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Abstract— A high-power double-barrier resonant tunnelling
diode (RTD) epitaxial structure in InP technology is reported.
The heterostructure exhibits moderate available current density
AJ ~ 1.4 mA/pm? and large voltage swing AV ~ 1.2 V, resulting
in a maximum RF power Pgr max ~ 0.31 mW/,qu, and over 530
GHz bandwidth, being 25 ym?, 36 ;m?, and 49 ;m? large RTD
devices expected to deliver up to 5 mW, 7 mW, and 10 mW at
300 GHz, respectively. Distributed inductors in both coplanar and
microstrip geometry are designed through full 3D electromagnetic
simulations, proving the feasibility of the proposed approach for
the practical realisation of high-power 300-GHz oscillator sources
employing low-cost optical lithography.

Keywords — Indium phosphide, resonant tunnelling diode,
double-barrier quantum well, heterostructure, low-terahertz
oscillator, RF stub.

I. INTRODUCTION

The resonant tunnelling diode (RTD) is among the main
room temperature (RT) semiconductor candidate devices which
will allow terahertz (THz) technology to be employed in
practical application scenarios, including high-speed wireless
data links [1] and high-resolution imaging and spectroscopic
apparatuses [2]. Currently, RTD-based low-THz (~ 100 — 300
GHz) emitters suffer from low output power operation caused
by the poor epitaxial structure design and wafer crystal quality,
being ~ 1 mW the highest value ever reported for a single
indium phosphide (InP) RTD device around 300 GHz [3].

In this paper, we report about an InP RTD heterostructure
that features high-power capabilities in the 300-GHz band. The
epitaxial structure was designed to achieve several milliwatts
(mW) of RF power and then experimentally investigated.
To prove the practical employability of RTD devices in
real oscillator circuits, both coplanar waveguide (CPW) and
microstrip inductive stubs are designed by means of a complete
3D electromagnetic simulation analysis.

II. RTD HETEROSTRUCTURE

The proposed n-type intraband epitaxial structure
consists of an indium gallium arsenide/aluminium arsenide
(Ing 53Gag 47As/AlAs) double-barrier quantum well (DBQW)
structure featuring moderately-thick AlAs barriers (~ 1.46
nm) and Ings3Gag47As QW (~ 4.39 nm), asymmetric
spacers, and heavily-doped emitter/collector contacts
(Np = 5 x 10" cm™3), grown on top and lattice-matched
to a semi-insulating (SI) InP substrate, which was designed
through a non-equilibrium Green’s function (NEGF)-based
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Fig. 1. SEM image of a fabricated ~ 5.5 um? large RTD. The device
was passivated using polyimide PI-2545, Ohmic contacts were fabricated
employing titanium/palladium/gold (Ti/Pd/Au) metals stacks, while bond-pads
consisted of thin Ti/Au layers.

quantum transport simulation tool [4] to achieve moderate
peak current density .J, ~ 2 mA/um? and large voltage swing
AV > 1 V [5]. The heterostructure was then investigated
through the microfabrication and characterisation of RTD
devices. A scanning electron microscopy (SEM) image of
a fabricated device with top mesa area A ~ 5.5 um? is
shown in Fig. 1. Details of the fabrication process were
reported elsewhere [4], while the electrical characteristics
and high-frequency RF power performance of the proposed
wafer epi-stack are reported in Table 1. Due to the instability
of the measured devices, direct S-parameters measurement
in the negative differential resistance (NDR) region was not
feasible and the capacitance C,;y was retrieved through the
extracted QW-to-collector electron escape rate v. (assumed
bias-independent) in the positive differential resistance (PDR)
regions by modelling the negative differential conductance
(NDC) —G,q(V) through a 6th-order polynomial. The
measured current-voltage (/V') characteristic, as well as
modelled NDC, and associated C,.;; and negative QW
inductance —Lg,,, are reported in Fig. 2, while an example
of fitting of Si; and converted Z;; parameters at V = 0.3
V for the extraction of v. is reported in Fig. 3. To do
that, a simple small-signal equivalent circuit model of the
RTD device, including the parasitic series resistance R,



Table 1. RTD heterostructure electrical properties and RF power performance.

