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MODELLING AND DESIGN OF

Hicur-PoweER HBV MULTIPLIERS

Mattias Ingvarson

Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

This thesis deals with symmetric varactor frequency multipliers for millime-
tre and sub-millimetre wave applications. Much of the material presented
is general and applicable to any type of (symmetric) varactor, but the focus
is on the heterostructure barrier varactor (HBV).

The basic function and principles of HBVs are explained. This includes cur-
rent transport mechanisms, elastance modulation and the important para-
sitic series resistance. Various epitaxial material layer structures employed
for HBVs are compared, followed by a description of HBV processing tech-
niques and different device geometries. The focus is then directed towards
modelling high-power devices and a closely related investigation of thermal
limitations and models for HBVs. The thermal properties are important in
the subsequent section dealing with the design of HBV layer structures.
HBYV frequency multipliers are treated in the last section. Basic multiplier
design considerations are discussed, followed by a review of the most com-
mon HBV multiplier topologies. Finally, HBV multiplier measurements are
described and state-of-the-art results are presented.

Keywords: heterostructure barrier varactor, frequency multiplier, varactor
diode, semiconductor, thermal limitations, millimetre and sub-millimetre
wave power source.
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Chapter 1

Introduction

Terahertz technology, defined as technology using frequencies from about
100 GHz to several 3 THz, is gradually maturing and already used in many
applications [1]. The main applications today are within science, particularly
radio astronomy. Applications under development or still at a planning stage
are high-speed wireless networks, short-range high-resolution radar systems,
medical and biological imaging, high-speed inter-satellite communication,
earth environment monitoring, military applications, and surveillance sys-
tems, notably security systems. Most such applications crucially depend on
the availability of reasonably inexpensive, lightweight and compact sources
and detectors. However, as the frequency approaches 1 THz, the output
power for both electronic and photonic signal sources drops rapidly. This is
commonly referred to as the THz gap, cf Figure 1.1. Traditional fundamental
signal sources are backward-wave oscillators (BWO) that can generate a few
mW at 1.5 THz, and optically pumped lasers for spot frequencies between
0.5 and at least 5 THz with output power in the mW range. However, these
sources are heavy, bulky and very expensive. A potential replacement is the
quantum cascade laser (QCL) [2] which works very well down to about 3
THz [3], [4] and has the potential to extend the operation down to 1 THz [5].
The major problem is that the present technology requires cryogenic cooling
at long wavelengths, which makes QCLs awkward to use. Another approach
is photomixing [6], which has shown promising results between 100 GHz and
1 THz, but the output power has only been in the W range in the best
case, apart from a recent demonstration of 20 mW at 100 GHz [7].

The most promising approach to reach the terahertz frequency range
with a solid state source is to use a frequency multiplier. Traditionally,
this has been accomplished with a reverse-biased Schottky diode [8]. How-
ever, the power handling capability of the Schottky device is limited by
the device area, which has to be very small at high operating frequencies
to allow for manageable impedance levels. From a circuit point of view,
higher harmonic multiplication factors (> x 3) become increasingly difficult
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' THz |
< Electronics gap Photonics >

100 103 106 109 1012 1015 1018 1021
Frequency [Hz]

Figure 1.1: The THz gap in the electromagnetic spectrum.

to implement and, therefore, high-order multipliers are usually realised as
a chain of several low-order Schottky varactor multipliers [9]. The hetero-
structure barrier varactor, HBV [10], offers a very competitive alternative
to the Schottky varactor for signal generation in the sub-millimetre wave-
length region. HBVs utilise material engineering to stack several varactors
on top of each other, thus the power handling capacity is increased consid-
erably. Thin barriers of a high band-gap material are positioned between
low band-gap regions in a symmetric manner, in order to realise a voltage
variable capacitance. This technology has the advantage that for high fre-
quencies and power levels, a large device area can be maintained without a
subsequent increase in capacitance. HBVs exhibit a symmetric capacitance-
voltage (C'—V') characteristic and an anti-symmetric current-voltage (I —V)
characteristic, implying a device that generates only odd harmonics of an
applied pump signal. The symmetric layer structure also allows for an un-
biased operation. In all, the use of HBVs rather than Schottky varactors
greatly simplifies the design of high-order frequency multipliers.



Chapter 2

Varactors

This chapter reviews fundamental varactor theory and presents concepts
and definitions that form the basis for the description and modelling of
HBYV devices and multipliers in the following chapters. The presentation is
strongly inspired by the monumental work by Penfield and Rafuse [11]. For
further reading, see also [12,13].

2.1 Basic concepts

A varactor is a device that exhibits a voltage variable, implicitly capaci-
tive, reactance. A varactor is typically a semiconductor diode, which can be
used for harmonic generation, frequency conversion, parametric amplifica-
tion, detection and voltage-variable tuning [11]. During operation, currents
of many frequencies can be present in the varactor. Some of these currents
are useful inputs or outputs, while some are idlers. Idlers can, however, be
necessary for optimum operation of the device.

2.1.1 Manley-Rowe formulae

The Manley-Rowe formulae [14] relate power flowing into and out of nonlin-
ear reactances. The relations apply to ideal, i. e. loss-less, varactors where
current and voltage are assumed to exist at frequencies m fi +n fo, where m
and n are integers. The formulae are

Z Z nf1+mf2 =0 (1)

m=1n=—oo

S Y=o (22)

m=—oon=1

Py, is the average power flowing into the varactor at the frequency mfi +
nfy. For a frequency multiplier all frequencies are harmonics of only one
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frequency, fi, thus m = 0, and the Manley-Rowe relations become P; +
P, = 0. That is, if the circuit is designed so that only real power can flow
at the input frequency fi and at the output frequency nf;, the Manley-
Rowe formulae predict a conversion efficiency of 100%. It should be noted,
however, that the Manley-Rowe formulae do not take any DC power into
account. This means that the power at any output frequency nf; cannot be
increased by supplying DC power.

2.2 Pure varactor model

The equivalent circuit of a pure varactor, i. e. a varactor with no conduc-
tion current, has two elements, see Figure 2.1. This simple model consists
of a constant series resistance, Rs, and a nonlinear differential elastance,
S(V)= dV/dQ = 1/C(V), where V is the voltage applied across the diode.
(Since the equivalent varactor model contains a capacitance in series with a
resistance, it is common to talk about elastance rather than capacitance).
The model can be used to describe the basic behaviour of a varactor, and
is valid when the displacement current is much larger than the conduction
current across the diode junction. An important and extensively used figure-

R,  S(V)
O /\/ /H/ O

Figure 2.1: Equivalent circuit for a pure varactor.

of-merit for varactors is the dynamic cut-off frequency, f., which is defined
as

f _ Smax - Smin (2 3)

¢ 27 Ry ’

where Spax and Spn are the maximum and minimum elastances, respec-
tively, and Rg is the series resistance. Thus, a good varactor should have
a large elastance swing, Spax-Smin, and a low series resistance. A state-of-
the-art varactor has a cut-off frequency of several THz.

2.3 Practical varactors

One distinguishes between varactors with asymmetric and symmetric C' —V
characteristics. Reverse-biased Schottky and p™n diodes are the most com-
mon asymmetric varactors, whereas HBVs and back-to-back Schottky diodes
are examples of symmetric varactors. Figure 2.2 shows the elastance versus
voltage characteristics for conventional and symmetric varactors, respec-
tively.
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S(v) iS(v)
Spm=1/C,

SI“‘JX: 1/Cm|n min

Smm = l/cmux

> >

Vinax 0 o, Vinax 0 Vinax

Figure 2.2: Elastance versus voltage for (left) a conventional (asymmetric) var-
actor and (right) a symmetric varactor.

