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The investigation of two-dimensional (2D) materials has advanced into practical device applications, such
as cascaded logic stages. However, incompatible electrical properties and inappropriate logic levels re-
main enormous challenges. In this work, a doping-free strategy is investigated by top gated (TG) MoS,
field-effect transistors (FETs) using various metal gates (Au, Cu, Ag, and Al). These metals with different
work functions provide a convenient tuning knob for controlling threshold voltage (V) for MoS, FETs.
For instance, the Al electrode can create an extra electron doping (n-doping) behavior in the MoS, TG-
FETs due to a dipole effect at the gate-dielectric interface. In this work, by achieving matched electrical
properties for the load transistor and the driver transistor in an inverter circuit, we successfully demon-
strate wafer-scale MoS, inverter arrays with an optimized inverter switching threshold voltage (Vj) of
1.5 V and a DC voltage gain of 27 at a supply voltage (Vpp) of 3 V. This work offers a novel scheme for
the fabrication of fully integrated multistage logic circuits based on wafer-scale MoS, film.

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Incumbent technologies beyond Si complementary metal-oxide-
semiconductor (CMOS), including amorphous Si [1], carbon nan-
otube [2], and metal oxides [3,4], have been vastly developed
during the past decades. Since graphene was discovered in 2004
[5], its extraordinary properties have inspired extensive research
into next-generation transistors and integrated circuits (ICs) [6].
Although graphene possesses the highest intrinsic carrier mobil-
ity among the two-dimensional (2D) material family [7], its small
on/off current ratio on account of the gapless band structure makes
it inappropriate for fabricating digital ICs that require ideal Boolean
“0” and “1” states at room temperature [8,9]. MoS,, on the other
hand, is a typical semiconductive transition-metal dichalcogenide
(TMD) with a suitable bandgap in the range of 1.2 to 1.8 eV de-
pending on its thickness [10,11]. The isolation of a MoS, monolayer
via mechanical exfoliation [12-14] allows early demonstration of
field-effect transistors (FETs) with a superior current on/off ratio
that can exceed 108, making it promising for logic devices [15-
19] and low-power electronics applications [20]. Its 2D nature also
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enables dimensional scaling down following Moore’s law [21]. Re-
cently, research on 2D semiconductors has begun to translate from
the fundamental investigation into rudimentary functional circuits.
Thus wafer-scale material synthesis and practical device process-
ing become more critical. Recently monolithic integrated circuits
with simple logic functions have been demonstrated based on me-
chanically exfoliated micro-scale MoS, sheets [22-24] or MoS, film
synthesized by chemical vapor deposition (CVD) [19,25,26]. Never-
theless, it is still difficult to precisely control the threshold voltage
(Vi) of MoS, FETs to achieve appropriate logic levels satisfying the
requirement of cascaded logic stages, which are crucial for large-
scale digital ICs [27,28]. For instance, one basic logic element is
an inverter gate, and the primary method for the inverter design
is by tuning the driver-to-load ratio of the two transistors. There-
fore, the manipulation of Vy;, for the MoS, FET is essential, and its
technology can be extended to other 2D semiconductors for future
circuit-level processing and design of 2D electronics [29].
[EERBISREEESN is 2 conventional CMOS processing method for
bulk Si, but it is unsuitable for 2D semiconductors since it brings
severe lattice damage to their crystal lattices [30]. Various methods
have been developed for modifying the doping level of 2D-TMD to
tune Vy,. One method is to e

[31], which is commonly used to improve overall transistor match-
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Fig. 1. Fabrication process and schematic illustration of the device structure. (a) Photograph of a two-inch sapphire wafer uniformly covered by monolayer MoS, film grown
by CVD. (b-f) A brief fabrication process of MoS, to gated FETs employing metal gates with different work functions. (g) Schematic cross-section of the MoS,-based FET. (h)
Optical microscopy image of the MoS, TG-FET array on a diced 1 cm x 1 cm wafer. The scale bar is 200 pm.

ing in terms of V, [32]. However, the limitation is that Vi, can
only be effectively modified within a limited range, and the ex-
pected suitable ratio is difficult to obtain because it will further
increase the area occupied by the combinational logic gates. There-
fore, if Vi;, can be adjusted via a simple processing method rather
than changing the dimensions of the transistors, the circuit design
will be much more convenient.

