o A

ﬂ}

University
of Glasgow

VIA VERITA! s VITA

Cimbri, D., Morariu, R., Ofiare, A. and Wasige, E. (2022) Ino53Gao.47As/AlAs Double-
Barrier Resonant Tunnelling Diodes with High-Power Performance in the Low-
Terahertz Band. In: 2022 Fifth IEEE International Workshop on Mobile Terahertz
Systems (IWMTS), Duisburg, Germany, 04-06 Jul 2022, ISBN 9781665482752

(doi: 10.1109/TWMTS54901.2022.9832442)

This is the Author Accepted Manuscript.

© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must
be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any
copyrighted component of this work in other works.

There may be differences between this version and the published version. You are
advised to consult the publisher’s version if you wish to cite from it.

http://eprints.gla.ac.uk/270501/

Deposited on: 9 May 2022

Enlighten — Research publications by members of the University of Glasgow
http://eprints.gla.ac.uk



http://dx.doi.org/10.1109/IWMTS54901.2022.9832442
http://eprints.gla.ac.uk/270501/
http://eprints.gla.ac.uk/

Ing 53Gaj 47As/AlAs Double-Barrier Resonant
Tunnelling Diodes with High-Power Performance in
the Low-Terahertz Band

Davide Cimbri'*, Razvan Morariu®, Afesomeh Ofiare!, and Edward Wasige1

'High-Frequency Electronics group, Division of Electronics and Nanoscale Engineering, James Watt School of Engineering,
University of Glasgow, G12 8LT, Glasgow, United Kingdom

*davide.cimbri@glasgow.ac.uk

Abstract—In this paper, we present an Ing s53Gag 47As/AlAs
double-barrier resonant tunnelling diode (RTD) epitaxial struc-
ture that features high-power capabilities at low-terahertz fre-
quencies (~ 100—300 GHz). The heterostructure was designed
using a TCAD-based quantum transport simulator and experi-
mentally investigated through the fabrication and characterisa-
tion of RTD devices. The high-frequency RF power performance
of the epitaxial structure was analysed based on the extracted
small-signal equivalent circuit parameters. Our analysis shows
that a 9 pm?, 16 yum?, and 25 pm? large RTD device can be
expected to deliver around 2 mW, 4 mW, and 6 mW of RF
power at 300 GHz.

Index Terms—Resonant tunnelling diode, epitaxial structure,
small-signal modelling, terahertz.

I. INTRODUCTION

ESONANT tunnelling diode (RTD) technology [1] offers

a low-power, low-cost and compact solution suitable to
design ultra-broadband wireless transceivers (TRx) for next
generation high-speed terahertz (THz) (0.1—10 THz [2]) com-
munications [3] [4]. Although indium phosphide (InP) RTD-
based oscillator sources have attained output powers of up ~
1 mW at room temperature (RT) in the 300 GHz-band [5], the
unoptimised epitaxial structure of the RTD device is among the
main reasons that prevents from meeting the radio frequency
(RF) power requirements needed for practical applications.
In this paper, we report about a lattice-matched to InP indium
gallium arsenide/aluminium arsenide (Ing 53Gag 47As/AlAs)
double-barrier RTD epitaxial structure with high-power per-
formance in the low-terahertz range (~ 100—300 GHz). Based
on the simulation study we reported in [6], we designed
and optimised the heterostructure for high-power operation.
RTD devices were fabricated and characterised to extract the
associated static current density-voltage JV characteristic and
small-signal equivalent circuit parameters, from which the
high-frequency RF power performance of the heterostructure
was investigated.

II. PROPOSED RTD EPITAXIAL STRUCTURE

The epitaxial structure featured an Ing53Gag 47As/AlAs
double-barrier quantum well (DBQW) and it was designed
and optimised to achieve moderate current density operation
(J, ~ 150 — 250 kA/cm?), which allows the employment of

large mesa areas A > 1 um?, low peak voltage V,, < 2V, and
large valley-to-peak voltage difference AV =V, —V, > 0.5
V. The wafer structure was grown through molecular beam
epitaxy (MBE) by Intelligent Epitaxy Technology (IntelliEPT)
Inc. on a 3” semi-insulating (SI) InP substrate.

