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The research of two-dimensional (2D) Tellurium (Te) or tellurene is thriving to address current challenges in emerging thin-film
electronic and optoelectronic devices. However, the study of 2D-Te-based devices for high-frequency applications is still lacking in
the literature. This work presents a comprehensive study of two types of radio frequency (RF) diodes based on 2D-Te flakes and
exploits their distinct properties in two RF applications. First, a metal-insulator-semiconductor (MIS) structure is employed as a
nonlinear device in a passive RF mixer, where the achieved conversion loss at 2.5 GHz and 5 GHz is as low as 24 dB and 29 dB,
respectively. Then, a metal-semiconductor (MS) diode is tested as a zero-bias millimeter-wave power detector and reaches an
outstanding linear-in-dB dynamic range over 40 dB, while having voltage responsivities as high as 257 V-W~" at 1 GHz (up to 1 V
detected output voltage) and 47 V- W~ at 2.5 GHz (up to 0.26 V detected output voltage). These results show superior
performance compared to other 2D material-based devices in a much more mature technological phase. Thus, the authors believe
that this work demonstrates the potential of 2D-Te as a promising material for devices in emerging high-frequency electronics.
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INTRODUCTION

Thin-film materials have been investigated for over 30 years,
however, 2D electronics became a reality after the exfoliation of
graphene in 2004'. This material presented unique conducting
properties that revolutionized the research field and gave room
for a completely new range of flexible, wearable, and transparent
devices and circuits®. Nevertheless, despite the milestone gra-
phene meant, it intrinsically presents a band structure that hinders
its application to some devices, in particular, the performance of
graphene-alone field-effect transistors (FETs) is truncated by such
physics of the material?, while it has shown great performance
when utilised in diodes®. Therefore, by taking advantage of the
progress that graphene had led to, the research community has
carried on in the investigation of new 2D materials that might
overcome the technological challenges graphene has brought to
light*, such as transition-metal dichalcogenide (TMD) materials.
Contrary to graphene and Black Phosphorus (BP), TMDs possess
the needed bandgap to achieve high ON/OFF ratios and current
saturation and are stable at room temperature, although they
present lower mobilities. These properties have made them
potential candidates to become the next generation of thin-film
devices. However, while MoS,-based n-type transistors show
excellent performance, the p-type counterpart, typically made
with WSe, or WS,, still lacks of a comparable performance®. This
has led once again to the investigation of additional materials that
can improve the performance of natural p-type TMDs. To the latter
group belongs Tellurium or in its 2D form: Tellurene.

Tellurium is environmentally stable and possesses high charge
carrier mobility and a sizeable non-zero bandgap, which holds
great potential for being disruptive in the field of electronics and
optoelectronics in the near future®. It was not until 2017 when 2D
Tellurium (Tellurene) was first grown by the use of a hydrothermal
growth technique, just after being theoretically predicted earlier
that same year’®. Then, in 2019, thin films of Tellurium were
deposited by using large-scale evaporation®, and in 2020, large-

scale single-crystal arrays were successfully grown by low-
temperature crystallization'®. Ever since, research efforts have
been intensified to explore this 2D material to better understand
its physical, electrical, optical, thermoelectrical, and quantum
properties. Yet, while the vast majority of the literature explores its
possibilities in the optical domain'', its application to electronic
devices and circuits is in its infancy. The first 2D Te-based FETs
resulted quite promising by showing ON/OFF ratios in the order of
105, and field-effect mobilities of about 700 cm?-V~'.s712
Furthermore, and more importantly, their air-stable performance
at room temperature was demonstrated to last over two
months'2. However, to the best knowledge of the authors, the
radio frequency (RF) performance of any Tellurium-based device
has not been reported yet. In this work, the RF performance of
semiconducting two-dimensional (2D) Te-based diodes is demon-
strated by two different structures: a metal-insulator-
semiconductor (MIS) diode and a metal-semiconductor (MS)
diode. The paper is structured such that first, the devices are
introduced by presenting their structure and fabrication methods.
Then, the electrostatics and charge transfer mechanisms are
studied followed by their full characterization both in DC and RF
domains. This analysis is fundamental to evaluate the impact of
the bias-tunable Schottky barrier height on the electrical
performance of Te-based diodes. To continue, each device is
integrated into a circuit in order to validate its potential for RF
nonlinear applications. Finally, the results are discussed and the
comparison with the state-of-the-art is presented.

RESULTS

2D Te-based diodes

The fabricated metal-insulator-semiconductor device is illustrated
in Fig. 1a. The structure consists of (from bottom to top) a Ti metal
contact (cathode), a TiO; insulating layer, a 2D Te flake that was
prepared following a standard hydrothermal synthesis procedure,

'School of Engineering Science, Simon Fraser University, 8888 University Drive, Burnaby, British Columbia V5A 156, Canada. Chair of High Frequency Electronics (HFE), RWTH
Aachen University, Koppernikusstr. 16, 52074 Aachen, Germany. 3Pervasive Electronics Advanced Research Laboratory (PEARL), Departamento de Electronica y Tecnologia de
Computadores, Universidad de Granada, Campus de Fuentenueva, 18071 Granada, Spain. ®email: aaskar@sfu.ca; paula.palacios@hfe.rwth-aachen.de; fpasadas@ugr.es

