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Abstract 

This thesis deals with fabrication, characterisation and modelling of the Heterostructure 
Barrier Varactor (HBV) diode and its use in frequency multiplier applications. Different 
aspects of material structures and frequency multipliers are described. The aim of the work 
presented is to develop design methods and processes to fabricate state-of-the-art planar 
HBVs and multipliers in the millimetre and submillimetre wave length region. 

Results from AlGaAs HBV frequency tripler measurements are presented. Simulations and 
cooled measurements show that excessive conduction current due to self-heating degrades 
the multiplier efficiency. A new design of planar GaAs-based HBVs with reduced thermal 
resistance and series resistance have been fabricated. A state-of-the-art performance of 4,8 
% efficiency and an output power of 4 mW at 246 GHz was achieved. 

A novel fabrication process where HBV diodes are fabricated on a copper substrate is pro-
posed. This reduces thermal resistance and parasitic resistance without degrading the elec-
trical characteristics. 

A 141 GHz quasi-optical HBV tripler is presented. A peak flange-to-flange efficiency of 8 
% and an output power of 11,5 mW was achieved. 

Different III-V material systems for HBVs have been tested. The results of lattice matched 
and pseudomorphic GaAs/AlGaAs, InGaAs/InAlAs, InAs/AlSb and phosphide containing 
materials for HBVs are presented. The state-of-the-art material for millimetre and submil-
limetre wave HBVs is the In0,53GaAs/In0,52AlAs system with a thin AlAs layer (30 Å) in 
the middle of the barrier. 

Both simple analytical models and a self-consistent Poisson/Schrödinger approach are used 
to predict and optimise HBV diodes. Finally, a simple quick-design method for calculation 
of optimum embedding impedances, optimum conversion efficiency and pump power for 
HBV triplers are presented. 

Key Words 

Heterostructure Barrier Varactor (HBV), millimetre and submillimetre wave power source, 
varactor diode, frequency multiplier, III-V semiconductor. 
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1.  Introduction 

Radio astronomy and military applications have for a long time been the driving force for 
the development of technology for sensitive receivers in the millimetre- and submillimetre 
wavelength range. The technology to build these sensitive heterodyne receivers involves 
development of low noise mixers and generation of sufficient local oscillator power. In 
recent years there has been an intensive development towards civilian applications (links, 
radars etc.) in the millimetre wave region (30 - 300 GHz). A major issue for new applica-
tions is that not only the technical aspects are important but also the cost. However, sub-
millimetre wave (0,3 - 3 THz) technology still seems to be a field for basic research appli-
cations (e.g. radio astronomy). The main reason is that the existing technology is too ex-
pensive at these frequencies.  

When going to higher frequencies, a general prob-
lem is that the available output power becomes 
smaller. Existing direct generators such as Gunn or 
IMPATT oscillators are out of question as solid 
state submillimetre wave sources [Yngvesson 
1991]. The shrinking dimensions (volume) and the 
decreasing DC to RF power efficiency (typically 
5% at 100 GHz) creates heat problems. In Figure 1 
the output power from some conventional solid 
state sources are shown. The output power drops 
rapidly with the frequency. Today, to reach the te-
rahertz frequency range with a solid state source, 
the solution is to use a frequency multiplier. 

Varactor multipliers [Penfield 1962; Faber 1995] 
rather than varistor multipliers are preferred at 
submillimetre wave frequencies because they ex-
hibit a much higher conversion efficiency. They 
are the only all-solid-state technology capable of 

generating the required power with the necessary spectral purity, stability and low noise, to 
drive the mixer in a receiver. A reverse biased Schottky diode can be used as a varactor 
diode. When the Schottky diode is pumped, its non-linear capacitance generates harmon-
ics. The external circuit impedance matches the diode and filters the desired harmonic. For 
a tripler, it is also necessary to maximise the current at the second harmonic with an idler 
circuit. When the Schottky diode is forward biased, the multiplication is mainly due to the 
non-linear I-V characteristic (i.e. varistor diode). For a survey of Schottky diode technolo-
gy and its use in multipliers and mixers, see reference [Crowe 1995]. 

The Heterostructure Barrier Varactor (HBV) diode, first proposed by Kollberg et al. 
[1989], is a promising varactor device for millimetre and submillimetre wave power gener-
ation. The HBV is a symmetric device and will therefore only generate odd harmonics. 
This implies that there is no need for DC-bias and no need for an idler circuit for a fre-
quency tripler. Consequently, an HBV tripler is easier to design and can be matched over a 
larger bandwidth [Mahiey 1998]. Especially in sensitive SIS receivers, a reduced number 
of generated harmonics (spuriouses) improves the overall system performance compared to 
the use of a Schottky multiplier source. However, the design, material growth and fabrica-

 

 
Figure 1: Conventional (fundamental) 

solid state sources. 
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tion of the semiconductor devices are more difficult than Schottky diode structures used in 
similar applications. Competing new varactors with symmetric C-V characteristics are the 
Schottky/2-DEG/Schottky diode [Peatman 1992] and the back to back Barrier-N-layer-N+ 
diode [Lieneweg 1992]. 

When first introduced, the HBV design was focused on mesa diodes for whisker contact-
ing. This work was followed by fabrication of planar geometry HBVs operating from 230 
– 260 GHz [Jones 1997; Stake 1999b]. Most recently, excellent planar HBV tripler results 
demonstrating 12% and 9 mW at 247 GHz have been reported by Mélique et al. [1999]. 
The planar diode is more robust and allows circuit integration. Furthermore, at 300 GHz 
the waveguide is typically 100 µm high and 800 µm wide. Hence, considerable machining 
and assembly skills are required to fabricate such a device and cost is a limiting factor. In 
the near future, advances within micromachining of waveguides [Crowe 1997; Mann 1997; 
Lubecke 1998] and novel planar device fabrication techniques will reduce production cost 
and hence make inexpensive integrated submillimetre wave RF-front-ends feasible. 
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2.  The Heterostructure Barrier Varactor Diode 

The HBV is one of many new high speed devices based on the advances in epitaxial tech-
niques such as Molecular Beam Epitaxy (MBE) [Cho 1983] and Metal Organic Chemical 
Vapour Deposition (MOCVD) [Dupuis 1984]. This breakthrough in material science 
means that thickness, doping and composition of individual epitaxial layers can be tailored 
for a certain application. A limitation is that the lattice constant must be kept constant 
through the structure (Figure 2). However, thin strained (pseudomorphic) layers with a 
slightly different lattice constant can be grown to optimise the device performance even 
further. 
 