AJ [mA/pm?] AV [V] -Gz, [mS/pm?]  C7,, [fF/um?]
1.38 12 -3.0 5.85
Ti** [ps] f:* [THz] PrFmax Prr (300 GHz)
0.33 0.77 0.31 mW/pm? 0.26 mW/pm?
pe [ pm?] fmaz [GHZ] fe [GHz] Prr (300 GHz)
4 741 534 0.20 mW/pm?

In the above, AJ is the available current density, 7; and f; are the intrinsic
delay time and intrinsic cut-off frequency limit, respectively, Prr maax
is the maximum RF power, while fiq, is the maximum oscillation
frequency. * Estimated in the NDR region. ** Estimated from self-consistent
Schrodinger-Poisson numerical simulations.
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Fig. 2. In a), measured static IV characteristic and modelled NDC, while,
in b), modelled capacitance and negative QW inductance in the NDR region.

was employed. Further details on the extraction procedure
were reported in [6]. The heterostructure features a cut-off
frequency f. ~ 534 GHz and an RF power Prr =~ 0.20
mW/um2 at 300 GHz. More details can be found in [6].
Assuming a shunt resistance Ry, = 10 €2, the maximum
device area A,., = 2AV/3AJRg is ~ 58 ym? from
low-frequency stabilisation criteria [3]. Therefore, 25 um?2,
36 um?, and 49 pum? large RTD devices can be expected
to deliver up to ~ 5 mW, ~ 7 mW, and ~ 10 mW of
RF power at 300 GHz, respectively. For the estimation, a
specific contact resistivity p. = 4 Q pm? was assumed,
which was extracted through transfer length model (TLM)
measurements of molybdenum (Mo)-based Ohmic contacts
(Mo/Ti/Au), as shown in Fig. 4. The fabrication of the TLM
structures included a pre-evaporation de-oxidation cleaning
procedure consisting of a 64.5 min UV/O3 exposure followed
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Fig. 3. In a), measured and modelled real and imaginary parts of Zj1 at
V = 0.3 V. In b), measured and modelled S1; at V =0.3 V.

Table 2. RTD device and bond-pad small-signal parameters at V' = 2.7 V

Cp [fF] Ly [pHl  Rs [Q]  Griq [mS]  Cheq [fF] Lgw [pH]
17 21 42.1 2.4 273 130

In the above, C, and L, model the bond-pads parasitic capacitance and
inductance, respectively.

by a 2 min wet etch in a hydrochloric acid-based solution
(HCL:H20=1:3) and a 40 s-long argon (Ar™")-based ion
milling. The deposition chamber loading time was kept
around 30 s. Further details on the design and fabrication of
the employed TLM structure can be found in [7].

III. RF STUBS DESIGN

Two different shorted transmission line inductive stubs
were designed to be employed as LC' tank component in
practical RTD oscillator circuits operating at 300 GHz [1].
The first consisted of a CPW line with low characteristic
impedance Z, = 26 {2 and relative effective permittivity
€reff =~ 6.4, featuring signal line width w = 46 pm
and short gap width ¢ = 3 pm to correctly support the
associated quasi-TEM mode at high-frequency. The second
consisted of a microstrip line (MLIN) with low Z;, =
10 Q and €5 ~ 3.2, featuring w = 21 pm and a
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Fig. 4. In a), SEM image of an employed TLM structure for the extraction
of pc, featuring gap spacing ranging from 1 pum to 6 pm, together with a
zoom-in over the 5 pm-wide gap. In b), extraction of contact resistance R,
transfer length L¢, and sheet resistance Rgj o tand.

1.2 pm-thick polyimide PI-2545-based dielectric layer with
relative permittivity €, = 3.5. The stubs were designed in
ADS employing approximate quasi-static analytical models
and then investigated in Ansys HFSS through full FEM-based
3D high-frequency electromagnetic numerical simulations,
accurately accounting for both conductor/dielectric losses and
frequency dispersion. Both structures were simulated on top
of 650 pm-thick InP substrates with ¢, ~ 12.5 assuming
Au-based signal/ground lines of thickness ¢ = 500 nm (with
t > 30 for low signal attenuation, being § ~ 144 nm the skin
depth at 300 GHz) and ground lines width s > 5w/2 to ensure
minimal radiation losses. From a circuit design perspective,
the lines are shorted by 75 nm-thick silicon nitride (SizNy,
€, ~ 6.8) metal-insulator-metal (MIM) capacitors, which are
designed to act as low impedance paths at the oscillation
frequency, decoupling the RF part of the circuit from the DC
bias supply [3]. Fig. 5 shows an example of simulated stub in
both the adopted CPW and MLIN topologies at 300 GHz.