Published in partnership with FCT NOVA with the support of E-MRS

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-023-00433-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-023-00433-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-023-00433-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-023-00433-w&domain=pdf
http://orcid.org/0000-0002-6092-0031
http://orcid.org/0000-0002-6092-0031
http://orcid.org/0000-0002-6092-0031
http://orcid.org/0000-0002-6092-0031
http://orcid.org/0000-0002-6092-0031
http://orcid.org/0000-0003-3089-4271
http://orcid.org/0000-0003-3089-4271
http://orcid.org/0000-0003-3089-4271
http://orcid.org/0000-0003-3089-4271
http://orcid.org/0000-0003-3089-4271
http://orcid.org/0000-0003-3992-9864
http://orcid.org/0000-0003-3992-9864
http://orcid.org/0000-0003-3992-9864
http://orcid.org/0000-0003-3992-9864
http://orcid.org/0000-0003-3992-9864
http://orcid.org/0000-0002-2750-8520
http://orcid.org/0000-0002-2750-8520
http://orcid.org/0000-0002-2750-8520
http://orcid.org/0000-0002-2750-8520
http://orcid.org/0000-0002-2750-8520
http://orcid.org/0000-0003-3015-2606
http://orcid.org/0000-0003-3015-2606
http://orcid.org/0000-0003-3015-2606
http://orcid.org/0000-0003-3015-2606
http://orcid.org/0000-0003-3015-2606
https://doi.org/10.1038/s41699-023-00433-w
mailto:aaskar@sfu.ca
mailto:paula.palacios@hfe.rwth-aachen.de
mailto:fpasadas@ugr.es
www.nature.com/npj2dmaterials

npj

A.M. Askar et al.

Ti/Au/Ti
e u

S
—
G

Intensity (a. u.)

60

a)

100 120 140 160 180
Raman Shift (cm)

d) e)

Fig. 1 MIS structure analysis of the TIM diode. a Schematic diode cross-section and layout with GSG pads to enable RF characterization.
b Low-resolution STEM-HAADF cross-section image of the lift-out sample at low magnification, which shows the main layers of the device
along with a Pt protection layer. ¢ High-resolution TEM image of the core of the device, the interface of the 2D Te, the TiO,, and the Ti layer are
shown. Scale: 10 nm (d) Raman spectra for a 2D Te flake drop casted on a SiO,/Si substrate. The three main characteristic peaks, as previously
reported in'?, can be observed. e Microphotograph of the device-under-test TIM diode. Scale:13.86 nm.

as reported in'2 (see Methods), and a Pd electrode (anode). Since
Tellurium is naturally a p-type semiconductor, in an anode-to-
cathode order, the configured heterostructure forms the
Tellurium-Insulator-Metal (TIM) diode. Thus, in the following, both
terms TIM diode and MIS structure are interchangeably used. In its
fabrication, the bottom Ti contact is embedded into a quartz
substrate using a standard lithography process and wet etching.
This is followed by the deposition of a Ti/Au/Ti (10 nm/170 nm/10
nm) metal stack. The TiO, is then deposited by RF plasma
sputtering (with a nominal thickness of 8 nm) using the same
pattern as for the metal deposition. Then, a lift-off process is
carried out to complete the bottom contact and the insulating
layer of the device. To continue, the 2D Te flake is deterministically
transferred to the pre-patterned bottom contacts'®. Finally, the
Pd/Au contacts are patterned using optical lithography and
deposited using e-beam evaporation to form an ohmic contact
with the 2D Te and finalize the device fabrication. As indicated in
Fig. 1a, the layout of this device presents an interdigitated
structure in order to scale the active area (contact between the Te
and the oxide) not only by the size of the flake but also by the
number of fingers. Additionally, the top (Pd/Au) metal includes a
typical ground-signal-ground (GSG) structure to allow both DC
and RF characterization. It should be noted that, in this work,
quartz is chosen as a substrate because it is non-conductive,
which leads to a reduction in resistive losses (crucial in RF circuits)
and had been previously verified in graphene-based diodes?.
Nevertheless, as with other 2D material-based devices, the used
processes in the fabrication can, in principle, be translated to other
substrates and quartz can be replaced, for instance, by a flexible
substrate. Further empirical analysis would be needed to
determine the difference in performance.

A High-Resolution TEM (HRTEM) image of the cross-section of
the fabricated device, and the Raman spectroscopy are shown in
Fig. 1c and Fig. 1d, respectively. The 2D Te can be easily
distinguished in the HRTEM image through its highly ordered
structure and the abrupt interface, then the TiO, is discerned, with
its amorphous nature along with its smooth transition to the Ti
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layer, which appears to be polycrystalline. The TiO, grows
naturally on the Ti contact once exposed to the atmospheric
environment (around 2 nm-thick layer), the remaining thickness of
the TiO, layer was deposited by TiO, sputtering, as already
discussed, forming a barrier with a total thickness of around 10
nm. Further analysis of the deposited layers can be found in
Supplementary Fig. 1-Supplementary Fig. 4. Finally, the micro-
photograph of the device-under-test is shown in Fig. 1e.

The second diode sample consists of an MS heterostructure
that, analogously to the previous one, forms the Tellurium-metal
(TM) diode, as shown in Fig. 2a. The device is fabricated by
transferring 2D Te flakes to the quartz substrate. Next, the first
contact (Ti/Au) (10 nm/170 nm) is patterned and deposited using
optical lithography, e-beam evaporation, and lift-off process. Then,
the Pd/Au contact (10 nm/170 nm) is similarly patterned,
deposited, and a lift-off process follows which completes the
fabrication of the MS device. However, the fabricated TM diode,
shown in Fig. 2b, has been simplified compared to the previously
TIM design, shown in Fig. 1e, in terms of the finger arrangement.
Despite the use of the interdigitated structures in bulk semi-
conductor diodes and other 2D graphene-based devices*'*, the
TIM diode (fabricated first) demonstrated that this approach
cannot be fully exploited with 2D-Te based on flakes, where the
control of the width is more important. Furthermore, as it is later
observed in the RF modelling, the thin fingers are responsible of a
higher series impedance at higher frequencies. Thus, without a
critical impact in the performance of the proof-of-concept devices,
the TM devices were implemented without fingers.

