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HBV Diodes for THz Applications
Design of a Heterostructure Barrier Varactor Frequency Tripler
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JOHANNA HANNING
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Abstract

In this thesis a HBV tripler for an output frequency of 630 GHz is developed.
The designed HBV is based on the InGaAs/InAlAs/AlAs epitaxially grown
on InP material system and will be realised using a MMIC microstrip circuit
inside a waveguide block. The doping and layer structure impact on the cut-off
frequency is evaluated as well as the effects of self heating when choosing an
appropriate structure. The circuit design in the complex topology is carried out
through full electro-magnetic field FEM simulations in HFSS complemented by
harmonic balance simulation and optimisation in ADS. The finished multiplier
simulations indicate an output power above 1 mW for an input power of 40
mW, and a relative halfpower bandwidth of 9 % at 630 GHz. Limiting factors
are self heating, limited available input power, and fabrication tolerances for
mesa size and substrate dimensions.

Keywords: HBV, THz, frequency multipliers, tripler, terahertz sources, varac-
tors, harmonic generation, submm, submillimeter
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Chapter 1

Introduction

Terahertz (THz) waves have been of much interest in recent years. Early re-
search on THz technology was driven by astronomers and chemists for the pos-
sibility to observe molecular signatures of gases at a distance. But lately the in-
terest in terahertz has expanded to include medical and safety applications [1,2].

Terahertz refers to frequencies in the electromagnetic spectrum between high
frequency microwaves and long wavelength infrared radiation in the optical end
of the spectrum [1]. The frequency range covered by THz normally includes
0.1 - 10 THz, although there is no stated convention. This frequency range is
often referred to as the THz gap due to the rapid decrease of output power
for signal sources in this range. From an optical point of view the low photon
energy due to the long wavelength introduces a challenge in producing solid-
state sources and detectors. On the other hand electronic components for THz
applications are limited by electron mobility, and the high precision processing
needed for the delicate circuits related to the high frequency with corresponding
short wavelengths.

1.1 Terahertz sources

Terahertz sources are needed in heterodyne receivers for radio astronomy, as well
as in imaging and radar applications, and in spectroscopy. The fundamental LO
sources available today in the THz regime are scarce, and usually unpractical,
bulky, expensive or need cryogenical cooling. The quantum cascade laser (QCL)
for example, emits radiation above 1 THz [3], but it is a narrowband device
and needs cooling to cryogenic temperatures. Other examples of fundamental
sources are the p-Ge laser, which works at 4 K, the free-electron laser which
requires an electron accelerator, and the resonant tunneling diode (RTD) which
provides a limited power at terahertz frequencies [3].

Another approach to produce terahertz waves is by frequency conversion.
The unitraveling carrier photo diode is a solid-state electronic device which
generates terahertz frequencies by means of photomixing. For this purpose two
laser diodes are needed, and the output power decreases rapidly as the frequency
moves up towards 1 THz [3].

Therefore the most commonly used and efficient solution for LO signal
sources today is frequency upconversion through multiplication by non-linear

1
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Figure 1.1: Current status on output power for single diode HBV frequency multipliers
and Schottky diode frequency multiplier chains [4, 8–10].

semiconductor devices [1]. Multiplier sources providing power at close to 2 THz
have been published [4]. Today most frequency multiplier circuits are realised
using Schottky diodes [1]. Due to their high performance, balanced Schottky
doublers have become standard as multiplier sources, and planar Schottky diode
multipliers for the THz frequency range have been demonstrated [5].

An alternative to the Schottky diode is the Heterostructure Barrier Varactor
(HBV), see Figure 1.1. Ever since the invention in 1989, the HBV diode has
been promising for frequency multiplication to THz frequencies [6]. Today HBV
diodes are used as high power multipliers for frequencies up to and above 200
GHz [7].

1.2 Heterostructure Barrier Varactor frequency
multipliers

The HBV consists of a wide bandgap semiconductor barrier spaced between
two narrow bandgap, equally doped, semiconductor modulation layers. The C-
V curve is symmetric, while the I-V curve is anti-symmetric, see Figure 1.2, and
these properties cause the HBV to only generate odd harmonics. Thereby, when
used as a frequency tripler, there is only need for circuit matching at the in-
and output frequencies, and no idler matching is needed. In addition, there is
no need for DC-biasing, which together with the matching requirements enables
a simple and compact circuit design.
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Figure 1.2: (a) C-V and I-V curve for a HBV diode. C-V is symmetric while I-V is
antisymmetric. (b) SEM image of a two-mesa HBV diode with a total of six barriers,
and gold air bridges.

Another advantage is that the sandwich structure of the HBV allows stacking
of several diodes for better power handling capability, and at the same time diode
miniaturisation is prevented [10]. In recent years the focus in research has been
on high power HBV, and the highest output frequency published for HBV diode
based multipliers is 450 GHz [11]. The purpose of this thesis work is to present
a HBV frequency tripler with an output frequency of 630 GHz that will use an
in-house multiplier pumping source at 210 GHz. In this frequency region there
is a window in the atmospheric absorption spectrum [2], making it interesting
for THz imaging applications, for example.

1.3 Scope
In this thesis a HBV tripler for an output frequency of 630 GHz is developed.
The designed HBV is based on the InGaAs/InAlAs/AlAs epitaxially grown on
InP material system and will be realised using a microwave monolithic (MMIC)
microstrip circuit inside a waveguide block. The doping and layer structure
impact on the cut-off frequency is evaluated as well as the effects of self heat-
ing when choosing an appropriate diode structure. The circuit design in the
complex topology is carried out through full electro-magnetic field FEM simu-
lations in Ansoft HFSS (HFSS) complemented by harmonic balance simulation
and optimisation in Agilent Technologies Advanced Design System (ADS). The
simulated results of the finished circuit design is presented in the end of this
report.

In the next chapter the necessary theory behind HBV based frequency mul-
tipliers is presented. Then, in the third chapter, the design methodology is
explained, and in the fourth chapter the design results are presented. The re-
port ends with a chapter on discussion and concluding remarks.
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Chapter 2

Theory

This chapter deals with the necessary theory behind designing a HBV frequency
tripler. The heterostructure barrier varactor is a special case of a symmetric
varactor, why this chapter starts with the necessary theory of varactors used
in designing the frequency multiplier. The chapter then moves on to describing
the theory of HBVs and of HBV multiplier circuit design.

2.1 Varactor

The name varactor comes from variable reactance, but it generally refers to
a nonlinear capacitance. The varactor properties makes it suitable for appli-
cations involving conversion of power from one frequency to another, such as
frequency multiplication, frequency division and mixing [12]. In the most sim-
plified equivalent circuit, the varactor is represented by a voltage dependent
capacitance, connected in series with a resistance, see Figure 2.1.

C(v) Rs

Figure 2.1: General equivalent circuit of a varactor [12,13].

2.1.1 Varactor efficiency

Ideally the varactor has zero series resistance, i.e. no losses. Then the power
conversion, for a lossless nonlinear reactance excited at two different frequencies,

5
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can be described by the Manley-Rowe formulas [14]

∞∑
m=1

∞∑
n=−∞

mPm,n

mωs + nωp
= 0 (2.1a)

∞∑
m=−∞

∞∑
n=1

nPm,n

mωs + nωp
= 0. (2.1b)

Where ωp and ωs are the pumping and signal frequencies respectively, n and m
are the order of the harmonic and Pm,n is the power at the frequency mωs+nωp.
For a frequency multiplier m = 0, reducing the Manley-Rowe formulas to

∞∑
n=1

Pn = 0 (2.2)

where Pn is the power at nωp. Thus predicting 100% efficiency for an ideal
varactor multiplier circuit.