In the lossless limit, the stub shows inductive behaviour
when its purely imaginary input impedance Z2;, =
JjZotan(Bl) > 0, ie, mnw/2 < Bl < nw/2, being Sl the
line phase length, [ the length of the stub, and 8 x f Vereff
(assuming perfect TEM operation) the imaginary part of the
propagation constant (being f the operation frequency), while
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Fig. 5. Cross section of simulated 5 pm-long 26 2 CPW and 20 um-long 10
2 MLIN stubs, showing the associated quasi-TEM standing wave 2D electric
field magnitude Ezy at 300 GHz in proximity to a reference node.

m and n are positive whole even and positive odd integers,
respectively. This approximately turns in 0 < ! < 98 um and
0 < 1 < 139 um for short (51 < w/2) adopted CPW and MLIN
designs operating at 300 GHz, respectively. Fig. 6 shows an
example of simulated S;; parameter of a CPW and MLIN
stubs in the frequency range 250—350 GHz, confirming the
inductive nature of the lines. The average insertion loss /L was
estimated to be ~ 8.5x 10~ dB/um and ~ 5.2 x 10~2 dB/um
at 300 GHz for the CPW and MLIN geometries, respectively,
from the simulated S3; parameter. Fig. 7 shows the simulated
inductance L = Im(Z1,)2n7f of both CPW and MLIN stubs
at 300 GHz, resulting in average linear densities of ~ 0.33
pH/pm and ~ 0.07 pH/pm, respectively.
The oscillation frequency can be approximated as [1]:

V L— Crthg
27 LA/ Cria(1 + RsGL)

where G, is the load conductance and R; =~ R, =~ p.A,
being R. the parasitic Ohmic contact resistance and A the
RTD top mesa area [6], from which L > L,,;, =~ mlRf
for the circuit to oscillate. Table 3 reports the parameters
for 300-GHz oscillations. Clearly, the CPW implementation
requires gap spacing of 3 pm and ultra-short line lengths

fOSC ~ (1)
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Fig. 6. Simulated S11 parameter of 5 pm-long 26 2 CPW and 20 pm-long
10 © MLIN stubs in the frequency range 250—350 GHz.
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Fig. 7. Simulated inductance versus length of the analysed 26 €2 CPW and
10 © MLIN stubs at 300 GHz.

down to 1 pum, approaching the optical lithographic resolution
limit and resulting in fabrication issues in terms of both mask
alignment and reliable lift-off. On the other hand, the MLIN
design allows for longer lines well above 10 um due to the
lower inductance density, however, at the expense of higher
signal losses.

IV. CONCLUSIONS

We designed and experimentally investigated an InP RTD
heterostructure for low-THz emitters, revealing an expected
RF power performance of up to around 10 mW at 300 GHz.
Coplanar and microstrip inductive stubs for practical oscillator
circuit realisation employing low-cost photolithography were
analysed through full electromagnetic simulations. Future work
will consist in designing and fabricating oscillator sources
based on the reported or similar epitaxial structures.

Table 3. 300-GHz (fundamental) oscillations parameters

A 25 pm? 36 pum? 49 pm?

R. 0.16 0.11 0.08
Crid 146.3 {F 210.6 fF 286.7 fF
Lyyin 3.7 fH 2.6 fH 1.9 fH
L300 GHz)* 1.90 pH 1.32 pH 0.97 pH

(CPW) 4 pm 2 pm 1 pm
IL(CPW) 0.034 dB 0.017 dB 0.008 dB
I(MLIN) 27 pm 19 pm 14 pm
IL(MLIN) 0.140 dB 0.099 dB 0.073 dB

* Computed assuming a standard 50 €2 load (G, = 20 mS).
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