By choosing different materials for the dielectric layer on top
of the 2D-TMD channel, Vy;, can also be modified by the interface
charge impurities or dipoles in the dielectric layer [27,33]. How-
ever, the complex dielectric stack structure normally suffers from
poor stability [34]. In Si CMOS processing, it is generally acknowl-

ged that metal gates with different work functions can control

E] [35], and have also been studied in exfoliated 2D-

D devices [36]. For instance, Al and Pt gates have been used
to modulate the Vi, of MoS, FETs in the negative and positive di-
rections, respectively [15]. Nevertheless, there has been no system-
atic investigation into the effect of metal gates with different work
functions on wafer-scale continuous 2D semiconductors and their
logic devices.

In this work, an optimized device configuration is proposed
to design logic gates on wafer-scale 2D-MoS, by engineering the
work functions of top gate (TG) metals. Through methodically in-
vestigating the influence of metal gates composed of different met-
als (Au, Cu, Ag, and Al) on the performance of MoS, FETs, a robust
and consistent Vy;, deviation is observed, and the dipole effect in-
duced by an Al gate is further investigated. With the capabilities of
fulfilling a suitable Vi, and a reliable logic level, the MoS,-based
inverter is demonstrated with an optimized switching threshold
voltage (V) of 1.5 V and the highest voltage gain of 27 at a supply
voltage (Vpp) of 3 V. This demonstration of logic devices provides
a platform for large-scale cascaded logic stages based on MoS, and
other 2D semiconductors, offering a bright future for complex logic
applications.

2. Materials and methods

To demonstrate that our method can be utilized to fabricate
large-scale MoS,-based digital ICs, we fabricate our devices on a
large-scale monolayer MoS, film grown by CVD on a two-inch
sapphire wafer, as shown in Fig. 1(a), which has been confirmed
to possess excellent material properties [19]. Atomic force mi-
croscopy (AFM) imaging and Raman spectra under the irradiation
of a 514 nm laser are shown in Fig. S1. The thickness of the as-
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grown MoS, film is approximately 0.75 nm, which is consistent
with the typical thickness of a MoS, monolayer, and the difference
between E!,; and A;g peaks is 20 cm~! [37]. A brief device fabrica-
tion process is illustrated in Fig. 1(b-f). For the convenience of pro-
cessing, the two-inch wafer is sliced into 1 cm x 1 cm pieces. The
source and drain electrodes are firstly formed by deposition of the
35-nm Au layer, and the MoS, channel is then etched to the des-
ignated dimensions (W/L = 30 um/20 um). The subsequent step
is to deposit the seeding layer (SL), which has been investigated
as an interface engineering method and can assist to form a uni-
form high-k layer [38], followed by the growth of the HfO, gate
dielectric layer with a thickness of 16 nm. The Au metal with the
work function of 5.1 eV, as well as Cu (4.65 eV), Ag (4.3 eV), and
Al (4.08 eV), are deposited as gate metals. The optical microscopy
image of the MoS, FET array fabricated on the sapphire substrate
is shown in Fig. 1(h), in which all the FETs are designed to share
the same geometric size.

3. Results and discussion

3.1. Electrical performance of MoS, TG-FETs with different metal
gates

TG metals with different work functions have been examined to
modulate the electrical characteristics of Si FETs [35,39], and this
approach is also feasible to be applied in MoS, FETs. All the MoS,
FETs exhibit typical n-type transistor behavior at room temper-
ature, and typical transfer characteristics (Ip-Vrg) of MoS,-based
FETs with four different types of metal gates are plotted in Fig. 2(a)
(see Fig. S2 for more details). It is noteworthy that our TG device
processing provides a satisfactory level of device homogeneity for
each type of TG metal. All the devices exhibit efficient gate mod-
ulation with the current on/off ratio reaching approximately 108,
which is important for reducing the static power consumption in
logic devices. For on-state driving current (Ioy), it is also notice-
able that Iy, increases with the reduction in the work function of
the metal gate as V,;, decreases, which is consistent with previous
studies [35].

