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1 Introduction

ABSTRACT

To facilitate potential applications of tungsten diselenide (WSe;) in electronics,
controllable doping is of great importance. As an industrially compatible
technology, plasma treatment has been used to dope two-dimensional (2D)
materials. However, owing to the strong etching effect in transition metal
dichalcogenides (TMDCs), it is difficult to controllably dope 2D WSe, crystals
by plasma. Herein, we develop a moderate ammonia plasma treatment method
to prepare nitrogen-doped WSe, with controlled nitrogen content. Interestingly,
Raman, photoluminescence, X-ray photoelectron spectroscopy, and electrical
measurements reveal abnormal n-doping behavior of nitrogen-doped WSe,, which
is attributed to selenium anion vacancy introduced by hydrogen species in
ammonia plasma. Nitrogen-doped WSe, with abnormal n-doping behavior has
potential applications in future TMDCs-based electronics.

regarded as one of the promising photoelectric or
thermoelectric materials [7]. To fabricate WSe,-based

In recent years, tungsten diselenide (WSe,) has
received considerable attention in photoelectronics and
promises widespread potential applications [1-3]. WSe,
is a two-dimensional (2D) semiconductor with unique
properties, different from those of graphene. For
instance, WSe, exhibits layer number-dependent band
gap [4], strong light absorption properties (quantum
efficiency: 45% for MoS, [5] and 80% for WSe, [6]),
and high hole mobility [4]. Until now, WSe, has been

Address correspondence to weidc@fudan.edu.cn

TRINGHNA ) Springer

functional devices, controllable doping of WSe, is
required. Doping with other elements is a promising
way to achieve this goal. Up to now, molecular
physisorption [8, 9] and chemisorption [10, 11] have
been used to dope transition metal dichalcogenides
(TMDCs) for electrical applications. For instance, Jo
et al. realized conversion of WSe, channel from n-type
to p-type via absorption of triphenylphosphine [8].
Fang et al. reported n-type doping of WSe, by utilizing
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NO,; or potassium as a surface dopant [12, 13]. However,
practical applications of molecular physisorption have
received limited success, since the doping is normally
unstable as a result of weak van der Waals interaction
of the physical adsorption [9]. Currently, substitutional
doping of TMDCs, in which dopant atoms are
covalently bonded at vacancy sites [14], has been
regarded as a promising alternative. Existing sub-
stitutional doping methods via high temperature
treatment are complicated, time consuming, and lack
controllability [13]. A simple and industry-compatible
doping technology for substitutional doping of 2D
WSe, for electronic devices is therefore still lacking.
Plasma treatment is a simple and industrially
compatible technology, which has been used to dope
and tailor electrical properties of various materials
including graphene and MoS, [15, 16]. Owing to the
strong etching effect of plasma, atomically thick TMDC
materials tend to be etched or removed. Thus, plasma
treatment is normally used to etch TMDC materials
for obtaining pattern structures in lithography [10,
17, 18]. However controllable substitutional nitrogen
doping of 2D WSe, by plasma treatment has remained
elusive till now. In the present study, we develop a
moderate ammonia (NH;) plasma treatment method
to prepare substitutional nitrogen-doped WSe,, with
higher simplicity and compatibility compared with
existing methods. The nitrogen content after treatment
reaches 5.7%, and the doping can be controlled by
varying the power, treatment time, and pressure.
Interestingly, Raman spectroscopy, photoluminescence
(PL) spectroscopy, and X-ray photoelectron spec-
troscopy (XPS) characterizations as well as electrical
measurements show an abnormal n-type doping
effect in the nitrogen-doped WSe,. This is different
from previous results of nitrogen doping of the TMDCs
(MoS,) by remote nitrogen (N,) plasma treatments
wherein a p-type doping effect is observed [16, 19].
This difference is attributed to selenium anion vacancy
introduced by hydrogen species in NH; plasma.

