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Dielectric-Doped 2D Tellurium Diodes for Zero-Bias Radio

Frequency Power Detection
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Enrique G. Marin, Michael M. Adachi, and Renato Negra

This work presents a 2D tellurium (Te)-based diode that exploits the doping
achieved by atomic layer deposited (ALD) Al,O; to enhance its rectifying
performance. The proposed device comprises a Schottky junction that is
dielectric-doped to significantly reduce the reverse bias current. A boosted
current responsivity four times higher compared to that of undoped devices is
achieved, maximizing the performance for radio frequency (RF) power
detectors. The application measurement results demonstrate sensitivities as
low as —45 dBm, and at —30 dBm RF input power outstanding tangential
responsivities up to 6.5 kV W-1, 4.3 kV W-', and 650 V W-' at 0.5, 1, and

2.5 GHz, respectively, while reaching linear dynamic range (DR) of over 30 dB.
These are the highest reported values for 2D-based material devices by almost
two orders of magnitude. Furthermore, the DR is ~10 dB larger compared to

as 700 cm? Vs~!, higher than that of tran-
sition metal dichalcogenides (TMDs),
while being environmentally stable un-
like black phosphorous (BP)."! Yet, due
to the novelty of the material, the engi-
neering of tellurene-based devices is still
in an early stage and the majority of re-
search has targeted low-frequency p-type
transistors or photodiodes.'! Neverthe-
less, two different works have shown out-
standing performances of 2D Te. First,
its application in RF, field-effect transis-
tors (FETS) reaching a cutoff frequency,
fr, and a maximum oscillation frequency,
fuaxe of 1.4and 3.6 GHz, respectively.l?!

state-of-the-art power detectors based on bulk semiconductors.

1. Introduction

2D tellurium (Te) or tellurine has become a promising can-
didate for the next generation of 2D electronic and optoelec-
tronic devices.l'3] Naturally p-type, it has hole mobility as high
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Second, the demonstration of Te-based
complementary FETs exhibiting symmet-
rical performance can be achieved by
ALD oxide doping.’! In this work, both
features are combined and exploited in the design of a rectify-
ing diode targeting the implementation of power detectors for
RF front-end applications.

The narrow bandgap of multilayer Tel*! is a promising prop-
erty to implement zero-bias diodes for low-power applications.!*]
However, metal-Te Schottky junctions alone might not be suf-
ficient for achieving a performance comparable to that of bulk
technologies when used as power detectors. The reason is that
the reached asymmetry of the rectifier and, consequently, its
responsivity,l°] are limited by the height of the potential barrier
formed at the contact. To overcome this effect, this work proposes
a Te-based diode that exploits a dielectric doping technique, i.e.,
the deposition of an oxide on top of the metal-Te contact to al-
ter the barrier height without the need of chemical doping. This
way, the dielectric itself is used to modulate the metal and/or Te
work functions. To quantitatively evaluate this effect in the rectify-
ing performance, the undoped counterpart is also fabricated and
the behavior of both types of devices is compared. The physical
modeling of the devices and the achieved measurement results
demonstrate that precise engineering of the contact between the
metal and the low-dimensional Te is crucial in the achieved rec-
tifying capabilities.

2. Results and Discussion

The two 2D-Te diode architectures studied are presented in
Figure 1a,b. The first rectifying device, shown in Figure 1c, con-
sists of a Pd-Tellurium-Ti heterostructure, labeled as TM due to
the Te-metal Schottky junction formed with the Ti contact.l! The
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Figure 1. The 2D Te-based RF diodes. a) Cross section of the Schottky Te-metal (TM) device. b) Cross section of the PN-TM device. The ALD oxide placed
on top of the Ti-Te contact seeks to alter the Schottky barrier by producing n-type doping. c) Micrograph of the TM diode. An active area for the TM
device of 34.7 um? is measured, corresponding to the flake region underneath the Ti electrode. The scale is 13 um. d) Micrograph of the PN-TM device.
Although the Te flake is underneath the metal pads, it can be observed. An active area for the PN-TM device of 106.8 um? is measured, and the scale is
13 um. e) Predicted (red solid lines) and measured (blue dashed lines) I-V characteristic curves in linear scale and J-V in logarithmic scale of the TM