The band diagram of the MIS heterostructure is shown in
Fig. 3a. Due to the charge transfer between the anode metal and
the Te-channel, the formation of a dipole (gap) layer with an
equilibrium separation distance between the metal and the
semiconductor of tg, is considered'®. The anode metal and the
low-dimensional channel are assumed in equilibrium; hence, the
Fermi energies are aligned. By the application of the charge
neutrality at the Te-channel interfaces in Fig. 3a, the electrostatics
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Fig.2 Tellurium-metal diode. a Schematic illustration of the MS heterostructure and (b) top-down view microscope image of the TM diode.
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Fig. 3 Characteristics curves of the 2D Te-based diodes. a Band diagram of a metal-Tellurium-insulator-metal heterostructure. g is the
elementary charge; ¢m1 (dm>) is the anode (cathode) metal work function; x,x (x7) is the electron affinity of the insulator (intrinsic Te-channel);
Eemi=—qVa Eema = — qV,, and Egr. = — qV are the Fermi energy levels in both metals and Te-channel, respectively, with V, (V) being the
applied anode (cathode) voltage and Vy;qs = V,; — V.. The conduction (valence) band edge in the Te-channel is E. (E,), with an energy band gap
of E, 7o = E. — E,. The channel potential for p-type (n-type) Tellurium is V., = (E, — EQ/q (Ve = (Ec — EA/G). E o (E 4) is the electric field within the
oxide (dipole layer); e, (€o) is the oxide (vacuum) permittivity; and t, (tgp) is the oxide thickness (equilibrium dipole separation distance).
b Current densities of the TIM diode with sputtered oxide and the TM diode (solid lines) together with the model results for the TIM diode
(scatter). The total active areas are estimated from an HRTEM photograph to 323 um? for the TIM and 16 um? for the TM. ¢ Bias-dependence of
the chemical potential (red) in the Te-channel and the barrier height considering (blue) and without (yellow) accounting for the Schottky

barrier lowering due to the image force effect.
of the TIM diode can be derived as follows:

Ppa = Da + Xre F 22— Ve
q

¢r; = —Dox + X1e F E%E —Ven — Vbias Mm
Qm +Qm+Qre=0

where A, (Ao is the potential drop across the dipole layer (oxide
barrier) due to the charge transfer; the potentials Vyias, @77 (Ppa),
Xrer and Eg1./q are the applied anode-cathode bias, the Ti-(Pd-)
work-function, and the intrinsic Te-electron affinity and the
potential of the bandgap, respectively, with g being
the elementary charge; and Q1 = — Cgplg (Qmz = Coxloy) is the
charge density induced in the anode (cathode) metal. The
capacitive coupling originated at the considered dipole layer
reads Cgjp = €o/tgip and the geometric oxide capacitance per unit
area is Cox = €ox€o/tox, Where € is the vacuum permittivity, €,y is
the relative permittivity of the TiO, barrier and t,, is the oxide
thickness. The Te-channel charge density is Qre = Qner(Ver) + Qress
where Qs is the residual charge per unit area in the channel; and
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Qnet(Vep) is the overall net charge density in the Te-channel and is
calculated by assuming the effective mass approximation, i.e., a
parabolic dispersion relationship at the highest (lowest) energies
of the valence (conduction) band; and using Fermi-Dirac statistics
as follows:

Qnet(Ven) = q[p<vch> - n<VCh)]

E

9.Te

Ven =2~
Vi

V:
Cdqp Iog(1 —+ eVTh) — Cagnlog <1 +e ) if p — type

=qV;

EgTe

Veh——q “Ven
Caqplog (1 +e 7 ) — Cdgn Iog(1 +ev ) if n — type

()
where V,=kgT/q is the thermal voltage, kz is the Boltzmann
constant, T is the temperature; and Cyq,n = §°Do,, (Cagp = G°Doy) is
defined as the electron (hole) degenerated-quantum capacitance,
that corresponds to the upper-limit achievable when the

electron (hole) density becomes heavily degenerated'®. Dy, =
9en (m:,1/277h2) + ge,z(mZ,z/2ﬂh2) exp[—AEe1-2/ksT] (Dop = Gp1
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(mj;, /21h?) + g, ,(mi;,/2mh?) exp[—AEn 12 /ksT]) is the density
of states in the conduction (valence) band, with # standing for the
reduced Planck’s constant, ge1, ge2 (gh1, gn2) are the degeneracy
factors, and m},, m;, (mj,, m;,) are the conduction (valence)
band effective masses at the first and second valleys, respectively,
in the vicinity of the H-point in the case of Tellurium'”'8, The
second conduction (valence) valley could be non-negligible as
occurs in most TMDs since the energy separation between the
lowest conduction (highest valence) valleys, AE.;_5 (AE,1-5) is
only around 2kgT"®?°, Thus, two conduction (valence) band valleys
may participate in the transport process. The rest of the valleys are
considered, on the contrary, far away in energy to contribute to
the electrical conduction and, hence, can be neglected for
practical purposes. Additionally, the chemical potential, V,
represents the shift of the quasi-Fermi level with respect to the
conduction (valence) band edge, therefore, the negative (positive)
sign in equation (1) applies when the overall Q. in the channel is
negative (positive), i.e., the channel is n-type (p-type). Only a
quasi-Fermi level has been considered for both kinds of carriers,
namely the parallel connection of independent n-type and p-type
channels is assumed to keep the model compact and thus
compatible with circuit simulators. These assumptions physically
mean that the carrier generation-recombination processes in the
low-dimensional Te-channel are fast enough to establish equili-
brium between both types of carriers. In this regard, V.,
specifically reads:

_ [(Ev—EF)/q
”*{mfmm

if Qner<0 = p — type

: _ 3)
if Qner<0 = n — type.

Combining the equations in (1), the electrostatics of the TIM
heterostructure can be described by the following expression:

(Cox + Cdip)vch - Covaias + Qnet(vch) = QOa (4)

where Qo= COX¢Ti + Cdip¢Pd —(Cox + Cdip)(XTe + Eg,Te/zq) — Qres and
the negative (positive) sign applies when the channel is n-type
(p-type).

