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Fabrication and Analysis Of 2D/3D Heterojunction
Between Continuous Few-layer WS, Film and Si (100)}
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ransition metal dichalcogenide (TDMCs) placed on a 3D semiconductor substrate have
leads to significant advances in the electronic industry with new opportunities based on
2D/3D heterojunction based diverse devices without any restrictions, such as lattice compat-
ibility. In this study, magnetron sputtering technique was used to grow layered tungsten
disulfide (WS,) thin films onto p-Si and thus WS_/p-Si heterojunctions were created. The
structural and chemical parameters of this sputtered WS, films were investigated using Ra-

man spectroscopy, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy
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(AFM). Electrical characterization of WS,/p-Si heterojunction was also obtained to investi-

gate Log (I)-V and linear I-V characteristics. A typical diode like I-V behavior was observed

with a five-ordered rectifying ratio. It was observed that the heterojunction has a barrier
height of 0.48 €V, the leakage current at -0.2 V is 2.25x10° A and the ideality factor is 5.7.
This work show that single step magnetron sputtering WS,/p-Si heterojunction has great

importance for heterojunction based future nanoelectronic devices.
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INTRODUCTION

he excellent electronic properties of the various

two-dimensional (2D) materials have led to new
developments for the nanoelectronic devices after
discovering of the graphene. Heterostructures crea-
ted by using 2D and 3D materials are becoming one
of the main research area for the nanoelectronic de-
vices in recent years [1]. TMDCs such as WS,, MoS,,
MoSe,, and WSe, have adjustable bandgaps to be in-
direct in their bulk form and direct in the monolayer
[2]. This feature has potential in various electronic
and optical applications for TMDCs [3]. Structurally,
WS, has a crystal structure consisting of S-W-S sand-
wich layers and the atoms in the layers are packaged
hexagonally [4]. These layers are held together by the
weak van der Waals (vdW) forces so WS, can easily
be converted into a single layer form [5]. Because of
these significant features, WS, has become a good
candidate for the new generation micro and nano-
electronics [6]. Unlike the graphene, the WS, has a
direct band gap semiconductor with a gap of 2.1 eV
in single layer form while as the material passes into
a bulk form, the gap is direct in the size of 1.3 eV [7].
The presence of this bandgap made it possible to pro-
duce WS, transistors with a 10° on/off ratio and high
sensitivity photo detectors [8].

Integration of TMDCs with 3D materials such as Si
and GaN offers interesting opportunities. Lattice matc-
hing is very important in the integration of different
bulk semiconductors [9, 10]. These heterojunction can
be vertical and lateral structures, without lattice matc-
hing restrictions [11]. 2D vdW heterostructures offer
unique features compared to TMDC devices. Recently,
researchers have begun to study various heterojunction
device based on 2D/3D materials [12].

MosS,/Si heterojunctions have found used in high
performance device applications such as photodetec-
tors [13-15] and solar cells [16]. It has also been studied
MosS, /GaAs [17], MoS,/InP [18], MoS,/SiC [19, 20] and
MoS,/GaN heterojunctions [12, 16, 21-26] for a diverse
applications. MoS /W Se, [27-29] and MoS,/GaN [12, 25]
heterojunctions based devices have also found a place
in different electronic device applications. On the other
hand, heterojunction based devices have also been car-
ried out with 2D WS . WS,/Si p-n junction was fabri-
cated and rectifying characteristics was demonstrated
[30]. GaN and WS, monolayers have the same crystal
structures and lattice constants compatible with each
other, WS,/GaN junction was fabricated with wafer-
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scale grown WS, film [31]. In another study, WS /GaN hete-
rojunction was manufactured for UV detection [32].

