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Abstract: Two-dimensional layered materials, characterized by their atomically thin thicknesses and
surfaces that are free of dangling bonds, hold great promise for fabricating ultrathin, lightweight, and
flexible bipolar junction transistors (BJTs). In this paper, a van der Waals (vdW) B]T was fabricated by
vertically stacking MoS,, WSe;, and MoS, flakes in sequence. The AC characteristics of the vdW BJT
were studied for the first time, in which a maximum common emitter voltage gain of around 3.5 was
observed. By investigating the time domain characteristics of the device under various operating
frequencies, the frequency response of the device was summarized, which experimentally proved
that the MoS, /WSe, /MoS, BJT has voltage amplification capability in the 0-200 Hz region. In
addition, the phase response of the device was also investigated. A phase inversion was observed in
the low-frequency range. As the operating frequency increases, the relative phase between the input
and output signals gradually shifts until it is in phase at frequencies exceeding 2.3 kHz. This work
demonstrates the signal amplification applications of the vdW BJTs for neuromorphic computing and
wearable healthcare devices.

Keywords: two-dimensional material; van der Waals; vertically stacked; bipolar junction transistor;
AC characteristics

1. Introduction

Bipolar junction transistors (B]Ts), as some of the important semiconductor devices,
have attracted great attention in past decades. They contain three separately doped regions,
which are defined as the collector, base, and emitter. Two-dimensional (2D) materials
offer significant opportunities for the construction of high-performance BJTs owing to their
unique interlayered van der Waals (vdW) bonding characteristics [1-3]. By employing
mechanical exfoliation or chemical vapor deposition (CVD), monolayer or multilayer 2D
materials, including hexagonal boron nitride (h-BN) [4,5], transition metal dichalcogenides
(TMDs) [6-9], and graphene [10-12], can be easily obtained. These ultrathin 2D materials
provide possibilities for fabricating vdW BJTs with base regions of atomic thicknesses.

In the past few years, several 2D-material-based BJTs, such as BP/MoS,/BP [13-16],
CugySs5/PtS; /WSep [17], and MoS; /WSe; /MoS; [18-20], have been fabricated successively.
The static characteristics of these devices have been extensively studied, and they show
promising application potential in the fields of photodetection [21,22], gas sensing [23,24],
and biosensing [25]. However, the AC characteristics of vdW BJTs fabricated from 2D
materials have not been reported yet, which is crucial for determining a device’s ability to
process alternating signals.

In this paper, we report on a vdW BJT that was constructed by vertically stacking MoS,,
WSe,, and MoS; flakes in sequence. The static and AC characteristics of the device were
investigated in a common emitter configuration. A maximum voltage gain of around 3.5
was observed in the low-frequency range. As the operating frequency increased, the voltage
gain gradually decreased to unity at 200 Hz, and the relative phase between input and
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output signals gradually changed from 180° to 0° at 2.3 kHz. This systematic investigation
of vdW BJTs provides a direct understanding of the electrical behavior of such devices
under alternating current conditions, which could potentially aid in the utilization of the
vdW BJTs in wearable healthcare devices and future neuromorphic applications.

2. Materials and Methods
2.1. Device Fabrication

A controlled multistep dry transfer process was employed to fabricate the vdW
BJT [26]. Firstly, the WSe; and MoS, flakes were exfoliated from the bulk crystals supplied
by HQ Graphene Company (Groningen, The Netherlands). Then, using the dry transfer
technique, MoS;, WSe; and MoS; sheets were stacked onto a clean 300 nm SiO, /Si sub-
strate in sequence. In this case, the top and bottom MoS, sheets were separated by the
middle WSe; flake. Thirdly, maskless lithography was utilized to define the locations of
the metal electrodes and thermal evaporation was employed to deposit Cr/Ag metals with
thicknesses of 10 nm and 100 nm. Finally, the device underwent a two-hour annealing
process in an argon atmosphere at 300 °C to eliminate the photoresistant residues and
potentially facilitate Ag diffusion into the underlying MoS; flakes, thereby reducing the
contact resistance [27].

2.2. Characterization

AFM (NTEGRA Spectra, NT-MDT, Moscow, Russia) and Raman spectroscopy (In Via
Reflex, Renishaw, Wotton-under-Edge, Gloucestershire, UK) instruments were employed to
characterize the height profile and composition of the vdW BJT. A semiconductor parameter
analyzer (B1500A, Agilent Technologies, Santa Clara, CA, USA) was used to investigate the
static characteristics of the device. The AC performance of the vdW BJT was measured using
an oscilloscope (DPO 7354C, Tektronix, Portland, OR, USA) and an arbitrary waveform
generator (DG4062, RIGOL, Beijing, China).