A. RTD devices fabrication

RTD devices with square top mesa area A = 3x3 um? were
fabricated solely with optical lithography with the exception
of the top contact, which was patterned through electron-beam
lithography (EBL) for accurate shaping. Ohmic contacts based
on a titanium/palladium/gold (Ti/Pd/Au=20/30/150 nm) metal
stack and bond-pads (Ti/Au=20/400 nm) were evaporated
through electron-beam physical vapour deposition (EB—PVD),
while mesas were defined through anisotropic chemical wet
etching (H3PO4:H202:Hy0=1:1:38), where the associated lat-
eral undercut was estimated to be § ~ 3.5 ym? and confirmed
through scanning electron microscopy (SEM) analysis, result-
ing in a fabricated A ~ 5.5 ym?. Passivation and via opening
were carried out using Polyimide (PI—2545) and reactive ion
etching (RIE). A photomicrograph and an SEM image of a
fabricated device are shown in Fig. 1.

B. RTD devices characterisation

The devices were characterised using a B1500A Semicon-
ductor Device Parameter Analyzer from Keysight Technolo-
gies. The extracted heterostructure electrical quantities are
shown in Table I, while the associated static JV characteristic
is shown in Fig. 2, where J, ~ 195 kA/cm? = 1.95 mA/um?,
Jy ~ 0.57 mA/um?, AJ ~ 1.38 mA/um?, PVCR ~ 3.5,
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Fig. 1. In a), a photomicrograph of a fabricated RTD device. In b), an SEM
image zoom in over the opened via.




TABLE I
RTD EPITAXIAL STRUCTURE ELECTRICAL QUANTITIES

Jp [mA/pm?]  J, [mA/pm?]  AJ [mA/um?]  PVCR  V, [Vl Vi [VI AV [V] G, [mS/um?] v [THz]  C7,, [fF/um?]
1.95 0.57 1.38 35 1.36 2.55 1.20 -3.0 4.14 5.85
* Estimated in the NDR region.
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Fig. 2. Measured static JV characteristic and associated modelled NDR
region of the analysed RTD heterostructure.
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Fig. 3. RTD device and bond-pad small-signal equivalent circuit.

Vp~136V,V,~255V,and AV ~1.2 V.

To determine the high-frequency performance of the proposed
epitaxial structure, an estimate of the capacitance C,;q is
also required, where Cryq ~ Cgq + Cyy [7], where Cq =
€rtd/trta 1s the depletion capacitance (being €,;4 and &4
the equivalent dielectric constant and thickness associated
with the heterostructure depletion regions, respectively) and
Cow(V) = Gra(V)/v. is the quantum capacitance (being
G+q the differential conductance and v, the electron escape
rate from the quantum well (QW) to the collector, which is
assumed bias independent), on-wafer one-port S-parameters
measurement was carried out after accurate calibration in the
frequency range 10 MHz—110 GHz using an E8361A PNA

S11 atvV=03V

Sﬁ measured

_S” modelled

Fig. 4. In a), measured and modelled real and imaginary parts of Z11 in
the frequency range 10 MHz—110 GHz at V' = 0.3 V. In b), measured and
modelled S11 in the frequency range 10 MHz—110 GHz at V' = 0.3 V.

TABLE 11
RTD DEVICE AND BOND-PAD SMALL-SIGNAL PARAMETERS AT V' =0.3 V

Cy [F]
175

Ly [pH]
20.8

Rs [Q]  Gria [mS]
42.1 24

Crtd [fF]
27.3

Lguw [nH]
0.13

vector network analyser (VNA) working in the frequency
range 10 MHz—67 GHz, an N5250 millimetre head controller,
and frequency extenders N5262A working between 67—110
GHz, all from Keysight Technologies. A coplanar waveguide
design with characteristic impedance Z, = 50 {2 was adopted
to realise the RTD bond-pads in order to match with the
employed RF ground-signal-ground (GSG) probe from GGB
Industries Inc., featuring 100 pum pitch.