Not to be confused with the varactor is the varistor. Varistors are based on
a nonlinear resistance, and when used in multipliers the maximum conversion
efficiency of varistors is 1/n2 for the nth harmonic [15]. In other words, the
advantage of a multiplier circuit based on a varactor over a passive varistor is
great.

However, a real varactor is not lossless, and especially at high frequencies
does the series resistance limit the efficiency [12].

2.1.2 Varactor figures-of-merit
In order to predict the performance of a varactor, one can use the varactor
figure-of-merit. An important and widely used figure-of-merit is the dynamic
cut-off frequency. From the simple equivalent circuit in Figure 2.1, the varactor
cut-off frequency is defined as

fc =
1

2πRSCmax
(2.3)

The differential capacitance in (2.3) can for convenience be replaced by the
differential elastance

S(V ) =
dV

dQ
=

1
C(V )

. (2.4)

For a symmetric varactor, the elastance is uniquely defined from Smin to Smax

[16, 17], and the cut-off frequency is defined as

fc =
Smax − Smin

2πRS
. (2.5)

Thus to increase the cut-off frequency it is necessary to increase the difference
Smax − Smin and decrease the series resistance RS.

Another figure of merit is the maximum conversion efficiency. For the HBV
there is an empirical expression for the estimation of the maximum conversion
efficiency

η ≈ 100

1 + α
(
fp
fc

)β % (2.6)
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Figure 2.2: (a) HBV circuit schematic symbol. (b) Structure of a single barrier HBV
showing the layer structure and the doping profile.

where fp is the pumping frequency, fc the cutoff frequency, α = 200 and β = 1.5
[18].

2.2 Heterostructure Barrier Varactor

The heterostructure barrier varactor is a symmetric diode and consists of a wide
bandgap barrier material sandwiched in between two moderately n-doped mod-
ulation layers, see Figure 2.2. There are many advantages with the symmetric
structure. For instance it is easy to series connect several diodes simply by
stacking them on top of each other. Another advantage is the symmetrical C-V
characteristic caused by the symmetric structure, that cause the HBV to only
generate odd harmonics, f2n+1 = (2n+ 1)fp, n ∈ N.

Recent HBV diodes have a planar structure, whereas the early HBV diodes
were whisker contacted. In the planar structure usually two or more mesas
are connected in series, each mesa containing one or more barrier layers sur-
rounded by two modulation layers. The mesas are then connected with each
other through a highly doped conducting layer, and each mesa is contacted on
top using air-bridges.

2.2.1 HBV physics - capacitance

The depletion of electrons in the modulation layer when a voltage is applied
over the HBV gives rise to the voltage dependent non-linear capacitance, see
Figures 2.2b-2.4. One can almost think of the HBV as a parallel plate capacitor
where the distance between the plates change with the applied voltage. The
maximum capacitance, i.e. minimum elastance, occur at zero bias when the
distance between the ”parallel plates” is minimum, determined by the barrier b
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Figure 2.3: Conduction band diagram of a biased HBV.

and spacer s widths, and the Debye length LD of the material

Smin =
N

A

(
b

εb
+

2s
εd

+
2LD

εd

)
(2.7)

LD =

√
kTεd

q2ND
, (2.8)

in which N is the number of barriers and A the HBV area [18].
Conversely, the maximum elastance depends on the maximum distance, i.e.

the maximum depletion width of electrons in the modulation layers wmax

Smax =
N

A

(
b

εb
+

2s
εd

+
wmax

εd

)
. (2.9)

There are three governing effects that limits the maximum depletion width,
impact ionisation, current saturation, and depletion layer punch through [18].
The impact ionisation occurs for large electric fields, and results in break down
of the device. The maximum depletion width is directly proportional to the
maximum field, Ed,max

wmax =
εdEd,max

qNd
. (2.10)

The current saturation, on the other hand, depend on the maximum velocity
vmax of the carriers in the modulation layer, which limits how far they can travel
during a quarter pump cycle

wmax =
vmax

8fp
. (2.11)

And the depletion layer punch through is related to the actual width of the
modulation layer width, l

wmax = l. (2.12)
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Figure 2.4: Typical C-V and I-V curves for a HBV.

2.2.2 HBV physics - conduction current
The characteristic I-V curve for the HBV diode, see Figure 2.4, derives from car-
rier transport through the barrier material. There are two main transport mech-
anisms governing the current, thermionic emission over the potential barrier,
and quantum-mechanical tunneling through the barrier. For thermionic emis-
sion, only carriers with an energy higher than the barrier potential will transport
over the barrier, see Figure 2.5. A simplified expression of the thermionic-
emission current for positive bias voltage is given by the Richardson-Dushman
equation

J = A∗T 2e−
qφB
kT (2.13)

where φB is the effective barrier height. A∗ is the Richardson constant

A∗ ≡ 4πqm∗k2

h3
(2.14)

which can be modified to include the tunneling current [19]. Equation (2.13) is
valid under the assumption the the barrier thickness is smaller than the mean
free path.

Furthermore, an applied voltage will decrease the effective barrier height,
allowing more electrons to transport. Consequently, the conduction current
through the barrier consisting of thermionic emission and tunneling depend
on several factors such as the barrier thickness, barrier height, temperature,
and applied voltage. And as the effective barrier height decrease for thicker
barriers and increased applied voltages, as well as for high temperatures, the
effect of thermionic emission on the conduction current increase. Whereas for
smaller voltages and thinner barriers, the tunneling current through the barrier
is dominating [20,21].

2.2.3 HBV model
In order to design a HBV, accurate models for simulations are necessary. The
quasi-empirical Chalmers HBV model has been developed for the purpose of
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E

(a)

(b)

Figure 2.5: Electron transport through (a) thermionic emission over the barrier, and
(b) tunneling through the barrier.

Q(V)

Rs

I(V)V

+

-

Figure 2.6: Equivalent circuit of a HBV, in which the conduction current through the
HBV is modeled as a current source in parallel with the capacitance.

harmonic balance simulations and modeling of the non-linear capacitance [18].
The model is valid under the assumption of sufficiently low conduction current
through the HBV so that the HBV works in varactor mode. The voltage across
the capacitance in the HBV, and the corresponding displacement current can
then be expressed as

V (Q) = N
{ bQ

εbA
+ 2

sQ

εdA
+ Sign(Q) ·

( Q2

2qNdεdA2
+

+
4kBT

q

(
1− exp

[
− |Q|

2LDAqNd

]))} (2.15)

i(t) =
∂Q

∂t
(2.16)

where N is the number of barriers, b and s are the barrier and spacer layers,
and A is the area of the HBV. The corresponding equivalent circuit if the model
is shown in Figure 2.6.
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Figure 2.7: Illustration of parasitics in a planar HBV structure.

2.2.4 Series resistance and parasitics
The voltage dependent series resistance of a HBV diode can be approximated
to a constant resistance which is the sum of several resistance elements

RS = Ractive +Rspread,buff +Rcontact. (2.17)

The resistance in the epi-layers is estimated by

Ractive =
∑
n

ln
µnNnqA

(2.18)

where n is the layer number, ln the layer thickness, µn the mobility of the
layer material, Nn the doping of the layer material, and A is the mesa area.
By approximating the resistance in the active layers as constant, a worst case
scenario is assumed. The spreading resistance between two mesas or a mesa and
contact in a single mesa diode is

Rspread,buff =
lbuff

µbuffNbuffqAbuff
(2.19)

where Abuff is the cross section area in the buffer layer. The ohmic contact
resistance of an even number mesa diode is

Rcontact = Nm
rc

A
(2.20)

where Nm is the number of mesas and rc = 100 Ω-µm2.
The mobility is doping dependent and can be estimated using the low-field

mobility model presented in [22]

µLF(N,T ) = µmin +
µmax(T0)(T0/T )θ1 − µmin

1 +
(

N
Nref(T0)(T/T0)θ2

)λ (2.21)

T0 = 300 K, and µmin, µmax(T0), Nref(T0), θ1, θ2 and λ are material specific
constants listed in [22].