diode, and f) PN-TM diode, used to extract the typical detector FOMs. The

second type, fabricated as detailed in the Experimental Section,
relies not only on the Te-Ti Schottky barrier but it incorporates
an additional ALD dielectric placed around the Schottky junction
to explore its impact on the rectifying performance. This tech-
nique seeks to produce an n-type doping at the Te-flake, naturally
a p-type semiconductor, by inducing the charge transfer from the
AL 0,9 In the literature, dielectric doping has been reported
for different 2D materials, including MoS,,I”! BP,®l and as previ-
ously mentioned, it has already been exploited in Te-based com-
plementary transistors.}] The micrograph of the device, named
for that reason PN-TM diode, is shown in Figure 1d. The mea-
sured [-V and J-V characteristic curves of the TM and PN-TM
diodes are shown in Figure le(f, respectively. While in the for-
ward bias region the current increases linearly for both devices,
at reverse bias, a clear difference in the magnitude of the reverse

simulation curves correspond to the obtained results from Equation (6).

current density is observed. In particular, the reverse current den-
sity in the case of the PN-TM device is one order of magnitude
lower than for the TM counterpart, which straightforwardly im-
pacts on the device asymmetry.

This highly asymmetric behavior of PN-TM technology, cru-
cial for rectifying purposes,®1° is additionally verified by the
three rectifying figures of merit (FoMs),l'!! calculated and plot-
ted in Figure 2. While the asymmetry (fysyn = [Jpomara/Jreversel)
increases linearly up to 150 at 1 V in the case of the PN-TM
device, it is limited to 10 for the TM device. As previously dis-
cussed, this effect is a direct consequence of the dielectric dop-
ing technique applied at the Schottky contact surrounding. How-
ever, the nonlinearity (fy, = (dJ/dV)/(J/V)) is similar for both de-

vices with a maximum limited to 1.7. This is a consequence of

the relatively high series resistance, present in both devices. This

200 T T 15 T T
a) v PN-TM diode b) C) v Vv PN-TM diode
A TM diode 1oly A TM diode
= v
T = 555 51 %
s > 4 AN
: s OWM“J’
= 2] Ve VYVAVA
o o
=z % 5F
[0}
05} T
- 10}
V¥ PN-TM diode A
AAMAN A TM diode
-15
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Voltage (V) Voltage (V) Voltage (V)

Figure 2. Rectifying figures of merit for TM and PN-TM diodes used as power detectors. a) Asymmetry, b) nonlinearity, and c) responsivity.

Adv. Electron. Mater. 2024, 2400210 2400210 (2 of 8)

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

85U0 | SUOLLLIOD BAERID 3|l |dde au) Ag pausenoh a1 sapile YO 88N JO S3IN1 104 Akeiq 1T 3UIIUO AB|1/ UO (SUONIPUOD-PUR-SLUBY WO A8 | M- Ale.q U1 IUO//SARY) SUOIPUOD PUe SWS 18U} 885 *[20¢2/20/9T] uo Ariqiauliuo A8|IM ‘AisieAiun Jeseld uowis Aq 0TZ00Z02 W Be/Z00T OT/10p/LI0d Ao 1M Akeiqjpul uo// Ay Wo1) papeo|umod ‘0 *X09TE6TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

Open Acces:

&

www.advancedsciencenews.com

a) RF source

11

i
Internal
Bias-T

S

—_
o

b)

Tangential Responsivity (V/W)
<)
—Cr
1
|
[ |
' m
1
1
'y
.
1
1 P
1
. -
[

e
o
N

_.
.o
ol

Frequency (GHz)

www.advelectronicmat.de

DUT Bias-T

Voltmeter

I R,=1MQ

S
v

(@)
~
5
>%

103F -30dBm
fagg =015 GHz

Tangential Responsivity (V/W)

107 10° 10°

Frequency (GHz)