TABLE III
EPITAXIAL STRUCTURE HIGH-FREQUENCY RF POWER PERFORMANCE

Tabgw [ps] ¢ [fs] Tin [ps] fi [THz] PRE mazx Prr (100 GHz) Prr (200 GHz) Prr (300 GHz)
0.24 14 0.25 1.39 0.31 mW/pm? 0.31 mW/um? 0.30 mW/pum? 0.29 mW/um?
pe [Q pm?] Jmaaz [GHz] Trtd [ps] fe [GHz] Prpmax Prp (100 GHz) Prp (200 GHz) Prp (300 GHz)
13 405 0.63 396 0.31 mW/pm? 0.29 mW/um? 0.22 mW/pm? 0.12 mW/pm?
8 520 0.51 493 0.31 mW/um? 0.30 mW/um? 0.25 mW/pm? 0.18 mW/um?
2 1050 0.30 840 0.31 mW/um? 0.31 mW/um? 0.29 mW/um? 0.26 mW/um?
Modelled G, , and C,, , in the NDR region The NDR region of the static JV characteristic was then
0 ‘ ‘ ‘ ‘ 59 modelled through a 6th-order polynomial function to retrieve
05 15.8 Gyriq = dJ/dV, as shown in Fig. 2, and C,.;q was then finally
< 157 extracted, as shown in Fig. 5. Good match between modelled
3 A £ and measured G4 values at the analysed PDR bias points
Ugj 156 £ was met. The estimated G,y and C,;q in the NDR region
% 15 155 % were ~ —3.0 mS/um? and ~ 5.85 fF/um?, respectively.
% 2 154 g C. RF power analysis
8 25 188 0 Table III shows the high-frequency RF power performance
15.2 of the proposed RTD epitaxial structure. The intrinsic response
3L ‘ ‘ ‘ I ‘ 54 frequency limit f; [9]:
1.4 1.6 1.8 2 2.2 2.4
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Fig. 5. Modelled (negative) differential conductance G,.;4 and capacitance
C'rtq in the NDR region of the analysed heterostructure.

Since the devices exhibited instability within the negative
differential resistance (NDR) region due to low-frequency
parasitic oscillations caused the bias line inductance, the
extraction was carried out following the approach described
in [8]. First, S-parameters were measured in both the first and
second positive differential resistance (PDR) regions to extract
V.. To do that, a small-signal model, including the bond-pad
and the RTD device, was employed, which is depicted in Fig.
3, and comprised of the bond-pad inductance L,, and capaci-
tance C),, and the RTD series resistance [?; ~ R. (where R, is
the Ohmic contacts resistance), differential conductance G,.;q4,
capacitance Cy¢q, and QW inductance Lg,,. The bond-pad
resistance R, was omitted since negligible (estimated to be ~
0.2 ). The model was imported in Advance Design System
(ADS) from Keysight Technologies and the measured S7; and
converted Z;; parameters fitted at different bias points. An
example of fitting at V' = 0.3 V is shown in Fig. 4, while
the associated extracted small-signal parameters are reported
in Table II, where C, ~ 17.5 {fF, L, ~ 20.8 pH, R, ~ 42.1
Q, Grig ~ 2.4 mS, Cryg ~ 27.3 fF, and Ly, ~ 0.13 nH. The
extracted Cy and v, were ~ 5.1 fF/,um2 and ~ 4.14 THz,
respectively, after correcting with the parasitic capacitance
associated with the passivation layer, which was estimated to
be ~ 1.6 fF for the fabricated RTD devices.

1
fim

~ —
4Tin

)

was estimated to be ~ 1.39 THz, where 7, = Tapquw + 7¢/2
is the electron total intrinsic delay time across the RTD
heterostructure [12], Tgpqw i the tunnelling time across the
DBQW region, which was estimated to be ~ 0.24 ps from the
simulated transmission coefficient resonant peak full-width at
half maximum (FWHM) energy broadening I'; ~ 3.8 meV of
the first quasi-bound state energy level E4, which is shown
in Fig. 6, while 7, is the transit time across the depletion
regions, where 7;/2 was estimated to be ~ 7 fs assuming the
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Fig. 6. Simulated transmission coefficient resonant peak associated with Ey
at room temperature (7" = 300 K), outlining the related energy broadening
I'y ~ 3.8 meV.



TABLE IV
RTD HIGH-FREQUENCY RF POWER PERFORMANCE

pe [ pm2] A [um2]  Prpmes MWl Pgp (fop = 100 GHz) [mW]  Pgp (fop = 200 GHz) [mW]  Pgp (fop = 300 GHz) [mW]
9 2.8 2.6 2.0 1.1
13 16 5.0 4.6 35 1.9
25 7.8 73 55 3.0
9 2.8 2.7 23 1.6
8 16 5.0 438 4.0 2.9
25 7.8 75 6.3 45
9 2.8 2.8 2.6 23
2 16 5.0 5.0 4.6 42
25 7.8 7.8 73 6.5

Ing 53Gag.47As electron saturation velocity ve s ~ 3% 107 cm/s
[9], giving a total 7, ~ 0.25 ps.
While the maximum RF power Prr 4. is given by [10]:

3
PRF,maw ~ EAJAV (2)

and was estimated to be ~ 0.31 mW/um?, the RF power at
high-frequency Prp can be approximated as [11]:

PRF ~ PRF,maa: 005(27Tfop7-in) (3)

(being f,, the operation frequency) which is shown in Fig. 7,
and was estimated to be ~ 0.31 mW/um?, ~ 0.30 mW/um?,
and ~ 0.29 mW/,um2 at f,p, = 100 GHz, 200 GHz, and 300
GHz, respectively.