In addition to the series resistance, there are reactive parasitics that can
degrade the performance of the HBV multiplier. In reducing parasitics trade-
offs must be made, for example the stray capacitance between mesas versus the
spreading resistance in the buffer layer between the two mesas, see Figure 2.7.
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Figure 2.8: Electro thermal model of a HBV [23]

2.2.5 Electro-thermal model

Heating is an important factor to take into consideration when designing the
diode, as it degrades the performance [24]. An electro-thermal HBV model for
harmonic simulations is presented by Invarsson et al. (2005) [23]. The voltage,
VT over a thermal resistance RT, is equivalent to the temperature rise ∆T in
the diode, and the thermal capacitance CT represents the thermal storage of
the diode in this model, see Figure 2.8. The thermal and electrical models
are linked via the applied time-dependent current and voltage, i(t) and v(t),
through the diode, which are the factors of a time varying power source Pd(t)
in the electro-thermal equivalent circuit [23].

2.2.6 HBV materials

The early HBV diodes were based on the epitaxially grown GaAs/AlGaAs/AlAs
on GaAs substrate material system. The advantages of this material are the
good thermal and electrical properties of GaAs as substrate material, as well as
it being a well known material from a processing perspective. The drawbacks are
the limited electron mobility and, more importantly, the small relative potential
barrier height, see Figure 2.9, which cause large conduction current in the HBV.

At the present time most HBV are realised using the epitaxial
InGaAs/InAlAs on InP material system, see Figure 2.9. The epitaxial lay-
ers can be designed and processed with high precision, using e.g. molecular
beam epitaxy (MBE). The advantage of this material is the high relative bar-
rier height and the high mobility of electrons in InGaAs. The drawbacks are the
poor thermal conductivity of especially InGaAs which cause self heating prob-
lems for smaller HBV diodes [26], and the high relative permittivity of InP, see
Table 2.1. For the InGaAs on InP material system theoretical research on HBV
layer configurations, where an undoped high band gap semiconductor (barrier)
is layered in between two moderately n-doped low band gap semiconductors
(modulation layers), suggests that a material system of InAlAs/InGaAs has su-
perior properties in regards to leakage current than a AlGaAs/GaAs system.
In both cases a thin layer of AlAs is included in the middle of the barrier, and
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InP

InAlAs

InGaAs

AlAs

Figure 2.9: Energy and lattice constant for some III-V semiconductors at room temper-
ature [25], featuring lattice matched InGaAs, InAlAs and InP. The concentration of the
lattice matched materials are In0.47Ga0.53As and In0.48Al0.52As. AlAs is mismatched
to InP.

for InAlAs/InGaAs the theoretical optimum barrier layer configuration is 8 nm
In0.52Al0.48As, 3 nm AlAs, and another 8 nm In0.52Al0.48As [20]. The thick-
ness of the high bandgap AlAs layer is limited, since it is strained to match the
In0.52Al0.48As lattice constant.

Table 2.1: Material properties of different HBV materials [27]

Property InP In0.53Ga0.47As GaAs InAs

Relative permittivity εr 12.5 13.9 12.9 15.15
Thermal conductivity [W/cm-K] 0.68 0.05 0.55 0.27
Electron mobility [cm2/V-s] ≤ 5400 ≤ 12 · 103 ≤ 8500 ≤ 4 · 104

Energy bandgap [eV] 1.344 0.74 1.424 0.354

The barrier thickness for InGaAs/InAlAs/AlAs HBV diodes has been further
optimised experimentally by Emadi et al. (2007) [21]. The optimum total
barrier thickness lies between 10 and 14 nm for maximum breakdown voltage,
and depends on the applied bias voltage and the operating temperature. Other
material properties such as the doping and thickness of the modulation layer
can be optimised through maximising the cut-off frequency (2.5). An example
of a HBV material can be seen in Table 2.2.

There exist attempts to create HBV diodes in other materials, such as Si,
GaN, and InAs [28–30]. However Si, e.g. suffers from low electron mobility and
may not be suited for THz frequency multiplication. Resent results suggest that
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Table 2.2: HBV active layer material specification.

Layer Material Thickness Doping Comment
[Å] [cm−3]

1 In0.53Ga0.47As 2,500 1017 Modulation

2 In0.53Ga0.47As 50 Undoped Spacer

3 In0.52Al0.48As 50 Undoped Barrier

4 AlAs 30 Undoped Barrier

5 In0.52Al0.48As 50 Undoped Barrier

6 In0.53Ga0.47As 50 Undoped Spacer

7-18 ... 2 × Layers 1 - 6 ...

19 In0.53Ga0.47As 2,500 1017 Modulation

Input
matching

Output
matching

f1 f3

Z1,in

Z3,in

Z1,out

Z3,outZ0,in Z0,out

Figure 2.10: Two-port representation of a HBV diode with impedance matching net-
works for tripler operation.

bonding the epitaxial InGaAs/InAlAs/AlAs epi-layers to a Si substrate may
improve the HBV characteristics further due to the advantages of Si technology
and superior substrate properties [31].

2.3 HBV impedance matching
Since the HBV diode only generates odd harmonics of the input frequency,
there is only need for matching at the in and output frequencies when used
in a frequency tripler. The impedance matching circuit should be designed to
match the fundamental frequency at the input of the diode, while reflecting all
power from the diode at the third harmonic. And at the output the opposite
case, match the optimum embedding impedance at the third harmonic, while
reflecting all power from the fundamental frequency signal.

For pump frequency fp an indication of the optimal matching impedances
is given by

Zc,1

RS
= 1 + j · Smin

RSωp
+
fc

fp
(A1 + jB1 − ρdεdωp(C1 + jD1)) (2.22a)

Zc,3

RS
= 1 + j · Smin

3RSωp
+
fc

fp

(
A3 + jB3

3
− ρdεdωp(C3 + jD3)

)
(2.22b)
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where the constants A1 - D3, are extracted fitting parameters [18].
Figures of merits for the matching network are the conversion efficiency, the

resulting bandwidth and the return loss. In which the conversion efficiency at
a given pump frequency is defined as

η =
Pout

Pin
. (2.23)

Moreover the return loss at the circuit input is [32]

RL = −20logρ (2.24)

where the reflection constant ρ is the absolute value of Γin

Γin =
Zin − Z0

Zin + Z0
= ρejθ. (2.25)

Γin can be calculated from the large signal input impedance

Zin =
Vin

Iin
. (2.26)

2.4 Wave guiding structures
In recent years, the most common way to realise a HBV multiplier circuit is by
inserting a microstrip circuit with matching components in a waveguide block,
using rectangular waveguides as in- and output of the circuit. The electro-
magnetic waves are then coupled to the microstrip using E-probes.

To realise the multiplier a planar HBV can be used as a discrete diode, which
is flip chip mounted on to a transmission line circuit, for example microstrip or
coplanar waveguide. For higher frequencies the placement of the flip chipped
diode becomes more critical, due to the shorter wavelengths, and the reliability
and broadband performance may be compromised, thus a HBV realised in a
MMIC may be more beneficial [33].

The high frequencies put constraints on the substrate thickness. Limiting
factors of the thickness are thermal resistance, propagation losses, the fragility of
the substrate, impedance line width concerns, and waveguide mode propagation
in the substrate [33]. The last constraint is of major concern for the design of the
MMIC HBV, since the substrate material, InP, has a high relative permittivity.

