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We put forward a two-step route to synthesize vanadium diselenide (VSe;), a typical transition metal dichalcogenide
(TMD). To obtain the VSe; film, we first prepare a vanadium film by electron beam evaporation and we then perform
selenization in a vacuum chamber. This method has the advantages of low temperature, is less time-consuming, has a large
area, and has a stable performance. At 400 °C selenization temperature, we successfully prepare VSe, films on both glass
and Mo substrates. The prepared VSe, has the characteristic of preferential growth along the c-axis, with low transmittance.
It is found that the contact between Al and VSe;/Mo is ohmic contact. Compared to Mo substrate, lower square resistance
and higher carrier concentration of the VSe,/Mo sample reveal that the VSe; film may be a potential material for thin film
solar cells or other semiconductor devices. The new synthetic strategy that is developed here paves a sustainable way to the

application of VSe; in photovoltaic devices.

Keywords: two-step route, VSe,, selenization, thin film

PACS: 81.10.Pq, 81.15.-z, 81.15.Dj, 81.20.-n

1. Introduction

Transition metal dichalcogenides (TMDs) materials,
which exhibit unique structural features and intriguing prop-
erties, have attracted much attention recently.l'=#! As a typical
transition metal dichalcogenide, vanadium diselenide (VSe;)
is made up of Se-V-Se layers.!>% Compared to the semi-
conducting MoSe; and other TMDs, VSe, is metallic in na-
ture due to the strong electron coupling interaction for all
neighboring V4T—V4* pairs.l’”) In addition, VSe, shows in-
trinsic ferromagnetism behavior!®°! and extra-high electrical
conductivity.!1%

However, most of the VSe, reports are related to their
electromagnetic properties, and its application in optoelec-
tronic devices is rare. The main challenge limiting the applica-
tion of VSe; in this respect is the limitation of its preparation
method. Over the past few decades, many methods to prepare
VSe; have been suggested. The VSe, was first prepared in the
tube furnace at high temperature.!'-12] At present, the synthe-
sis method of chemical vapor transport (CVT) usually requires
a long reaction time (72—120 h) and a high reaction tempera-
ture (800-900 °C).I13-15] Compared with other methods, the
chemical vapor deposition (CVD) method should be the best
choice for preparing the high crystalline quality VSe,.[!0:16-20]
However, it also needs high reaction temperature and long re-
action time. To prepare VSe; at low temperature, aqueous so-
lution was used to synthesize the bulk VSe; for the first time

DOI: 10.1088/1674-1056/28/5/058101

by Xu et al.'%! Other groups have proposed different chemical-
based methods to synthesize VSe;, such as one-pot solvother-
mal method,?!! hydrothermal method, -*>?3 and one-pot col-
loidal method.®! However, these wet methods of preparing
VSe, have not been widely used because of the complex
chemical environment in solution.

Herein, we put forward a two-step method to prepare
VSe, films. This method has the advantages of low temper-
ature, large area, and stable performance. Simultaneously,
the reaction time is very short. In our synthesis, non-toxic
vanadium metal column and Se powder are used as the metal
sources. In the first step, we use electron beam evaporation to
obtain a vanadium film. In the second step, the vanadium film
is selenized in a closed vacuum chamber. We not only suc-
cessfully prepare VSe, films on the glass substrates, but also
obtain dense VSe; films on the Mo substrates. This two-step
process for preparing VSe, proposed in this paper can be com-
patible with the fabrication process of many optoelectronic de-
vices; for example, VSe; can be used as a back contact layer
between CdTe or CZTSSe and back electrodes.?+2°]

2. Experimental details

The two-step synthesizing procedure of VSe; flakes is
schematically depicted in Fig. 1(a). First, we prepared a V
film by electron beam evaporation on a glass substrate. Main-
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taining the same vacuum pressure of 1 x 1073 Pa, 50 nm thick
V film was prepared on glass after 10 min pre-evaporation (to
evaporate the surface oxides). Then, the V film was selenized
in a closed vacuum chamber, as shown in Fig. 1(b). The sam-
ple to be selenized was put into the box filled with selenium
powder. The vacuum pressure of the vacuum chamber was
1.0 x 1073 Pa, and a certain amount of Ar gas was introduced
for the purpose of preventing the metal V film from being ox-
idized during the high temperature selenization process. We
provided sufficient selenium (2 g of selenium powder) to pre-
vent selenium deficiency. It has been reported that it is helpful
to prevent the vanadium film from being oxidized under the

N

\ electron beam \/\
\ evaporation . selenization

vt gk/ step 2

excessive selenium atmosphere. 6]

The specific selenization process is shown in Fig. 2(a).
The substrate and the selenium source were simultaneously
raised from room temperature to the same selenization tem-
perature of 550 °C, which took 10 min. After 30 min of con-
stant temperature, the selenium source started to cool down
naturally. To prevent the substrate temperature from falling
too fast and the condensed Se being absorbed onto the surface
of the sample, we let the substrate be kept at a constant tem-
perature for 15 min more than the selenium source and we also
performed a degassing process when the substrate temperature
was lowered from 550 °C to 300 °C.