Figure 3. Power detection measurements. a) Power detector test setups. The common blocks for both setups are shown in black, and the added block
for the second setup is shown in dashed lines. b) Tangential responsivity results at —30 dBm for the TM diode, and c) for the PN-TM diode. The cuttoff
frequency is defined as the frequency where the power drops 3 dB, and corresponds to 0.15 GHz under small-signal conditions as shown in the results
without matching (blue square markers). When the impedance tuner is used, the performance improves up to a factor of three (red star markers). The

matching is tuned at each frequency.

resistance, partially originated by the contact resistance to the
flake, is further studied with the RF characterization and the ex-
tracted equivalent circuit as shown in Figures S1and S2 (Support-
ing Information). Finally, the third FOM, the current responsivity
(fres = (d*]/d*V)/(2(d]/dV))), and a major representative of the
expected rectification performance, is calculated. Both devices
reach a maximum at 0 V, demonstrating the high potential for
zero-bias power detection. However, for the PN-TM diode the ob-
tained value is above 12 A/W, an exceptional result for thin-film
technologies,"!! versus the 3 A/W of the TM diode.

Regarding the expected frequency performance, from the RF
characterization detailed in the Experimental Section, the cutoff
frequency, f., defined as the frequency at which the power reach-
ing the junction resistance of the diode is halved, can be esti-
mated at the quiescent point of interest, 0 V, to range between
25 MHz and 0.14 GHz for small-signal applications for the TM
diode, and between 4.5 MHz and 0.13 GHz for the PN-TM diode.
This approximation is in good agreement with the outcome from
power detection measurements without impedance matching, as
will be shown.

Based on these results, and the high rectifying potential of the
devices, two power detector setups are investigated in this work,
as shown in Figure 3a. First, the diodes are connected without
any input matching to the RF source. At the output, a bias-tee
acts as a low-pass filter and drives the rectified current to the
voltmeter. This method has been previously used to character-
ize the extrinsic cutoff frequency of 2D-based diodes.!'?] Due to
the lack of matching, i.e., the impedance of the diodes is much
higher than the 50 Q of the source, the delivered power to the
diode is much less than available from the source. Neverthe-
less, the tangential responsivity (dV,,/dP,,) at —30 dBm reaches
up to 870 V W' in the TM diode, while it is higher than 2 kV
W in the PN-TM device within the bandwidth, as shown in

Adv. Electron. Mater. 2024, 2400210 2400210 (3 of 8)

Figure 3b,c, respectively. The corresponding output voltage mea-
surements at —30 and 5 dBm are plotted in Figure 4a,b for the
TM diode and Figure 4c,d for the PN-TM counterpart, respec-
tively. The measurement results additionally demonstrate the
shift of the achieved bandwidth due to the large-signal operation.
At —30 dBm (Figure 4a,c), the output voltage shows a decrease
factor of 0.7 at 0.5 and 0.15 GHz in the TM and PN-TM diodes,
respectively, in better agreement with the calculated f.. Coher-
ently, this value is maintained at —20 dBm as shown in Figure 4c.
However, at 5 dBm (Figure 4b,d), the small-signal assumption
does not hold and the diodes are presenting over 0.8 V output
DC voltage, which is also changing the quiescent point due to a
self-biasing effect. Consequently, at higher powers, f, increases to
0.85 and 0.7 GHz for TM and PN-TM rectifiers, respectively. Nev-
ertheless, it should be noted that beyond f,, the responsivities at
1 and 2.5 GHz still reach 316 and 88 V W in case of the PN-TM
diode, respectively.

The second power detector, including a reactive matching net-
work by an impedance tuner at the input (Figure 3a), is tested
on the PN-TM diode only due to the so far demonstrated supe-
rior performance. Since the tuner is a narrow band, the match-
ing is only valid at a single frequency, so that the characteriza-
tion of the rectifying performance at different frequencies im-
plies the optimization of the matching network. Limited by the
impedance tuner, the lowest tested frequency is 0.15 GHz. As
shown in Figure 3D (Figure 4c for the PN-TM device), the respon-
sivity (output voltage) at —30 dBm, 1 uW input power, improves
up to 6.5 kV W' (6 mV) at 0.5 GHz, which is three (six) times
the achieved performance without matching. Furthermore, at 1
and 2.5 GHz up to 43 kV W' (3 mV) and 650 V W' (1 mV)
are demonstrated, respectively. At 5 dBm of input power, the ef-
fect of the impedance tuner translates to an exceptional output
voltage of 2 V, as shown in Figure 4d. Then, Figure 5a,b shows