Consequently the substrate must be thinned down, which will make it more
brittle and reduce the maximum characteristic impedance of the circuit lines for
microstrip. Another option is to use suspended membrane technology, which
is widely used in high frequency GaAs circuits. However, because of the fore
mentioned problems for InP and because the InP has to be epitaxially grown
on a substrate, and doped with Fe atoms to become semi-insulating, this may
not be a suitable solution.
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Chapter 3

Method

This chapter describes the design process of the HBV frequency tripler. There
are several design steps involved, an investigation of the material design, diode
structure and design for maximum conversion efficiency and low self-heating,
and finally circuit simulation and optimisation using harmonic balance. Overall
design goals are a frequency tripler with a 10 % bandwidth output around a
center frequency of 630 GHz, with maximised efficiency and return loss, for a
20 mW input power at an input frequency of 210 GHz.

3.1 Material design

In order to optimise the diode material, an investigation of the epi-layer struc-
ture and the material properties is performed. A high cutoff frequency is crucial
for the HBV performance at high frequency (2.5). Hence the cut-off frequency
is calculated using equations (2.7) and (2.9) for the elastance, and equations
(2.17)-(2.20) for the series resistance, with the mobility from (2.21), for differ-
ent parameter variations using Matlab. The effect of current saturation and
impact ionisation, as well as depletion layer punch through on the the maxi-
mum depletion width wmax has to be considered when calculating the cut-off
frequency for different doping levels. An electron drift velocity in InGaAs of
3 ·107 cm/s [34] is used in the analysis. By varying the modulation layer doping
level, the number of barriers, and the modulation layer thickness their respective
optimum values for a maximised cut-off frequency can be decided.

3.2 Diode design

In choosing the shape of the HBV diode taking the effects of self heating into
account is crucial due to the poor thermal conductivity of InGaAs. Using heat
transfer FEM simulations combined with ADS harmonic balance simulations the
heating in the diode active region and the conversion efficiency is estimated for
different diode shapes. The efficiency and optimum impedances are determined
by shape, size, and number of barriers and mesas. Hence one- and two mesa
diodes are investigated as well as a two- and a three barrier material, with
modulation layer thickness and doping level from the previous material analysis.

17
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Figure 3.1: Quarter of a two-mesa HBV (symmetry) in heat transfer FEM simulations.
A volume power source in the active area results in a temperature distribution where
heat is centered in the active area.

3.2.1 Self-heating simulations

Two models are set up in the FEM analysis, one model for the single mesa diode
and another model for the two mesa. Both setups take advantage of the device
symmetry to reduce the number of calculations. The FEM heat transfer model
is applied with the power distributed as a volume power source in the active
areas of the diode, assuming all input power is converted to heat, see Figure 3.1.
The major volumes in the models are a large brass block which serves as a heat
sink, with all of the boundaries held at constant temperature T0 = 293.15 K, the
indium phosphide substrate, the diode active regions, i.e. the mesas in InGaAs,
and the gold conductors.

For InGaAs, InP and gold the temperature dependent thermal conductivity
is used.

κInGaAs = 4.7 ·
(T0

T

)1.375

κInP = 68 ·
(T0

T

)1.48

κAu = 0.0586(282− T ) + 317

The input power, mesa width and length are varied, as well as the height
of the mesas, in order to represent a two or three barrier material. Then the
thermal resistance, RT is calculated from the resulting temperature rise in each
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mesa ∆T = Tmax − T0 for each structure

Rth =
∆T
Pin

. (3.1)

In order to estimate the temperature rise in the diode during RF pumping,
the thermal resistance is put in to ADS harmonic balance simulations, where
self-heating is implemented using Chalmers HBV electro-thermal model.

3.2.2 Electro-thermal simulations

The electrical properties of the HBV are modeled in ADS employing the quasi-
empirical Chalmers HBV model combined with the electro-thermal model in
harmonic balance simulations. The previously calculated thermal resistances
are then put in to the electro-thermal model. In the harmonic balance simula-
tions the diode embedding impedances are optimised for maximum conversion
efficiency with regards to the diode structure. Different structures are evaluated
for a fixed input power of 20 mW and pump frequency fp = 200 GHz. Single
mesa and two-mesa HBV diodes, with different mesa areas, and a two and three
barrier material are compared with eachother, for the purpose of determining
which structure will give the highest conversion efficiency without exceeding
the maximum temperature increase allowed, 130 K. In Table 3.1 the material
parameters used in ADS harmonic balance simulations are listed.

Table 3.1: Input parameters for HBV ADS harmonic balance model

Material property Value

Modulation layer (InGaAs) relative permittivity, εd 13.9
Modulation layer thickness, l 250 nm
Modulation layer doping concentration, Nd 1.4 · 1017 cm−3

Barrier (InAlAs) relative permittivity, εb 12.7
Barrier width, b 13 nm
Spacer layer thickness, s 5 nm
Ambient room temperature, T0 296 K
Contact layer doping concentration, Nc 1 · 1019 cm−3

Modulation and contact layer mobilities, µ According to (2.21)

3.3 Circuit design

When the diode structure is optimised the circuit needs to be designed to achieve
the optimum embedding impedances. For this purpose the circuit is divided into
different circuit elements which are modeled separately and simulated in full
electro-magnetic field FEM simulations in HFSS. The S-parameters from each
part are then imported into ADS where they are combined with the HBV model
for harmonic balance simulations. Adding one part at a time makes it possible
to specify the optimum impedance values for the next part. The different circuit
elements are the realisation of the diode planar structure in a waveguide channel,
the output probe, the input matching circuit, and the input probe. All parts
are normalised to the same port impedances in HFSS, in order to make the
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Figure 3.2: HFSS model of microstrip in waveguide structure, the outer box, i.e. the
waveguide walls are modeled as perfect conducting surfaces.

specifying of the impedance at a specific point from the port straightforward,
and the parts possible to combine.

In addition to the above simulations, the microstrip in the waveguide channel
is simulated in HFSS, see Figure 3.3, in order to decide the channel and substrate
dimensions. The waveguide dimensions are designed to serve as a high pass filter,
and simulations of the propagation constant as a function of frequency provides
the cut-off frequency for higher order modes. Thus the waveguide modes can
be avoided and the only mode allowed to propagate through the circuit is the
microstrip propagation mode.

With the intention of covering as many effects as possible in HFSS, all con-
ductors are modeled as gold conductors, and there is an air-gap on each side
of the substrate for mounting purposes. The relative permittivity of the InP
substrate is defined, however the loss tangent tan δ is not. Furthermore the
walls of the waveguide are approximated to perfect conductors, see Figure 3.3.

3.3.1 Realisation of planar diode structure

The planar diode structure with two mesas and gold bridges is modeled in
HFSS, see Figure 3.3, where the two diode mesas are realised as two lumped
ports, normalised to 50Ω, between the conductor and the buffer layer. In order
to include effects of stray capacitances in HFSS, but perform the series resistance
calculations in ADS the buffer layer is approximated to a layer of gold. The
other two ports are wave ports, also normalised to 50Ω, and the simulated 4-port
S-matrix is later exported to ADS.

Harmonic balance simulations are performed subsequently in ADS with the
4-port S-matrix data imported from HFSS, see Figure 3.4. The simulation re-
sults include the conversion efficiency and the optimum embedding impedances
for the HBV in a planar structure, at the fundamental and third harmonic.
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Figure 3.3: HFSS model of the planar diode with gold air-bridges, and substrate in the
waveguide. The two mesas are realised as two lumped ports between the conductor
and the buffer layer.

3.3.2 Input and output probe design

Both output and input probes are simulated in HFSS through several iterations
of varying a parameter and just moving the reference plane at the microstrip
side of the circuit. The practical parameters available are the distance from the
probe to the waveguide backshort, the embedding distance at the microstrip
circuit, i.e. the probe length, the conductor width and for the input probe the
outer probe length and width.