2.4 Pumping

The process where a large current at an angular pump frequency wy, = 27 f,,
is passed through the varactor is called pumping. This is the normal mode of
operation for a varactor in a frequency multiplier. During a pump cycle, the
varactor behaves as a time-varying elastance, S(t¢), and power is dissipated
in the series resistance. The voltage across the pure varactor in Figure 2.1
is then

u(t) = Ri(t) + / S(t)i(t)dt. (2.4)

The boundary conditions to (2.4) are equations describing how the varactor
is terminated at the harmonics involved. These equations, however, are more
conveniently described in the frequency domain. In a frequency multiplier
only frequencies that are multiples of the pump frequency, i. e. k-wp, k € N,
are present. The voltage, current and differential elastance can therefore be
written as Fourier series:

v(t) = i Viedhent, (2.5)

k=—00
i(t) = Y Iel™! (2.6)
k=—o00
and
St) =Y Speltrt, (2.7)
k=—o00

where V_, = Vi*, I, = I} and S_, = S} as v(t), i(t) and S(t) are real
quantities. Thus, the Fourier coefficients of V' can be written

[e.e]

> LS. (2.8)

Vi = Rolc +

Jkwp
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2.5 Symmetric varactor frequency multipliers

This section reviews some basic concepts applicable to symmetric varactor
frequency multipliers, notably HBV multipliers.

2.5.1 Conversion efficiency

The conversion efficiency 7 is defined as the power delivered to the load at the
desired output frequency, n x f,, divided by the available input power at f;,.
The maximum conversion efficiency for varactor multipliers is related to the
ratio of the pump frequency f;, and the dynamic cut-off frequency f. [11,15].
The following empirical expression is useful for initial estimations [16],[Paper
BJ:

100

. 8’
tra(57)

where « and 3 can be extracted from large-signal simulations for various
(HBV) devices and circuit conditions. For f,/f. < 0.2, we typically find
a =200 and 3 = 1.5 for HBV triplers [16].

n = (2.9)

2.5.2 Elastance models

It is of interest to investigate how the shape of elastance-voltage (S — V)
characteristics influence the conversion efficiency of varactor frequency mul-
tipliers. In order to facilitate such studies it is advantageous to use simple,
generally defined S —V models. One such model is the cubic varactor model
for the voltage V' as a function of the stored charge @ in the varactor [17],
which is based on the third-order voltage-charge model suggested by Tang
et al. [18]. The cubic model can be extended to a fifth degree polynomial
model to allow for varying the shape of the S — V' characteristics:

3 5
V(Q) = SminQ + (Smax - Smin) <€ 622 + X Ci > (210)
where v
Qmax = == (2.11)

Smin + (Smax - Sm1n)(§ + X) '
(Qmax is the charge stored in the varactor at the maximum voltage, Viax,
during a pump cycle, and  and x are fitting coefficients. For (2.10) to
describe an HBV correctly, the differential elastance must increase mono-
tonically with increasing charge. This constraint gives two extreme cases for
fixed values of Sy, and Shax, denoted flat S — V and sharp S — V', respec-
tively. £ and y for the three elastance models mentioned are summarised
in Table 2.1. Figure 2.3 displays elastance waveforms obtained from (2.10)
with the coefficients taken from Table 2.1. The sharp S —V model gives the
highest conversion efficiency in varactor multipliers [15].
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Table 2.1: Constants for the three S — V models for (2.10).

§ X
Flat 0 1/5

Cubic 1/3 0
Sharp 2/3 -1/5

A S(V)

Figure 2.3: S-V characteristics for the three models generated from (2.10).
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2.5.3 Losses caused by conduction current

Any practical varactor has a non-zero conduction current, which causes
losses and thereby degrades the multiplier performance. This conduction
current can be modelled as a voltage dependent conductance in parallel
with the nonlinear, differential elastance of the pure varactor model, see
Figure 2.4. In this extended model, the differential elastance S(V') has been

G(V)

-
ey

S(V)'Smin Smin

Figure 2.4: Extended varactor model.

split up in two parts, where Sy, is the minimum elastance which appears
at zero bias. The conductance increases with increasing bias, cf Figure 3.6,
implying that the maximum conductance occurs at the maximum bias,

I
Gmax = ——. 2.12
max = 1 (2.12)
If the conductance is assumed to be constantly equal to the maximum value,
(2.12), it is possible to estimate an upper limit of the losses caused by the
conduction current. As a rule of thumb, if Grax S wp - Crin - 0.01, the extra
loss introduced by Gpax is less than approximately 0.3 dB [19].



Chapter 3

Heterostructure barrier
varactors

The heterostructure barrier varactor (HBV) was invented in 1989 by Erik
Kollberg, [10], as a spin-off from the research on resonant tunnelling devices.
An HBV is a symmetric device composed of a high band-gap semiconductor
(barrier) that is surrounded by low band-gap semiconductors (modulation
layers), see Figure 3.1, for typical dimensions see Table 3.2. The first HBVs
had only one barrier and were therefore referred to as single-barrier varac-
tors, SBVs. Another obsolete term that is sometimes encountered in the
literature is quantum-barrier varactors, QBVs. Practical HBVs typically
have 1-6 barriers. The layer structure is grown by molecular beam epitaxy
(MBE) or metal-organic vapour phase epitaxy (MOVPE). Thanks to the
rapid progress in these epitaxial growth techniques during the last decade,
it is now possible to grow HBV materials of high quality [20-23]. So far,
HBVs have exclusively been realised in III-V material systems, although
Si/SiO4/Si devices conceptually similar to III-V HBVs have been investi-
gated to some extent [24].

3.1 Principle of operation

Consider a one-barrier HBV, i. e. one barrier symmetrically sandwiched be-
tween two modulation layers. The barrier acts as a potential barrier for the
electrons, and thus prevents electron transport through the structure. When
an external bias V is applied across the device, electrons are accumulated
at one side of the barrier and depleted at the other side, see Figure 3.2.
The device thus has a voltage-dependent depletion region in the modulation
layer, implying a voltage-dependent C' — V' characteristic. The symmetry of
the layer structure gives a symmetric C' — V characteristic, i. e. an HBV is
a symmetric varactor. The main current transport mechanisms in an HBV
are thermionic emission of electrons over the barrier and electron tunnelling
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Figure 3.1: CAD view of a one-barrier HBV mesa. For typical dimensions, see
Table 3.2.
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Figure 3.2: Conduction band of a one-barrier HBV. w is the width of the depletion
region.
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through the barrier. The device temperature, applied bias and the effective
height and thickness of the barrier determines the dominating mechanism.
In order to maximise the power handling capacity, the HBV material should
have several barriers stacked in series, and a relatively low doping concentra-
tion in the modulation layers to increase the breakdown voltage. However,
if too many barriers are used, the device temperature increases, and this
degrades the diode’s varactor properties. For a given material structure it is
possible to estimate the maximum number of barriers that can be used with-
out degrading the HBV [Paper A]. If the modulation layers are made shorter
and doped more heavily, the losses and the effect of current saturation for
high frequency applications are reduced [25,26].

3.1.1 Equivalent circuit models

The most simple equivalent circuit model for HBVs is the the pure varac-
tor model presented in Figure 2.1, which can be used to describe the basic
properties. A more accurate model, useful for numerical analysis of HBVs,
is the nonlinear, quasi-static model displayed in Figure 3.3. The current
source models the leakage current through the device. A more extensive

|
+
V)2 v ¢ 1(V)

Ry

Figure 3.3: Quasi-static equivalent circuit model of an HBV.

model is displayed in Figure 3.4. This model can be extracted from mea-
sured reflection coefficients [27]. Here, the dependence on temperature and
frequency is included, as well as parasitic elements. The series resistance
is frequency-dependent due to the skin effect, and voltage-dependent due
to the extension of the depletion region. The series inductance L, models
the connection to the diode, i. e. bonding wire or air-bridge, and the shunt
capacitance C, represents parasitic capacitances due to packaging.
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Figure 3.4: Extended quasi-static equivalent circuit model of an HBV.