2 Experimental section
2.1 Materials

Pure NH; was purchased from the campus warehouse
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of Fudan University, Shanghai City, China. Tungsten
oxide (WO;; 99.9%) was purchased from Fluke, and
selenium (Se) (= 99.5%) was purchased from Sigma-
Aldrich. Heavily doped p-type silicon wafers with
a 300 nm-thick layer of thermal SiO, were used as
substrates.

2.2 Characterization

The samples were characterized by atomic force
microscopy (AFM; Park XE7, tapping mode), XPS
(Perkin-Elmer PHI 5300 with 250 W Mg Ka source,
1,253.6 eV), and Raman spectroscopy (HORIBA XploRA)
at a laser excitation wavelength of 532 nm. The electrical
properties were measured using a semiconductor
device analyzer (Keysight B1500A) in vacuum. All the
measurements were performed at 20-25 °C.

2.3 Preparation of substitutional nitrogen-doped
WSe,

The radio frequency plasma setup used for NH;
plasma treatment mainly includes a plasma generator
(13.56 MHz, K-mate, VERG-500RF) and a 2-inch quartz
tube on it. A vacuum pump was used to evacuate
the air from the quartz tube. The power supply was
connected through the matching unit to a fourteen-
turn inductance coil. The radius of the coil is 120 mm,
while its length is 200 mm. The inductance coil is
wound around the quartz tube. The WSe, sample
was first annealed at 400 °C for 1 h under vacuum (1 x
107 Pa) to remove contamination absorbed during
air exposure. The chamber pressure was maintained
using a barometer. Pure NH; was introduced to the
quartz tube in specific amounts using a flow controller.
Then, the annealed WSe, surface was exposed to NH,
plasma. The process was controlled by regulating the
plasma power, processing time, and pressure.

3 Results and discussion

3.1 Substitutional nitrogen-doping by NH; plasma
treatment

Large area 2D WSe, crystals were synthesized by
chemical vapor deposition (CVD) [20]. The as-grown
WSe, was loaded in the quartz tube, approximately
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15 cm downstream to the plasma generator (Fig. 1(a)).
In this work, we demonstrated a simple method to
add nitrogen radicals into WSe,. A variety of molecular
and atomic radicals (H, N, NH, and NH,) are produced
by NH; plasma [15, 21, 22]. The results of the present
study illustrate that NH; plasma has a strong depen-
dence on the plasma power and treatment time, and
the relationship between plasma power and treatment
time can be described using three cases corresponding
to three regions, as shown in Fig. 1(c). The marker i
(40 W, 55),ii (8 W, 6 5),iii (10 W, 3 s), and iv (20 W, 5 s)
in Fig. 1(c) represent the different processing conditions
in the main text. The first case is etching. The AFM
image of region 1 (Fig. 2(b)) shows the etched surface
of the WSe, crystal after treatment with 40 W NH,
plasma for 5 s (condition i). After the plasma treatment
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at this condition, the PL peaks (Fig. 2(c)) disappear,
and the Raman peak intensity (Fig.2(d)) decreases
obviously, confirming the occurrence of etching or
even removal of WSe, by plasma [23]. As no layer
etching was detected after N, plasma exposure, we
ascribe the etching to the creation of hydrogen species
in the NH; plasma [16, 24, 25]. A similar etching of
WSe, is observed after 10 W NH; plasma treatment
for 20 s (Fig. S2(h) in the Electronic Supplementary
Material (ESM)). The second case is doping. The AFM
image of Region 2 (Fig.2(f)) shows the surface of
the WSe, crystal after plasma treatment at 8 W for 6 s
(condition ii); there is no significant change in the
surface condition compared to that of the pristine
sample (Fig. 2(e)), indicating the absence of etching.
A small N 1s peak is observed in the XPS spectrum
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Figure 1 (a) Schematic illustration of the system for NH; plasma treatment. (b) Schematic illustration of the CVD-grown WSe, flake
after treatment with NH; plasma. (c) Different conditions for preparing nitrogen-doped WSe, at the pressure of 600 mTorr.