The goal for the output probe is to transform the open probe end to a
short circuit at the diode for the fundamental frequency, and to match the
third harmonic embedding impedance, which is simulated in ADS. The finished
output probe design S-parameters are then imported to the ADS harmonic
balance simulation to calculate new optimum embedding impedances for the
input matching circuit.

3.3.3 Input matching circuit design

For the input impedance matching circuit design an ADS model S-parameter
sweep with ideal transmission line components is set up. The idea is to adapt
a previous design for half the frequency, using one balanced sub and a quarter
wave transformer. When the ideal circuit is optimised to fit the optimum input
embedding impedances from the previous ADS simulation a second ADS simu-
lation is set up with microstrip components and the length and widths of the
microstrips are optimised to fit the result of the ideal circuit. Because the mi-
crostrip is placed in a waveguide, and because the substrate thickness is limited,
there are limitations on microstrip widths and stub lengths, and the maximum
and minimum widths are 130 µm and 10 µm respectively.

Next the values of the microstrip lengths and widths are put in to HFSS
to perform full electro-magnetic field simulations on the circuit. If the result
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Figure 3.4: Example of ADS harmonic balance setup for optimum embedding
impedances, where the 4-port S-matrix is imported from HFSS.

differs from the ADS simulation, the circuit needs to be optimised in HFSS.
When the HFSS S-parameter results are close enough to the results simulated
in ADS, the resulting circuit dimensions are put into ADS, and tuned again.
This iterative approach gives a good idea what the change in stub lengths or
microstrip widths will do for the S-parameters of the circuit, and finally result
in a new input matching design.

Finally all parts, probes, diode structure and matching circuit, are put to-
gether first in ADS, then in HFSS for a full electro-magnetic field simulation,
which is exported and imported to ADS for harmonic balance simulation, for
the final results.
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Figure 3.5: HFSS model of the output probe, and output waveguide.
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Chapter 4

Results

In the following chapter the results from the material investigation, the diode
design and the circuit design results are presented.

4.1 Material investigation
The preliminary material investigation resulted in a peak value for the cut-off
frequency at doping concentration Nd = 1.7 · 1017 cm3, see Figure 4.1. This co-
incides with the intersection between the current saturation limited maximum
depletion width at lower doping concentrations, and the impact ionisation lim-
ited depletion width at higher concentrations. Furthermore there is a fast drop
in the cut-off frequency for higher doping levels, so the optimal practical value
for the doping is, between 1 · 1017 and 1.7 · 1017 cm3. The results also show that
the impact of the modulation layer thickness on the cut-off frequency is small.
Therefore the modulation layer thickness of the epi-material in Table 2.2 can be
used.

25
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Figure 4.1: Cut-off frequency, fc and maximum depletion width wmax for different
doping concentrations Nd and modulation layer thickness l. HBV diode with two
mesas and three barrier layers in each mesa.

Figure 4.2: ADS harmonic balance simulation results for efficiency and self heating ∆T
for different diode areas and number of barriers and a constant input power of 20 mW.
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Figure 4.3: ADS harmonic balance simulation results for optimum input and output
matching impedances, Z1 and Z3, for different diode areas.

4.2 Diode simulation results

The results of electro-thermal investigation for different HBV diode topologies in
Figure 4.2 show that there is no advantage with a two-barrier material compared
to the three-barrier material in Table 2.2 at 20 mW input power. Moreover, the
conversion efficiency at constant input power decrease with an increase of the
diode area, however the self heating and matching properties improve with larger
mesa areas, see Figure 4.2 and Figure 4.3.

The efficiency increases for higher power levels, but the input power level
is limited by the self heating in the diode. For one mesa diodes the advantage
of a high efficiency is canceled by the large mesa area necessary to keep the
self heating at a sufficiently low level. From Figure 4.2 the optimum mesa
area, with regards to conversion efficiency would be about 10 µm, a larger mesa
area would however be more practical from a processing and matching point of
view, therefore a 5 × 4 µm2 two mesa diode will be used. Moreover the well
characterised three-barrier material in Table 2.2 is a good choice for this HBV
diode frequency tripler.

4.3 Circuit simulation results

The results of the simulations of the different parts of the circuit are presented
in figures 4.4-4.9.
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Figure 4.4: Propagation of the 2nd order mode in a microstrip with 20 µm substrate
thickness in a 170× 70 µm cross-section channel for different microstrip line widths.

4.3.1 Waveguide channel and substrate dimensions

The first part, waveguide channel dimensions, resulted in a waveguide channel
with the cross section dimensions 170×70 µm. The waveguide channel combined
with a substrate cross section of 150 × 20 µm and conductor width of 30 µm
resulted in a higher mode cut-off frequency larger than 700 GHz, see Figure 4.4,
which is enough to avoid higher order mode propagation in the channel. This
implies that the maximum conductor width at the in and output waveguide can
be maximum 30 µ wide in order to avoid excitation of higher modes.

4.3.2 Planar diode structure

The effect of the diode section with air-bridges and distributed mesas (simulated
in HFSS) on the optimum impedances is shown in Figure 4.5. The air-bridges
introduce a capacitance, which move the optimum values for the impedance
match down on the Smith chart. The efficiency for the diode with air-bridges
is 0.2 percent points lower than for the diode simulated without air-bridges, see
Figure 4.9.

4.3.3 Input and output probes

The output probe matching is presented in Figure 4.6, where the circuit de-
sign results in a short circuit towards the output at the diode for the fun-
damental frequency, Z1,out ≈ 0, and a perfect match for the third harmonic,
Z3,out(630 GHz) = Zopt

3,out. The variation over the frequency bands 200 − 220
and 600− 660 GHz respectively, is small. After adding the output to the ADS
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Figure 4.5: ADS combined with HFSS simulation results for the distributed diode with
air-bridges compared with the pure ADS simulation of the HBV.

Figure 4.6: Output probe HFSS design result. The fundamental tone is a short circuit
at the output, while the third harmonic is matched at the optimal impedance which
was simulated in ADS. The frequency span for Z1,out is 200− 220 GHz, and 600− 660
GHz for Z3,out. × marks 210 and 630 GHz respectively.
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Figure 4.7: Input probe HFSS design result in the frequency span 200 − 220 GHz,
normalised to 50 Ω.

harmonic balance simulation the efficiency is still the same at the center fre-
quency, but more narrowband than before, see Figure 4.9.

The input probe converts the waveguide impedance at the input to 50 Ω
on the microstrip, see Figure 4.7. The impedance change with frequency is
very small, which is preferable for a broadband match with the input matching
circuit.

4.3.4 Input matching circuit

The input matching circuit match the input impedance at the fundamental
frequency and provides a short circuit for the third harmonic simultaneously.
The short circuit match at the third harmonic is fairly broadband, Z3,out ≈
Zopt

3,out, and the circuit provides a slightly mismatched but broadband impedance
matching, Z1,in, for the fundamental frequency at the input, see Figure 4.8.
When adding the input impedance matching circuit to the design in ADS the
efficiency of the HBV tripler is almost 2 %, see Figure 4.9. The efficiency drop
can be explained by the mismatch at the fundamental frequency.

4.4 Final tripler circuit design results

Figure 4.10 shows the complete 3D circuit model of the HBV frequency tripler.
The waveguide block will be split in the middle of the circuit parallel to the xy-
plane (right across the long sides of the in and output waveguides. The much
larger waveguide is the input and the smaller the output.

The result from the complete 3D model in HFSS and ADS imply that output
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Figure 4.8: Input matching circuit HFSS design result. Both at the fundamental and the
third harmonic the impedances match the optimal impedances simulated in ADS.The
frequency span for Z1,in is 200− 220 GHz, and 600− 660 GHz for Z3,in. × marks 210
and 630 GHz respectively.