Large area and continuous WS, thin film creation is a
crucial step for nanoelectronic device production [33, 34].
WS, films can be prepared in two different ways: top-down
or bottom-up. The top-down method contains exfoliation
method (mechanical or chemical) is not suitable for com-
mercialization, as is not possible to control the thickness and
size of WS, films in this method [35]. The chemical vapor
deposition (CVD) method from bottom-up methods is the
most widely used method [36]. Although large area single
crystal 2D graphene can be grown with this method. Howe-
ver, TMDC (MoS,, WS,) creation of wafer-scale single-layer
films with the CVD method [37]. It is important to create
the heterojunction with large area WS, thin films [38] and
Si. Therefore, integration of WS, with Si, multifunctional
devices can be realized. However, there are no studies on
the production of heterojunctions composed of single step
sputtered WS, thin films and Si.

In this study, the magnetron sputtering method was
utilized to produce a continuous and centimeter size WS,
film with a thickness of ~ 15 nm. WS, thin films were sput-
tered on p-type Si to produce 2D/3D heterojunctions.

MATERIAL AND METHODS

The resistivity of the highly doped p type silicon was used
in this study to prepare WS,/Si heterojunction. Before
the fabrication of devices, Si substrates were cleaned by
using RCA procedure. Afterward Si substrate rinsed in
DI water and dried N, gas. The fabrication process WS,/
Si heterojunction is given step by step as shown in Fig. 1.
Before the growth of WS, on Si, the Al was created on the
unpolished side of the Si in a sputter system and p-Si/Al
was annealed to achieve ohmic contact in N, gas flow at
540 ° C for 3 minutes. WS, thin continuous films were
grown on p-Si (100) substrate for the 10s at 5x10-7 Torr
base pressure and 20mTorr growth pressure. Substrate
temperature and sputtering power were set to the 300 °C
and 120 W respectively. Ar gas was adjusted as 220 sccm.
Schematic diagram of deposition of WS, by magnetron
sputtering is shown in Fig. 2. AZ5214 photoresist was
coated for lithography and then exposed under UV light.
Then, 5/50 nm thick Ti/Pt contacts were deposited on
the WS, layer using sputtering at 10 Torr base pressure
and 20mTorr growth pressure in Ar ambient. After coa-
ting, using lift-off process Ti/Pt contacts were created as
square with dimensions of 150pux150y. For the electrical
characterization DC voltage was applied to the top and
bottom contacts at atmosphere condition.

Before the fabrication process, structural and chemical
properties of the WS, layer were characterized using Raman
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Figure 1. Schematic fabrication procedure of WS, /Si heterojunction.
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Figure 2. Schematic illustration of the sputtering process.

spectroscopy (Witec Alfa-300), XPS (SPECs Flex-Mod) and
AFM measurement.

Once and for all, the current (I)-voltage (V) characteris-
tics of WS, /Si heterojunctions were determined using Keith-
ley 2400 source meter at atmosphere condition.

RESULTS AND DISCUSSION

Raman spectroscopy used to sputtered growth WS, film.
Fig. 3 shows the Raman spectrum of a few layers WS,

films on p-Si substrates. The Raman two important mo-
des, ElZg at 340, 4 cm™ and AIg at 406, 5 cm™ of the grown

multilayer WS, film. The peak difference between E',,

and Alg mode Raman peaks are measured as 66.1 cm’,
which demonstrates the presence of the multilayer WS,
film [39].

Moreover, the surface morphology of the few layer WS,
film on p-Si substrate is analyzed by optic microscope ima-
ges and AFM characterizations, the results are shown in Fig.
4.In Fig. 4(a) 3D AFM images clearly show the step formed
at the interface where WS, grown on p-Si. Drawn green line
in Fig. 4(b) is show height profile of the surface. It can be
seen from the Fig. 4(c) that the thickness of 10 s grown WS,
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Figure 3. Raman spectrum of the grown continuous few layer WS,
films on p-Si substrate.

film is 15 nm. Fig. 4(d) shows an optical microscope image
of 2D WS, thin films where continuous and uniform films
can be easily seen over a large area.