3.1.2 Capacitance-voltage characteristics

The symmetric C'—V characteristic of a typical HBV is shown in Figure 3.5.
The appearance of the HBV capacitance can be understood by considering

Capacitance [fF/um?2]

Bias [V]

Figure 3.5: Measured capacitance per unit area versus applied voltage for a typical
HBYV diode. The material is a four-barrier InGaAs/InAlAs heterostructure on an
InP substrate, CTH-ITME-1820.

the parallel plate capacitor model. The plate separation is equivalent to the
sum of the barrier thickness, b, the spacer layer thickness, s, see Table 3.2,
and the length of the depletion region in the modulation layer, w. Due to
the symmetric layer structure of HBVs, the differential elastance is an even
function of the applied voltage,

SV =gy = (2 + o+ M), (3.1)

€b &d &d
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where N is the number of barriers, A is the device area, and e, and &4
are the dielectric constants of the barrier and modulation layer materials,
respectively. Equation (3.1) is not accurate close to zero bias. w can be

calculated from
QEd‘Vd|
w=4—, 3.2
\/ N (3.2)

where Vj is the voltage across the depleted region of each modulation layer,
q is the elementary charge and Ny is the doping concentration in the mod-
ulation layers. The minimum elastance Sy, occurs at zero bias, i. e. w=0.
However, due to electron screening effects, a more accurate expression for
Smin must include the extrinsic Debye length Lp,

EdkT
Lp =/ 3 .
D q2Nd7 (3 3)

where k is the Boltzmann constant and 7' is the device temperature. Thus
N /b 2s 2Lp

Smin=—|—+—+—71. 3.4

A (Eb + &d + &d ) ( )

The maximum elastance Spax during a pump cycle is determined by the
drive level of the HBV, defined as

max(Q(t))
Qmax

where Qmax is the charge at the turn-on voltage, Vjmax [16]. Optimum
performance is achieved with a maximum elastance swing, low conduction
current and drive=1. Under these conditions, the maximum elastance is

limited by N/
Smax = Z ( + i + u}max) (36)

drive =

(3.5)

e 4 Ed
where wpax is the maximum extension of the depletion region, determined
by one of the following conditions:

1. Modulation layer punch-through, i. e. the modulation layer is fully
depleted so that wmax=[ where [ is the thickness of the modulation
layer;

2. Large electron conduction current across the barrier due to thermionic
emission at high electric fields;

3. Large electron conduction current originating from impact ionisation
at high electric fields;

4. Current saturation, i. e. the saturated electron velocity determines the
maximum length an electron can travel during a pump cycle.
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All four of the above conditions are valid for GaAs-based HBVs, whereas
condition 2 is usually not applicable for InP-based devices due to the much
higher effective barrier height. For condition 2, the conduction current de-
pends on the effective barrier height and the electric field in the barrier [28].
For condition 3, wmax can be calculated as

6dE‘d max
max — ’ 3.7
Wma; aN; ( )

where Eg max is the maximum electric field in the modulation layer at the
voltage where breakdown occurs. For condition 4, wyax can be estimated as

Wrnax A (3.8)

8fp

where vpay is the saturated electron velocity [25].

The Chalmers HBV model, (3.9), is a quasi-empirical expression for the
voltage V across an HBV expressed as a function of the charge @) stored in
the device [29]:

B bQ 5Q)
Q= N(w T2

. Q? 4kT Q|
+ sign(Q) <2qu€dA2 + . <1 — exp [_2LDAqu]>>)' (3.9)

Equation (3.9) is useful for numerical analysis of HBVs, e. g. harmonic
balance.

3.1.3 Current-voltage characteristics

The I — V characteristic of an HBV is anti-symmetric. Its appearance is
mainly caused by thermionic emission of electrons over the barrier and/or
tunnelling of electrons through the barrier. The device temperature, applied
bias and the height and thickness of the barrier determine which current
transport mechanism is dominant in each situation. An I —V characteristic
of a typical HBV is shown in Figure 3.6. Given a general barrier structure
and adjacent modulation layers, it is possible to calculate the I — V' charac-
teristic with numerical techniques [30-32]. The conduction current can be
calculated by solving the Poisson equation and the Schrédinger equation [33].
Attempts to solve the Poisson and Schrédinger equations self-consistently for
an applied AC bias have been carried out [34], but this approach is not yet
feasible for design work. Instead, empirical, quasi-static I — V models have
to be used to predict the RF performance of HBVs. For GaAs/AlGaAs on
GaAs HBVs, where thermionic field emission is the dominant current trans-
port mechanism, the following model can be used to calculate the conduction
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Current density [uA/pm?2]

Bias [V]
Figure 3.6: Measured current density versus voltage for a typical HBV diode.

The material is a four-barrier InGaAs/InAlAs heterostructure on an InP substrate,
CTH-ITME-1820.

current density:

E
Jcond,GaAs = aT’sinh <E§> €xp <_;b;> (310)

where Ej, is the electric field in the barrier and a, Ey and ¢y, are constants
[29]. The constants can be extracted from Arrhenius plots of the measured
current density at different temperatures. FEj, can be estimated from the
Poisson equation as

NdQEdb 2V€%
Ey = 1+ —=—-1 3.11
b e? \/ + Nygeqb®?N ’ ( )

or explicitly from the charge as Ey, = Q/(epA). For InGaAs/AllnAs on InP
HBVs, the conduction current can be described by

T \%4
Jcond,InP = a-exp (To) sinh (Vo) (3.12)

where a, Ty and Vp are constants [35]. Figure 3.7 shows a comparison be-
tween the conduction current of a 4-barrier GaAs-based HBV (UVA-NRL-
1174) and a 3-barrier InP-based HBV (CTH-ITME-1596). The curves where
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Figure 3.7: Conduction current for a 4-barrier GaAs-based HBV and a 3-barrier
InP-based HBV.

calculated from (3.10) and (3.12), respectively, assuming room temperature
operation. The displacement current can be calculated using harmonic bal-
ance, from

it) = aaciz' (3.13)

3.1.4 Series resistance

The series resistance Ry associated with a diode is a quantity which sum-
marises the resistive losses that characterise the various layers forming the
device. For varactors, R is one of the most important limiting parameters.
According to (2.3), Rs must be minimised in order to maximise the dynamic
cut-off frequency. This is especially important for higher frequencies, since
the available pump power decreases rapidly with increasing frequency. The
main contributors to the series resistance are the ohmic contact resistance,
the resistance in the modulation and contact/buffer layers and the spreading
resistance. The ohmic contact resistance R, is strongly affected by the fab-
rication process. In order to minimise R, it is important to use an optimum
metallic scheme and optimum annealing conditions [36]. The resistance in
the modulation layers can be reduced by using as thin layers as possible
with respect to the capacitance modulation, a high-mobility material, and
a relatively high doping concentration. However, a too high doping concen-
tration and too thin modulation layers result in a low breakdown voltage
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and a low maximum elastance. Therefore, there is a trade-off between high
power handling capacity and low losses. The spreading resistance is caused
by the material near the anode and, at high frequencies, the skin effect has
to be included [37], which means that the diode geometry becomes impor-
tant. Given the voltage-charge relationship in (3.9), the series resistance can
be expressed as [16]

palN [ |Q Q|
- A<quA +2Lp (exp |:_2LDAqu:| — 1>> (3.14)

where Ry is the zero-bias intrinsic series resistance and pq is the resistivity
of the modulation layer,

1

= — 3.15
qNapie(Na, T) (3.15)

Pd

The electron low-field mobility pe(Ng,T') can be calculated from the follow-
ing empirical model [38]

,Ufrnax(jjO)(TIO/T’)G1 — Hmin

1+ Na '
Neet (To)(T'/ Tp) %2

Here, pmin, fmax, Nrets A, 01 and 0 are fitting parameters available for most
common III-V materials, and Ty = 300K. It is very difficult to measure the
series resistance. For varactors that can be probed, R can be extracted from
reflection coefficient measurements with a network analyser [27]. However,
a sensitivity analysis [36] shows that the accuracy from an S-parameter
analysis can never be better than

Me(Nd, T) = Umin + (316)

AR,  (Rs+ Zp)?
= AT 3.17
Ry 2R 7 ( )

where Zj is the characteristic (system-) impedance and AT is the estimated
measurement error in the reflection coefficient I'. Equation (3.17) is valid
for (Q-values below the optimum @-value for capacitance estimations, which

is approximately

1

Another way to estimate the series resistance is to combine data from contact
resistance measurements with resistivity data for the semiconductors used.