3. Results and Discussion

Figure 1a,b show the schematic diagram and the optical image of the vertically stacked
MoS, /WSep /MoS; BJT. Here, the top MoS; sheet acts as the collector (C) while the bottom
MoS; sheet serves as the emitter (E). The multilayer WSe; sheet was designed for the base
(B) region. Figure 1c shows the height profile of the device. Apparently, the thicknesses
of bottom MoS,, middle WSe,, and top MoS,are 13 nm, 3.5 nm, and 63.9 nm, respectively.
To analyze the composition of the device, Raman spectra were obtained for the individual
2D materials as well as their overlap regions, as shown in Figure 1d. From the bottom
MoS,, Raman peaks at 383.7 and 408.8 cm ! can be observed. The two Raman peaks have
a relatively large separation of 25.1 cm ™!, confirming the multilayer nature of the MoS,
material [28,29]. The peaks at 249.8 and 258.3 cm ™! for the WSe, flake are ascribed to the
E% o mode and the Ajg mode [30]. In addition, the Raman spectra of the three flake overlap
region are the sum of the Raman peaks of the MoS; and WSe, flakes, thereby confirming
the successful fabrication of the vertically stacked heterostructure [31].

The static performance of the vdW BJT in common base mode was initially investigated.
In this case, the base was grounded, whereas the base—collector and base—emitter junctions
were separately reverse-biased and forward-biased. The band diagram of the vdW BJT
operating in the forward-active operating mode is depicted in Figure 2a. Figure 2b shows
the relationship between the base—emitter voltage (Vpg) and the emitter current (Ig) at
various fixed collector-base voltages (Vcp). With the increase in Vg, the depletion region
of the base—emitter junction narrows, facilitating an enhanced diffusion of electrons from
emitter to base. Hence, I increased with a larger Vpg. Figure 2c illustrates the output
characteristic of the vdW BJT. The Vgg can effectively affect the collector current (Ic), since
it can influence the electrons diffusing from the emitter. The electrons were transferred into
the collector, constituting the main component of the Ic. The common base current gain ()
was determined to be around 1.01 at Vg = 5 V by calculating the ratio of Ic and Ig. Figure 2d
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shows the output performance of the vdW BJT operating in common emitter mode. At
low Vg values, the collector current shows an approximately linear increase with the V¢,
indicating the saturation region of the device [13]. Beyond the saturation region, changes
in Vcg have minimal impact on the I¢. Instead, the I¢ is primarily influenced by variations
in Vpg. This region is defined as the active region of the device. A maximum current gain
(B =1c/Ip) of approximately 9 can be obtained at Vgg = 0.4 V under the common emitter
configuration, as shown in Figure 2d. It is noteworthy that the MoS, /WSe, /MoS, B]T has
a relatively low on/off ratio, which may be attributed to the ultrathin base region. The
negatively biased base—collector junction introduces an extra electric field perpendicular to
the base—emitter junction, thereby diminishing the device’s on/off ratio [19,23].
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Figure 1. (a) Schematic illustration of the vdW BJT. (b) Optical microscope image of the vdW BJT. The
inside of the dashed brown square represents the three flake overlapped region. (c) Height profile of
the device. The dashed lines indicate the horizontal position of the steps. The inset illustrates the
corresponding AFM image. (d) Raman spectra of the bottom MoS,, middle WSe;, top MoS,, and
MoS, /WSe; /MoS, three flake overlap regions.
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Since the device showed excellent static performance, the AC characteristics of the
vdW BJT operating in common emitter mode were investigated. The schematic diagram of
the electrical connection is shown in Figure 3a. Here, a DC voltage (Vpg = 5.8 V) and a small
AC voltage (v;) were applied to the base-emitter junction. The base—collector junction was
reverse-biased by connecting the collector to another power supply (Vcg = 34 V) through
a load resistor (R, =22 M()). An oscilloscope was used to monitor the input and output
waveforms of the device in real time. Figure 3b illustrates the time domain characteristics of
the device operating at 1 Hz. Here, an AC voltage v; with an amplitude of 0.2 V is superim-
posed on the Vg, which causes the voltage applied on the base-emitter junction to fluctuate
sinusoidally above and below its DC bias level. The resulting variation in Iy causes the
output current change. Therefore, an output AC signal with an amplitude approximately
3.5 times higher than the input AC signal can be observed in the collector region.
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Figure 2. (a) Band diagram of the vdW BJT operating in forward-active operating mode. The orange,
green, and blue areas indicate the emitter, base, and collector region of the device, respectively.
(b) The relationship between Ig and Vpg at various fixed Vcp values. (c) The relationship between Ic
and Vg at various values of Vgg. Inset shows « as a function of Vg at a fixed Vgg =5 V. (d) The
relationship between I and Vg at various fixed Vpg values. Inset shows 3 as a function of Vg ata
fixed Vgg = 0.4 V.