Figure 2 AFM images of WSe, ((a), (), and (1)) before and ((b), (f), and (j)) after plasma treatment at conditions i (40 W, 5 s), ii (8 W, 6 s),
and iii (10 W, 3 s), respectively, and the corresponding ((c), (g), and (k)) PL and ((d), (h), and (1)) Raman spectra. The scale bars represent 3 pm.
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(Fig. 3(b)), and the nitrogen content is 1.1%, indicating
the formation of nitrogen-doped WSe,. The PL peak
shows a red shift after NH; plasma treatment,
manifesting that the Fermi energy is more close to
the conduction band and indicating an n-type doping
effect [26, 27], as shown in Fig. 2(g). The decrease in
the PL intensity can be attributed to the n-type
doping effect and reduced exciton lifetime [10, 24, 28,
29]. The Raman spectrum has no significant change
(Fig. 2(h)), depicting that the lattices of WSe, remain
intact after the NH; plasma treatment [24, 30]. The
third case is absence of doping. In Region 3, the WSe,
surface does not exhibit significant changes, as shown
in Figs. 2(i) and 2(j) (condition iii).The PL (Fig. 2(k))
and the Raman spectra (Fig. 2(1)) show no significant
changes after the plasma treatment, indicating that
the crystal structure of WSe, is intact and no doping
effect in this condition. A weak N 1s peak is observed
in the XPS spectrum, and the nitrogen content is ~ 0.9%,
as shown in Fig. 3(a), indicating that WSe, is doped
with very little amount of nitrogen. According to the
experimental results (black dots in Fig. 1(c)), the WSe,
crystal is etched only when the value of plasma power
multiplied by time is equal to or greater than ~ 200,
and there is no obvious etching effect when the value
is less than ~ 30. We concluded that WSe, is etched
when the processing time is too long or the plasma
power is too high, or no etching take place when the
processing time is too short or the plasma power
is too weak at 600 mTorr, as shown in Fig. 1(c). The
experiment details are described in the ESM.

The N 1s XPS spectrum of WSe, after 20 W plasma
treatment for 5s (condition iv) is shown in Fig. 3(c),
which consists of two peaks located at ~ 398 and ~
400 eV, corresponding to N-W (from W-NH,) and
NH, (NH,, NH, and N) species [31, 32], respectively.
The nitrogen content after treatment reaches 5.7% at
this treatment condition. From the N 1s XPS spectrum
of WSe, after 15 W NHj; plasma treatment for 5s
(Fig. S3 in the ESM), the nitrogen content was found
to be approximately about 1.2%. Figure 3(d) shows
the nitrogen contents at different plasma treatment
conditions. It is evident that the doping content can
be controlled by varying the plasma power and the
treatment time. Therefore, in the NH; plasma, the
hydrogen radicals contribute to the etching of WSe,
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Figure 3 N Is XPS spectra of WSe, after NH; plasma-treatment
at (a) condition iii (10 W, 3 s), (b) condition ii (8 W, 6 s), and (c)
condition iv (20 W, 5 s). (d) Nitrogen contents at different
processing conditions.

surface, while the nitrogen (NH,, NH, and N) radicals
introduce nitrogen doping. Thus, nitrogen-doped
WSe, is formed when there is a balance between etching
and nitrogen doping (region 2 in Fig. 1(c)). The
existence of nitrogen-doped WSe, is evident from the
AFM image in Fig. 4(a) which shows slight cracks
across the WSe, surface after 20 W plasma treatment
for 5 s (condition iv) at 600 mTorr (white arrows in
Fig. 4(a)). The slight cracks reflect ahexagonal-like
symmetry. Interestingly, this phenomenon is similar to
the work reported by Wallace et al in 2016. The depth
of the cracks is ~ 0.4 nm, indicating that the cracks are
formed only on the WSe, surface. These cracks may
be formed from compressive strain as a result of