 

 
Figure 2: Lattice constant vs. energy gap (RT) for various III-V compounds and their alloys [Made-

lung 1991]. 

Low band gap material systems are especially useful for high frequency applications. It is 
easy to form good ohmic contacts and the mobility is high. The disadvantage is the low 
breakdown voltage which is a limitation for high power applications. For the HBV there is 
a trade-off between breakdown voltage and losses (mobility). The HBV has only been real-
ised in the III-V material system. 

The HBV is fabricated using standard III-V processing techniques [Stake 1996]. This in-
volves optical lithography, electron beam lithography (EBL) for mask generation, wet/dry 
etching techniques and metallisation techniques. 
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2.1  Basic principles 

The HBV diode is an unipolar device and consists of a symmetric layer structure. An un-
doped high band gap material (barrier) is sandwiched between two moderately n-doped 
low band gap materials. The barrier prevents electron transport through the structure. 
Hence, the barrier should be undoped (no carriers), high and thick enough to minimise 
thermionic emission and tunnelling of carriers. When the diode is biased a depleted region 
builds up (Figure 3) causing a non-linear CV curve. 
 

Vd

Va Vb

b w+b0

V

 
Figure 3: Conduction band for a biased single barrier. The length of the depleted region is w. 

Contrary to the Schottky diode, where the barrier is formed at the interface bet-ween a me-
tallic contact and a semiconductor, the HBV uses a heterojunction as blocking element. A 
heterojunction, i.e. two adjacent epitaxial semiconductor layers with different band gaps, 
exhibits band discontinuities both in the valence and in the conduction band. The main ad-
vantage of using heterostructures for varactor devices, is that several barriers can be epi-
taxially stacked. Since the distance between the barriers (>1000 Å) is large compared to 
the de Broglie-wavelength of the electron, it is possible to understand the stacked barrier 
structure as a series connection of N individual barriers. A generic layer structure of an 
HBV is shown in Table I. 

Table I: Generic layer structure of an HBV. For N epitaxially stacked barriers, the layer sequence 2-
5 is repeated N times. 

Layer  Thickness 
[Å] 

Doping level 
[cm-3] 

7 Contact ~ 3000 n++ 
6 Modulation l = 3000 Nd ~ 1017 
5 Spacer s  = 50 undoped 
4 Barrier b = 110 undoped 
3 Spacer s = 50 undoped 
2 Modulation l = 3000 Nd ~ 1017 
1 Buffer - n++ 
0 Substrate  n++ or SI 

 

2.1.1  Equivalent circuit 
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The Uhlir [1958] model of a pure varactor diode has only two elements (Figure 4): a non-
linear (differential) elastance, S(V)=1/C(V), and a constant parasitic series resistance, Rs. 
The model is very useful in analytical and numerical analysis of harmonic frequency mul-
tipliers [Tang 1966; Krishnamurthi 1993; Dillner 1997a]. 
 
 

Rs S(V)

 
 

Figure 4: Equivalent circuit of a pure varactor diode (i.e. no conduction current). 

The performance of a non ideal pure varactor device is associated with the dynamic cut-off 
frequency 

 fc =
Smax − Smin
2πRs

 (1) 

where Smax and Smin are the maximum and minimum elastance, respectively, during a pump 
cycle. However, a more realistic non-linear quasistatic model of the HBV diode is shown 
in Figure 5. The series resistance is frequency dependent due to the skin effect and voltage 
dependent through the extension of the depleted region. The inductance, L, models the di-
ode connection (airbridge, bonding wire etc.). 

L

I(V)Q(V)

Rs(V,f)

+
V
-

L

HBV

 
Figure 5: Quasistatic equivalent circuit model of the HBV diode. 

The non-linear equivalent circuit in Figure 5 can be extracted from measured reflection 
coefficients using a Vector Network Analyser (VNA) at different biases [Stake 1995]. The 
large signal equivalent circuit is thus replaced with a bias dependent small signal equiva-
lent circuit. To ensure linear operation, it is important to keep the RF power low without 
violating the signal to noise ratio. The non-linear current source (I-V) and the non-linear 
capacitance (C-V) are linearised at the bias point as: 
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G(V ) = ∂I(V )

∂V

C(V ) = 1
S(V)

=
∂Q(V)
∂V

 (2) 

The extracted parameters can be used in a large signal frequency multiplier simulation up 
to the submillimetre wavelength range, where inertial effects become important [Jones 
1994b; Lipsey 1997] and as long as the effect of current saturation is negligible [Kollberg 
1992]. The above effects can be analysed in more detail using an integrated hydrodynamic 
device/harmonic balance simulator [Jones 1995b], see Section 3.3 , or with the quasistatic 
HBV model reported by Adamski et al. [1998]. 

2.1.2  The HBV capacitance 

The parallel plate capacitor model, where the plate separation should be replaced with the 
sum of the barrier thickness (Table I), b, the spacer layer thickness, s, and the length of the 
depleted region, w, is normally an adequate description of the (differential) capacitance. 
The depletion length is bias dependent and the layer structure is symmetric, therefore the 
elastance is an even function of applied voltage given by 

 

S =
1
C

=
N
A

b
εb

+
s
εd

+
w
εd

" 

# 
$ % 

& 
' 

w =
2εd Vd
qNd

 (3) 

where Vd is the voltage across the depleted region, Nd is the doping concentration in the 
modulation layer, b is the barrier thickness, s is the undoped spacer layer thickness, A is the 
device area, εb and εd are the dielectric constants in the barrier material and modulation 
layers, respectively. The maximum capacitance or the minimum elastance, Smin, occurs at 
zero bias. However, due to screening effects, the minimum elastance, Smin, must include 
the extrinsic Debye length, LD, as: 

 

Smin =
1
Cmax

=
N
A

b
εb

+
2s
εd

+
2LD
εd

" 

# 
$ % 

& 
' 

LD ≡
εdkT
q2Nd

. (4) 

To achieve a high Cmax/Cmin ratio, the screening length can be minimised with a sheet dop-
ing, Ns, at the spacer/depletion layer interface. The minimum capacitance, Cmin, is normally 
obtained for punch through condition, i.e. w = l, or when the breakdown voltage, Vmax, is 
reached. When the barrier thickness is of the same order as the penetration length of an 
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electron wave, the maximum capacitance, Cmax, is only weakly dependent on the barrier 
thickness [Fu 1998] and equation 4 is not valid. For a high Cmax value,  the electron barrier 
must be thin and high enough to keep the wave penetration length short. 