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Output voltage over frequency under different input powers. For the TM diode, output voltage at a) =30 dBm and b) 5 dBm. For the PN-TM
diode, c) output voltage at —20 and =30 dBm over frequency. At such small input powers, the cutoff frequency remains constant. When the tuner is used
at—30 dBm (star markers) the performance improves up to six times depending on the efficiency of the matching. d) Output voltage rectified by PN-TM
device at 5 and 0 dBm over frequency. At such higher input powers, the large-signal behavior shifts the cutoff frequency up.[>"3] When the tuner is used

at 5 dBm (star markers), the output voltage increases up to a factor of two,

i.e., since the quiescent point also shifts due to self-biasing, the responsivity

decreases and the improvement factor is less compared to the results at -30 dBm.

the output voltage over input power for both setups, respectively.
While the diodes show responsivities in the same order of bulk
technologies, within their bandwidth they are also comparable to
more complex and active circuits in terms of DR and sensitivi-
ties, which are over 30 dB and —45 dBm, respectively.['*] Table 1
summarizes the performance of different devices based on vari-
ous materials and their applications. However, it should be high-
lighted that the measurement setup is critical for the obtained
results, and this table merely provides a compact reference to the

a) —0.15 GHz wo/Tuner
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1 GHz wo/Tuner
—— 2.5 GHz wo/Tuner

g
[0} 10-2 1
=)
3
o
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107 1
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-50 -40 -30 -20 -10 0
Input Power (dBm)

state-of-the-art. Based on these results, Te shows potential as a
power detector. Nevertheless, work is still needed to enable wafer-
scale synthesis of the flakes, as well as better control of their
size. This is crucial for statistical analysis of the processes and
the performance of the device, not carried out in this work pre-
cisely for that reason. Furthermore, a better control on the flake
can help to reduce the contact resistance, which is the limiting
factor in terms of frequency capabilities. An analysis regarding
the trade-off between the width of the flake in terms of series

b)

——0.15 GHz w/Tuner

——0.5 GHz w/Tuner
1 GHz w/Tuner

—2.5 GHz w/Tuner

-50 -40 -30 -20 -10 0
Input Power (dBm)