At terahertz frequencies, other effects become important. The perfor-
mance can be degraded by plasma resonances in the epilayers and current
saturation. The latter effect can be modelled as an effective series resistance,
which increases rapidly with increasing pump power [25].
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3.1.5 Electro-thermal HBV modelling

In order to properly analyse and design HBV devices and circuits, especially
for high-power applications, it is necessary to combine electrical and ther-
mal simulations. We have demonstrated the first such model, [Paper C],
which automatically updates the temperature and temperature-dependent
parameters as the series resistance and the conduction current. The model is
implemented in ADS from Agilent and can accurately reproduce measured
results.

3.1.6 Physical modelling of HBVs

Physical modelling can give important information about, and insight into,
the behaviour of semiconductor devices under various operating conditions.
Jones et al. have developed a time-dependent numerical drift /diffusion HBV
model, integrated with a large-signal harmonic balance circuit simulator
[39—41]. In order to accurately model carrier transport at high frequencies,
the effect of hot electron transport should be included. For Schottky diodes,
this has been accomplished by means of Monte-Carlo simulations [42] and
by including energy balance equations [30]. These techniques can also be
employed, but are still unexplored, for HBVs.

3.2 Material systems

So far, all working HBVs have been fabricated from a combination of III-V
semiconductors. Important data for some materials of interest for HBVs is
presented in Table 3.1. The layer structures are grown with epitaxial growth
techniques, mainly molecular beam epitaxy, MBE, and metal-organic vapour
phase epitaxy, MOVPE. The properties of HBV devices depend strongly on
the quality of the layer structure material. Thanks to the extensive progress
in these epitaxial growth techniques during the last decade, it is now possible
to realise relatively complicated HBV materials with sufficient accuracy and
quality. However, new material combinations are continuously being investi-
gated, in order to find ways to minimise the series resistance and the leakage
current, to maximise the breakdown voltage, to improve the high frequency
properties, etc. In principle, any symmetrical material combination with a
band-gap discontinuity can be chosen. Yet, an important constraint is that
the lattice mismatch must not be too large in order to avoid stress in the
structure. If the layer thickness of a certain material reaches the material’s
critical thickness, the layer relaxes to its natural lattice constant, causing
dislocations in the material. Stress also causes piezoelectric fields, which
may alter the energy band structure, and thus the electrical characteristics
of the device. Table 3.2 shows a generic layer structure for InP and GaAs
based HBVs. A review of commonly used, and some more exotic, HBV
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Table 3.1: Bulk properties of some materials at room temperatures.

Material — Eg W Umax Er K
[eV] [em?/Vs]  [cm/s] [W/cmK]
Si 1.12 1450 8x106  11.9 1.5
Ge 0.66 3900 6x10%  16.2 0.6
6H-SiC  3.03 900 2x107  9.66 5
Diamond 5.5 2200 2.7x107 5.7 10-20
SiO, 9 - - 3.9 0.014
AlP 2.45 60 - 9.80 0.9
AlAs 215 290 - 10.06 -
AlSb 1.62 200 - 12.04 0.3
AIN 6.2 135 1.7x107 8.5 2
2H-GaN  3.44 1000 3x107 89 1.5
GaP 2.27 160 - 11.1 1
GaAs  1.42 9200 1.8x107 12.85 0.46
GaSb  0.75 3750 - 15.69 0.4
InP 1.34 5900 2.5x107  12.56 0.7
InAs 0.35 33000 3.6x107 15.15 0.3
InSb 0.18 77000 5%107  16.80 -
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materials is given in the following sections.

Table 3.2: Generic layer structure for a typical one-barrier HBV. For an N-barrier
device, the layer sequence 2-7 is repeated N times. y€[0.4,0.7].

Layer Substrate Substrate Thickness Doping
InP GaAs [A] [cm™3]
9 Contact In,GajxAs  In,GajyAs 5000 ntt
x:1—0.53 x:1—0
8 Modulation Ings3Gag47As GaAs 3000 > 1017
7 Spacer Ing 53Gagq7As GaAs 50 Undoped
6 Barrier In0,52A10,48AS AlyGal_yAs 50/30 Undoped
5 Barrier AlAs AlAs 30 Undoped
4 Barrier Ing50Alg.48As  AlyGaj.yAs 50/30 Undoped
3 Spacer Ing53Gagq7As GaAs 50 Undoped
2  Modulation Ings3Gaga7As GaAs 3000 > 1017
1 Contact  Ings3GagarAs GaAs 5000 ntt
0  Substrate InP GaAs n™t or S.I.

3.2.1 GaAs/AlGaAs on GaAs

GaAs is a well characterised and extensively used semiconductor, which is
mechanically stable and relatively easy to process. Therefore, the first HBVs
where fabricated using GaAs-based layer structures [10,43]. This system is
lattice matched, which means that stress-free layers can be grown. The
main disadvantage is the low height of the GaAs/AlGaAs/GaAs potential
barrier. Due to the low barrier height, the leakage current is large, which
degrades the frequency multiplier performance. By incorporating a thin
layer of AlAs in the AlGaAs barrier, it is possible to double the effective
barrier height [44]. The barrier height can be increased further by using
thin layers of a low band-gap semiconductor on each side of the barrier, e.g.
In,GaAs [45,46].

3.2.2 InGaAs/InAlAs on InP

State-of-the-art HBVs are fabricated in the InyGa;_xAs/InyAl;_yAs on InP
system. Almost exclusively, x=0.53 and y=0.52, as these compositions are
lattice matched to InP. Electron velocities are higher in InGaAs than in
GaAs and the barrier is higher, which means lower leakage currents and,
thus, improved frequency multiplier performance. HBVs with very good low
leakage currents have been fabricated in this material system [33,47]. A thin,
pseudomorphic layer of AlAs in the middle of the barrier increases the barrier
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height even further. Because of the high potential barrier, HBVs fabricated
from this system are less sensitive to self-heating, and excellent frequency
tripler performance has been reported [21,35,48]. The main drawbacks are
that InP substrates are more expensive and fragile than GaAs substrates,
and it is more difficult to grow thick epilayers. However, thick, high quality
HBV materials have been grown by MOVPE [49-51]. The Cpax/Chin ratio,
which affects the cut-off frequency, can be improved with a planar doping
and a quantum well adjacent to the barrier [52], although the escaping and
trapping mechanisms of such quantum wells at high frequencies have not
yet been fully investigated. A major drawback, especially for high-power
applications, is the poor thermal conductivity  of Ing53Gag 47As, of a tenth
of that of GaAs, see Table 3.1.