The time domain characteristics of the vdW BJT operating at other frequencies were
also investigated. The representative results, such as for the device operating at 50 Hz and
1 kHz, are shown in Figure 3c,d. It is worth mentioning that the voltage in the collector
region was higher than that in the base region throughout the experiment, which indicates
that the BJT remained in forward-active operating mode at all times. Figure 4a summarizes
the common emitter voltage gain versus the operating frequency. With the increase in
operating frequency, the amplitude of the output voltage signal gradually decreases until
the voltage gain falls to unity at 200 Hz, indicating that the device has voltage amplification
capability in the 0-200 Hz region. Figure 4b illustrates the phase response of the device.
The output signal at the collector region is 180° out of phase with the input signal in the
low-frequency range. As the operating frequency increases, the relative phase between the
input and output signals begins to shift until the output signal is in phase with the input
signal at 2.3 kHz.

Further, the frequency response of the 3 value can be evaluated according to the
time domain characteristics of the device operating at different frequencies, as illustrated
in Figure 3b—d. Here, the output current (ic) of the device can be determined from the
output signal (u,) by applying the formula ic = (Vcg — uo)/Rp. As the operating fre-
quency continuously increases, the amplitude of ic is unchanged at first and then gradually
decreases when the operating frequency exceeds 1 Hz. However, the input current (i)
is almost unaffected by the operating frequency. Therefore, the 3 value changing with
the frequency is consistent with the trend of ic changing with the frequency; that is, it
decreases as the operating frequency increases. In addition, to investigate the repeatability
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of the AC performance of the device, several other vdW BJTs with similar configurations
were fabricated and investigated. All devices exhibited similar AC characteristics. The
typical test results are shown in Figure S1 of the Supplementary Materials. The perfor-
mance of the 2D-material-based n-p-n B]Ts reported in the literature is summarized in
Table 1 [14,18-20,23,25].
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Figure 3. (a) Schematic diagram of the electric connection of the vdW BJT in common emitter mode.
(b—d) Time domain characteristics of the vdW BJT operating at 1 Hz, 50 Hz, and 1 kHz, respectively.
The yellow area demonstrates the relative phase between the input and output signals during one
cycle of the sinusoidal signal.
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Table 1. Comparison of device performance results between this work and various previously
reported 2D-material-based n-p-n B]Ts [14,18-20,23,25].

Materials Structure On ((L:l l:)r ent o (DC) B (DC) Cutoff (l;;;)quency Vgl;iafe Ref.
MoS, /WSe, /MoS, Vertical 0.67 1.01 9 ~200 35 This work
MoS, /WSe, /MoS, Vertical 0.001 0.97 12 / / [19]
MoS, /WSe, /MoS, Vertical 0.054 ~1 150 / / [18]

MoTe; /GeSe/MoTe; Vertical 0.014 0.95 29.3 / / [25]
WS, /GeSe/WS;, Vertical 7.48 1.11 20.7 / / [23]
MoS, /WSe2/MoS, In-plane 0.001 / 3 / / [20]
MoS, /BP/MoS, Lateral 0.06 0.98 41 / / [14]

4. Conclusions

In summary, a vdW BJT was fabricated by vertically stacking MoS,, WSe,, and MoS,
flakes in sequence. The static characteristics of the device were investigated in common
emitter and common base modes, demonstrating excellent current modulation and satu-
ration characteristics. The AC performance of the device in common emitter mode was
also investigated. A phase inversion from output to input with a maximum voltage gain of
around 3.5 was obtained in the low-frequency range. As the operating frequency increases,
the voltage gain gradually decreases to unity at 200 Hz and the relative phase between the
input and output signals gradually changes to 0° at 2.3 kHz. This work demonstrates the
AC characteristics of the vdW BJT and experimentally proves the device’s ability to process
alternating signals. If the issues of device array fabrication and device-to-device variation
can be further addressed, this will significantly promote the application of vdW BJTs as
neuromorphic devices and wearable healthcare devices.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /nano14100851/s1: Figure S1. (a) Optical microscope image
of the MoS, /WSe; /MoS; BJT. (b—d) Time domain characteristics of the device operating at 1 Hz,
100 Hz, and 1 kHz, respectively. (e) The frequency response of the device. (f) The phase response of
the device.
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