Figure 5. Absolute output voltage over RF input powers for the PN-TM diode in logarithmic scale, when a) there is no matching and b) the impedance
tuner is used. The power sensitivity is below —45 dBm while the dynamic range reaches up to 30 dB without matching and slightly decreases when the
tuner is used. This is a direct consequence of the self-biasing effect that shifts the quiescent point of the rectifier under higher input powers.
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T resistance reduction and increase of the junction capacitance is
o .
S - o still needed.
gl L Finally, to provide further insights about the electrical per-
[ formance of the TM and PN-TM heterostructures, a theoreti-
é cal physics-based model to qualitatively interpret the transport
3 of both devices is developed. The predicted I-V and J-V curves
ff. are also depicted in Figures lef (red solid lines) showing an
n % outstanding agreement with the experimental measurements for
3 - =2 both devices. First, the physical principles defining the operation
SRS of the TM rectifier are presented, then the resulting change in
Q. - X . . .
8 ~ T2 the device behavior due to the presence of the Al,O; layer in the
oo rectifying contact is discussed.
8 According to the experimental and computational evaluations
X of Pd and Te work functions, the Pd-Te junction is assumed to
~ form an ohmic contact.l'®] In particular, the considered work
£ & function of Pd, ¢p4 = 5.67 eV,['7] is significantly larger than the Te
3 Y electron affinity, 5, = 4.3 eV,[*®! and their contact forms a dipole
=le © 28 g layer (contact gap) at the Pd-Te interface, which produces a charge
B S transference that keeps the Fermi energies aligned and results in
>|° S f § E 2 a highly p-doped Te. The electrostatics of the Pd-Te contact are
NI described by:
@ © oS
2 o
o
e Eg,Te V., = QTe(Vch) + Qxes 1
= d’l’d_)»/Te_ 2 — VYch = C ()
3 S 1w R 1 o q gap,Pd—Te
|- ~
< Lo Eyre .
o | o . @ where the Te work function is ¢p, = yp. + == + Vi, with yp. =
0% - Z 22 g *g 4.3eV and E, . = 0.38eV,["”] the electron affinity and bandgap.
g|é& & g 5 Additionally, Vy, = —(E; — E,)/q, with E, the Fermi level, E; the
< %3 intrinsic energy, and g the elementary charge. C,,, pq is the capac-
o) o < o X & ¢ itive coupling originated at the contact gap, Q... = —35mCm™
S - gl g is the residual charge density due to additional fixed charge that
— < . = . ays . .
§ NIl owes to impurities or uncontrolled doping, and Qr, (V) is the net
. °°ls charge density in the Te-channel, which is calculated assuming
g g S g 2|¢ the effective mass approximation and employing Fermi-Dirac
S D =228 statistics at the conduction and valence bands:>%"]
S - T :
e egyeold o 2
- 8 8 % g¢g|° o S
2 < ] L::T' g EJ § g Qnet(vch) = qvtcdq,p 10g T+e ® - qvt qu,n 10g 1+e " (2)
S ¢ ¢ T 88|38
b= o Q.
S i £
= = =1
& g £ Here V, = k;T/q = 25.4 meV is the thermal voltage, with kg
©
@ -~ = = = | € the Boltzmann constant, T = 300 K the temperature, and C
o bl I | © X ™ P dq, n
= o |~ = - - - o . .
g |z - S S|% =¢"Dy , (Caq,p = 4°Dy,,) is the de:generated-_qugntum capaci-
o 5 < tance for electrons (holes), representing upper-limit values under
0 i 2 . rioe [21]
g s = heavy degeneration densities.!*!] There,
& =
o E |~ | = - o2
< o - — | O - )
3 ,\3 3_ DO,n = ge,l(meyl/ZﬂIh ) (3)
5 z =z _zz ek and
a 8182828 % 3]s
S l1Flg=g=58 3l + 2 2
5 BT8R RG Dy = g1 (1, /271) + g5 (m, /2uh*) expl-AE, ,_,/kyT] (4)
e} ola
lad = . .
c | _ © e g are the effective density of states at the edge of the conduc-
2 s g g Q8¢ o e : tion and valence bands respectively, with 7 standing for the re-
2 | 8 S g
3 | £z g g = k= duced Planck constant. The terms g, ; =4, g, =2, g, , = 2
§ ] z are the degeneracy factors, and m? = 0.085m,, m; = 0.5m,,
= %l m; = 0.1m,,['#?>%8] the conduction band and valence band ef-
2 B B : St fective masses at the first and second valleys, respectively, in the
< 2= 222 EfEls vicinity of the symmetry H-point in the case of Tellurium,[?2?°]
Adb. Electron. Mater. 2024, 2400210 2400210 (5 of 8) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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with m, the electron rest mass. The significance of the valence
band second valley is notable due to the energy proximity be-
tween valleys, AE, | _, = 0.15eV,[**®] just few k, T1***!] at room
temperature. However, in the conduction band, the second val-
ley is significantly distant in energy (AE, ; _, =1.12eV) and can
be disregarded for practical purposes.!?* Solving Equation (1) for
the TM device, results in V,, = 0.32 eV, meaning that the p-type
Te is degenerated (V, > E, 1./2). Additionally, the ohmic contact
between the Pd and Te is confirmed as ¢pg > ¢re.