The theory for a surface space-charge region in thermal equilibrium [e.g. Sze 1981b; 
Mönch 1993] can be used to accurately calculate the C-V characteristic for a homogene-
ously doped HBV (Figure 6). The effect of a sheet doping at the spacer/depletion layer in-
terface on the capacitance modulation ratio is also shown in Figure 6. 
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Figure 6: Calculated room temperature C-V characteristic for a single barrier In.53GaAs/In.52AlAs 

HBV. Input data for the calculation are shown in Table I. The influence of a sheet-doping 
(Ns=1012 cm-2) at the spacer/depletion layer interface is also shown. 

From the above theory, an accurate quasi-empirical expression for the C-V characteristic 
of homogenously doped HBVs has been derived [Dillner 1997b]. The voltage across the 
non-linear capacitor is expressed as a function of its charge as 

 V (Q) = N bQ
ε bA

+ 2 sQ
εdA

+ Sign(Q) Q2

2qN dεdA 2 +
4kT
q

1− e
−

Q
2L DAqN d

# 

$ 
% 

& 

' 
( 

# 

$ 
% 

& 

' 
( 

# 

$ 
% 

& 

' 
(  (5) 

where T is the device temperature, q is the elementary charge, and Q is the charge stored in 
the HBV. The C-V characteristic can be calculated from the quasi-empirical expression (5) 
as dQ/dV and is shown together with the measured C-V curve in Figure 7. The C-V charac-
teristic was measured with an LCR-meter (HP4285) at 18 MHz. 
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In modulating the capacitance at submillimetre wave frequencies, the electron depletion 
edge cannot move faster than the saturated electron velocity, and thus the actual capaci-
tance modulation ratio is limited by velocity saturation effects [Ruch 1970]. 

2.1.3  Current vs. voltage 

The I-V characteristic, which is anti-symmetrical, is mainly determined by thermionic 
emission over the barrier and/or tunnelling through the barrier. The dominating mechanism 
depends on temperature, barrier height and barrier thickness.  
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Figure 7: Measured and modeled conduction current and C-V characteristic for the 4-barrier HBV 
diode (UVA-NRL-1174), see Table III. The C-V curve was measured at room temperature. 
The conduction current was measured on a hot-plate at different temperatures (RT-186°C). 
Due to symmetry, only positive voltages are shown in this figure. The parameters a = 170 
A/(m2K2), Eo = 4.2×106 V/m, and φb = 0.17 eV were used for the I-V model, equation 6. 

The tunnelling current is mainly direct for low voltages when Vb < ΔEc [eV] (Figure 8a). 
For Vb > ΔEc [eV] carriers are injected into the conduction band of the barrier (Figure 8b). 
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a) b)
Ec

e- e-

l4

 
Figure 8: Direct tunnelling (a) and Fowler-Nordheim injection (b). 

Several numerical techniques have recently been developed to calculate the I-V character-
istic given a general barrier structure and adjacent modulation layers [Hjelmgren 1991; Fu 
1997]. The dependence of the barrier thickness on the current density for a fixed external 
bias and the influence of a thin AlAs layer in the middle of the barrier is shown in Figure 
9. If the barrier is thick, the effect of the AlAs layer is negligible. 
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Figure 9: Self-consistent Poisson/Schrödinger calculation of the current density (RT) for a single bar-

rier HBV in the In0,53GaAs/In0,52AlAs system as a function of the barrier thickness. The in-
fluence of a thin (3 nm) central AlAs layer for two different external biases is shown. The 
optimum total barrier thickness is approximately 20 nm. Δ from Lheurette et al. [1996]. 
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However, solving the Poisson equation and the Schrödinger equation self-consistently for 
an AC-bias is not yet feasible [Fu 1999]. Hence, quasi-static models of the I-V characteris-
tic is the only choice for calculating the RF-performance of an HBV. If thermionic emis-
sion is dominant, the following empirical model describes the conduction current over the 
heterojunction barrier as a function of bias and temperature as 

 I(Eb ) = A ⋅ a ⋅ T 2Sinh
Eb

Eo

" 

# 
$ % 

& 
' e

−
φb
kT  (6) 

where Eb is the electric field in the barrier and can be implicitly calculated from (5) and 
Gauß's law, Q=εbEb, or if electron screening effects are neglected as: 

 Eb (V ) = Sign(V ) ⋅ qNd
bεd + 2sεb

εb
2 1 +

2εdεb
2 V

NqN d bεd + 2sε b( )2
−1

$ 

% 
& 

' 

( 
) . (7) 

The parameters a, Eo, and φb in (6) must be extracted from I-V measurements. An excellent 
fit with measured I-V characteristic for the HBV material UVA-NRL-1174 is shown in 
Figure 7. As a comparison, a current versus voltage characteristic of an HBV made in the 
InAs/AlSb system is shown in Figure 10. The conduction current is very low compared to 
the GaAs HBV shown in Figure 7.  
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Figure 10: I-V measurement performed at room temperature on device No. G1674 [layer structure: 
Stake 1996]. The device was fabricated in the InAs/AlAsSb material system. 
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2.1.4  The series resistance 

The multiplier performance critically depends on the losses within the device, Rs. Unfortu-
nately, Rs is very difficult to measure. It is even hard to determine Rs from DC-
measurements, given the large junction resistance over the normal operating range of the 
device. The use of RF-extraction methods of the series resistance is limited due to the high 
Q-value of the diode. From a sensitivity analysis [Stake 1996], the accuracy in the series 
resistance from an S-parameter measurement can never be better than: 

 
ΔRs
Rs

=
Rs + Zo( )2

2RsZo
ΔΓ  (8) 

where Zo is the characteristic impedance and ΔΓ is the measurement error of the reflection 
coefficient, Γ. Ohmic contact resistance can be measured using appropriate test structures 
[e.g. Williams 1990] and should be included on the wafer for in-process monitoring 
(PCM). 

