is about 6.2 nm. The band bending is quantitatively measured 
as shown in Figure 3e, where the offset of EV is determined as 
ΔEV = 0.17 eV and the offset of EC is  = 0.34 eV. A large build-in 
electrical field is further calculated to be 4 × 105 V cm−1. Based 
on this in-plane p–n junction, the real diode transport at room 
temperature can be expected.

The key of the above strategy is to precisely tune the doping 
effect of the substrate with in-plane spatial variance, which 
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Figure 1.  Electron doping effect of graphene/SiC substrate and the morphology of ML Te on graphene/SiC. a) Schematic diagram of a monolayer 
epitaxial film (blue balls) grown on ML and TL graphene (gray balls) on SiC. The SiC substrate acts as a reservoir of electrons (red dots), which induces 
the n-type doping to graphene and even the epitaxial film. On the other hand, the graphene layer screens the n-type doping—the thicker the graphene 
is, the weaker the doping to the epitaxial film. b) Schematic drawing of ML Te film on graphene. The Te helical chains are flat lying on graphene in 
parallel. The topmost Te atoms in each chain are highlighted in pink, which presents the rectangular lattice observed by STM. c) High-resolution STM 
image (−2.0 V/20 pA) of an ML Te nanoribbon on graphene/SiC. The height profile along the red line is shown in the inset.
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can be realized by the patterning of the screening layer on the 
donor/acceptor substrate. For example, the recent progress 
on the anisotropic etching of graphene[31] makes it possible to 
obtain designed patterns on the graphene/SiC substrate. In-
plane p–n junctions are formed at the pattern edges by growing 
ultrathin films or transferring mechanically exfoliated 2D mate-
rials, as long as the carrier type can be reversed with feasible 
tuning. In most cases, the existing semiconductor lithography 
techniques[32,33] can be applied to fabricate field effect structures 
that induce the formation of p–n junctions in the overlayers. 
Moreover, this approach is advantageous because the electronic 

materials can be free of the lithography processes—the possible 
contamination or thermal deterioration is avoided.

In summary, we demonstrate the realization of a 2D in-plane 
p–n junction with a homogeneous semiconducting mono
layer Te film. The doping effect of SiC substrate is screened by 
the overlying graphene at different degrees depending on its 
thickness, which is carefully controlled. We grow monolayer 
Te film across the step edge between two adjacent terraces of 
graphene. And by using in situ scanning tunneling micro
scopy/spectroscopy, we directly characterize the band bending 
configuration of the high quality in-plane p–n junction. Toward 
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Figure 2.  Tuning of the electronic structures of ML Te by the thickness of graphene on SiC. a−c) The STM images (−1.2 V/100 pA) of ML Te on TL, 
BL, and ML graphene/SiC. d–f) The 2D color mappings of dI/dV spectra (−1.0 V/100 pA) taken along the dashed red lines in (a–c) at an interval of 
0.5 nm, respectively. The white dashed lines indicate the position of EF. g–i) Representative dI/dV spectra of corresponding samples shown in (a–c). The 
green dots mark the location of Ei, while the red dashed line indicates the location of EF. j) dI/dV spectra of TL, BL, and ML graphene/SiC substrates 
of the samples shown in (a−c), respectively. The spectra are shifted vertically for clarity and the arrows indicate the location of the Dirac point. k) The 
statistical values of Ei with respect to the thickness of graphene. Each data point is averaged over 20 independent sampling points of different samples. 
The columns are guides to the eye.
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the practicable fabrication of electronic devices based on the in-
plane p–n junctions, the reported idea can be readily extended 
by using other patternable templates compatible with litho
graphy process, or mechanically exfoliated 2D flakes as the 
electronic materials.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 3.  In-plane p–n junction of monolayer Te. a) 3D STM image (−1.0 V/100 pA) of ML Te covering two adjacent graphene terraces with continuous 
lattice across the step edge. b,c) Side- and top-views of the schematic of ML Te across the step between ML and TL graphene on adjacent SiC terraces. 
The topmost Te atoms on the surface are highlighted in pink. The step heights of 6H-SiC and graphene are 7.50 and 3.34 Å, respectively. In the current 
configuration that the ML graphene on the upper SiC terrace and TL graphene on the lower terrace, the step height is ≈0.82 Å. The angle between Te 
chains and the step edge is ≈32°, in accordance with the experimental observation. d) The 2D color mapping with logarithmic scale of dI/dV spectra 
(−1.0 V/100 pA) taken across the step edge with the interval of 0.5 nm. The red and the blue dashed lines label the locations of EV and EC, which are 
bending near the step edge (between the black dash-dotted lines). e) dI/dV spectra taken at the positions labeled in (d) with the corresponding colors. 
The curves are shifted vertically for clarity.
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