The out-of-plane transport through the TIM diode is considered
to be the vertical emission of carriers from/to the Te-channel plane
to/from the bulk Ti-metal through the insulator barrier?'. Under a
reasonable practical vertical electric field (namely considering a bias
window Vpies € [ — 1, 11 V), the static current flow can be attributed
to the thermionic emission of carriers above the barrier. While the
in-plane electron transport properties of 2D materials have been
extensively studied along the time??, the out-of-plane transport,
such as the electron vertical emission from the plane, has been
recently reviewed in?®> for heterostructures based on low-
dimensional materials so that accounting the possible difference
in the dimensionality between the channel and the metal 2%,

Regarding the TM device, the carrier transport is expected to be
dominated by a combination of field emission and thermionic
field emission given the large currents that can flow even at low
applied biases as observed in Fig. 3b. In metal-semiconductor
contacts, the general theory of field emission and thermionic field
emission must be carefully addressed?>~%’, especially an analysis
of the surface states in Tellurium is needed to properly address the
transport in this heterostructure. Nevertheless, the TIM current
density can be predicted as follows>*:

2

CaqVe 1% (evnb_ff - 1) ®)
2mh '

where ¢, is the Schottky barrier height (SBH) (see Fig. 3c); 6,
estimates the spreading of the Fermi level; n is the ideality factor;
and Cgq = \/CagnCaqp- Note that a scaling of T2 (V2 = k3T%/q?) is
also predicted for low-dimensional materials with a parabolic
dispersion relationship, in agreement with the Richardson-
Dushman scaling for bulk materials®>2*,

Jn=q

npj 2D Materials and Applications (2023) 70

Additionally, the image force (IF) effect is included by accounting
of the possible Schottky barrier lowering®®%°, In this regard, the
position-dependence of the SBH that includes the image potential
along the insulator thickness (y-coordinate) is given by:

y log2 g 1

P) = o = o S oy — o) ©
where the Schottky barrier lowering (SBL) produced by the IF
effect is basically
SBL= g ) 41159929 1

tox 81 Coxy*(y* — tox)
The highest ¢(y") that defines the insulator barrier height is found
requiring dg(y)/dy =0, hence, ¢(y") will replace ¢, in (5) to
include the lowering of the barrier due to the IF effects®°.

The devices are characterized at DC, following the procedure
detailed in the Methods section. In Fig. 3b, the measured (solid
lines) current density for the MIS and MS devices are shown,
respectively, together with the theoretical results (symbols) from
the above-mentioned model for the TIM structure, with the
parameters collected in Table 1, showing an excellent agreement.
Figure 3c shows the bias-dependence of the (red) chemical
potential in the Te-channel and the barrier height considering
(blue) and without accounting for (yellow) the SBL due to the
image force effect. Regarding Fig. 3a, we can observe the
considerable current increase in the case of the TM device,
bringing to light the impact of a considerable reduction of the
barrier. Indeed, Supplementary Fig. 5 depicts sketches of the band
diagrams of general MIS and MS structures (for ¢ > ¢,,), where
the barrier height can be compared, i.e., the MIS barrier height is
qPomis = s — GXoxs While the MS barrier height is gy ms = Egs +
gxs — 9G¢m- Besides, Supplementary Fig. 6 and Supplementary Fig.
7 collect further DC characterizations of the TIM and TM
heterostructures, respectively. From V., in Fig. 3c (red), we can
observe that the Te-channel is p-type within the bias window
considered. Additionally, the barrier height without the SBL
(yellow) is tunable for biases Vp,s<0.126 V due to the work-

function tunability of the Te-channel, which is x5 ¥ Eg—g*f Ve

@)

according to Fig. 3a. For biases Vpqs > 0.126 V, the f)ox within the
TiO, barrier change of sign (c.f. Fig. 3a), so that the barrier height,
¢p, (without accounting the SBL due to IF effects) is fixed at
@1 — Xri0,- However, the barrier, @y, is tunable due to the SBL by
including the effect of image force (blue), which is critical in the
TIM structure as previously reported by some of the authors in*°
for metal-insulator-graphene (MIG) devices, given that TIM and
MIG devices are based on a similar TiO, barrier. Additionally, we
can estimate the junction capacitance equal to 1.7 pF by
G = dQpet/dViias, which presents small bias-dependence (not
shown) because the Te-channel degenerated in the TIM technol-
ogy collected in Table 1 within the considered bias window.

Table 1. TIM model parameters.

Wx L (um?) 324 Gen 43456
Cox (uF -cm™?) 0.52%° Ge2 0°+-3%¢
Caip (uF -cm—?) 422" Ghn 254-56
i (eV) 4.66'° Gh,2 25476
bpa (eV) 5.67'3 mg,/mo 0.085°7->9
Xre (eV) 4,550 mj,/mo 0°4-56
Eg,Te (eV) 0.3517.54-56,59 m;J/mo 0.559.61,62
Xtio, (eV) 4 mj,,/mo 0.1175°
Qres (C-cm™?) 0 AEgq_, (€V) 0°4-56

T (K) 295 AE 15 (V) 0.15>56
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Fig. 4 RF small-signal characterization of Te-based diodes. a Equivalent circuit extracted from the S-parameter measurements. The (b) real
and (c) imaginary parts of the input impedance of the diode over frequency verify the good agreement between measurements and the

equivalent circuit.

Table 2. Extracted parameters from the S-parameter measurements.

