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Abstract—Microwave performance of MOSFETs with a
tellurene channel is reported for the first time. The measured
forward current-gain cutoff frequency and the maximum
frequency of oscillation are 1.4 GHz and 3.6 GHz, respectively.
Overcoming the challenge for contacting 2D materials, source
contact bias is shown to increase the drain current three times and
the peak transconductance four times. Additionally, tellurene
being stable in air, the MOSFETs are stable for months even
without surface passivation. This suggests that tellurene is a viable
candidate channel material for thin-film transistors capable of
operation at microwave frequencies.
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I. INTRODUCTION

Two-dimensional (2D) atomic layered materials such as
graphene, MoS,, and black phosphorus are promising channel
materials for future-generation thin-film transistors [1].
Meanwhile, with increasing demands on low-cost wireless
devices such as wearable monitors and internet of things, it is
necessary to speed up thin-film transistors to the microwave
range. However, to date most 2D MOSFET suffer from contact
and stability issues. In this study, the contact has been improved
by adding a contact bias [2] and the stability has been improved
by using a new 2D material called tellurene, which is atomic
layered tellurium. Tellurene has a sizable bandgap, high
mobility, and air stability, and can be dispensed over a large
area from a solution with a low thermal budget [3]. The resulted
MOSFETs have a hole mobility of 700 cm?/V-s and an on/off
current ratio of 10°. Large-scale fabrication and device-to-
material correlation have also been demonstrated on tellurene
[4]. This paper reports the microwave performance of tellurene
MOSFETs for the first time.

II. FABRICATION

The CMOS-compatible large-scale fabrication process of
tellurene MOSFETs involves four major steps: A) formation of
Al buried gate and contact bias electrode, B) deposition of
Al O3 gate oxide, C) solution deposition of tellurene, and D)
definition of active and contact regions. For design of
experiments, although step A is performed on a 200-mm high-
resistivity (10 kQ-cm) Si wafer, it is subsequently diced into
approximately 120 1 cm x 1 cm chips before step B. Following
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a gate-first sequence [5], in step B high-quality gate oxide is
deposited at 300 °C without damaging tellurene.

Step A is performed at the IHP foundry using the back-end-
of-line process of the SG13 technology. After wafer dicing,
each 1 cm X 1 cm chip contains the footprints for approximately
a thousand individually probable RF MOSFET [Fig. 1(a)]. Each
MOSFET has two 10-um-wide gate fingers for a total gate
width Ws =20 um, which spans across a 10 pm x 20 pm active
region. The gate length Ls = 0.8 pm unless otherwise noted.
The gate thickness is approximately 0.5 pm. The source and
drain are equally spaced from the gate so that Ls¢ = Lgp = 0.4
um. The last 5 um of the source contact closest to the gate
overlaps a contact bias electrode [6] [Fig. 1(b)]. The contact
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Fig. 1. (a) Top-view micrograph and (b) cross-section schematic of a tellurene
MOSFET with two gate fingers. In (a), the active region of tellurene is
highlighted in a dashed rectangle, and a thin metal line connects the contact
bias to its probe pad through a spiral inductor.
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Fig. 2. Measured (a) output and (b) transfer characteristics of a tellurene
MOSFET.

bias electrode is isolated from both the channel and source
contact and is connected to its own probe pad through a spiral
inductor to prevent RF leakage. Under normal MOSFET
operation, the drain contact is forward biased by the drain bias,
so no extra bias electrode is necessary there.

In step B, 30-nm-thick AlOs is deposited by ALD, then
patterned by photolithography and 6:1 buffered oxide etch to
expose the probe pads for not only the contact bias, but also the
gate, source, and drain. AlLO; is patterned before tellurene
deposition to keep the tellurene surface pristine for top contacts.
Wet etch is used because dry etch leaves a photoresist residue
that is difficult to remove.