(b)
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Fig. 1. (a) Schematic diagram of the synthesization of the VSe; film with two-step method, (b) schematic diagram of the vacuum chamber for

selenization process.
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Fig. 2. (a) Selenization process at a selenization temperature of 550 °C
and (b) at a temperature of 400 °C.

The phase structures of the films were measured by the

PANalytical X’Pert pro x-ray diffractometer (XRD), which
used Cu-Ko (0.15418 nm) as the radiation source. The sur-
face and profile of the films were observed by a Hitachi S-
4800 field emission scanning electron microscope (SEM). The
thickness of the films was measured by Ambios XP-2 model
profiler. The current—voltage (J-V) curve was measured by a
solar simulator under the standard AM1.5 spectrum with illu-
mination intensity of 1000 W-m~2 at room temperature. The
optical properties of the films were observed by Varian’s Cary
5000 model UV-Vis—NIR spectrophotometer. The electrical
properties of the films were measured by the Accent Optics
Technology HL5550 Model Hall effect test system. X-ray
photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB
250 Xi) was used to detect the sample components. The ex-
citation source used a monochromatic Al target (1486.6 eV)
with an x-ray spot size of 500 pm.

3. Result and discussion
3.1. Preparation of VSe; thin film

Figure 3 shows the XRD pattern of the sample with S0 nm
thick V film prepared on glass substrate at a selenization tem-
perature of 550 °C. We can easily find the Se diffraction peak,
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which indicates that Se vapor is easily condensed. Thus, the
surface of the sample is rich in selenium. However, no VSe;
peak is observed. A diffraction peak positioned at 26 = 33.0°
belonging to V3Sey is observed. It is obvious that the crys-
tallinity of V3Ses is not very good. Unfortunately, we also
obtain VO,. The appearance of oxide maybe because the oxy-
gen in the air adhered to the surface of the V film before it was
brought into the selenization chamber.

1000} Se — 550 °C (50 nm)

800

600 ViSe,

400
Se VO2

200

Intensity/arb. units

oL . .
20 40 60 80

20/(°)

Fig. 3. XRD pattern of the sample with 50 nm thick V film selenized at
550 °C.

This experiment indicates that the selenization tempera-
ture is high. Then the selenization temperature was decreased
to 400 °C. To prevent the appearance of Se on the surface of
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the film, the chamber is degassed as soon as the Se cools down,
as shown in Fig. 2(b). Figure 4(a) shows the XRD pattern of
a sample with 50 nm thick V film selenized at 400 °C. All the
diffraction peaks can be indexed to the hexagonal VSe, phase
(JCPDS card #01-089-1641) without any other phases. This

10.19211 1 order to verify

result is consistent with other reports. !
the stability of the selenization process, we selenized a 100 nm
thick V film deposited on the glass with the same seleniza-
tion process. Figure 4(b) shows the XRD pattern. The crystal
structure of the formed VSe; is confirmed to be a hexagonal
phase without any impurity. The synthesized VSe; film highly
(007) prefers this orientation. In particular, the intensity of
each diffraction peak is much stronger than that of the VSe;
film prepared by selenizing the 50 nm V film. That is, the
crystallinity of VSe; is well improved, and the VSe, prefer-
ential growth is along the c-axis. Figures 4(c) and 4(d) show
the corresponding topographic images. Obviously, the sam-
ple obtained by selenizing a 50 nm thick V film is covered by
some small nanosheets (Fig. 4(c)). The surface of the sample
obtained by selenization of a 100 nm thick V film is covered
with hexagonal nanosheets (Fig. 4(d)). These nanosheets on

the surface of the sample grow very dense and have no holes

or voids.
6000
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Fig. 4. XRD patterns and SEM images of the samples with (a), (c) 50 nm and (b), (d) 100 nm thick vanadium film selenized at 400 °C.