On the other hand, when analyzing the rectifying metal-
semiconducting (MS) Ti-Te contact, the Te-flake thickness t; ~
160 nm results in the formation of a depletion layer between
the interface of the Ti metal and the neutral Te flake region un-
derneath. Consequently, a built-in potential (¢y,) is formed with
a corresponding Te depletion-layer thickness (W,,,). Thus, the
electrostatics of the MS Ti-Te contact can be understood by solv-

ing the potential loop at such interface:

Eg,Te —V. + ¢ — QTe(Vch - d)bi)
Zq < " Cgap,Ti—Te

O — Xre — (5)

with ¢p; =4.327 eV. The current density through the MS junction
is then attributed to the thermionic emission of carriers above the
barrier materials®! as:

Cd V2 b Vbias
Yt -D
n=q e <e ™ —1> (©)

where ¢, is the Schottky barrier height (SBH); # is the ideal-
ity factor; and Cyy = 1/CyqunCaqp- In the case of the TM-device,

¢,; varies (with bias) from 0.4 to 0.26 €V, as can be observed in
Figure S3 (Supporting Information) (red solid line). Hence, the
corresponding variation of the depletion-layer thickness, Wy, =

\/zque(pbitTe/ (Ore(Va)), ranges from 25 nm to 30.8 nm within

the voltage window from -1.5 and 1.5 V. These results confirm
the partial charge depletion in the Te: Wy, < tr.. Figure S3 (Sup-
porting Information) also shows the potential energy V, — ¢y,
(blue solid line) ranging from -85 to 53 meV, i.e. the Te Fermi
level at the Ti-Te interface is located within the bandgap (i.e.,
within +E, r./2), bringing to light that a depletion layer appears
at the Te-channel close to the Ti-Te interface. The rectifying con-
tact is also confirmed with ¢; < .. Thus, the transport proper-
ties of the Schottky contact are strongly dependent on the shape
of the potential energy barrier and several physical effects can al-
ter this shape, being an image barrier lowering the most impact-
ing. This effectis estimated here according to the model proposed
by some of the authors in Refs. [5, 32] and results in a Schot-
tky barrier lowering (SBL) ranging from 29.5 to 26.8 meV within
the considered bias window. Figure S3 (Supporting Information)
also shows the bias-dependent barrier, ¢,, behavior (black solid
line). In particular, for Vi, < 0 the barrier from the metal to the
Te channel dominates, ¢y, ,, = yr. + E; r. — ¢r; — SBL. Except
for the slight effect of the SBL, ¢, , is fixed, as it is observed in
the bias dependence of the reverse current density in Figure 1le.
However, for Vi, > 0, the barrier seen from the Te channel to
the Ti metal dominates, ¢, 1. = ¢, which is highly bias-tunable
(black solid line in Figure S3, Supporting Information), causing
a large modulation in the forward current (Figure 1e).
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In regard to the PN-TM device, although the same theoretical
framework holds, adjustments of the parameters affected by the
charge transfer from the Al,O, are required. These are: 1) the
residual charge density, Q,., py = —42mCm™2, corresponding to
a effective n-type doping of the Te flake ny; ,, = 2.62 X 10"%cm™,
and 2) the Ti work function which is slightly reduced by Ay, =
77meV, ie. oy py = Gy — Ady = 4.25eV. The latter effect mean-
ing that the ALD Al,O; on top of the metal electrode can lower
its work function by inducing surface dipole formation, facilitat-
ing charge transfer, causing band bending, and passivizing sur-
face states, which collectively reduces the energy required to re-
move electrons from the surface. These two combined effects ul-
timately increases the Schottky barrier at reverse bias ¢, ,, px.1m
= Y1 + Eg 7o — G5, py — SBL. Therefore, this behavior of the bar-
rier that can be controlled by the doping oxide is responsible of
the rectifying performance enhancement in terms of asymmetry
and responsivity that has been empirically demonstrated.

This work presents a 2D-Te-based diode specifically engi-
neered for power detection in low-power front-ends. The device
exploits the observed impact of the Te-flake doping on the rec-
tification performance. Compared to the device without dielec-
tric doping technique, the power detector performance is im-
proved over a factor of two. Furthermore, in particular, for the
PN-TM diode, the measured responsivities are comparable to the
reported in conventional bulk semiconductors while having a sig-
nificantly larger dynamic range. Meanwhile, compared to other
and more mature 2D materials, the responsivity is almost two or-
ders of magnitude higher within the device bandwidths.[1%11:33]
The presented results show an excellent performance up to the
UHF band, which embraces current RFID and Bluetooth among
multiple other communication standards. This device demon-
strates the potential and versatility of 2D-Te, and paves the way
for next generation thin-film RF detectors and rectifiers based on
this material.