G PR RMMQ) GEF) R Q) GIEF) Rs(Q) R(Q) LinH) G (fF) Ly (PH) o (FF) Ly (pH)
MIS (10 nm) @-1.5 V 1.3 1 0.9 450 0.045 145 140 0.07 1.5 55 3 1
MS @0 V 0.073 0.082 0.028 2900 0.0027 - 3000 - 4 200 200

From the DC performance, three rectifying figures-of-merit
(FOMs) can be evaluated to estimate the suitability of nonlinear
devices to perform as detectors and rectifiers. These FOMs3'32 are
the asymmetry, nonlinearity and responsivity. Firstly, the asym-
metry (fasym = Wrorward/Jreversel) is an indicator of the presence of
rectification, where fisyy =1 means that no rectification occurs
and the higher the slope in the asymmetry-bias curve, the higher
rectification. Then, the nonlinearity (fy, = (dJ/dV)/U/V)) is a
measure of the deviation from a resistor-like behavior. Therefore,
a large parasitic series resistance causes low nonlinearity. Finally,
the responsivity (fres = (d%J/d?V)/(2 - (dJ/dV))), is a measure of the
DC current sensitivity to input power. The extracted FOMs are
included in Supplementary Fig. 6 and Supplementary Fig. 7 for
both types of diode. Thus, in agreement with the already reported
literature®3, the impact of the thickness of the oxide in the TIM
diodes is reflected in the asymmetry of the devices. From Fig. 3a
and the extracted FOMs it is observed that the asymmetry
decreases when the oxide layer is removed. Furthermore, the
current density is considerably higher in the MS diode along the
whole bias window considered, i.e., at 1 V it is around three
orders of magnitude higher, while five orders of magnitude higher
at 0 V. These values indicate the promising performance of TIM
diodes as switches and for biased applications while showing the
high potential of the TM diode for zero-biased applications due to

Published in partnership with FCT NOVA with the support of E-MRS

its strong nonlinear behavior around the zero-bias condition.
Whereas the obtained DC FOMs are a good indicator of the
expected performance, the performance over frequency must be
addressed by analyzing the RF measurements.

The extracted equivalent circuit for both the TIM and the TM
diode is depicted in Fig. 4a. The parameter values were extracted
from the measured S-parameters, as indicated in Methods, and are
detailed in Table 2 for both diode variants. The obtained results
demonstrate the excellent agreement with the RF measurements
for a frequency band ranging from 10 MHz to 67 GHz, as shown in
Fig. 4a, ¢, and Supplementary Fig. 8. Contrarily to widely reported
Schottky diodes>?, it is observed that the small-signal equivalent
circuit presents a more complex structure than only the series
combination of a parasitic resistance (R,) with the parallel pair
formed by a junction capacitance (C;) and a junction resistance (R)).
In the Te-based devices, the parallel combination of the
capacitance, C;, and resistance, R;, is analogous to the just
mentioned R; and C;. Thus, the good agreement between the
aforementioned predicted junction capacitance in the theoretical
model (1.7 pF) and the value needed for fitting the equivalent
circuit (1.3 pF) should be noted. It is precisely due to the higher
value of the capacitor compared to the rest, that this first block
plays a bigger role at lower frequencies. On the other hand, the
parallel combination of C, and R, impacts the performance at

npj 2D Materials and Applications (2023) 70
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medium and high frequencies. Similar equivalent circuits that
include these first two blocks had been previously reported for
other MIS structures3#35, PIN diodes®® and even in metal-insulator-
graphene (MIG) diodes®’. The explanation that these other works
have provided for this distinct behavior that leads to further RC
pairs is either the irregular density of surface states in the insulator
layer in the former two or the quantum capacitance in the latter.
In our work, since both the TIM and TM diodes present both pairs,
these elements might reflect the Te-channel areas that are not
under the electrostatic control of the Ti-electrode and/or the
possible formation of a charged dipole in the Te flake. Yet, further
analysis would need to be pursued to associate these elements
with the heterostructure. Next, the series combination of L; and R
models the behavior of the Pd-Te contact. Importantly, L, is found
to be negligible in the TM diode, probably because it lacks long
thin fingers. Finally, R3 and G, only found in the TIM diode, could
be associated with the small thickness of the oxide in such MIS
devices according to the work in%,

The impact of the small-signal behavior of the diodes on the
potential applications is crucial. From Fig. 4a it can be observed
that both in-series RC blocks vary with the applied bias voltage
and so is the series resistance. An equivalent simplified circuit
needs to be extracted in order to apply the well-known formula
for the cutoff frequency of the diode, f. = 1/(271R,C)), defined as the
frequency where the power that falls in the junction resistance is
halved®. Thus, if the equivalent series resistance is approximated
to Rseq = Rs + Ry, then f. equals to 0.207 GHz and 0.45 GHz for the
TIM and TM diodes, respectively. However, due to the impact of
C,, which progressively reduces the impact of R, the total
capacitance reduces to Cr = (C;//C,), where the operator “//" refers
to the parallel or series combination of the resistors or capacitors,
respectively. The extracted f. equals then around 0.5 GHz for the
diode with sputtered oxide and 1.3 GHz for the one without oxide.
It is to be expected that the cutoff frequency of these diodes lies
between these two values. Nevertheless, it is important to
highlight that this FOM, although practical for the sake of
comparison against other incumbent technologies, fails to
accurately evaluate the real performance of the devices when
employed in circuits, as it will be later discussed. Furthermore, as it
will be shown, it describes the limits of the device in applications
that rely on the nonlinearity of the junction resistance but does
not provide information about further applications based on other
nonlinearities, e. g. the tunable capacitances that, indeed, can lead
to nonlinear applications operating beyond the defined junction-
resistance-related cutoff frequency, as will be shown.

RF applications
The employment of diodes in RF applications has been extensively
studied in various applications®**°, The operating principle
exploits the nonlinear current/voltage characteristics of these
devices, which can be approximated by the Taylor expansion as:

di 1 ,d
Iv)=lo+v— . _|_5V2W

dv
where lp =1(Vp) and V, is the bias voltage. When a small-signal
voltage with a fundamental frequency, fo, is applied to (8), due to
the terms with orders higher than 1, apart from the original signal,
several harmonics and a DC component are generated. Moreover,
when more than one signal is applied, these harmonics lead to
mixing products in the form of frequency components equal to
the sum and difference of these harmonics. By this means, several
applications can be pursued depending on the desired output
frequency. Furthermore, in the particular case of mixers or
frequency converters where a large pump signal is needed, other
effects coming from the large-signal effects and variable
capacitances have been recently reported*'. In the following,
two RF nonlinear applications are tested to prove the potential of

+ .., (8)

Vo
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the proposed devices. In addition to the individual description of
the results, the photographs of the built setups are included in
Supplementary Fig. 9.