3.2.3 InAs/AlSb on InAs

AlISb and InAs are slightly mismatched, but layers of a few hundred A can be
grown without dislocations. Advantages with this material system are the
high intrinsic mobility and the high electron drift velocity in InAs, combined
with a large band edge offset in the conduction band. However, AlSb/InAs
is a type II heterojunction, which implies that the valence band edge offset
is negative. Therefore, there is no hole barrier to block the hole current, and
a thin layer of AIAs must be inserted in the barrier. AISb oxidises quickly
and therefore needs protection. This, combined with a low breakdown volt-
age and complicated processing techniques, makes InAs/AlSb on InAs less
usefull for HBV fabrication. Attempts to demonstrate high conversion ef-
ficiencies have been made [53], but hitherto no successful HBVs have been
produced in this material system.

3.2.4 Metamorphic InGaAs/InAlAs on GaAs

GaAs substrates are preferred because of the lower cost, larger available
wafers and better mechanical properties compared to InP. It is possible to
grow lattice mismatched, dislocation free InGaAs/InAlAs epilayers on GaAs
substrates for various applications [54,55]. This can be done by growing a
buffer layer in InGaAs or InAlAs, where the material composition is grad-
ually changed, from GaAs to a material with the desired lattice constant.
With this technique, material systems with an arbitrary In content in the
modulation layers can be grown. The quality of graded buffer layers grown
by MBE is good, but the technology is relatively new. A disadvantage how-
ever, is the high thermal resistance of the InGaAs or InAlAs buffer layer. So
far, no HBVs have been successfully fabricated using this kind of material.
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3.2.5 Wide band-gap materials: Al1GalN/GaN

Wide band-gap systems such as AlGaN on GaN offer new possibilities for
HBVs in terms of very low leakage currents due to a high effective barrier
height, and a high power capacity due to the excellent thermal conductivity
and the wide band-gap. Drawbacks are low electron mobility, high cost, and
piezoelectric fields which alter the electric properties of HBVs [56].

3.2.6 Ferroelectric varactors

Ferroelectric materials are characterised by an electric field and tempera-
ture dependent dielectric constant. Thin films of BaySr;_TiO3 (BSTO) or
SrTiOs (STO) can be used to fabricate ferroelectric varactors with proper-
ties similar to those of HBVs; i. e. symmetric C' — V' characteristics [57,58].

3.2.7 Si/SiO; on Si

A symmetric structure similar to III-V HBV heterostructures can be fabri-
cated by bonding two thin silicon wafers with silicondioxide on the bonding
surfaces [24]. SiOj is an excellent barrier material, which blocks current very
efficiently, but the main drawback of this material system is that the mobility
in silicon is low. If a method for stacking several barriers is developed, this
structure could be interesting for low-frequency, high-power applications.
Another potential application for silicon based HBVs is voltage-variable tun-
ing for integrated circuits.

3.3 Practical HBVs

This section provides an overview of HBV fabrication and the most common
geometries utilised for HBVs.

3.3.1 Fabrication

The fabrication of HBV diodes essentially follows standard III-V processing
techniques, see e. g. [59]. Details of the HBV fabrication at Chalmers can
be found in [36].

3.3.2 Whisker-contacted geometries

The first HBVs where whisker-contacted [10]. Whisker-contacted HBVs
have higher cut-off frequencies due to the low parasitics, but are less me-
chanically reliable than planar diodes and not suitable for integration. In
order to improve the thermal properties of whisker-contacted HBVs, we
introduced a process where the semiconductor substrate is replaced with
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copper, see Dillner et al. [60], [Paper G]. Compared to semiconductor sub-
strates, copper has excellent thermal and electrical conductivities. In this
process, the semiconductor substrate is replaced with copper before the de-
vices are fabricated. First, a Ti/Pt/Au ohmic contact is evaporated onto
the top layer. Then, copper is electroplated to a thickness of approximately
50 pm and covered with a thin layer of gold for chemical protection. The
InP substrate is removed with a selective wet etch, where the InGaAs con-
tact layer, see Table 3.2, serves as an etch stop layer. Now, the epitaxial
layers are stacked on the copper substrate in reversed order compared to
the growth order on the original InP substrate. This is possible because of
the symmetric structure of HBV materials. Circular diode mesas are then
fabricated using standard processing techniques. To facilitate whisker con-
tacting of the diodes, it is advantageous to incorporate a whisker support at
the top of the mesas. We have tried two different methods. The first is to
form a Ti/Au “cup” on each mesa, see Figure 3.8 (left). This method gives a
good ohmic contact between the whisker and the mesa, but the cups turned
out to be too fragile, and difficult to contact because of the small size. The
second method is to sputter SiO2 on the diode chip, and wet-etch openings
on each mesa, Figure 3.8 (right). This method gives a very good mechanical
support for the whisker, but it is difficult to obtain a good ohmic contact,
because after annealing, the top metal layer is an alloy and not pure gold.
A solution to this problem is to deposit an additional layer of gold on top of
the mesas after fabrication of the SiO9 supports. Figure 3.9 shows a matrix

Figure 3.8: Chalmers whisker contacted HBVs on a copper substrate. Two ap-
proaches to whisker supports are shown, (left) a Ti/Au “cup” and (right) a SiOs
“crater”.

of whisker-contacted HBVs on a copper substrate in a frequency tripler.
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Figure 3.9: Detail of a frequency tripler. A matrix of whisker-contacted HBV's on
a copper substrate is soldered onto the wall of the output waveguide, and a planar
whisker, soldered onto a gold-on-quartz filter, is connected to one of the diodes [35].

3.3.3 Planar geometries

Today, planar geometries [43,61] are used almost exclusively for HBVs.
Planar HBVs are easy to mount in frequency multiplier circuits, mechan-
ically stable and reliable, and suitable for integration with other compo-
nents. The symmetric two-mesa structure generally employed also can-
cels out any asymmetries in the epitaxial layer structure. The main draw-
backs with planar diodes are the relatively complicated fabrication process,
parasitic elements and the inherent problems associated with the effect of
self-heating [62,63]. The planar HBV geometry employed at Chalmers is
schematically shown in Figure 3.10. This planar diode geometry includes
two series-connected mesas, which means that an N-barrier material yields
an N x 2-barrier device. The length and width of the air-bridge fingers and
the anode geometry are crucial parameters for the thermal properties [63].
Figure 3.11 shows examples of planar HBVs fabricated at Chalmers.

3.3.4 Pillar geometries

A pillar diode topology for HBVs was suggested and fabricated at Chalmers
by Alderman et al. [64]. Here, the substrate is removed and copper pil-
lars are electroplated on each side of the mesa. This kind of device is very
difficult to fabricate, notably due to the thick resist layers needed for the
electroplating of the ~20um thick copper pillars. Due to various process-
related problems all fabricated devices where short-circuited and therefore
no RF characterisation could be performed. However, the methods devel-
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. Finger/ohmic contact Contact/buffer layer

Active layer . Substrate

Figure 3.10: Top (left) and cross-sectional (right) schematic views of the planar
HBV geometry used at Chalmers.

Figure 3.11: Planar HBVs fabricated at Chalmers. (Top) A device with two and
(bottom) a device with four series-integrated mesas.
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oped for using thick resist layers and for removing excessive semiconductor
material during these experiments have been useful for process development
of other device geometries. Figure 3.12 shows a pillar HBV soldered onto a
gold-on-quartz filter.

Figure 3.12: Pillar HBV soldered onto a gold-on-quartz filter.