The series resistance is the sum of the resistance of the undepleted active layers (No. 2 and 
6), the spreading resistance, the contact/buffer layer (No. 1 and 7) resistance and the ohmic 
contact resistance, Rc. The spreading resistance is caused by the material near the anode 
and at higher frequencies the skin effect becomes significant [Dickens 1967], and thus the 
shape of the geometry of the chip becomes important. Since the losses determine the mul-
tiplier performance, it is important to choose a suitable diode geometry and optimise the 
ohmic contact formation process for a low series resistance.  

At terahertz frequencies, other effects are important. Plasma resonances in the epilayers 
and effects related to electron velocity saturation degrades the performance. The latter, 
sometimes referred to as current saturation, can be modelled as an effective series re-
sistance which increases rapidly with pump power [Kollberg 1992]. 

2.2  Materials and epitaxial layer structure 

A generic HBV layer structure is shown in Table I. The substrate is either highly doped or 
semi-insulating (SI), depending on how the device is intended to be mounted. The contact 
layers (No. 1 and 7) should be optimised for low losses. Therefore, the buffer layer (No. 1) 
must be relatively thick (δ~3 µm) and highly doped for planar HBVs, see Figure 11. It has 
been suggested to dope the barrier in order to improve the Cmax/Cmin value [Nilsen 1992]. 
However, this improvement will be at the expense of a much larger leakage current. The 
barrier itself can consist of different layers to further improve the blocking characteristic. 
The spacer prevents diffusion of dopants into the barrier layer and increases the effective 
barrier height. 

The thickness of the barrier layer will not influence the cut-off frequency but it has some 
influence on the optimum embedding impedances. Hence, the thickness is chosen to be 
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thick enough to avoid tunnelling of carriers. Some semiconductors and their relevant elec-
trical and thermal properties for HBVs are shown in Table II. 

Table II: Bulk properties of some semiconductors at room temperature [Madelung 1991]. 

Material Eg,dir/Eg,ind 
[eV] 

µ 
[cm2/Vs] 

vmax 
[cm/s] 

εr(0) κ 
[W/cmK] 

Si 3,37/1,12 1450 8×106 11,9 1,5 
Ge 0,81/0,66 3900 6×106 16,2 0,6 
6H-SiC 4,4/2,86 900 - 9,66 5 
AlP 3,62/2,45 60 - 9,80 0,9 
AlAs 3,03/2,15 290 - 10,06 - 
AlSb 2,21/1,62 200 - 12,04 0,3 
GaN 3,44/- 440 - 10,4 1,4 
GaP 2,78/2,27 160 - 11,11 1 
GaAs 1,42/1,81 9200 1,8×107 12,85 0,46 
GaSb 0,75/0,80 3750 - 15,69 0,4 
InP 1,34/1,80 5900 2,5×107 12,56 0,7 
InAs 0,35/1,21 33000 3,6×107 15,15 0,3 
InSb 0,18/0,62 70000 5×107 16,80 - 

 

The transport mechanism at breakdown is not known. However, impact ionisation in the 
depleted layer seems to contribute to the increase of current for low band-gap materials, 
see Figure 10. For GaAs impact ionisation starts to occur when a hot electron (E > 1.5Eg) 
relaxes and creates a new electron-hole pair after entering the depletion region. A rough 
estimate of the breakdown voltage can be made with the universal breakdown voltage ex-
pression for the abrupt PN junction [Sze 1981b] 

 Vd, max = 60
Eg
1,1
! 

" 
# $ 

% 

3 2 Nd

1016
! 
" 

$ 
% 

−3 4

 (9) 

where Eg is the room temperature band gap energy in eV and Nd is the doping concentra-
tion in cm-3. Vd,max refers to the maximum allowed voltage across the depleted layer (Figure 
3). 

Several III-V semiconductor material systems have been employed for HBVs. The materi-
al quality is often low and the knowledge of processing is limited. Since it is hard to keep 
the growth conditions constant, the reproducibility is often low. The consequence is that 
the development of novel HBV structures so far have been slowed down. 

The best choices for HBVs are the lattice matched In0,53Ga0,47As/In0,52Al0,48As system 
grown on InP substrate and the lattice matched GaAs/AlGaAs system grown on GaAs sub-
strate. High cut-off frequencies are achieved in both systems. However, the GaAs/AlGaAs 
system is well characterised and relatively easy to process which increases the probability 
of reproducible results. The In0,53GaAs/In0,52AlAs system exhibit a higher electron barrier 
and is therefore advantageous from a leakage current point of view. 
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In general, it is recommendable to incorporate a thin very high band gap layer (e.g. AlAs) 
in the middle of the barrier. The leakage current is reduced due to lower thermionic emis-
sion and a reduction of Fowler-Nordheim injection. Furthermore, an InAs top contact layer 
improves the ohmic contact. 

In the future, research on wide band gap semiconductors (e.g. InGaN) could provide solu-
tions for very high power HBVs, a combination of a II-VI barrier for low leakage current 
and III-V modulation layer for high mobility and peak velocity, and the use of silicon wa-
fer bonding techniques to fabricate Si/SiO2/Si HBVs. Today, narrow band gap semicon-
ductors from the III-V groups (e.g. InxGa1-xAs) seem to be the most suitable for submilli-
metre wave applications. 

2.2.1  Lattice matched GaAs/AlGaAs on GaAs 

The first HBV was fabricated in the AlGaAs system [Kollberg 1989]. The disadvantage of 
this system is the low barrier height, which leads to an excessive leakage current. The re-
ported multiplier performance is therefore quite low [Rydberg 1990]. The first planar 
HBVs were fabricated with a homogenous Al0,7GaAs barrier, see Table III, and a non-
optimal diode geometry with high thermal resistance (~2 K/mW) [Jones 1997]. Conse-
quently, self heating of these HBVs [Stake 1998], results in an enhanced conduction cur-
rent as the temperature increases, and hence, a reduced multiplier efficiency. 

Table III: UVA-NRL-1174 Layer Structure 

Material Doping  
[cm-3] 

Thickness [Å] 

InAs 1×1019 100 
In1→0GaAs 1×1019 400 
GaAs 1×1019 3000 
GaAs 8×1016 2500 
GaAs Undoped 35 
Al0,7GaAs Undoped 200 
GaAs Undoped 35 
GaAs 8×1016 5000 
GaAs Undoped 35 
Al0,7GaAs Undoped 200 
GaAs Undoped 35 
GaAs 8×1016 2500 
GaAs 1×1019 40000 
GaAs SI - 

 

The effective barrier height is low (~180 meV) even for Al-rich barriers. The reason is that 
the AlxGa1-xAs material is an indirect band gap semiconductor for x > 0,41, and for barri-
ers with a thickness > 40 Å, a parasitic Γ→Χ transfer current dominates over the direct 
Γ→Γ current [Batey 1986; Landheer 1989]. 