According to these results, VSe; can be prepared by se-
lenizing 50 nm-thick V film at 400 °C. Then 50 nm thick
V films were selenized at different temperatures to study the
VSe; film growth behavior. Figure 5 shows the XRD patterns
and the topographic SEM images of the corresponding films.
At 350 °C, the XRD pattern exhibits a main diffraction peak

(001) of VSe,, which grows along with the c-axis direction.
At such growth temperature, the film is composed of some
light white particles and layered sheets. As the temperature
increases to 400 °C, the film is still (001) preferred orienta-
tion. However, the intensity of the Bragg peak (001) is sig-
nificantly enhanced (as shown in Fig. 5(b)), which means that
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the crystal quality of VSe, is improved. The inset SEM image
indicates that the film consists of large and well-crystallized
nanosheets, which is consistent with the corresponding XRD
result. As the temperature increases further, the intensity of
the (001) peak decreases and the peaks of V,03 are detected,
as shown in Figs. 5(c) and 5(d). Specially, VSe, peaks can-
not be detected and the film is composed of V,03 entirely as
the temperature increases to 500 °C. At such temperature, the
films will not be composed of nanosheets, but small grains,
as shown in the insets of Figs. 5(c) and 5(d). The oxidation
of V should be the reason for the easier reaction between V
and O; at such high temperature than that between V and Se
vapor, where O; is possibility involved during transferring the
formed V film from the growth chamber to the selenization
chamber in atmosphere. These results indicate that the appro-
priate temperature for preparing the VSe, layer on the glass
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images of the films.
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should be about 400 °C.

X-ray photoelectron spectroscopy (XPS) is carried out to
further investigate the composition of the sample. The bind-
ing energies of 517.0 eV and 524.0 eV correspond to V 2py
and 2ps , which indicate the V4 state, as show in Fig. 6(a).
The result is consistent with that in the references.>17-?’! Fig-
ure 6(b) shows the XPS spectra of the Se 3d peak, the Se 3ds/,
(at 54.8 V) and Se 3d3 ; (at 55.6 eV) peaks can be assigned to
Se?~,[10.17.27.28] 1 addition, the binding energies (59.1 eV and
58.3 eV) of Se 3d match to those in SeO,.!?®! The appearance
of SeO, can be considered as having some dangling bonds on
the surface of the sample, and Se is combined with oxygen in
the air to form a SeO, phase. The depth of the sample de-
tected by the XPS test is only a few nanometers, so the SeO,
phase can be clearly detected. We can conclude that the main
component of the sample selenized at 400 °C is indeed VSe,.
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Fig. 5. XRD patterns of the V films selenized at (a) 350 °C, (b) 400 °C, (c) 450 °C, and (d) 500 °C, the inset shows the corresponding SEM

(b)
——raw data
—fitting curve
——baseline

Se 3d

Intensity
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Binding energy/eV

Fig. 6. XPS spectra of (a) V 2p and (b) Se 3d regions for the sample of the 50 nm thickness V films selenized at 400 °C.
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Fig. 7. (a) Reflection and (b) transmission spectra of V thin films an-
nealed at different temperatures.
Optical properties of the as-grown thin films selenized at
different temperatures are shown in Fig. 7. The sample of V
thin film selenized at 400 °C has the highest reflectivity and the
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& 60fF
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E 40f
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,E Mo A% Mo \%
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20/()

60 70 80 90 100

lowest transmittance. This indicates that VSe; formed by the
two-step process can be used in optoelectronic devices, espe-
cially in photovoltaic devices. VSe; has the higher reflectivity
and low transmittance. Because a VSe, thin film is deposited
between the back contact and the absorber layer, it can pro-
mote the re-absorption of sunlight and reduce the loss of light,
which will promote the collection of photo-generated carriers.

3.2. Electrical properties of VSe;

If VSe; is used in a solar cell, such as the kesterite struc-
tured solar cell, then it will be grown on Mo back contact film.
Considering that the excessive thickness of the VSe; layer de-
teriorates the performance of the device, we chose a 50 nm
thick V film for research instead of 100 nm. Thus, we pre-
pared a 50 nm thick V film on a Mo substrate. Both Mo and V
films are preferentially grown in the (110) direction (Fig. 8(a)),
the difference in the surface morphologies is not very obvious,
as shown in Figs. 8(b) and 8(c). Both surfaces are covered
with dense worm-like grains, but the grain size of the film cov-
ered with V is more uniform than that of Mo surface and the
number of pores between grains is reduced. From the cross-
sectional view in Fig. 8(d), we can see that the bond between
V film and Mo substrate is very good, and no holes and gaps
are formed at the Mo/V interface.