Figure 4.9: ADS harmonic balance simulation results for efficiency with the different
circuit parts HFSS simulations added to the ADS harmonic balance simulation.
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Figure 4.10: Complete circuit model in HFSS. Input waveguide is WR04 and output is
WR1.5.

power and efficiency increase with the input power, and the output maximum
moves up in frequency as the input power increase, see Figure 4.11. Maximum
output power is 1.58 mW, and the conversion efficiency is 3 % for Pin = 50 mW.

The temperature difference for 50 mW input ∆T = 125 K, see Figure 4.13.
The temperature increase for higher input powers, and differ in the two different
mesas due to the distributed power. However, the distributed effect may in part
be a result of a limitation in the model, which does not take the thermal transfer
between the two mesas into account.

Figure 4.12 shows the increase in output power at f3 = 630 GHz as the
input power increase, and the decrease in conversion loss with input power.
The maximum return loss varies between RL = 12 dB for Pin = 10 mW and
RL = 9 dB for Pin = 50 mW, see Figure 4.14.

At Pin = 20 mW the output power is −5 dBm and the conversion efficiency
1.6 %, see Figure 4.15. The half power bandwidth is 58.7 GHz or 9.5 % for a
center frequency of 620 GHz.
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Figure 4.11: Output power and efficiency for the entire circuit for different input powers.
Simulated in ADS harmonic balance simulation, combined with HFSS.

Figure 4.12: Output power and efficiency vs. input power at pumping frequency f3 =
630 GHz. Simulated in ADS harmonic balance simulation, combined with HFSS.
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Figure 4.13: Temperature increase in each mesa for different input powers. Simulated
in ADS harmonic balance simulation, combined with HFSS.

Figure 4.14: Large signal return loss at the input for the entire circuit for different
input powers. Simulated in ADS harmonic balance simulation, combined with HFSS.
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Figure 4.15: Output power and efficiency for the entire circuit with 20 mW input power.
Simulated in ADS harmonic balance simulation, combined with HFSS.
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Chapter 5

Discussion and conclusion

In this final chapter, the results and the method used are discussed, as well as
potential improvements and the future outlook of HBV multiplier design. The
chapter ends with a conclusion of the work.

5.1 Discussion

The method of combining two simulation methods when designing HBV mul-
tiplier circuits has been proven accurate in previous work, and is an indicator
that the simulated results in this work are realistic. By taking advantage of
the electro-magnetic field simulations in HFSS, effects caused by structural el-
ements in the circuit can be included in the harmonic balance simulations in
ADS, and provide more accurate results. The implementation of the Chalmers
HBV model, combined with self heating as the non-linear device in harmonic
balance simulations in ADS, have previously been used with good results for
lower frequencies. However, as the frequencies increase the actual result of the
effects of e.g. doping level on current saturation, heating, and of diode dimen-
sions that are closer to the wavelength, may differ from the model. Nevertheless,
the values for the designed HBV frequency tripler are reasonable, and the step
by step approach illustrated in Figure 4.9 produces results that indicates that
the method is valid. Also, the output power is in line with results for other
varactor based multipliers, see Figure 1.1.

Assumptions made in simulations may cause the simulated results to differ
from actual measured results. For instance, losses in InP was not included in
the HFSS simulation, why the actual circuit may produce more losses, reducing
the actual conversion efficiency. Self heating in the mesas was calculated using a
worst case thermal resistance, and almost without consideration of the thermal
transport between the mesas. For future improvements the resulting distributed
power in the mesas can be put into another set of thermal transport FEM
simulations, and an additional iteration and calculation of the thermal resistance
be performed.

If the fabricated circuit proves to be lossy, one way to probably improve
the design is to investigate the possibility to match input matching circuit to
a lower impedance at the input probe, thereby making the line wider and less
lossy. Another way to improve the design is to investigate if different size mesas
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will improve the performance since, because of the distributed layout, the power
applied on the separate mesas differ. Another improvement may be to taper the
transmission line towards the air-bridge, and perhaps use longer air-bridges and
thereby reduce the parasitic capacitance between conductors and mesas. With
a reduction of parasitic capacitance, perhaps a more broadband match will be
possible. However in order to investigate this, the simulation method used in
this work needs some alterations.

Fabrication of this multiplier will be possible using existing processing meth-
ods for HBV MMIC. However the dimensions are much smaller than the circuits
currently being fabricated in this process, which needs to be taken into consid-
eration. For instance, one limitation may be in the alignment of air-bridge
contacting on top of mesas, for which different lithography techniques may need
to be investigated. Other possible issues are the difficulty in controlling the
substrate thickness which for microstrip is very sensitive.

As HBV multipliers are developed for even higher frequencies in the future
further development of device material and the HBV model may be necessary.
The first hurdle to overcome is the waveguide mode in the substrate, and con-
trolling the substrate thickness. Thinning down the substrate further, other
circuit topologies where substrate thickness is less influential on the multiplier
performance, or different materials may be the answer. Another possibility is
wafer bonding, where the epitaxial active layers are transferred from the lattice
matched InP substrate to substrates with lower dielectric constants, e.g. Si or
quartz, before processing. An effect of this may also be better cooling of the
device, if a substrate with better heat transfer properties is used.

5.2 Conclusion
A HBV frequency multiplier for an output power above 1 mW and more than
2 % conversion efficiency at 630 GHz output frequency has been designed using
commercial simulation software. The resulting multiplier shows a 3 dB band-
width of 9 %. The results are in line with previous results for HBV multipliers at
lower frequencies, and with Schottky diode based multipliers at higher frequen-
cies. Furthermore, fabrication of the multiplier may be performed with existing
processing methods for HBV MMICs. For further development of HBV multi-
pliers for higher frequencies, methods to overcome the problems of waveguide
mode in the substrate, and the sensitivity for substrate thickness that exists
for microstrip circuits, must be developed. In addition the self heating effects
should be investigated further.
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Abstract—We report on the progress of the design of a
HBV frequency tripler for 0.6 THz. The diode is based on
the InGaAs/InAlAs/AlAs on InP material system, and the diode
material and geometry has been optimised with regards to
conversion efficiency. In designing the diode, it was found that
self heating is the major limiting factor due to the poor thermal
conductivity of InGaAs. The resulting HBV is a two-mesa diode
from a three-barrier material, with a mesa area of 6×3 µm2, and
is estimated to have a 6-7% conversion efficiency and 100 - 150 K
self heating at an input power of 30 mW.

I. INTRODUCTION

The trend in recent space observing projects is to cover
frequencies in the terahertz (THz) gap. In many observing
applications the high spectral resolution from heterodyne re-
ceivers is desired. However, when going from millimetre to
sub-millimetre wavelengths there is a lack of fundamental LO
sources above 200 GHz. Therefore the most commonly used
and efficient solution for LO signal sources is frequency up-
conversion through multiplication by non-linear semiconduc-
tor devices [1].

Today most frequency multiplier circuits are realized using
Schottky diodes. Due to their high performance, balanced
Schottky doublers have become standard as multiplier sources,
and planar Schottky diode multipliers for the THz frequency
range have been demonstrated [2].

An alternative to the Schottky diode is the Heterostructure
Barrier Varactor (HBV). Ever since the invention in 1989, the
HBV diode has been promising for frequency multiplication
to THz frequencies [3]. Today HBV diodes are used as high
power multipliers for frequencies up to and above 200 GHz
[4].

The HBV consists of a wide bandgap semiconductor barrier
spaced between two narrow bandgap, equally doped, semi-
conductor modulation layers. The C-V curve is symmetric,
while the I-V curve is anti-symmetric, and these properties
cause the HBV to only generate odd harmonics. Thereby,
when used as a frequency tripler, there is only need for
circuit matching at the in and output frequencies, and no
idler matching is needed. In addition, there is no need for
DC-biasing, which together with the matching requirements
enables a simple and compact circuit design, making it ideal
for space applications.