The statistical results of the Vy;, distribution for different metal
gates are illustrated in Fig. 2(b) (Vp = 0.2 V). Here, the Vy, value is
determined by based on the transfer curve [19].
The MoS, FETs with Al gates exhibit an average Vy;, of 0.9 V, and
the average Vi, of the transistors with Ag, Cu, and Au gates are
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Fig. 2. Transfer characteristics of MoS, FETs with different metal TG electrodes. (a) Transfer curves (Vp = 0.2 V) of the transistors in linear scale (left Y-axis) and logarithmic
scale (right Y-axis) with Au (5.1 eV), Cu (4.65 eV), Ag (4.3 eV), and Al (4.08 eV) gates, respectively. (b) Statistical result of the Vi, of MoS, FETs with four different metal
gates (30 random samples for each type of metal). (c) Average Vi, versus metal gate work function.

1.35, 1.5, and 1.7 V, respectively. A plot of the average V, versus
metal gate work function is illustrated in Fig. 2(c), in which the
average Vi, has a monotonic relationship with the work function
values for Ag, Cu, and Au. It is also noteworthy that for FETs fab-
ricated with Al gate, the average value of Vj;, has an evident de-
crease, which is possibly attributed to the increase in the amount
of positive charge induced in the dielectric layer due to the oxi-
dation of the Al electrode at the Al/HfO, interface, which will be
further discussed below.

3.2. Dipole effect in the gate dielectric layer

For FETs with a metal/high-k/SL stack TG structure, several
origins for V,, deviation have already been discussed, including
the influence of top interface dipoles at the gate/high-k interface,
dipoles due to the oxygen vacancy (Vo) in the high-k dielectrics,
and the bottom interface dipoles at the high-k/SL interface [28].
This section focuses on investigating the correlation of Vy, shift
with dipoles induced by Vo in the HfO, gate dielectric layer.

To investigate the existence of the Vo more straightforward, the
TG region of the MoS, transistor with an Al gate is characterized
by the high-resolution transmission electron microscope (HRTEM)
and high-angle annular dark-field (HAADF) scanning transmission
electron microscope (STEM). As shown in the cross-sectional im-
age (Fig. 3(a)) and the zoom-in of a small portion of the Al/HfO,
interface (Fig. 3(b)), a thin Al,03 interlayer is present between the
Al TG electrode and the HfO, gate dielectric layer. In addition,
the energy-dispersive X-ray spectroscopy (EDS) element mapping
distinctly presents the chemical composition, including the Al TG
electrode, Al,03 interlayer, and HfO, dielectric layer, as shown in
- (e} It is clearly shown that the thin Al layer at the Al/HfO,
interface is oxidized to a dense Al;O5 layer by taking the oxygen
atoms from HfO,, Tesulting in generating more Vo in the HfO, did
EIEEEEENEE Voreover, because of the dense structure, Al;03 can
act as a passivation layer, so the thickness of the Al,03 layer will
not become thicker after reaching a maximum of about 4 nm, and
a stable thickness can be maintained. It is also noteworthy that
the results from previous studies have confirmed that the bottom
high-k HfO, layer determines the shift of Vy;, for an Al,03/HfO,
stack [28]. Compared to the original HfO, layer with only a few
positive charges [40,41], the Vo generated in the HfO, layer leads
to additional surplus positive charges, and hence the dipoles are
induced by this relevant charge transfer as illustrated in Fig. 3(d).
This is possibly the main reason of the significant Vi, shift in the
negative direction for n-type MoS,-based FETs.

Furthermore, different metal gates are used to control the Vi,
of the MoS,-based FETs, and three typical band diagrams are il-
lustrated in Fig 3(e). Without any gate bias, the metal gate that
possesses a lower work function than the MoS, semiconductor
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tends to induce electron accumulation in the channel. However,
the metal gate with a higher work function results in a charge de-
pletion state for the channel. The shift in the Vi, of those MoS,
transistors with Ag and Au gates is approximately 0.35 V. In addi-
tion, the induced dipole influence in Al gates can also be analyzed
in a band diagram, considering the mechanism mentioned above.
More specifically, more positive charges in the HfO, gate dielectric
layer can introduce more electrons to accumulate in the channel
and further cause the energy band of the MoS, interface to bend
down. An optimized n-doping behavior in the MoS, channel and
an effective reduction in the corresponding Vy;, are then observed.