3.3.5 Integrated devices

Integrated topologies are often desirable as they offer easier mounting, better
control and improved performance compared to discretes. A design with
monolithically integrated low-pass filter, HBV diode and matching circuit
has shown excellent performance [65]. Techniques, suitable for integration,
for transferring HBVs to quartz substrates have been developed [66]. This
transferring technique has resulted in HBVs monolithically integrated with a
low-pass filter on a quartz substrate [67]. A possible, and indeed interesting,
extension of these techniques could be to transfer HBVs to SiC or diamond
substrates. Diamond and SiC have excellent thermal conductivities, which
means that such substrates could serve as very good heat-sinks for planar
HBVs. A less expensive alternative would be to use Si.

3.3.6 High-power devices

A multi-mesa HBV geometry designed to withstand very high power levels
has been developed at Chalmers, see Figure 3.13 [68]. Here the absorbed
power is distributed over a parallel connection of several series-connected
mesa configurations. Compared to the conventional planar diode geometry,
the peak temperature in device is reduced drastically.
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Figure 3.13: SEM picture of a high-power HBV with 16 5-barrier mesas, realised
as four parallel connections of four series-integrated mesas. The inset shows a close-
up of one row of four series-integrated mesas from a similar geometry, where the
four parallel-connected parts are separated.

3.4 Thermal properties

As already mentioned, experimental results show that self-heating is a signif-
icant limiting factor for the performance of HBV frequency multipliers [62].
The term self-heating is used to describe the phenomenon that when the
diode is pumped, the intrinsic device temperature increases, which results
in an increased thermionic emission of electrons over the barrier. For GaAs-
based devices, this increased leakage current typically reduces the conver-
sion efficiency of frequency triplers from a theoretical value of 10-15% to
approximately 3-5%. When the device temperature is increased, the series
resistance increases whilst the maximum capacitance decreases, and this too
has a negative effect on the conversion efficiency. InP-based HBVs are not
as sensitive to self-heating effects as their GaAs counterparts, but suffer
from the poor thermal conductivity of the InGaAs modulation layer, which
results in very high peak temperatures in the diode mesa [Paper A]. In or-
der to reduce the effect of self-heating, it is important to ensure that the
thermal resistance of the HBVs is as low as possible. For planar devices,
the air-bridge can be made shorter and with a larger cross-sectional area
to reduce the thermal resistance. However, this increases the pad-to-pad
capacitance. The geometry of the anodes also influences the thermal resis-
tance. See [63], where the thermal resistance was reduced from about 2000
K/W to approximately 700 K/W by employing an improved diode geom-
etry. It is possible to estimate the maximum allowable temperature for a
given material system. For GaAs-based devices the main constraint is that
the conduction current must be limited so as to ensure varactor mode oper-
ation of the HBV. For InP-based diodes, reliability studies [69,70] give an
indication of suitable allowable temperatures. By taking these constraints
into consideration, we suggest a maximum allowable temperature of 420 K
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for both GaAs and InP-based devices [Paper A]. This temperature can then
be used as a design parameter when optimising the thermal properties of
HBVs, especially for high power applications [68].

3.4.1 Thermal estimations and models

3-D finite element (FEM) simulations are necessary to fully model and char-
acterise the thermal properties of HBVs. Simple analytical expressions are,
however, useful for initial estimations and comparisons between e. g. differ-
ent material systems and device areas [Paper A]. The thermal resistance of
a semiconductor mesa surrounded by air is given by

L

- 1
Rth K)'A, (3 9)

where L is the length and A is the cross-sectional area of the mesa, and k
is the thermal conductivity of the semiconductor material used. The one-
dimensional steady state temperature profile throughout the mesa 7'(x) can
be calculated from the heat flow equation

(92T(x) _ Ptot
Ox? LAk’

(3.20)

Here a homogenously distributed heat source is assumed, and Py is the
total power absorbed in the mesa. The solution to (3.20) and a discussion
about the results that can be obtained are given in [Paper A].

3.5 Design of HBV layer structures

An advantage with HBVs is that it is possible to tailor the devices for
different applications. For sub-millimetre wave applications, the main goal
is to maximise the conversion efficiency for a given input frequency, input
power level and multiplication factor. This is closely related to maximising
the cut-off frequency, (2.3). At lower frequencies, higher input power levels
are available, and the HBV must also be optimised with respect to power
handling capacity. Optimisation of the power handling capability involves
maximising the breakdown voltage of the device. This section presents a
method for optimising the cut-off frequency, based on the work by Crowe et
al. for Schottky diodes [26]. However, for terahertz operation, the current
saturation effect must be taken into account [25]. The design goal is, then,
to optimise the cut-off frequency with the current saturation effect as an
optimisation constraint. The optimum layer structure depends on the input
power level and the diode geometry, since the series resistance depends on
the diode geometry and the number of barriers. For a given diode geometry,
the design procedure is as follows.
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1. Choose material system, e.g. GaAs/Al;Ga;_xAs on GaAs or
InyGaj_xAs/AlyIn;_yAs on InP.

2. Estimate the number of barriers and the device area needed to
handle the input power [16].

3. Calculate the thickness of the modulation layers, /.« . Current
saturation limits the maximum thickness to

Usat

Imax = Ik, (3.21)
where vg,¢ is the saturated electron velocity, k£ is the ratio between
vsat and the average electron speed during a half pump cycle [16] and
fp is the pump frequency. For HBV triplers, k ~ 2. The modulation
layers should be thick enough to accommodate the full depletion layer
thickness at the maximum voltage during frequency multiplier oper-
ation. Thicker layers will add extra series resistance, whilst thinner
layers reduce the elastance modulation ratio.

4. Choose the doping concentration for the modulation layers. In
order to minimise the series resistance, the modulation layers are usu-
ally doped as heavily as possible, but not higher than that the mod-
ulation layers can be fully depleted without exceeding the avalanche
breakdown voltage. A rough estimation of the breakdown voltage can
be derived from the well-known breakdown voltage expression for an
abrupt PN-junction [71]

F.\3/2 Np —3/4
Vep = 60 (ﬁ) <1016) (3.22)

where E, is the band-gap at room temperature in eV and Np is the
doping concentration in cm 3. Equation (3.22) is accurate for many
semiconductors including GaAs, but does not seem be trustworthy
for InGaAs. We use modified versions of (3.22), fitted to breakdown
voltage measurements on InP-based HBV materials. The modulation
layer thickness [ is obtained by inserting (3.22) into

QEdVBD
l = Wmax = 3.23
ma o (3.23)

where g4 is the relative permittivity of the modulation layer material
and q is the elementary charge.

5. When a high frequency multiplier conversion efficiency is needed, the
dynamic cut-off frequency has to be maximised. This involves
chosing a layer structure and doping concentration that maximise the
elastance swing and minimise the series resistance.
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6. Choose the thickness of the barrier(s) to minimise the leakage
current [32] whilst still allowing for a high dynamic cut-off frequency.

7. Optimise the design with a harmonic balance simulator, using an
appropriate voltage-charge relationship, (3.9), and a series resistance
estimated from material data and contact resistance measurements.

8. Check that the available input power can be absorbed without ex-
ceeding the device breakdown voltage, optimum embedding impedance
levels are achievable, and the device temperature is below the maxi-
mum allowable value. If not, iterate as appropriate by repeating the
design procedure with a different number of barriers and/or a different
device area.

More detailed information on the design of HBVs can be found in [16] and
[Paper B].
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HBYV frequency multipliers

A two-terminal frequency multiplier uses a nonlinear device that generates
harmonics of the input frequency applied from a source. The nonlinear de-
vice can be either a nonlinear resistor, varistor, or a nonlinear reactance,
varactor. Varistor multipliers have a potentially large intrinsic bandwidth
due to the absence of stored reactive energy, but the conversion efficiency
is limited to 1/n?, where n is the order of multiplication [72,73]. Varactor
multipliers, on the other hand, have a theoretical conversion efficiency in
the ideal, loss-less case, of 100%, but have a narrow bandwidth and are very
sensitive to the operating conditions. Due to the low available power levels
in the millimetre and sub-millimetre regions, varactors are used exclusively
at these frequencies. However, practical varactors such as HBVs exhibit
properties that are a mixture of those of pure varistors and varactors, re-
spectively. This section reviews basic design concepts for HBV multipliers
and presents an overview of HBV multiplier cicuit topologies, performance,
and measurement techniques.