Another advantage is that the sandwich structure of the
HBV allows stacking of several diodes for better power
handling capability, and at the same time diode miniaturisation
is prevented [5]. Nevertheless, the highest output frequency
published for HBV diode based multipliers is 450 GHz [6].
Our aim is to push this limit further into the sub-mm region.

(a) (b)

Fig. 1. (a) C-V and I-V curve for a HBV diode. C-V is symmetric while
I-V is antisymmetric. (b) Model of a two-mesa HBV diode with a total of six
barriers, and gold air bridges. (The model is not according to scale)
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Fig. 2. Current status on output power for single diode HBV frequency
multipliers and Schottky diode frequency multiplier chains [7][8][9][5].

We present the current status on the development of an
HBV tripler for an output frequency of 600-700 GHz. The de-
signed HBV is based on the InGaAs/InAlAs/AlAs epitaxially
grown on InP material system. The doping and layer structure
impact on the conversion efficiency has been evaluated, and
consideration of the effects of self heating has been crucial
when choosing an appropriate diode design. The HBV diode
is implemented in a MMIC circuit containing matching and
filtering elements.

II. 0.6 THZ HBV TRIPLER DEVELOPMENT

In developing a 600 GHz frequency tripler there are several
constraints to consider. At this high input frequency, 200-220
GHz, the available power is estimated to be less than 40 mW,
which together with impedance boundaries limits the size and
geometry of the diode. The high frequency makes it unsuitable
for the otherwise commonly used flip chip soldering, hence
the HBV frequency tripler is implemented using a monolithic
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approach which offers high repeatability.
For the circuit design we decided to use conventional

technology, with the advantage of having good heat sinking
properties and already established designs to fall back on. The
tripler will consist of a waveguide block, with waveguide in
and outputs, and the matching circuit and HBV on a microstrip
MMIC in a waveguide channel, coupled into the waveguides
by probes.

We have limited ourselves to the use of the
InGaAs/InAlAs/AlAs epitaxially grown on an InP substrate
material system. The advantages of this material are the high
mobility of InGaAs and the height of the energy bandgap
barrier.

An effort to analytically optimise the material structure with
regards to the conversion efficiency for an input frequency of
200 GHz has been made. This optimised material, material A
was then compared to an already grown material, material
B, to evaluate the necessity of growing a new material.
The existing Material B has been verified in I-V and C-V
measurements.

In comparing the two materials the effects of self heating
were taken into account through FEM heat transfer modelling
combined with harmonic balance simulations in ADS. In these
simulations the diode geometry was investigated as well.

Finally the optimum embedding impedances for the HBV
diode tripler configuration has been determined to maximise
the conversion efficiency. For these simulations a 3-D model of
the diodes including air bridges have been modelled in Ansoft
HFSS for S-parameter extraction, combined with harmonic
balance simulations in ADS.

III. MATERIAL VERIFICATION

The material in Table I, earlier introduced as Material B, has
been verified in I-V and C-V measurements, see figure 3. For
these measurements single mesa test diodes were fabricated
with different areas and measured in a probe station with an
I-V and a LCR meter. The maximum capacitance of the HBV
material was measured to be Cmax = 0.9 fF/µm2, and the
breakdown voltage Vbr = ±19 V (for 3 barriers). From the
C-V measurements the doping concentration was extracted,
Nd = 1.4 · 1017 cm−3, which is slightly higher than the
specification. The extracted value for the doping was then used
when evaluating the material in harmonic balance simulations,
described below.

IV. DIODE OPTIMISATION

The HBV tripler will be pumped with at a frequency of 200-
220 GHz, and at this frequency the expected available input
power is about 20-40 mW. Thus the diode is optimised for an
input power of 30 mW. Diode parameters such as the epi-layer
structure, size and geometry have been examined in order to
ensure large conversion efficiency. Furthermore, the advantage
of growing a new frequency optimised material, versus using
a material that has already been fabricated, but is optimised
for a lower frequency range, has been evaluated.

Fig. 3. I-V and C-V measurement result plus the theoretical C-V curve using
the extracted doping.

A. Epi-layers

1) Barrier: The barrier material in the epi-layer design
consists of a 3 nm thin layer of AlAs in the middle of two
layers of 50 nm In0.52Al0.48As. The AlAs prevents leakage
current by increasing the energy bandgap, but this barrier
layer is lattice mismatched to InAlAs, so in order to keep it
strained the thickness is limited. This optimum barrier design
for the InGaAs/InAlAs/AlAs HBV material system is further
described in [10] and [11], and has not been treated within
this work.

2) Modulation layers: A figure of merit for a varactor diode
design is the dynamic cut-off frequency [12]

fc =
Smax − Smin

2πRS
. (1)

It is derived from the equivalent circuit of a varactor with a
variable reactance, C(v) = 1

S(v) , connected in series with a
resistance, RS .

The cutoff frequency dependence of the conversion effi-
ciency can be estimated by

η ≈ 100

1 + α
(
fp

fc

)β % (2)

where fp is the pumping frequency, fc the cutoff frequency,
α = 200 and β = 1.5 [13]. So in order to achieve a
high efficiency, the cutoff frequency should be maximised,
which is done by maximising the difference in elastance and
minimising the series resistance.

The series resistance consists of several resistance elements

RS = Ractive +Rspread,buff +Rcontact (3)

where the resistance in the epi-layers is

Ractive =
∑
n

ln
µnNnqA

(4)

n is the layer number, ln the layer thickness, µn the layer
mobility, Nn the layer doping and A the mesa area. The
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spreading resistance between two mesas or mesa and contact
for a single mesa diode is

Rspread,buff =
lbuff

µbuffNbuffqAbuff
(5)

and the ohmic contact resistance is

Rcontact = Nm
rc
A

(6)

where Nm is the number of mesas and rc = 100 Ω-µm2. The
mobility is doping dependent and estimated according to [14].

The minimum elastance is determined by the Debye length,
LD,

Smin =
N

A

(
b

εb
+

2s
εd

+
2LD
εd

)
(7)

while the maximum elastance is determined by the maximum
depletion width, wmax, [13]

Smax =
N

A

(
b

εb
+

2s
εd

+
wmax
εd

)
. (8)

N is the number of barriers, A the diode area, b and s the
barrier and spacer thickness respectively, and ε the dielectric
constants for the different materials. The maximum depletion
width is limited by impact ionization, which is doping depen-
dent, and by the current saturation which can be approximated
to be constant with regards to the doping level for a constant
pumping frequency [13]. This means that for doping levels
above a certain value the cutoff frequency is impact ionization
limited and below that frequency it is limited by the current
saturation. These two criterions can be combined to estimate
the optimum doping level for a high cutoff frequency, see
figure 4.

This model indicates that the difference in modulation layer
thickness has little impact on the conversion efficiency com-
pared to for example the number of barriers, i.e. HBV diodes
stacked in series. In order to minimise the series resistance, an
optimised modulation layer thickness has the same value as the
maximum depletion width, and the cut-off frequency decreases
for thicker layers. While the cut-off frequency increases with
the number of barriers. However, as the number of barriers
increase, so does the input power necessary to drive the
HBV. Therefore we chose to compare conversion efficiency
for HBV diodes with different geometries, made of a two-
barrier material with a modulation layer thickness of 190 nm
and doping of 1.4 · 1017 cm−3, i.e. Material A, and the three-
barrier material we already have, Material B (see Table I).

B. Device geometry

In deciding the geometry of the HBV diode taking the
effects of self heating into account is crucial due to the poor
thermal conductivity of InGaAs. Using heat transfer FEM
simulations combined with ADS harmonic balance simulations
the heating in the diode active region and the conversion
efficiency has been estimated, and an appropriate geometry
found.