3.3. Electrical characterization of MoS,-based logic inverter

Most MoS, FETs exhibit an n-type behavior because it is dom-
inated by sulfur vacancies that result in the intrinsic electron
concentration [42]. We then fabricate MoS,-based logic inverters
which consist of one n-type load (pull-up) and one n-type driver
(pull-down) transistor. The two MoS, FETs are designed with the
same aspect ratio (W/L = 30 ©m/20 pum) but different metal gates,
thus enabling different Vi, in the load and driver transistors. The
cross-sectional configuration of the inverter device is illustrated in
Fig. 4(a). The load transistor with Al TG has an optimized Vy;, as
mentioned in the previous section and acts as a nonlinear resistor.
The driver transistor with Au TG performs the function of a voltage
switch. Fig. 4(b) shows the optical microscopic image and circuit
diagram of the inverter, whose fabrication procedure is similar to
the one illustrated in Fig. 1, except for one additional step of etch-
ing a via-hole to connect the gate of the load transistor directly to
its source electrode. More details on the inverter fabrication pro-
cess are provided in the Supplementary Materials.

The stable transfer characteristics of the MoS, FETs with Al and
Au gates are shown in Fig. 4(c), and there is a 0.75 V shift of Vi
between them due to the dipole effect induced by the Al TG. Al-
though the calculated Vi, of the MoS, FETs with Al TG is a positive
Vi, of about 0.8 V, showing the enhancement mode, it has a signif-
icantly larger current in the sub-threshold region than the device
with Au TG. Upon sweeping Vi from —3 to +3 V, both transis-
tors have a high on/off current ratio above 108, and the subthresh-
old swing (SS) is about 160 mV dec~!. Such efficient electrostatic
control at room temperature contributes to the large voltage gain
of the inverter, which is crucial to its anticipated logic switching
performance because it enables the inverter to drive the cascaded
logic gates without a signal restoration. The output characteris-
tics of both transistors are shown in Fig. 4(d), which indicates that
the drain current (Ip) of both transistors tends to saturate at high
electric fields. Moreover, the on-state current of the load transistor
with an Al gate is though as small as about 150 nA, but is much
higher than that with an Au gate at zero gate bias, which is ben-
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Fig. 3. Characterization of the dipole effect induced in MoS;-based FETs with Al gates. (a) Cross-sectional HRTEM image of the Al gate region. (b) Zoom-in of the Al/HfO,
interface, which confirms the oxidation of the Al gate at the interface. (c) Cross-sectional HAADF image and the corresponding EDS element mappings of the Al/HfO,
interface. (d) Schematic illustration of the dipole due to Vo for the Al,03/HfO,/SL/MoS, stack structure. (e) Vertical schematic flat-band diagrams of the MoS, transistors
with Al, Ag, and Au gates at zero gate bias. For metal gates with different work functions, the channel is under either accumulation or depletion regions. Furthermore, the
band diagram of those with Al gates indicates the dipole effect occurring in the gate dielectric layer.
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Fig. 4. Electrical characterization of the MoS,-based inverter. (a) Schematic diagram of the inverter circuit configuration in cross-section and the corresponding electrical
measurement setup. (b) Optical microscopy image of the inverter. Scale bar is 30 um. (c) Transfer curves of the load and driver MoS;,-based FETs in linear scale (left Y-axis)
and logarithmic scale (right Y-axis). The load transistor has an Al gate, whereas the driver transistor has an Au gate. The difference between the work function of Al and Au
results in a 0.75 V shift in Vy,. (d) Output characteristics of the driver transistor with Au gate (the purple curves) and the load characteristic of the load transistor with Al
gate (the red curve).
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Fig. 5. Characteristics of the MoS,-based inverter. (a) Voltage transfer characteristic of the inverter (purple curve) and the corresponding voltage gain (red curve). Inset is the
circuit diagram of the inverter. (b) Bi-stable hysteresis voltage transfer characteristics of the inverter. Vo represents the minimum high output voltage when the output level
is logic “1”; Vo represents the maximum low output voltage when the output level is logic “0”; Vi, represents the maximum low input voltage, which can be interpreted
as logic “0”; and Vi represents the minimum high input voltage, which can be interpreted as logic “1”. (c) The distribution of the voltage transfer characteristics of the
inverter. Inset shows the histogram of the Vj shift and the Gaussian fit for 30 MoS,-based inverters based on the statistical database. (d) Relationship between average Vy
and work function of the load transistor metal gates (Au, Cu, Ag, and Al). The MoS,-based inverters composed of load transistor with W/L = 30 um/20 pum (black dots) and
W|L = 225 pum/15 pum (red dots) are further compared. All the driver transistors have the same Au gate and the identical W/L of 30 «m/20 pm.

eficial to obtain a good static response of the inverter, such as Vy
and the noise margin.