4.1 Design of HBV multipliers

The design and analysis of frequency multipliers is an extensive topic. This
section focuses on basic properties and device-related design issues, i. e.
optimum impedance levels given certain device characteristics, or vice versa.
Figure 4.1 shows the two possible basic forms for a single-HBV frequency
multiplier, namely with the diode mounted either in shunt or series with
respect to the input and output networks. The matching networks should
be designed to provide optimum embedding impedances to the diode at
the input and output frequency, respectively. Referring to Figure 4.1, in
the shunt connected topology, the input matching network should present
I's = 1 (i. e. an open circuit) to the output frequency whilst the output
matching network should provide I', = 1 at the fundamental frequency.
For the series mounted case the opposite conditions must be fulfilled, i. e.
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e L i
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Figure 4.1: Schematic block representation of an n*"-order frequency multiplier
circuit with (top) shunt-mounted and (bottom) series-mounted diode.

I's = —1for f =nx fyand ', = —1 for f = fy, i. e. short circuits. For HBV
multipliers with n > 3 the matching networks must also provide appropriate
idler circuits. An HBV quintupler (n = 5) for example needs an idler circuit
for the third harmonic, 3 X fy, in order to maximise the conversion efficiency
to the fifth harmonic. There are two extreme cases for the realisation of the
idler circuit, here represented by the idler impedance Z3, for a quintupler:

1. Zero current flowing at 3 x fg, i. e. Z3 = co. The third harmonic will
thus not cause any losses.

2. Maximise the current at 3 x fy. This can be achieved by providing an
inductance in resonance with the diode capacitance at 3 x fy. That
is, Z3 = jX3, where Spin/3wp < X3 < Smax/3wp. This way the idler
current, in combination with the input signal, will increase the output
power, but also introduce losses in the series resistance.

4.1.1 Optimum impedance levels

For frequency multipliers, optimum impedances means impedances that, if
presented to the diode, maximise the conversion efficiency from fy to n x fy.
The optimum impedances are denoted e. g. Zg opt and Z, opt, respectively,
and depend mutually on each other and on the input power level. However,
generally, impedances are only defined for linear networks. Therefore, a
quasi impedance Z,, is defined at harmonic n of a periodic signal as

Va
L’
where V;, and I, are the voltage and current, respectively, at harmonic n.
In order to maximise the power transfer, the matching network impedance

Zy = (4.1)
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should be conjugate matched to device impedance. One analytical approach
is to use the the cubic voltage-charge relation of (2.10). Then,the input and
output impedances for optimum conversion efficiency can be approximated
by the following empirical expressions [74] :

k1 — ik Smax - Smin - .Smin .
Ty = (k1 = o) )~ + (ks — jka) Ry (4.2)

Wp

and
(kl +jk2)(5max - Smin) +j5min +
n - wp

Zy =

(k3 + jka)Rs, (4.3)

where wyp, is the angular pump or input frequency. The constants k, are
given in Table 4.1 for the cubic capacitance model. For f,/f. < 1, k3 and
k4 can be neglected.

Table 4.1: Coefficients for optimum tripler and quintupler impedances for the
cubic model.

n k‘l ]452 k3 k4

Ziym 0.046 021 0.78 0.25
Z3 0.28 0.35 055 0.08
5 Zyn 0057 019 088 0.27
Z3 0 0.35 0 0.29
Zs 0.26 0.24 0.62 0.22

Load-pull simulations

Load-pull simulations are very useful for investigating impedance levels and
their dependence on various parameters. To this end, we use Chalmers HBV
model, (3.9), (3.10) or (3.12), and (3.14), implemented in the commercial
software Microwave Office. Harmonic balance simulations are used to deter-
mine the optimum impedance levels. The result in the form of conversion
loss contours from simulations of a 500 GHz HBV quintupler is shown in
Figure 4.2. When Z; is swept over the entire Smith chart, Z3 and Z5 are
fixed at their respective optimum levels, and so forth. It is obvious that the
input matching is very crucial.

4.1.2 Noise in varactor multipliers

Being a mainly reactive device, a varactor generates very little noise. Ther-
mal noise generated by the series resistance at all frequencies present is
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Figure 4.2: Conversion loss contours versus (left) input and (right) idler
impedance. The results are obtained from harmonic balance simulations of a 500
GHz quintupler. The device assumed is a 2x3-barrier InP-based planar HBV with
an area of 37 ym?. The minimum conversion loss is 5.1 dB and the contours cor-
respond to an increase in conversion loss of 1 dB.

generally the dominating noise source in varactor multipliers [75]. As a con-
sequence, in an application where the noise performance is important, it is
necessary to eliminate the current flowing at idler frequencies. The ther-
mal noise generated in a bandwidth Af around a certain frequency can be
represented by the rms value of the noise voltage vy rms:

Unrms = VAKTRAf (4.4)

where k is the Boltzmann constant and 7 is the device temperature. A
frequency multiplier also multiplies phase, the phase noise is degraded by n?,
where n is the multiplication factor [13,75]. No phase noise measurements
have yet been reported for HBVs.

4.2 HBYV tripler and quintupler topologies

The vast majority of HBV multipliers this far have been frequency triplers.
Today the focus is directed towards higher frequencies, and therefore the
interest for higher order multipliers, notably quintuplers, is increasing. It
is also possible to use HBVs for generating even harmonics by applying a
DC bias that makes the energy band structure asymmetric. A few HBV
frequency doublers have been fabricated and tested, but nothing has been
published. The potential advantage of using HBVs rather than Schottky
diodes for frequency doubling is the higher power handling capacity offered
by a multi-barrier HBV. Triplers and quintuplers basically use the same kind
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of circuit topologies, the most commonly utilised of these are described in
this section.

4.2.1 Crossed waveguide multipliers

The most common multiplier configuration for millimetre and sub-millimetre
wave applications is the crossed waveguide configuration. The circuit con-
sists of a metal block with waveguides for the input and output signals, see
Figure 4.3. The widths of the waveguides correspond to the input frequency
fp and the output frequency n x f},, respectively. In the output waveguide,
the input frequency is cut-off, which means that the waveguide acts as a
high-pass filter, thus preventing power at f, from propagating to the output
of the multiplier. The pump power at f, is coupled to the output waveguide
through a probe, which protrudes into the input waveguide. The probe is
integrated with a low-pass filter, which prevents power at n x f}, leaking out
to the input. Usually, the low-pass filter with the probe is made of gold-
on-quartz in a high-low impedance configuration. In order to provide the
HBYV with suitable embedding impedances, it is common to include move-
able shorts in the input and output waveguide sections, usually one E-plane
tuner and one backshort. The input tuners are shown in Figure 4.3. The
HBYV, which is of a planar geometry in the circuit of Figure 4.3, is soldered
with one pad on to the end of the low-pass filter, and the other pad on to
the waveguide block. Waveguides exhibit low losses, although the moveable
shorts introduce some losses in a multiplier circuit.