Chemical composition of the WS, film was analyzed
with XPS measurement. XPS W 4f spectrum of WS, film is
o At 32.0 eV,

W4, at34.8eVand W 5p3 ., at 38 eV. Fig. 5(b) illustrates the
S 2p spectra; the peaks identified S 25,2t 162.98 V. Atomic
ratio of the S/W is also determined from the XPS measure-
ments as 1.38. These XPS result confirms that S deficient

WS, films were successfully grown by sputtering.

shown in figure 5(a). The peaks observed W 4
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Figure 4. a) An AFM 3D image of few layer WS2 film. b) Large area
scanned AFM image of the WS,-Si interface. ¢) Height profile showing
the thickness of WS, passing through the green line in b). d) An optical
microscope image of a few layer continuous WS, film growth on p-Si
substrate.

[-V measurements were performed under atmosphere
conditions to evaluate the electrical properties of the WS /p-
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Figure 5. XPS spectrum of a) W 4f and b) S 2p spectrums of the WS,
film on Si ¢) Atomic ratio of WS, film.

Si heterojunction. I-V graph of WS /p-Si heterojunction ta-
ken between -2 volts and +2 volts is given in Fig. 6. The linear

and logarithmic I-V curve are shown in Fig. 6(a) and 6(b). Fig.
6(c) shows schematic representation of Al back gated WS, /Si

heterojunction with connections. The log I-V curves shows

diode like rectifying characteristic with rectification ratio

over 10° in the range of +2V. Almost saturated I-V curve for

reverse bias depicts the less interface effects at the junction.
The leakage current is about 2.28x10° A at —0.2V was ob-
served. The turn on voltage, which is the point where the

current starts to increase rapidly, was observed at 0.5 V.
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Figure 6. I-V characteristics of the heterojunction on a) logarithmic
and b) linear scales in the atmosphere condition. ¢) Schematic
representation of WS, /Si heterojunction.

As in the metal-semiconductor contact of the WS /
Si heterojunction, the carrier transport is mainly caused
by minority charge carriers. But in this article, since Si is
highly doped, it may work like a unilateral Schottky juncti-
on. Thermionic emission (TE) current equation can be used
to calculate ideality factor (n) and barrier height (®b). For
this, the slope and intersection of the log I-V curve are used.
The current passing through the WS, /p-Si heterojunction
as defined the theory of TE, as in the following Eq. 1:

qV qV
I=1exp| — || 1—exp| ——
0 Xp[nkT]{ Xp[ kTﬂ

where

@

qelectronic  charge, v:applied  voltage,
T:temperature, k:Boltzmann constant, n:ideality factor, 1
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reverse saturation current. The ideality factor (n) is calcu-
lated from forward bias linear region of the In (I) -V graph
using the following Eq. 2:

q| dv

"Tkr d (i) ®

In addition, another important parameter, Barrier he-
ight (Db), can be calculated using the Eq. 3 below.

kT [ AAT?
= |
q I,

Db ®3)

A: area and A* effective Richardson constant (32
Acm™K? for Si). Ideality factor (n) and barrier height (db)
accounted for the WS, /p-Si heterojunction according to the
above equations, the corresponding values were 5.7 and 0.48
eV, respectively. The ideality factor value (n) is greater than 1
when there is the presence of interface layer or surface con-
ditions, the effect of series resistance, the height of the bar-
rier caused by interface defects and manufacturing defects.
The larger ideality factor might show that current carrying
mechanisms is other than thermionic emissions [40].

CONCLUSION

In summary, large-area and continuous few layer WS,
films were synthesized on the p-Si by single step magnet-
ron sputtering successfully. WS, /Si heterojunction device
was fabricated by lithography. Electrical measurements
shows that the WS,/Si heterojunction have remarkable
rectifying behavior, around 10°. This type heterojuncti-
ons might be advantageous for future nano and optoe-
lectronic device applications.
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