By placing a thin AlAs layer in the centre of an Al0,4Ga0,6As barrier one can increase the 
effective barrier height (372 meV) [Krishnamurthi 1994]. However, aluminium has an ex-
tremely high affinity for atmospheric oxygen. In combination with no good passivating 
dielectric, this means that surface effects can destroy the device performance, particularly 
for submicron devices where the total surface area becomes comparable with the active 
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device junction area. The barrier height can be further improved by using low band gap 
spacer layers InxGaAs [Jones 1994a; Duez 1998]. The reported DC-performance is excel-
lent [Duez 1998] and the Cmax/Cmin ratio is increased due to electron confinement closer to 
the barriers. 

2.2.2  Lattice matched and pseudomorphic InGaAs/InAlAs on InP 

Lattice matched In0,53Ga0,47As/In0,52Al0,48As grown on semi-insulating Fe doped InP sub-
strates is a very good material system for HBVs. The state-of-the-art HBV material with a 
very low leakage current (Jmax = 10 A/cm2 @ 6 V bias per barrier) has been fabricated in 
this material system [Lheurette 1996]. The Γ→Γ barrier energy is approximately 480 meV, 
which can be further optimised with a pseudomorphic (30 Å) AlAs layer in the centre of 
the barrier. Consequently, these devices are less sensitive to heating and excellent tripler 
performance has been reported [Rahal 1995; Mélique 1998a; Mélique 1998b]. The 
Cmax/Cmin ratio can be improved with a planar doping and a quantum well adjacent to the 
barrier [Lheurette 1998]. However, the escaping and trapping mechanism of such quantum 
wells at high frequencies has not yet been fully investigated. 

2.2.3  Pseudomorphic InGaAs/InGaP on InP 

The InGaP material has a very low surface recombination velocity of 103 cm/s compared 
to the AlGaAs value of 106 cm/s. The absence of the highly reactive aluminium means that 
the fabrication is not so critical. The high etch selectivity between InGaAs and InGaP pro-
vides accurate control of the mesa etch. 

2.2.4  Pseudomorphic InAs/AlSb on InAs 

The AlSb/InAs is a type II heterostructure, which means that it exhibits a negative valence 
band discontinuity. The idea of using this material system for HBVs is to combine the high 
intrinsic mobility (33000 cm2/Vs) and the high drift velocity (≈4×107 cm/s) in InAs with 
the high electron barrier (1,35 eV) in this system. For the HBV structure, an excellent bar-
rier is formed in the conduction band, which has been experimentally verified (Figure 10), 
but holes can accumulate in the shallow quantum well in the valence band of the barrier. 
This quantum well should be broken with a thin layer of pure AlAs. 

The experimental low frequency C-V characteristic is poor. This may be associated with 
interface electron traps [Tuttle 1990; Kroemer 1992], which may affect the low frequency 
C-V characteristic. It is difficult to process these materials, since the AlSb layer oxidises 
very quickly and therefore needs protection. The low breakdown voltage and more compli-
cated processing techniques make the InAs/AlSb material system less useful for HBV fab-
rication. 

2.2.5  Metamorphic InGaAs/InAlAs on GaAs 

The lattice mismatched growth of InGaAs/InAlAs heterostructures on GaAs substrates 
have attracted much attention for different applications [Inoue 1991; Mishima 1995]. Not 
only because of the possibility to optimise the In content for a certain application but also 
that GaAs rather than InP substrates are preferable from a manufacturing point of view. 
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The availability of larger wafers, better robustness, and lower cost are some of the im-
portant advantages. 

The technique to avoid dislocations is to grow a linearly or step graded InGaAs or InAlAs 
buffer. The thickness of the buffer layer is typically 1 µm. The quality of MBE grown 
graded buffer layers is good and even MMICs have been reported [Rohdin 1995]. 

2.3  Fabrication of HBVs 

Until now, most of the utilised diodes in the submillimetre wave region are of the whisker 
contacted type. A honeycomb array of several thousand circular diodes on a highly doped 
substrate is fabricated and one of these anodes is contacted with an electrolytically sharp-
ened whisker wire. The second contact consists of a large area backside ohmic contact. 
The main disadvantage of the whiskered devices is the inherent limitation for implementa-
tion of filter structures. 
 

Ohmic Contact Metals n+ Contact Layer n+ Buffer LayerActive Layer

SI Substrate SI Substrate

a) b)

 
Figure 11: Top and cross-sectional views of two different planar HBV topologies. The planar technique 

(a) is useful for coplanar on-wafer probing (MMICs). The surface channel diode technology 
(b), developed at the University of Virginia [Jones 1997]. 

Planar diode structures are appropriate for integration and more robust than the whiskered 
diode. However, the electrical performance at submillimetre wave frequencies is still better 
for the whisker contacted diode. The reason is the high airbridge (finger) capacitance, the 
pad to pad capacitance and the higher parasitic resistance. Different concepts have been 
proposed to avoid these problems. The surface channel approach (Figure 11), introduced 
by Bishop et al. [1987], is one way to minimise parasitic capacitances. Another technology 
is the quasi-vertical approach [Simon 1993] which exhibits low losses and is more suitable 
for monolithic integration. With a selective via-hole etching, the mesa is located on the 
backside ohmic contact, giving a purely vertical current flow. However, the quasi-vertical 
approach is a rather complex technology due to the combination of critical back side (via-
hole) and top side processing. We have chosen to fabricate the planar diodes shown in Fig-
ure 11b. 

The main steps for fabricating planar HBV diodes are: 
1. Cleaning 
2. Ohmic contact formation 
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3. Device isolation 
4. Passivation (if required) 
5. Planarisation 
6. Air bridge formation 
7. Dicing into individual chips  
8. Lapping of the substrate 

Several of the process steps, especially step 1-3, have a strong influence on HBV device 
performance. Hence, it is important to maintain a high level of cleanliness and to continu-
ously develop the fabrication procedure. Details of the device processing at Chalmers can 
be found in [Rorsman 1992; Nilsen 1994; Stake 1996] and general III-V semiconductor 
processing in [Williams 1990; Katz 1992]. 
 