N

F\?ERQ?
NN

§ Input tuning

WY e
\\\\ \\\\\x\s backsh

Input E-plane tuner

Figure 4.3: (Left) cross section of a crossed waveguide frequency multiplier and
(right) photo of a 100-GHz HBV quintupler with two input tuners and one output
tuner.
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4.2.2 Distributed multipliers

Another approach to the realisation of HBV frequency triplers is to use
nonlinear transmission lines (NLTLs). NLTLs offer high bandwidths. The
main drawbacks are that the peak efficiency is lower than for single device
multipliers, and that the mounting procedure is complex. To simplify the
analysis and design, it is preferable to use a linear transmission line, peri-
odically loaded with nonlinear devices, rather than using a fully distributed
NLTL. The first demonstration of an NLTL HBV tripler was performed by
Hollung et al. at Chalmers [76]. This tripler consists of a finline, periodically
loaded with 15 HBVs, see Figure 4.4. The finline configuration is possible
to use, as HBVs do not need any DC bias. Propagation of the incident
wave through the nonlinear transmission line generates the third harmonic,
which is radiated into free space from a tapered slot antenna at the output.
Recently, a broadband integrated HBV tripler using a nonlinear transmis-

| Radiated output:
F-band

|
o

Tapered slot antenna

-~

Quartz substrate g HBVs
~ ’\
- 1~
Waveguide input: WR-22 waveguide

Q-band

Figure 4.4: A distributed HBV frequency tripler [76].

sion line topology with six HBVs was presented [77]. Here, HBVs and finline
transitions are integrated on a low-loss membrane to reduce parasitics and
enable output frequencies up to 600 GHz.

4.2.3 Waveguide-integrated microstrip multipliers

At Chalmers we have developed a new HBV multiplier topology where the
HBYV is embedded in a microstrip environment together with parts of the
matching network, see Olsen et al., [78]. The topology is suitable for both
triplers [Paper F] and quintuplers [Paper E]. The circuit is mounted in a
rectangular waveguide and e. g. antipodal finline tapers can be used as
transitions between the waveguide and the microstrip circuit. A tripler
version of this circuit topology is shown in Figure 4.5. Figure 4.6 shows a
photo of a 100-GHz waveguide-integrated microstrip quintupler [Paper EJ.
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Figure 4.5: A waveguide-integrated microstrip HBV tripler with antipodal finline
transitions and microstrip embedding circuit.

Q-band WG to microstrip transition ‘ Microstrip section ‘

Figure 4.6: Detail of a 100-GHz HBV waveguide-integrated microstrip quintupler.
The gold-on-quartz circuit is mounted in a channel between the input (left) and
output (right) waveguides [Paper EJ.

4.2.4 Quasi-optical multipliers

Quasi-optical circuits are well suited for high-frequency applications, espe-
cially the upper sub-millimetre wave region, where the losses in waveguide
circuits are higher and affect the performance noticeably. Decreasing dimen-
sions also complicate the machining of waveguide circuits at these frequen-
cies. Figure 4.7 shows a quasi-optical HBV frequency tripler, where two slot
antennas loaded with HBVs are located at the focal plane of a dielectric
lens [79].

4.3 Frequency multiplier measurements

4.3.1 Measurements on waveguide multipliers

Hitherto, most HBV circuits have been triplers designed to operate at input
frequencies in the W-band, 75-110 GHz. The two main constraints when
choosing frequency bands for multiplier design, in terms of characterisation
possibilities, are (i) the availability of fundamental power sources and (ii)
the availability of power measurement devices. At W-band, Gunn oscil-
lators and backward-wave oscillators (BWOs) can produce power levels of
about 100 mW, or 20 dBm. A typical measurement set-up is schematically
shown in Figure 4.8, whilst Figure 4.9 shows a photo of such a set-up for
HBYV waveguide quintupler measurements. Figure 4.10 shows results from
measurements on a typical HBV tripler.
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Slot antennas, - - - - -
HBYV diodes

High-pass filter

Alumina lens-------

g"% =141 GHz

Figure 4.7: A quasi-optical HBV frequency tripler [79].

Quartz substrate

Alumina spacer

Power
fp meter n >< fp
Signal _i_ > < DUT _E_ Power
source meter

Figure 4.8: Schematical representation of a typical measurement set-up for waveg-

uide multiplier measurements.

Figure 4.9: Photo of a measurement set-up for a waveguide circuit, showing power
meters, signal synthesiser with an amplifier, waveguide block with moveable tuners

and directional coupler.
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Figure 4.10: Output power versus pump frequency for an F-band HBV frequency
tripler for three different levels of input power.
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4.3.2 Cooled measurements

Results from cooled measurements are useful for evaluating the thermal
properties of HBV device geometries. The performance obtained from mea-
surements on HBV multipliers at room temperature can be compared to the
results obtained at cooled temperatures. Well-designed diodes should show
less difference in efficiencies at different temperatures, cf [35,62]. Cooled
measurements are performed in a vacuum environment inside a cryostat. A
problem, then, is that when the circuit is mounted inside the cryostat, it is
not possible to perform any tuning of the circuit. This problem can be solved
by using a computer-controlled system, where the computer performs the
impedance matching of the circuit with stepper motors. The stepper mo-
tors are connected to drive shafts, which penetrate the walls of the cryostat
through vacuum feed-throughs, and are connected to moveable tuners on
the circuit [80]. Figure 4.11 (left) shows a photograph of such a cryostat
with the top lid removed and an HBV tripler mounted on the 20 K stage.
The computer-controlled system can also be used for circuit characterisation
at room temperature. An example is shown in Figure 4.11 (right). A cooled

Output power [W]
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\
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1 [pem) v

Figure 4.11: (Left) photo of a cryostat equipped with stepper motors, allowing
for computer-controlled impedance matching and measurements. (Right) output
power versus position of the output tuners from an HBV tripler, measured with the
computer-controlled system [80].

measurement performed in the cryostat of Figure 4.11 is shown in Figure
4.12.

4.4 HBYV multiplier performance

Table 4.2 summarises the state-of-the-art for HBV triplers and quintuplers

at various frequencies. The results presented are also visualised in Figure
4.13.
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Figure 4.12: Measured output power versus mount temperature for an HBV
tripler with a 2x2-barrier GaAs-based diode [62].
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Figure 4.13: Output power versus output frequency for the HBV multipliers
summarised in Table 4.2.
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Table 4.2: HBV multiplier performance.

f n Pout N Sub. Ref. Comment
[GHz]  [%]  [mW]
3x135 76 12 3  InP [81]
3x31 10 91 10 InP [48]
3 x 33 0.7 1250 3 GaAs [82] Quasi-optical
3x 435 7 10 4  GaAs [76] NLTL
3 x 47 8 11.5 4 GaAs [79] Quasi-optical
3 x 62 2 0.8 1 GaAs [83]
3 x 70 13.5 10 1 GaAs [65]
3x72 54 5 4 TnP [20]
3x74 79 71 3  Cu [35]
3 x 82 4.8 4 4 GaAs [63]
3% 825 12 9 4 P [84]
3 x 84 2.5 2 4 GaAs [43]
3x8 56 43 3  Cu 19]
3 x 96 6 6 6  Quartz [67]
3x150 005 008 2  Au [23]
3 x 150 1.5 1 4 GaAs [85]
5x19.7 114 4.6 4 InP [Paper D]
5x20.5 4.9 1.0 4 GaAs [Paper E]
5x34 078 003 1  InP [86]
5x425 52 52 4 InP [87]




Chapter 5

Summary of appended
papers

Paper A presents an analytical model for the temperature profile through-
out an HBV.

Paper B deals with device-level design of high frequency HBV multipliers,
exemplified by a 500 GHz quintupler design.

Paper C presents an electro-thermal HBV model for harmonic balance anal-
ysis including self-heating effects.

Paper D presents world-record results for HBV quintuplers.
Paper E describes a 100 GHz HBV quintupler.
Paper F presents an F-band HBV tripler.

Paper G describes the fabrication of HBVs on copper substrates.
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