Figure 4 AFM images of WSe, after NH; plasma-treatment at
(a) 600 and (b) 83 mTorr at conditions iv (20 W, 5 s). The line
profile in black extends across a WSe, step, at which the heights
of the cracks are shown in the AFM image. The scale bars
represent 3 um.
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formation of W-N bonds owing to the smaller radius
of nitrogen in comparison to that of selenium and
a high nitrogen concentration at the surface [16].
Figure 4(b) depicts the AFM image of WSe, processed
at 83 mTorr; the depth of the cracks is approximately
~ 1.4 nm. Although the WSe, surface is etched as a
result of the impact of hydrogen species in the NH;
plasma, increasing the power of plasma in this condition
causes the development of cracks as a result of high
nitrogen concentration, indicating the existence of
nitrogen-doped WSe,.

3.2 n-type doping effects by NH; plasma treatment

Figure 5 shows the Se 3d and the W 4f XPS spectra of
10 W plasma treatment for 3 s (condition iii), few
vacancies are created in Region 3 by the hydrogen
species in the NH; plasma, owing to the mild NH;
plasma processing condition; thus, vacancy-induced
doping can be ignored. The Se 3d (Fig. 5(a), pink line)
and the W 4f (Fig. 5(d), pink line) peaks exhibit small
red shifts, which can be attributed to p-doping [33].
As shown in Fig. S4 in the ESM, we ascribe this
phenomenon to the small amount (~ 0.9%) of nitrogen
dopant in WSe, [16]. However, after 8 W plasma
treatment for 6 s (condition ii), the W 4f and the Se 3d
peaks of WSe, corresponding to Region 2 are blue
shifted by approximately 0.4 eV (from 32.2 to 32.6 eV
and 34.4 to 34.8 eV) and 0.3 eV (from 54.7 to 55.0 eV),
respectively, as shown in Figs. 5(b) and 5(e), which
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indicates n-type doping effect [8]. After 20 W plasma
treatment for 5s (condition iv), the Se 3d (Fig. 5(c))
and the W 4f (Fig. 5(f)) peaks are shifted by 0.4 eV
(from 55.2 to 55.6 eV) and 0.5 eV (from 32.6 to 33.1 eV
and 34.8 to 35.3 eV), respectively, revealing that the
Fermi level of WSe, shifts to the conduction band
owing to the n-doping effect [30, 34]. The variation
in the XPS peaks with respect to the NH; plasma
processing conditions is shown in Fig. S4 in the ESM.
Generally, substitutional nitrogen-doped TMDCs show
p-type doping behavior as a result of an increase in
the acceptor doping level after nitrogen doping [16, 19].
The abnormal phenomenon observed in the present
study can be attributed to the existence of (Se) anion
vacancy caused by the hydrogen species in the NH;
plasma [24].

To better understand the distribution of n-doping
effects on the WSe, surface caused by the hydrogen
species in the NH; plasma, we carried out Raman
(249 cm™) and PL (1.62 eV, 1.57 eV) mapping of a WSe,
sample (Figs. 6(b)-6(e)). The homogeneous color in
Figs. 6(b) and 6(c) throughout the monolayer area
confirms that the WSe, surface is uniform and that
the crystal structure is intact before NH; plasma
treatment [4]. After 20 W NH; plasma treatment for
5 s (condition iv), the Raman intensity at the edge
of WSe, is weaker than that at the center (Fig. 6(d)),
indicating that the hydrogen species in the NH; plasma
caused superficial etching of the crystal structure at
the edge of WSe,. Figure 6(e) shows that the intensity
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Figure 5 ((a), (b), and (c)) Se 3d, and ((d), (e), and (f)) W 4f XPS spectra of WSe, after plasma treatment at conditions iii (10 W, 3 s ),

ii (8 W, 6 s), and iv (20 W, 5 s), respectively.
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of PL mapping (1.57 eV) at the edge of WSe, is stronger
than that at the center, which display red shift at the
edge of WSe, after NH; plasma treatment, indicating
that n-doping effects of nitrogen-doped WSe, is easier
to achieve at the edge than at the center of WSe,. From
the characterization results presented above, we can
conclude that it is easier to form anion vacancy at
the edge of the sample. By comparing the elemental
ratios calculated by XPS before and after NH; plasma
treatment, we can infer the loss of Se atoms with
increased exposure to NH; plasma, as shown in Fig. S5
in the ESM. This indicates the existence of anion
vacancy.