Firstly, the mixer setup shown in Fig. 5a is built as described in
Methods. The performance of the TIM-based mixer acting as an
upconverter is shown in Fig. 5b for an 8-dBm input local oscillator
(LO) signal at 2.5 GHz and 5 GHz, and a 100-MHz and -16-dBm
intermediate frequency (IF) signal. Besides, Fig. 5c shows the
spectrum measured for a TIM-based downconverter for an input
LO signal of 8 dBm at 2.5 GHz and an RF signal at 2.8 GHz and -16
dBm. The achieved conversion gain for the upconverted RF signals
are -24 dB and -29 dB, respectively, and -39 dB for the downconverter
operation. It should be highlighted that the difference in these results
is to a greater extent due to the proper setup, and not the intrinsic
characteristics of the device itself. Then, as reflected in Fig. 5d, the
devices are tested for upconversion at even higher frequencies. The
measurements prove that the TIM diode provides useful nonlinearity
also at frequencies way beyond its predicted f.. Furthermore, the
device is biased at -1.5 V, where the diode is far from its most
nonlinear region lying around 0.6 V, as can be noticed from
Supplementary Fig. 6. This proves that the nonlinear performance
relies not only on the nonlinear junction resistance but also on the
junction capacitance and the proper series resistance. As can be
noticed from the measurement results, a high number of harmonics
and mixing frequencies appear at the output. Therefore, an
improvement in the conversion gain performance can be achieved
by introducing an output matching network, filtering the unwanted
signals, and better port isolation. Nevertheless, for the purpose of this
work, it is precisely these results that prove the excellent nonlinear
behavior of TIM devices and demonstrate their suitability for future RF
applications. Further analysis of the performance over input power
can be found in Supplementary Fig. 10.

The next considered application is an RF power detector, the
measurement setup, as well as its schematics, are shown in Fig. 6a,
b, respectively. Power detectors are crucial components in several
RF applications, including AM demodulators, six-port receivers, and
automatic gain control systems*>*3, In addition, for such applica-
tions, devices that conduct at zero bias, i. e that do not require an
additional voltage source, are of special interest since they would
facilitate the implementation of wireless, low-power, and wearable
circuits. However, as already discussed, it is observed that the
nonlinearity of the diode with sputtered TiO, is maximum at around
0.6 V. Additionally, the current around 0 V in the TIM-device, due to
the analyzed sizeable barrier (see Fig. 3) and corresponding
observed high asymmetry (Supplementary Fig. 6) is in the range
of nano-amperes. Both factors determine the performance of this
device as a zero-bias power detector. Thus, although around 0V a
predicted responsivity for the TIM device of around 3 A - W~ can be
reached (see Supplementary Fig. 6), at this bias point the current
levels are too low in order to be detected even if a high impedance
(e.g., a 1-MQ load) is employed. On the contrary, TM-diodes
(without oxide layer) show a higher current density (see Fig. 3) and a
lower asymmetry (see Supplementary Fig. 7) that make them
excellent candidates for building zero-bias power detectors. The
performance of the TM-based detector in terms of output DC
voltage vs. input RF power and tangential responsivity vs. frequency
is shown in Fig. 6¢c, d, respectively. The achieved linear-in-dB
dynamic range (DR) reaches over 40 dB, while the responsivity at-20
dBm at 1 GHz achieves 257 V-W~". Beyond this frequency, the
responsivity decreases to around 50 V- W~"at 2.5 GHz, 25V - W' at
5 GHz, and values ranging around 10 V- W~ beyond 20 GHz (see
Fig. 6d). This behavior is also constrained by the external
components introduced by the measurement setup, where the
input matching is actually not regular over the whole bandwidth.
Yet, the measured responsivity is observed to be reduced from
around 1.2 GHz, in agreement with the previously predicted cutoff
frequency. As expected, contrarily to the TIM-based mixer, the role
of the nonlinear resistor, R,, is decisive for the conduct of the
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Fig.5 TIM-based mixer results under a -1.5 V bias voltage. a Measurement setup. b Output spectrum for the upconverter tested for 2.5 GHz
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perform at this frequency range. The cable losses are not de-embedded.

detector, thus, the results are limited by the f, of the diode**. As
already mentioned, in both applications the external components
inevitably interfere with the performance and a full on-chip
implementation of the circuits would lead to further improvement
of the results.

DISCUSSION

The relevance of diodes as RF components is crucial and has been
investigated since the advent of communication electronics. The
search for suitable devices capable of RF detection and frequency
conversion has been widely analysed*®, and recently, thin-film
devices based on emerging technologies have been reported.
These include MoS,***, Zn0*, graphene?, and 1GZO* among
others, to implement mainly either metal-insulator-metal (MIM) or
Schottky diodes. In regards to the former type and its variants,
which include MIM structures and devices with graphene instead
of the cathode metal, the investigation has been carried out on
what factors impact the nonlinearity and responsivity perfor-
mance>>. The choice of the metals together with the thickness of
the oxide affects the results, and it has been proven that there is a
trade-off between the achieved asymmetry and the reached ON
currents®'. As already discussed, this effect is also present in this
work, where the TM-diode presents a behavior similar to the one
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reported in?” for different MIM diodes. The TM diode achieves
higher current densities at zero bias at the expense of its
asymmetry. These types of devices resemble the reported bilateral
nonlinear resistors in*®, which were employed as detectors and
presented several advantages in terms of high signal-to-noise
ratios at low input powers precisely due to their symmetry. The
possibility of implementing either TM or TIM diodes proves the
versatility of the material in regard to the feasable implementation
of different heterostructures that according to their characteristics
can target different applications.