 
 Figure 12: Planar four-barrier HBV (57 µm2) from the CTH-NU2003J batch. The substrate is lapped 

to a thickness of ~20 µm. 

The design of a high power planar HBV geometry must consider the effects of self-heating 
[Stake 1998]. As the device temperature increases, the mobility decreases, the maximum 
electron velocity decreases [Ruch 1970], and thermionic emission increases and hence the 
multiplier performance is degraded. The thermal resistance can be reduced by using short-
er, thicker and wider airbridges and thicker substrates. However, there is certainly a trade-
off between thermal and electromagnetic properties of a planar design. Recently, a novel 
InP-HBV whisker fabrication process has been proposed [Dillner 1999]. The InP substrate 
is removed through an epitaxial lift-off technique and replaced with a Cu-heat sink. The 
Cu-substrate should reduce the series resistance as well. 

2.4  HBV diode optimisation 

A simple design strategy for HBVs, similar to the work by Crove et al. [1996] for Schottky 
diodes, is described in this section. The cut-off frequency should be maximised for high 
efficiency. However, for terahertz operation the current saturation effect, isat = qNdAvsat, 
must be taken into account [Kollberg 1992]. The design goal is to maximise the cut-off 
frequency with the current saturation effect as an optimisation constraint. Since the series 
resistance depends on the diode geometry and the number of stacked barriers, the input 
power and the diode geometry affects the optimal layer structure. 
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For a given diode geometry, the design procedure is as follows: 

1. Estimate the number of barriers that are needed to handle the input power [see Stake 
1999a]. 

2. Calculate the epitaxial layer thickness, lmax, to be consistent with the saturated electron 
velocity 

 lmax =
vsat
4kfp

 (10) 

where k≈2, fp is the pump frequency, and vsat is the saturated electron velocity [Louhi 
1995]. The factor, k, is the ratio between the saturated electron velocity, vsat, and the av-
erage electron velocity during one-half of the pump cycle. Assuming a sinusoidal cur-
rent waveform, the factor k is equal to π/2. From Harmonic Balance analysis of HBV 
triplers, k is typically between 1,5 and 2, hence, use k=2. 

3. The modulation layer thickness should be large enough to accommodate the full deple-
tion layer thickness under the maximum voltage during multiplier operation. A thicker 
layer adds series resistance while a thinner reduces the elastance modulation ratio. The 
diode should not undergo avalanche breakdown before the depletion layer is fully de-
pleted. Using the empirical expression (9) for the breakdown voltage in Equation 3 
yields: 

 l = wmax =
2εdVd, max
qNd

 (11) 

4. To obtain high multiplier efficiency, the dynamic cut-off frequency should be maxim-
ised. Hence, find the maximum value of Equation 1 combined with Equations 3, 4, 9, 
and 11 by varying the doping concentration of the modulation layer. For the optimisa-
tion and a given diode geometry, a proper model of the series resistance including do-
pant dependent mobility data [Sze 1981a] is needed. Ensure that the modulation layer 
thickness, l, does not become larger than the maximum value given by Equation 10. 

5. The barrier thickness should be chosen to minimise the leakage current. The thickness 
of the barrier, b, can be estimated if the onset of Fowler-Nordheim injection (i.e. 
Vb=ΔEc [eV]) is at the maximum allowed voltage, Vd,max. Increasing the barrier thick-
ness will have a minor effect on the current density, since the electric field, E, is con-
stant within the barrier. Hence, as a guideline the barrier thickness is given by 

 b =
ΔEc
Eb(Vd )

=
εb
εd

ΔEcqLD

2kT e
−
qVd ,max
kT +

qVd,max
kT

−1

 (12) 
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where ΔEc is in eV. Using Equation 9 for the breakdown voltage, the required barrier 
thickness as a function of the doping concentration can be calculated. 

In the pseudomorphic case, with a thin high band gap layer in the middle of the barrier, 
the optimum total barrier thickness is approximately given by 2Vb=ΔEc [eV]. For a 
more accurate result, self consistent Poisson/Schrödinger calculations should be em-
ployed. 

6. Choose the diode area, using a large signal simulation, so the available input power can 
be absorbed without device breakdown. If the optimal embedding impedances are not 
feasible, redesign the HBV from step 3 with a different number of barriers. 
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3.  Frequency multiplier circuits 

Frequency multipliers are extensively used to provide LO-power to sensitive submillimetre 
wavelength receivers [e.g. Oswald 1998]. Solid-state multipliers are relatively inexpensive, 
compact, light-weight and reliable compared to vacuum tube technology, which makes 
them suitable for space applications. 

Frequency multiplication or harmonic generation in devices occur due to their non-
linearity. Depending on if the multiplication is due to a non-linear resistance or a non-
linear reactance, one differ between the varistor or varactor type of multiplier. Varactor 
type multipliers have high potential conversion efficiency, but exhibit a narrow bandwidth 
and a high sensitivity to operating conditions. According to the Page-Pantell inequality, 
multipliers that depend upon a non-linear resistance have at most an efficiency of 1/n2, 
where n is the order of multiplication [Page 1958; Pantell 1958]. Absence of reactive ener-
gy storage in varistor frequency multipliers ensures large bandwidth. For the ideal varactor 
multiplier, i.e. a lossless non-linear reactance, the theoretical limit is a conversion efficien-
cy of 100 %. However, in reality properties and parameters are a mixture of the ideal varis-
tor and the ideal varactor multiplier. Basic varactor frequency multiplier theory is de-
scribed in the books by Penfield and Rafuse [1962], Faber et al. [1995] and the paper by 
Burckhardt [1965]. The following set of parameters are used to describe and compare 
properties of frequency multipliers: 

Idler circuit 
The term idler circuit is used to describe circuits at frequencies (except input/output fre-
quencies) that are essential for multiplier performance. 

Conversion loss 
Conversion loss, Ln, is defined as the ratio of the available source power, PAVS, to the out-
put harmonic power, Pn, delivered to the load resistance. It is usually expressed in decibels. 
The inverted value of, Ln, i.e. the conversion efficiency, ηn, is often expressed in percent. 