The cut-off frequency limit of the RTD device due to external
parasitics can be modelled through the extrinsic delay time
Tez, Which can be approximated as [12]:

~ 7-‘—Cvrtcl Pec
2 Grtd

“4)

being p. = R:A, where A is the RTD top mesa area and
R. = Ry + Rep = pe/(A+ Ap) (being R, and R, the
contact resistances associated with the RTD top and bottom
Ohmic contacts, respectively, while A; is the bottom contact
area), where R, ~ R, since the ratio R.;/R., = Ap/A
was estimated to be ~ 22 for the fabricated devices. In this
context, the device maximum oscillation frequency f,q4, can
be approximated as [13]:

1 ~ Grtd 1
47—61 ~ 27TCrtd RsGrtd

Although no pre-evaporation surface de-oxidation was carried
out in this work during Ohmics fabrication, where the ex-
tracted p. was ~ 202 Q um? from the measured S-parameters,
simple cleaning procedures can lead to p, ~ 13 Q um? [14],
while optimised approaches can lower it down to ~ 1 € ym?
[15] employing the same metal stack. For instance, 7., was
estimated to be >~ 0.60 ps, >~ 0.47 ps, and ~ 0.24 ps assuming
pe =13 Q pm?, 8 Q um?, and 2 Q um?, respectively, which
correspond to fqar =~ 405 GHz, ~ 520 GHz, and ~ 1.05
THz, respectively.

frmaz = 1 (5)
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Fig. 7. RF power versus operation frequency fop of the proposed RTD
heterostructure .

The total delay time 7,;4 due to both intrinsic and extrinsic
contributes is then given by [12]:

Trtd =\ Tin + T2 (6)

and was estimated to be ~ 0.63 ps, >~ 0.51 ps, and ~ 0.30
ps assuming p. = 13 Q um?, 8 Q um?, and 2 Q pm?,
respectively, which correspond to cut-off frequencies f. [9]:
1
. 7
[ T (7
of ~ 396 GHz, ~ 493 GHz, and ~ 840 GHz, respectively.
The high-frequency RF power performance of the RTD het-
erostructure is therefore given by:

Prr =~ PRF,mam COS(QﬁfopTrtd) (8)

and was estimated to be ~ 0.29 mW/,umz, ~ (.22 mW/qu,
and ~ 0.12 mW/um? with p. = 13 Q pm?, ~ 0.30 mW/um?,
~ 0.25 mW/pm?, and ~ 0.18 mW/um? with p, = 8 Q um?,
and ~ 0.31 mW/um?, ~ 0.29 mW/um?, and ~ 0.26 mW/um?



with p. = 2 Q pm? at f,, = 100 GHz, 200 GHz, and 300
GHz, respectively, as shown in Fig. 7.

Table IV shows the RF power performance at high-frequency
of RTD devices with different mesa area and for different p.
values employing the proposed epitaxial structure. Based on
the aforementioned analysis, 9 um?, 16 ym?, and 25 pm?
large devices can provide RF powers of up to ~ 2.8 mW,
~ 5.0 mW, and ~ 7.8 mW at f,, = 100 GHz, ~ 2.6 mW,
~ 4.6 mW, and ~ 7.3 mW at f,, = 200 GHz, and ~ 2.3 mW,
~ 4.2 mW, and ~ 6.5 mW at fop = 300 GHz, respectively.

III. CONCLUSIONS

In this work, we designed and experimentally investigated
a proposed high-power Ing53Gag 47As/AlAs RTD epitaxial
structure. The RF power performance of the epi-layer was
analysed through the extracted small-signal parameters of
the fabricated and measured RTD devices. Results indicate
that a 9 pm?, 16 pm?, and 25 pm? large device can be
expected to deliver an RF power in excess of 2 mW, 4
mW, and 6 mW at 300 GHz. Future work will focus on
the employment of the proposed or similar heterostructures to
realise oscillator sources and investigate the associate output
power performance at low-THz frequencies.
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