400 nm
CE————

Fig. 8. (a) XRD patterns of Mo and V standard diffraction peaks, (b) SEM image of the Mo film, (c) vanadium film prepared on Mo substrate,

(d) cross-sectional view of the vanadium film prepared on Mo substrate.

The V film prepared on Mo substrate was then selenized
at the temperature of 400 °C. Figure 9(a) shows the XRD pat-
tern of the sample. Due to the strong Mo diffraction peak,
the diffraction peaks of others are too weak. In order to an-
alyze the other phase, we cut off the Mo diffraction peak po-

sitioned at about 26 = 39°-42°. It is obvious that the (001)
and (002) crystal phases of VSe, can also be obtained on the
Mo substrate. At the same time, it also generates MoSe,. This
happens because Se diffuses so fast that the VSe, layer does
not block the Se contacting with Mo to form MoSe,. The de-
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tailed morphologies and microstructures of the as-synthesized
VSe; nanosheets were investigated using SEM, as shown in
Fig. 9(b). The surface of the sample is covered with a number
of hexagonal nanosheets. It is also consistent with the mor-
phology of the VSe; prepared on the glass substrate. It shows
that the stability of our two-step preparation of VSe, process
is very good.

1400 (a)
1200
1000
800
600
400
200

Mo
(211)

Intensity/arb. units

Fig. 9. (a) XRD pattern and (b) SEM image of the VSe, prepared on
Mo substrate.

To understand the contact properties between Mo (metal)
substrate and VSe; (semiconductor material), we prepared a

certain thickness of Al electrode on the Mo surface and VSe,
surface, and then performed the dark state /-V test. In Fig. 10,
the black curve represents the contact between Al/Mo, and the
red represents the contact between Al/VSe,/Mo. It can be seen
that the /-V curve of the Al/Mo substrate is linear, which is a
typical -V characteristic curve of ohmic contact. That is to
say, the contact characteristic between Al and Mo is ohmic.
The -V curve of the sample with the VSe; film is also a lin-
ear straight line, so it can be concluded that there is ohmic
contact between Al and VSe, and Mo. This result shows that
VSe, can be well applied to semiconductor devices because of
its good ohmic contact.

0.6

0.4

0.2F
— Mo
— Mo+VSey

I/A

—0.2F

02 04 0.6 0.8 1.0
V/V

04535

Fig. 10. Metal-semiconductor contact /-V curve between Mo/Al and
Al/VSe,/Mo.

In addition, we also performed a Hall test on the above
samples. The test results are summarized in Table 1. The sam-
ple with VSe; (0.2102 ©/sq) has a lower square resistance than
the molybdenum substrate without VSe, (0.2135 Q/sq). How-
ever, compared to the Mo substrate, the mobility of electrons
is reduced. Because the carrier concentration of the VSe, sam-
ple can reach the order of 10'8. VSe, can be well applied in
semiconductor devices.

Table 1. The Hall measurements of Mo substrate and VSe; films prepared on Mo substrate.

Sample Sheet resistance/(£2/sq) Coefficient/m?.C~! Mobility/cm?-V~1.s~! Carrier concentration/cm 2
Mo 0.2135 0.000699 32.8 8.93 x 10'7
Mo+VSe; 0.2102 0.000269 12.8 2.32%10'8

4. Conclusion and perspectives

In summary, we demonstrate a new two-step route to syn-
thesize the VSe; film. By comparing the different selenization
temperatures, we find that the VSe, film has the best crys-
tal quality when the selenization temperature is 400 °C. At
400 °C selenization temperature, we can stably prepare VSe;
film on both glass and Mo substrates. The XRD patterns of
the VSe, film indicate the VSe, preferential growth along the
c-axis. A number of hexagonal nanosheets can be clearly seen
from the SEM image. Moreover, the sample of V thin film
selenized at 400 °C has the highest reflectivity and the low-

est transmittance. This indicates that VSe, is well suited for

application in optoelectronic devices. In addition, the contact
between Al/VSe,;/Mo belongs to ohmic contact, and the lower
square resistance of VSe,/Mo sample can be observed. VSe,
is a potential material for solar cells. Moreover, this work
opens up the opportunity for extensive research on the appli-
cation of VSe, in photovoltaic device or other semiconductor
material devices.
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