In step C, tellurene flakes are grown below 200 °C through
the reduction of Na,TeOs by NyHj in an alkaline solution with
the crystal surface protected by polyvinylpyrrolidone (PVP)
ligand at a Na,TeOs/PVP mole ratio of 52.4 [3]. Following
growth, tellurene is thinned down to approximately 10 nm in
acetone for 4 h, then coated onto step-B chips by the Langmuir-
Blodgett process.

In step D, tellurene active regions are patterned by
photolithography and etched in an Oxford Instruments
Plasmalab 80+ plasma reactor for 30 s with 100-sccm CF4 and
20-sccm O> under 200-W RF power. The 30-s etch time is
divided into six 5-s periods interrupted by 10-s rest time to
avoid photoresist charring. The active region has a high
probability to be single crystalline, because its size is much
smaller than the 100-pum grain size of tellurene [3].

After tellurene etch, the photoresist is stripped in acetone
for 30 min. It can be seen in Fig. 1(a) that tellurene is free of
photoresist residue. Ni and Au contact layers, 50-nm-thick and
100-nm-thick, respectively, are evaporated by an electron gun.

After the tellurene MOSFETs are fabricated, they are
characterized in a Cascade Microtech Summit 1000 thermal
probe station under ambient conditions. DC characterization is
performed by using an Agilent Technologies 4156C precision
semiconductor parameter analyzer. RF characterization is
performed by using an Agilent N5230A PNA network analyzer.
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Fig. 3. As-measured (empty symbols) and de-embedded (solid symbols) small-
signal (a) current and (b) power gains of the tellurene MOSFET.
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III. RESULT AND DISCUSSION

A. DC Performance

Fig. 2 shows the output and transfer characteristics
measured on a representative tellurene MOSFET. It can be seen
that the MOSFET exhibits p-type conduction typical of
solution-grown tellurene. The high work function of Ni reduces
the contact resistance, which is further reduced by the contact
bias Vs. The leakage currents through the gate and the contact
bias electrode, I and I, are negligible at 10™* pA/pm and 1073
pA/um, respectively. The contact bias increases not only the
drain current, but also the transconductance. For example, by
decreasing Vs from 0 to —6 V, the drain current increases three
times while the peak transconductances increases four times.
Overall, the device behaves like a long-channel MOSFET
despite the sub-micrometer gate length.

B. RF Performance

With Vps=-3 V and Vs =—6 V, Fig. 3 shows the small-
signal current and power gains measured on the tellurene
MOSFET. It can be seen that although the DC transconductance
peaks at a gate-source voltage Vs = 1.5 V, the gains increase
significantly by increasing Vgs further to 3 V. The gains
increase further after de-embedding the parasitic capacitance of
the probe pad, which is much larger than the active region as
shown in Fig. 1(a). For example, with Vgs = 3 V, the as-
measured forward-current cutoff frequency fr = 0.76 GHz, but
the de-embedded 7 = 1.4 GHz. Similarly, the as-measured
maximum frequency of oscillation fy.«x = 2.4 GHz, but the de-
embedded f"yax = 3.6 GHz. These results are much better than
solution-grown MoS; MOSFETs [7] and comparable to early-
stage black phosphorus MOSFETs [8]. However, the tellurene
MOSFETs are more stable and can be stored in dry air for at
least three months even without surface passivation.

C. Small-Signal Model

Fig. 4 illustrates the small-signal model extracted from the
measured small-signal data. The model includes parasitic
capacitances associated with the probe pads Cpg = Cpp = 12 fF
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Fig. 4. Small-signal model of the tellurene MOSFET.