In regards to the direct comparison of the performance among
diodes, it needs to be done carefully since different setups and
applications might play a big role in the obtained results. For
instance, the work in®*® based on a vertical WSe, diode
demonstrates a detector with an input signal with a constant
amplitude of 1V for a 50-Q input resistance (10 dBm input power).
The detected voltages, for a diode with 70 um? junction area, are
around 0.8 V, similar to the reported values in this work for
frequencies below f, whereas the current density is over one
order of magnitude higher in the Te-based diode (at 1 V). In
regards to the achieved cutoff frequencies the work in3 reports a
discrepancy between the theoretical (intrinsic) cutoff frequency
and that shown for the detector (extrinsic), which goes up to 10
GHz but is three times lower than the former. This is a direct
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Fig.6 Power detection measurement results. a Power detector measurement setup. The 50-Q resistor serves as the input matching network
and the output bias tee as a low-pass filter and RF return path. b Schematic of the implemented detector. ¢ Output DC voltage over RF input
power for the TM diode. d Tangential responsivity of TM two-terminal device at -20 dBm over frequency.

consequence of calculating the intrinsic value from only the
extracted small-signal junction capacitance and resistance and is
avoided in our work by considering all the elements of the diode.
Likewise, this is addressed in*>, which also highlights the
dependence of the extrinsic cutoff frequency with the input
power (large-signal behavior), in this case, based on lateral ZnO
diodes with different widths (W). As>°, the cited work reports up to
one order of magnitude less for the extrinsic cutoff frequency,
which still reaches up to 6 GHz and 3.6 GHz for their smallest
(W=500um) and largest (W= 5mm) device, respectively. How-
ever, in* the reported output voltage for a 5-dBm input signal
equals 0.09 V (smallest device) and 0.2 V (largest device), while this
work achieves 0.5 V within the 3-dB bandwidth. It should be
noticed that both3® and*® report relatively large devices compared
to the Te-based diode, where the latter also observes a trade-off
between the size and achieved detected voltages. It is the high
current density of the TM diode that despite its smaller size allows
a comparable performance for the measured detector, while
further analysis is still needed to study the impact of scaling the
device on the cutoff frequency. Furthermore, the potential of the
TM diode is clearly demonstrated by the excellent achieved
tangential responsivity at -20 dBm and the minimum detected
power that, within the bandwidth of the diode, is comparable to
that of CMOS-based technologies®®, while being zero-biased.
Moreover, the achieved superior dynamic range is comparable to
that in graphene-based diodes®, while having the advantage of
being environmentally stable conversely to the graphene case.
Regarding diode-based mixers, a highly nonlinear device is
crucial, but the measurement setup and the circuit topology play a
big role in the achieved performance. When considering only
hybrid circuits (i. e, where the device is on-chip and the rest of the
elements are connected externally) on rigid substrates and based
on single devices, two works can be compared. Firstly, in*’, a
mixer based on a graphene diode is reported. While the input
setup is similar to the one used in this work, at the output an IF
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buffer is used, which allows the diode to drive the 50-Q load
provided by the measurement equipment and matches the
output impedance of the diode. The results show a conversion
loss as low as 15 dB at 2.4 GHz. In our work, the potential of the
device is evaluated, hence, the delivered input power is
maximized with a proper matching while the output lacks any
sort of filtering. As previously discussed, the apparition of a high
number of harmonics reflects how nonlinear the device is, even
beyond the cutoff frequency. Therefore, for the stated purpose
and because the TIM diode is capable of being attached directly to
a 50-Q load, which is also a direct consequence of the high current
density and nonlinearity achieved by the device, a buffer was not
included and the conversion loss is 24 dB at 2.4 GHz. Then, the
work in®!, shows the results based on a MoS, FET. The setup is
analogue to the one employed in this work but reaches a
conversion gain of around 10 dB lower at 1.5 GHz than the gain
achieved by the TIM-diode at 2.5 GHz for similar IF and LO powers.

Finally, it should be noted that the state-of-the-art diodes based
on bulk semiconductors show excellent performance way beyond
the cutoff frequency of the proposed diodes and beyond the
mixer frequencies reported in this work. Yet, besides, for instance,
being constrained in terms of dynamic range in the case of the
power detectors, the major drawback of bulk semiconductors is
that they lack the possibility of targeting emerging flexible
technologies. Consequently, the focus of this discussion has been
the comparison with those 2D materials that are in a higher
technology readiness level. In this regard, comparable behaviour
and even the outstanding performance of the Te-based diodes
has been demonstrated. Nevertheless, it is important to highlight
that intensive study of wafer-scale processing methods is still
fundamental and is being carried out, as recently reported in the
literature®>>3, This is essential to further improve and develop
devices as well as to realize statistical analysis of the performance
and reliability of the processes. Ultimately, this will define the
prosperity of the material beyond research.
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This work proposes and analyses the electrical performance of
two-dimensional Te when used in an MIS and an MS diode
structure. The fabrication and charge transport mechanisms are
described in detail for the two structures showing the impact of
the insulator layer in the current behaviour. Then, each type of
diode is fully characterized in the DC and RF domain in order to
evaluate the potential applications and their limitations. Moreover,
small-signal equivalent circuits of the devices are extracted and
two RF applications suitable for each of the diodes, TIM and TM,
have been demonstrated. Both, power detectors and mixers are
key blocks in transceiver front-ends, hence, the research on the
applicability of 2D materials to RF systems is thriving. Beyond the
extraction of traditional FOMs, it is shown that devices need to be
tested in real circuit implementations to fully exploit their
properties. In this manner, a zero-bias power detector based on
the nonlinear resistance of the diode is presented, but also a
reversed-biased mixer demonstrates the possibilities of using
different nonlinearities of the diode beyond their theoretical f,.
The presented work and applications demonstrate the flexibility of
the introduced diode structures that could be optimized
according to the target application. This is the first time RF
applications are shown for any 2D Te-based device, and the results
show a promising performance despite the infant stage of the
technology. It is the belief of the authors that this is a first step
towards demonstrating the wide possibilities of 2D Te for future
RF applications.