Source and load impedance 
In order to minimise the conversion loss, optimum source, ZS, and load, ZL, embedding im-
pedances should be provided to the diode. Optimum source and load impedances are found 
from maximising, e.g. the conversion efficiency, and they depend on each other and on the 
input signal level. In a non-linear circuit, such as a multiplier, it is not possible to define a 
true impedance. However, a “quasi-impedance”, Zn, can be defined for periodic signals as 

 Zn =
Vn
In

 (13) 

where Vn and In are the voltage and the current, respectively, at the nth harmonic. 
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3.1  Basic principles of single diode frequency multipliers 

Single diode frequency multipliers can either be shunt or series mounted. In both cases the 
input and the output filter should provide optimum embedding impedances at the input and 
output frequencies, respectively. The output filter should also provide an open circuit for 
the shunt mounted diode and a short circuit for the series mounted varactor at the pump 
frequency. The same arguments are true for the input filter at the output frequency. 

Besides the above conditions, the correct impedances must be provided at the idler fre-
quencies for a high order multiplier (e.g. a quintupler). In general, it is hard to achieve op-
timum impedances at the different harmonics simultaneously. Therefore, a compromise 
has to be found. 
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Figure 13: Block scheme of nth-order frequency multiplier circuit with (a) shunt mounted and (b) series 

mounted diodes. 

3.2  Analysis of symmetric varactor frequency multipliers 

Single tone excitation of strongly non-linear circuits, such as frequency multipliers, is 
normally analysed by means of the harmonic balance technique [e.g. Maas 1988]. A con-
venient approach, originally introduced by Tang [1966], is to describe the non-linear S-V 
characteristic with a polynomial V-Q model and using Uhlir’s varactor model (Figure 4). 
Tang’s approach was first applied to symmetric varactors by Krishnamurthi et al. [1993] 
with a cubic polynomial V-Q model. For the tripler, Krishnamurthi et al. present analytical 
expressions for the optimal embedding impedances and the maximum conversion efficien-
cy. A simple set of accurate design equations that can be used to calculate impedances, in-
put power and RF efficiency for HBV triplers are presented in reference [Stake 1999a]. 
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Figure 14: Different S-V characteristics generated from a fifth degree polynomial model. 

To systematically investigate how the tripler and quintupler performance depends on the 
shape of the S-V characteristic, a fifth degree polynomial model can be employed (Figure 
14) [Kollberg 1996; Dillner 1997a]. In Figure 15 a calculation of the minimum conversion 
loss for a tripler and a quintupler is shown. The best efficiency is obtained for a S-V char-
acteristic with large non-linearity at zero volt. The optimum idler circuit for the quintupler 
is an inductance in resonance with the diode capacitance (i.e. maximised third harmonic 
current). 
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Figure 15: The minimum conversion loss for a tripler and a quintupler for the different S-V character-

istics shown in Figure 14. The pump frequency is normalised with the dynamic cut-off fre-
quency (1). For the quintupler case, the idler circuit is an inductance in resonance with the 
diode capacitance. 
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3.3  Carrier transport during RF-operation 

A time-dependent numerical Drift/Diffusion device model integrated with a large signal 
Harmonic Balance circuit simulator (DDHB) has been developed by Jones et al. [Jones 
1995a; Jones 1995b]. Carrier transport is modeled by solving the electron continuity equa-
tion (14), the drift/diffusion equation (15), and the Poisson equation (16) self-consistently. 
The resulting equations describing DC and time dependent transport are formulated as 

 
∂n(x, t)
∂t

=
1
q
∂Jn(x,t)
∂x

, (14) 

 Jn (x,t) = −qµn (x,t)n(x,t)
∂φn (x,t)
∂x

, (15) 

and 

 
∂
∂x

ε(x)∂ψ (x,t)
∂x

$ 
% 

& 
' 

= q n(x,t) − ND(x)[ ] , (16) 

where 

 n(x,t) = ni,ref e
q
kT

ψ (x ,t )+Vn (x )− φn (x ,t )( )
, (17) 

and where Jn is the electron current density, n is the electron density, φn is the electron qua-
si-Fermi potential, ψ is the electrostatic potential, k is Boltzmann's constant, q is the elec-
tron charge, T is the absolute temperature, ni,ref is the intrinsic electron density in the refer-
ence material (GaAs), and Vn, µn, ND, and ε are the spatially-dependent alloy potential, 
electron mobility, donor impurity concentration, and dielectric permittivity, respectively. 
The conduction band, the eletcric field and the carrier concentration for the HBV in Table 
III are shown in Figure 17 and Figure 18. The embedding impedances were optimised for 
maximum efficiency [see Stake 1997]. Calculations were performed for a four-barrier 
structure, device area of 66 µm2, and an extrinsic parasitic series resistance of 5 ohm. The 
current versus voltage during one pump cycle for two different drive levels are shown in 
Figure 16. An increased carrier concentration can be observed in the depleted region due to 
the onset of large conduction current through the barrier for high voltages, see Figure 18. 

To observe the effect of current saturation, a field-dependent model should be added. 
However, an accurate model for carrier transport at high frequencies should include the 
effect of hot electron transport. In this case, a Monte-Carlo description of carriers is needed 
[Lipsey 1997] or energy balance equations should be included in the above model 
[Hjelmgren 1991]. 
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Figure 16: Current versus voltage during one pump-cycle for an input power of 50 mW and 100 mW at 

90 GHz. 
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Figure 17: The conduction band (left) and the electric field (right) versus time and distance for an inci-

dent pump power of 100 mW @ 90 GHz. 

 
Figure 18: Contour plot (log scale) of carrier concentration versus time and distance for an incident 

pump power of 100 mW @ 90 GHz. Contour lines are at a carrier density of 1011, 1012, 1013, 
1014, 1015, 1016, 5×1016, 1017, 5×1017 and 1018 cm-3, respectively. 
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3.4  Practical HBV multipliers 

Since frequency multipliers find applications mostly as sources at higher millimetre and 
submillimetre wave frequencies, they are often realised in waveguide mounts. A classic 
design is the arrangement of crossed rectangular waveguides of widths specific for the in-
put and output frequency bands (Figure 19). The advantages are: 

 The input signal does not excite the output waveguide, which is cut-off at the input fre-
quency. 

 Low losses. 

 The height of the waveguide in the diode mounting plane may be chosen to provide the 
electrical matching conditions. Assuming a thin planar probe, the output embedding 
impedance is given by analytical expressions [Eisenhart 1971]. 