TABLE I
HBV ACTIVE LAYER MATERIAL SPECIFICATION, MATERIAL B

Layer Material Thickness Doping Comment
[Å] [cm−3]

1 In0.53Ga0.47As 2,500 1017 Modulation

2 In0.53Ga0.47As 50 Undoped Spacer

3 In0.52Al0.48As 50 Undoped Barrier

4 AlAs 30 Undoped Barrier

5 In0.52Al0.48As 50 Undoped Barrier

6 In0.53Ga0.47As 50 Undoped Spacer

7-18 ... 2 × Layers 1 - 6 ...

19 In0.53Ga0.47As 2,500 1017 Modulation

1) Self heating: In the FEM heat transfer model the power
distributed as a volume power source, assuming all input
power is converted to heat, see Figure 5. The resulting
temperature is then used to calculate the thermal resistance,
RT of the diode, and the thermal resistance is then put in
to ADS harmonic balance simulations where self heating is
implemented using Chalmers HBV electro-thermal model to
calculate the rise in temperature under RF pumping [15]. In the
heat transfer simulations the temperature dependent thermal
conductivity is used for InGaAs, InP and gold.

κInGaAs = 4.7 ·
(T0

T

)1.375

κInP = 68 ·
(T0

T

)1.48

κAu = 0.0586(282− T ) + 317

2) Harmonic balance: The electrical properties of the HBV
are modeled in ADS with the quasi-empirical Chalmers HBV
model [16]

V (Q) = N
{ bQ
εbA

+ 2
sQ

εdA
+ Sign(Q) ·

( Q2

2qNdεdA2
+

+
4kBT
q

(
1− exp

[
− |Q|

2LDAqNd

]))} (9)

These simulations also provides a value for the optimum
embedding impedances for a maximised conversion efficiency.

Different geometries have been evaluated for a fixed input
power of 40 mW and pump frequency fp = 200 GHz. We
have examined one and two-mesa HBV diodes, with different
mesa areas, of Material A and B, to determine which geometry
will give the highest conversion efficiency without exceeding
the maximum temperature increase allowed, 130 − 150 K.
For each geometry the efficiency improves when the area
decreases, see Figure 6. However only the geometry and
areas where the temperature limit has not been reached are
interesting, consequently the one-mesa geometry could be
ruled out immediately since the area required results in a very
low conversion efficiency of the HBV diode.

The best conversion efficiency geometry was chosen, a two-
mesa HBV with a mesa area of 6× 3 µm2, where the larger
dimension sets the width of the air bridges. As can be seen
in figure 6, the difference in efficiency is not very large, why
we choose to use the epi-material we already have, Material
B, rather than fabricate a new material.
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(a) (b)

Fig. 4. Cutoff frequency and maximum depletion layer width dependence on modulation layer doping level. To the left of the intersection the cutoff frequency
is current saturation limited, and to the right the cutoff frequency is impact ionization limited. fp = 200 GHz, A = 18 µm2. (a) Cutoff frequency for different
thickness of the modulation layers. N = 3, Nm = 2. (b) Cutoff frequency for different number of barriers per mesa. l = 190 nm, Nm = 2.

Fig. 5. Heat transfer FEM simulation of a two-mesa HBV diode. Clearly
shows how the heat is concentrated in the active layers of the HBV. The image
shows quarter of a diode, due to symmetry.

0

1

2

3

4

5

6

7

8

9

10

0

32

64

96

128

160

192

224

256

288

320

0 5 10 15 20 25 30

Efficiency [%]ΔT [K]

Area [μm2]

2 mesa diodes (Input power = 40 mW)

Temperature (Material A)

Temperature (Material B)

Max(ΔT) = 130 K

Efficiency (Material A)

Efficiency (Material B)

Fig. 6. Efficiency and temperature comparison of two-mesa diodes with
different mesa areas and two different materials: A two-barrier material
optimised for an input frequency of 200 GHz, and the 3-barrier material
described in Table I. It shows that the area needs to be at least 18 µm2 to
not overheat, and that the 3-barrier material we already have can be used.

V. CIRCUIT

While HBV diodes for lower frequencies often are sepa-
rately flip chip soldered to a circuit of another material, e.g.
quartz, integration of the HBV diode on a MMIC is preferable
for THz frequencies. As the frequency gets higher soldering
uncertainty and losses are eliminated. This means that we are
limited to a InP substrate which has a large dielectric constant,
so in order to reach reasonable line widths and impedances,
and to avoid waveguide modes in the substrate, the substrate
needs to be thin.

We will design a classic waveguide-to-microstrip-to-
waveguide circuit, with all matching elements fabricated on
the microstrip MMIC. The waveguide dimensions are WR-4
at the input and WR-1.5 at the output. The channel width and
height is 160 µm. The design is similar to the design in [17].

A. Substrate

The most common way to thin down a substrate is either
mechanically, through lapping of the back of the substrate,
or through membrane technology where the back side of the
substrate is etched away until a stop layer is reached deciding
the substrate thickness. As InP is a brittle material there is
some concern when thinning it down too thin. And as for
membrane technology there are also some issues regarding
the background doping of the eptiaxially grown InP layer. We
do not have access to Fe-doped InP epi-material, which means
the membrane will be lossy.

We have decided to move forward with a 20 µm thick
substrate, which we can lap down mechanically with good
precision. Propagation constant simulations in Ansoft HFSS
show that 20 µm is small enough to avoid waveguide modes
in the substrate for strip widths smaller than about 40 µm in
a waveguide 160 µm wide, but still large enough to have a
reasonable tolerance.
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Fig. 7. HBV diode HFSS model with airbridges for deembedding optimum
impedances.

B. Diode embedding impedance

The optimum HBV diode embedding impedance has been
estimated in order to achieve maximum conversion efficiency
at an input power of 30 mW in order keep good efficiency over
the whole 20−40 mW region. The input and output matching
impedance for the fundamental tone at 200 GHz and third
harmonic has been calculated in S-parameter simulations in
Ansoft HFSS combined with harmonic balance simulations in
ADS of the chosen geometry, a two-mesa diode of the three-
barrier material (Material B). The air bridges are included in
the S-parameter simulation, see Figure 7, in order to have them
included in future matching circuit simulations. The HBV
diode mesas are replaced with lumped ports in this simulation,
and the HBV model in (9) is used in ADS. The length of the
air bridges is 12 µm, the width is 4 µm, the mesa area is
6 × 3 µm2, the distance between the mesas is 3 µm, pump
frequency fp = 200 GHz and the input power is 30 mW.
The thermal resistance put in to the device is a ”worst case”
thermal resistance calculated from an input power of 40 mW
on the same diode area, RT = 4474 K/W.

The resulting optimum impedances at the fundamental and
third harmonic, for an input frequency of 200 GHz is displayed
in Figure 8.The conversion efficiency at these impedances
is η > 6% and the self heating in the HBV diode is
100 < ∆ T < 150 K.

VI. CONCLUSION

A HBV frequency tripler with an output frequency of 0.6
THz is currently under development. Investigations of material
and diode layout show that self heating is a major limiting
factor for reaching high conversion efficiency and power levels
at higher frequencies. The 3-barrier epi-material developed for
operation at lower frequencies can be used for the HBV and
provide a theoretical conversion efficiency of 6-7% for a 2-
mesa HBV diode. At an expected input power of 30 mW this
will result in a outputpower of about 1 mW.

The circuit developed for the tripler is a waveguide-to-
microstrip MMIC-to-waveguide circuit. The matching cir-
cuitry on the MMIC is under development and when that is
done the HBV tripler will be fabricated at MC2, Chalmers.

Fig. 8. HBV optimum embedding impedances for maximised efficiency
at 30 mW input power and fp = 200 GHz. m1 marks the input matching
impedance for fundamental tone, and m2 the output impedance at the third
harmonic including and excluding (circled) air bridges.
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