METHODS
Synthesis of the 2D Te

The 2D Te flakes are prepared following a standard hydrothermal
synthesis procedure. Firstly, 0.09 g of Na,TeOs and 0.5 g of PVP-
58K are added to 33 ml of de-ionized (DI) water under magnetic
stirring to form a homogeneous solution. Next, 3.33 ml of aqueous
ammonia (25% wt/wt %) is added followed by 1.67 ml of
hydrazine hydrate (85% wt/wt %). The mixture is sealed in a 50 ml
Teflon-lined stainless steel autoclave and heated at 180 °C for
20 hours before naturally cooling it down to room temperature.
For purification, the obtained silver-grey product is washed several
times by centrifugation at 5000 rpm for 5 minutes to remove the
remaining PVP. After washing and purification, the Te flakes are re-
dispersed in DI water. The obtained flakes reach a typical total
thickness of 160 nm, as shown in Supplementary Fig. 3.

Te flake characterization measurement

The thickness of the Te flake was measured by atomic force
microscopy (AFM, Bruker icon). The Raman spectra of samples
were obtained using a Renishaw via confocal Raman microscope
equipped with a 514 nm continuous-wave excitation laser. The
TEM lift-out sample was prepared with an FEI (now part of Thermo
Fisher) Helios NanoLab 650 FIB/SEM system, using 30 keV Ga ion
beams for lifting out and thinning and 16 kV Ga ion beams for
final polishing. The SAED, HR-TEM, HAADF STEM, and EDX images
were taken with an FEI (Thermo Fisher) Tecnai Osiris S/TEM system
equipped with Bruker SuperX EDX detectors and operated at
200 keV.

DC characterization

The TIM diode was characterised in DC by means of the 4156B
Agilent Semiconductor Parameter Analyzer connected to a probe
station. The measurements were carried out from -1.5 to 1.5 Vin 3
mV. Higher voltages are not applied in order to protect both, the
Te flake and the oxide due to the high current density of the
devices. The TM diode was measured by means of a Keithley 4200-
SCS semiconductor characterization system also connected to a
probe station. The measurements were carried out from -1Vto 1V
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in 10 mV intervals. The current was limited to 100 uA in order to

protect the device. Both diodes were measured at room
temperature.

S-parameter measurements and equivalent circuit

The two-port S-parameter measurements were performed by a
network analyzer (NA) PNA-X © Keysight. Prior to carrying out the
measurements, an on-wafer calibration substrate kit (Form Factor
GSG 100 um pitch 101-190) is used with the commercial short-
open-load-through (SOLT) structures to de-embed the probes and
cables of the setup. The frequency sweep covered from 100 MHz
to 67 GHz under different bias voltages ranging from -1.5 V to 1.5
Vin 0.15 V steps. The extracted small-signal model is extracted for
an applied voltage of 0 V. The validity of the model is confirmed
when comparing simulation and measurement results under the
studied frequency range. The parameters were extracted and
simulated by means of the Advanced Design Software (ADS) from
Keysight. In order to extract the value of the different parameters,
the typical Schottky diode is employed as an starting point.
Assuming that the pad parasitics are negligible at lower
frequencies, the one-port input impedance is extracted as
Zi,=1/Yy;, where Y;; is obtained from transforming the
S-parameters into the equivalent two-port Y-parameters®2. The
junction resistance at the bias point of interest is obtained as the
inverse of the first derivative %|,,. The series resistance, on the
other hand, is the dominant resistance when f> >f,, thus, this
value is firstly approximated from the real part of Z;, at the
maximum measured frequency. The junction capacitance can be
obtained as C;=imag(Y;\)/(2nf), which is observed to be
frequency-dependent. Therefore, additional capacitors need to
be considered and the junction capacitance can be initially
approximated by the value of C;=Cffy,) where f;, is the
minimum measured frequency (10 MHz). Further RC blocks can be
obtained when considering the extracted 1-port impedance as a
transfer function V,./l;, that follows the Bode diagram approx-
imations for each pole and zero. At higher frequencies the impact
of the pads can be observed and the values extracted if the device
is considered as an equivalent m-network3? (page 194). Finally, the
value optimization can be carried out in ADS to fit the required
frequency range.

Mixer characterization

The mixer characterization was performed with the network
analyzer (NA) PNA-X © Keysight as the LO source and the RF port,
and the Anritsu MG3691B RF CW Signal Generator was used as IF
source. The biasing was provided by an external bias tee at the
input LO/IF port (anode) and the internal one of the NA at the RF
port (cathode). An external wideband (up to 26 GHz) 6-dB power
divider was employed to split the LO and IF paths at the input.
This block naturally acts as the input matching network, but
provides low isolation (6 dB) between the ports. At the output no
matching network was included. Consequently, in the spectrum
recorded at the output the LO leakage and higher harmonics are
present.

Power detector characterization

The power detector measurements were carried out with the
network analyzer (NA) PNA-X © Keysight as RF source, and the
Keithley 617 Programmable Electrometer as the voltmeter. The
latter is connected through a bias tee that acts as a low-pass filter,
and a shunted-to-ground 50 Q connected at the input is used to
achieve the required input impedance matching. Since the
matching is resistive and externally connected, it is observed that
the return loss is not regular over frequency. The full integration of
chip and another type of matching network would lead to
improved results. Then, the power level of the NA is calibrated by
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the power sensor U8498A from Keysight. The power is swept from
-50 to 5 dBm and so is the frequency from 0.1 GHz up to 21 GHz.
Further frequencies are not considered since the bias tee is valid
up to 18 GHz, i.e. the setup itself would limit the performance.
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