Table 1. Small-signal parameters of intrinsic tellurene MOSFET: Lg=0.8pum,
W(;=20 pum, VDS=73 V, V(;5=3 V, V35=*6 A\

Symbol Description Unit Value
Rs Source Resistance kQ-um 5.0
Rg Gate Resistance kQ-um 0.2
Rp Drain Resistance kQ-um 5.0

Rep Gate-Drain Resistance kQ-pm 20
Rps Drain-Source Resistance kQ-pm 290
Rey Channel Resistance kQ-pm 5.6
Cas Gate-Source Capacitance fF/um 0.94
Cep Gate-Drain Capacitance fF/um 0.37
Cps Drain-Source Capacitance fF/um 0.13
gu Transconductance uS/um 34

and Cpgp = 2 fF, which are extracted from an OPEN test
structure with probe pads only. Similar to [9], Table 1 lists the
intrinsic model parameters extracted with Vps=-3V, Vgs=3
V, and Vs =—6 V. Notice that, despite contact bias, the source
resistance is still an order of magnitude higher than that of a 2D
PtSe; MOSFETs [10]. This is mainly due to the series
resistance of the 0.4-um-long access region between the gate
and the source, which is not biased. Shortening the access
region or extending the contact bias below it will decrease the
source resistance but increase the source-gate capacitance.
Therefore, more careful tradeoff is needed to further optimize
the microwave performance of the tellurene MOSFETs.

D. Gate Length Dependence

To investigate the effect of gate length, other tellurene
MOSFETs are similarly fabricated with Ls = 0.4, 1.6, or 4 um
with small-signal characteristics measured and extracted as
illustrated in Fig. 5. As Cgs and Cgp decreases with decreasing
Lg, f’r and fpux increase generally [11]:

Cox = €s/tox, (1)
a=1—Vey/Vpssar, (2)

Cos = 2W5LCor (1 + 4a + a?)/3(1 + a)?, 3)
Cop = 2W5LCox 2a + a?)/3(1 + a)?, 4
"r = gu/21(Ces + Cep), (%)

fr = gm/2m{Css + Cop[1 + gy (Rs + Rp)1}, (6)

321

150 12
Ves=3V Ves=3V
Vps=-3V , Vps=-3V
120 b Ves=-6V , Ves=-6V
’ N
= ’ ’ ¥
< o | ’ 8
= / g
s ’ g °
‘S / g \
§ 60 | ’ g \
o , 4 w \
, 3 \
L o\
30 , /CGS AN
a4 o T--__
0 , oL . 8,
0 1 2 3 a 0 1 2 3 4
Gate Length (um) Gate Length (um)
(a) (b)

Fig. 5. Measured (symbols) vs. modeled (curves) gate-length dependence of
(a) gate-drain and gate-source capacitances Cgs and Cgp and (b) intrinsic cutoff
frequencies f"r and f”y4x of the tellurene MOSFET.

fuax = f’I"/Z\/(Zﬂf"TCGD + 1/Rps)(R; + Ry). @)

where €, is the permittivity and zox is the thickness of the gate
oxide, and VCH: VDs/3 =-1 V, VT: 5 V, and VDS,SAT: Vcs— VT
= —2 V. The calculated values of Cgs, Cop, ', and f'yux are
included in Fig. 5 as dashed curves. It can be seen that they
agree with the measured data qualitatively, but tend to
overestimate quantitatively. This is probably because other
parameters such as R and gus also depend on L. Additionally,
the relatively long access region helps reduce Cgs as mentioned
earlier. This shows that, to improve f’r, and f’max, many
parameters other than Lg need to be optimally scaled.

The cutoff frequencies decrease unexpectedly at Lg = 0.4
pum, mainly because Lsqg and Lgp fail to scale with Lg and
remains at 0.4 um. With Lg < Ls¢ + Lgp, Rew < Rs + Rp and
most of Vps drops across the access region rather than being
applied to the channel under Lg to increase Ip and gu. This is
similar to quasi-saturation in a bipolar transistor [11] and
prevents the drain current from actual saturation as shown in
Fig. 2(a).

IV. CONCLUSION

This study is the first report on the RF performance of
tellurene MOSFETs. Gigahertz operation is achieved with a
low-cost solution-based and CMOS-compatible process.
Contact bias helps reduce the contact resistance and the gate-
source capacitance, enabling microwave operation. However, it
needs to be better scaled for sub-micrometer gate length
MOSFETs.
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