 Movable short circuits provide input/output tunability. 

Today, whole waveguide mounts can be analysed and designed using commercial availa-
ble high frequency electromagnetic CAD tools. They either solve Maxwell’s equations in 
the frequency domain (HP-HFSS) or in the time-domain using the FDTD method.  

 
Figure 19: Schematic diagram of a crossed waveguide mount [from Choudhury 1993]. The output sig-

nal is isolated from the input waveguide with a low pass filter. 
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Figure 20: Measured output power and conversion efficiency for a four barrier AlGaAs HBV (CTH-

NU2003J). 

The performance of a four-barrier AlGaAs HBV tripler at 246 GHz is shown in Figure 20. 
The planar diode was mounted across the output waveguide in a crossed waveguide type of 
multiplier block (RAL-HBVII). The waveguide is equipped with two input tuners and two 
output tuners. Input power was provided by a J.E. Carlstrom (H270) GUNN oscillator. The 
efficiency saturates for an input power of 50 mW due to the effect of self-heating. As 
thermionic emission dominates the electron transport across the barrier of standard Al-
GaAs HBVs, the conduction current increases drastically with temperature and hence a 
reduced conversion efficiency. 

Table IV briefly reviews the status of HBV multipliers and how they compare with some 
representative Schottky multipliers. 

The machining and assembly problems increase rapidly above ~300 GHz for waveguide 
mounts. Single mode operation becomes a problem at these frequencies and at very high 
frequencies (1 THz) the cost of waveguide components will be too high for use in most 
systems. Therefore, the quasi-optical approach [Goldsmith 1998] is very useful for single 
diode submillimetre wave multipliers. Low loss free space power propagation is coupled to 
the diode through an integrated antenna. 
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Table IV: Performance of some representative HBV and Schottky multipliers 

Varactor Frequency Multipliers 

n x fp 
 [GHz] 

Efficiency 
[%] 

Output  
power [mW] 

Reference Comments 

92 10 91 Rahal [1995] InP, 10 barrier HBV 
141 8,1 11,5 Hollung [1999b] GaAs, 2x2 barrier HBV, 

Quasi-optical  
171 0,78 0,02 Räisänen, [1995] InP, 1 barrier HBV Quin-

tupler 
174 22 55 Rizzi [1993] Schottky balanced doubler 
216 5.4 5 Mélique [1998b] InP, 2x2 barrier HBV, 48 

µm2 
222 5 1 Rydberg, [1990] GaAs, 1 barrier HBV, 

7µm2 
246 4,8 4 Stake [1999b] GaAs, 2x2 barrier HBV, 

52µm2 
247,5 12 8,9 Mélique [1999] InP, 2x2 barrier HBV, 28 

µm2 
271 9 15 Thornton [1998] Schottky tripler 
332 20 4 Erickson [1990] Schottky balanced doubler 
498 3 0,7 Erickson [1990] Schottky tripler 
800 3 0,25 Crowe [1996] Schottky tripler 

 

The quasi-optical approach, i.e. when geometrical (ray) optics approximation is invalid, 
becomes important when the beam diameter becomes smaller than 100 wavelengths. A 
Gaussian beam is normally launched through a corrugated horn and further processed by 
means of beam splitters, lenses, diplexers and interferometers. 

 
Figure 21: Two different quasi-optical millimetre wave diode frequency multipliers. A diode grid (Left) 

[from Hwu 1989] and a HBV tripler (right) [Hollung 1999a] 

In the millimetre wave region, power combining through a grid of varactor diodes can pro-
vide several watts of output power. The power illuminating the grid is distributed among 
the diodes, and power generated at a desired harmonic is then recombined in a quasi-
optical structure (Figure 21). 
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4.  Summary of appended papers 

Nine papers (A-I) are appended in this thesis. They are grouped according to their content: 
multiplier testing and the effect of heating (A-C), modelling and analysis (D-F), and HBV 
fabrication and diode characterisation (H, I). 

Paper A reports work on the effect of self-heating in planar HBVs. 

Paper B reports new tripler results with GaAs/AlGaAs based HBVs. 

Paper C proposes a novel fabrication process for HBVs on copper substrate. 

Paper D proposes a simple set of HBV tripler design equations. 

Paper E reports analysis of symmetric varactor multipliers. 

Paper F reports work on optimisation of the HBV barrier structure. 

Paper G reports a 141 GHz quasi-optical HBV tripler circuit. 

Paper H reports an on-wafer high frequency C-V characterisation method. 

Paper I describes the technology used for fabrication and characterisation of HBVs at 
Chalmers. 
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5.  Concluding remarks 

Several projects are in progress with the intention of implementing short millimetre waves 
for short distance communication. Furthermore, a Swedish satellite (ODIN) for studying 
global ozone depletion will carry three submillimetre wave radiometers (120, 480 and 550 
GHz). These systems demand efficient, pure and high power sources. The lack of good sol-
id state sources in the submillimetre wavelength range motivates research on high efficien-
cy varactor multipliers and novel fundamental oscillators (e.g. Bloch oscillators, p-Ge la-
sers etc.). 

III-V compounds (e.g. InGaAs) are promising materials for submillimetre wave applica-
tions. However, development of new materials such as wide band gap materials (e.g. ni-
trides, carbides) can also provide solutions for high power sources in the millimetre wave 
region.  

Novel multiplier topologies, which take advantage of the symmetry of the HBV, will be 
developed. A compact circuit realisation is necessary for monolithical technology. High 
conversion efficiency and high output power by means of epitaxially stacked barriers is no 
longer a utopia and the performance is comparable to the Schottky diode. Furthermore, the 
grids and quasi-optical systems can provide several watts of output power. A transmission 
line periodically loaded with HBVs (NLTL), where a soliton can propagate, could provide 
a trade-off between multiplier-efficiency and bandwidth [e.g. Li 1998]. 

To make terahertz applications more cost effective, material techniques and processing 
techniques must be further developed. A development towards a monolithic approach, i.e., 
low loss transmission media, airbridges, antennas etc. on the chip, is therefore necessary. 
Moreover, simulation and synthesis tools must be improved at these frequencies. 

The demand of sensitive heterodyne receivers and broadband communication systems will 
push the material and fabrication technology forward in the years to come. The HBV diode 
will play an important role in this development. 
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