3. Experimental Section

PN-TM Device Fabrication: Initially, the 2D Te flakes were prepared fol-
lowing a standard hydrothermal synthesis procedure. First, 0.04895 g of
Na,TeO; and 0.236 g of PVP-55K were added to 16.5 mL of de-ionized
(D) water under magnetic stirring to form a homogeneous solution. Next,
1.66 mL of aqueous ammonia (25% wt/wt%) was added followed by
0.84 mL of hydrazine hydrate (85% wt/wt%). The mixture was sealed in
a 50 mL Teflon-lined stainless steel autoclave and heated at 180 °C for 20
h before naturally cooling it down to room temperature. For purification,
the obtained silver-grey product was washed several times by centrifug-
ing at 5000 rpm for 5 min to remove the remaining PVP. After washing
and purification, the Te flakes were redispersed in DI water. The estimated
achieved thickness of the flakes was between %120 and ~160 nm. Optical
images of other flakes were used to estimate this range by comparing the
appearance of the flake in the device to other flakes for which thickness
was measured by AFM technique.

Then, the PN device fabrication started with drop-casting the 2D Te con-
taining DI water solution on the pre-cleaned quartz substrates (~2 cm x
2 c¢m) and letting it dry. The samples were annealed for 5 min at 90 °C and
after they cooled down they were cleaned further by having them 5 min in
Acetone followed by another 5 min in IPA to then get dried with N2. Us-
ing optical maskless lithography (laser writer) a suitable 2D Te flake was
chosen, and the first contact was patterned and later deposited using e-
beam evaporation of 10 nm (with very slow deposition rate, 0.2° As™") fol-
lowed by 150 nm Au. Titanium was chosen due to its similar work function
with the Te flake to form the rectifying Schottky contact.3] The first contact
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fabrication ended with lift-off process. Next, the local Al,0; was deposited
by ALD after patterning an opening with a laser writer. This partially ex-
posed the part of the 2D Te flake contacted by the first Ti/Au contact, while
leaving about half of the flake unexposed during the ALD process, to be
later contacted with the ohmic second contact (Pd/Au). The ALD process
was carefully designed following directions from earlier studies that re-
ported similar n-type doping of other 2D materials through Al,O; ALD
process. H,0-based deposition using trimethylaluminum (TMA) as the
precursor was adopted, with 300 cycles to achieve a thickness of ~27 nm.
Standard Al,O; ALD processes were usually done at 250 °C, but deposi-
tion temperature of 100 °C was used instead to avoid degradation of the
2D Te flake quality observed at higher processing temperature and asso-
ciated challenges reported in the literature.[34] At the end of the deposi-
tion, lift-off process was used to complete the local deposition of Al,O;.
Studying the effect of the Al,O; ALD deposition temperature and thick-
ness on the rectifying behavior of the PN-TM diode was beyond the scope
of this study and could be carried in a future work. Then, the Pd/Au contact
(10 nm/150 nm) was patterned (like the first contact) on the 2D Te part
of the flake with no Al,O5 deposited, and a lift-off process followed which
completed the fabrication of the device. The use of Pd, which possessed a
large work function, was preferred as ohmic contact with the 2D Te flake
showing a lower contact resistance.l®] It is important to highlight that de-
vice contacts were patterned in such a way to make current flow along the
[0001] direction, reported earlier in the literature to have higher mobility
(1.5% more) than the other [1210] direction.[™]

RF Characterization and Equivalent Circuit Extraction: The RF charac-
terization was carried out by means of S-parameter measurements from
10 MHz to 67 GHz at different bias points between —1 and 1 V. From
these results, an equivalent small-signal circuit was extracted for the TM
and PN-TM diodes at the quiescent point of interest, 0 V, as shown in
Figures S1and S2 (Supporting Information), respectively. The devices pre-
sented a more complex behavior compared to a typical single Schottky
contact equivalent circuit. The calculation of the value of the extracted el-
ements, and the choice of the topology were carried out as pointed out
in Ref. [5]. Likewise, the same procedure as in Ref. [5] was employed to
calculate the f, range.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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