3.3 Electrical properties of WSe, after NH; plasma
treatment

Back-gate top-contact field-effect transistors (FET) were
fabricated on the 2D WSe, flakes. The device was
fabricated by thermally depositing 30 nm Au electrodes
on WSe, using a copper mesh as the mask. To avoid
the doping effect caused by oxygen or moisture in
air, the electronic measurements were performed in
vacuum (1 x 10 Pa). Figure 7(a) shows the schematic
of the WSe, FET before and after treatment. Before
treatment, the WSe, FETs show typical p-type semi-

conductor characteristics, consistent with previous
reports of untreated CVD grown WSe, [35, 36]. Firstly,

(c)
1.62 eV
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the device was treated with 8 W NH; plasma for 6 s
(condition ii). The transfer curves before and after
treatment (Fig. 7(b) and Fig. S6(a) in the ESM) show
that the ON/OFF ratios are approximately 10°-10".
The on current (I,,,) decreases from 7.23 x 107 to 1.40 x
107¢ A. The threshold voltage (Vy,) has a slight negative
shift after NH; plasma treatment and the hole mobility
decreases from 9.8 to 1.1 cm™V™s™, indicating the
n-type doping effect of NH; plasma treatment [8, 28].
At the process condition of 20 W and 5 s (condition iv),
the I, remarkably decreases from 2.05 x 107 to 1.94 x
10 A (one order of magnitude reduction in the
p-branch), the ON/OFF ratios decrease considerably,
and the Vy, shifts from -55.3 to —64.7 V, and the
hole mobility decreases from 10.9 to 0.89 cm™-V1's™,
indicating a stronger n-doping effect at this condition,
as displayed in Fig. 7(c) and Fig. S6(b) in the ESM. The
carrier mobility (1) can be deduced using the equation:
p = (L/IWC,Va)(Als/AVy), where C; is the gate capacitance
per unit area (ca. 10 nF-cm™@), and L and W are the
channel length and width, respectively. Owing to the
strong Fermi level pinning at Au-WSe, interfaces [9],
n-type characteristics were not observed in the FET.
Figure S7 in the ESM displays the optical and the
electrical properties of WSe, after 8 W plasma treatment
for 4 s. The transfer curves show no significant change,
including the values of I,, and Vy, (Fig. S7(b) in the

900
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Figure 6 (a) Optical image of a WSe, monolayer. (b) Raman (249 cm ") and (c) PL (1.62 eV) mapping of WSe, before NH; plasma
treatment. (d) Raman (249 cm ") and (e) PL (1.57 eV) spectra after 20 W plasma treatment for 5 s (condition iv). The scale bars are 10 pm.
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ESM). According to the abnormal doping effect, the
NH; plasma treatment realizes n-type doping and
substitutional nitrogen doping simultaneously, which
is difficult to be achieved by normal N, or H, plasma
doping [16, 24].

4 Conclusions

In summary, we developed a moderate NH; plasma
treatment method to produce nitrogen-doped WSe,.
This method realizes nondestructive and controllable
nitrogen doping by tuning the plasma power, treatment
time, and pressure. Corresponding characterization
demonstrate the abnormal n-type doping effect of
nitrogen-doped WSe,, which is ascribed to anion
vacancy-doping effect created by the hydrogen species
in the ammonia plasma. This method also has
the advantages of realizing nitrogen-doped WSe, by
regulating the processing condition and controlling
the doping type by etching action of hydrogen species
simultaneously. Owing to its simplicity, scalability,
as well as compatibility with current microelectronic
industries, this method is valuable for both scientific
research and practical applications of 2D materials in
future electronic devices or circuits.
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