In principle, the performance of the MoS,-based inverter circuit
can be predicted by the isolated load and driver transistors, which
have been examined in the previous section to exhibit matched V;,
and Ip saturation. The voltage transfer characteristic of the inverter
and the corresponding voltage gain as a function of input voltage
are shown in Fig. 5(a) (Vpp = 3 V), which indicates an appropri-
ate Vjy; of 1.5 V and a maximum voltage gain of 27. To characterize
the robustness of the inverter, the noise margin for low input sig-
nal levels (NM) and high input signal levels (NMy) are extracted
as illustrated in Fig. 5(b). When the Vpp of the inverter is 3 V, it
can be observed that the corresponding NM; is 0.91 V and NMy is
1.1 V, indicating that the inverter has a much higher tolerance to
noise [9,19]. Hence, the inverter designed here is reliable in more
complex multistage logic gate circuits. Moreover, from the statisti-
cal analysis of voltage transfer curves (Fig. 5(c)), it is apparent that
the distribution of V) is relatively narrow. The V), concentrates in
the range of 1 V to 1.75 V, which indicates a reliable integration
of Al gate and Au gate for the MoS,-based inverter. Besides, the
statistics of the Vj; are shown in Fig. 5(c) in the form of a his-
togram by testing 30 random MoS,-based inverter samples. The
transition of our MoS,-based inverter occurs when the input volt-
age (Vi) approaches half of the Vpp, which is virtually an ideal
NOT logic gate with a high noise margin. Therefore, it is advanta-
geous for multistage logic gates and more complex combinational
logic circuits.

On the other hand, the W/L of the FET channel can also influ-
ence the V). As shown in Fig. S3, by sizing up the transistor with
a WJL of 225 pm/15 pm, which is 10 times larger than the pre-
ceding transistor (W/L = 30 um/20 pum), the Vy, of the transis-
tor with the same Au gate is observed to shift 0.5 V in the neg-
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ative direction. Hence, the voltage transfer characteristics of the
MoS,-based inverter composed of load transistor with two differ-
ent W/Ls (30 um/20 um and 225 um/15 um) and three different
metal gate materials (Au, Cu, and Ag) are compared in Fig. S4. The
statistics of the corresponding average V), are plotted in Fig. 5(d),
and the value of V) is observed to increase with decreased metal
gate work function and increased load transistor W/L. The regula-
tion of the W/L can only shift the V) in a limited range, and a large
channel W/L significantly increases the circuit area. In comparison,
tuning the work function of the metal gate is more efficient. There-
fore, by utilizing the specific Al gate or other stable metal gates
combined with the design of the channel W/L for the MoS,-based
inverter, it is feasible to implement cascaded logic gates based on
the inverter with the desired performance.

4. Conclusion

In conclusion, this work not only systematically investigates the
influence of metal gates with different work functions on the elec-
trical performance of MoS,-based FETs, but also validates the fun-
damental dipole effect induced in the gate dielectric layer caused
by the oxidation of the Al TG electrode. Through the compre-
hensive analysis of the Al/HfO, interface and the corresponding
band structure, the importance of the positively charged Vo in the
gate dielectric layer to the electrical characteristics of MoS,-based
transistor is further demonstrated. In addition, with the optimized
match of the Vi, of the load transistor with an Al gate and the
driver transistor with an Au gate, an inverter with an optimized V),
of 1.5 V and a maximum voltage gain of 27 is successfully achieved.
Based on the mechanism of modulating the MoS,-based inverter’s
Vm proposed in our research combined with increasingly mature
CVD techniques for MoS, film growth, the monolithic integration
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of more complex MoS,-based cascaded logic gates is hopefully an-
ticipated.
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