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Abstract—We present design and analysis of material struc- high leakage currents and self-heating problems in HBVs [9].
tures and device geqmetries for heterostructu_re _barrier varactor The main disadvantage of using an InP lattice matched system
diodes (HBVs) for high-power frequency multipliers. The meth- i, high_power applications is the poor thermal conductivity
ods aim at finding optimum epitaxial layer structures with respect that causes a high temperature inside the mesa, leading to a
to diode power handling capability and efficiency. A distributed o . ’
device geometry for further increasing the output power levels lower efficiency [10]. Therefore the maximum allowable ab-
whilst maintaining acceptable device temperatures is also pre- sorbed power per barrier is limited by the maximum acceptable
sented. Finally, an electro-thermal HBV model with the ability of temperature inside the mesa. One solution could be to fabricate
incorporating temperature-dependent device parameters is used py/g on substrates having a higher thermal conductivity [11],
to simulate the introduced devices, followed by a design example o -
of a 3x4-barrier high-power HBV diode. or to apply a distributed topolo.gy structure that improves the

heat transfer through the device patterned on an InP-based
|. INTRODUCTION [12]. We here introduce parameters important for the diode

Applications in the millimeter wavelength range have iperformance for high-power applications, and present design
the last decades increased, e.g. radio astronomy, high-speedhods for epitaxial layer structures, circuits, materials and
wireless communications, medical and biological imaging amgtometries in order to reach high power handling capabilities
surveillance systems, but a major problem at these frequenaesl diode efficiencies. In order to assess and analyze the
is the lack of power sources. One promising approach is to udesigns, we perform simulations using an electro-thermal
a frequency multiplier [1] with high-power heterostructure bamodel which updates the device temperature and temperature-
rier varactors (HBVS) [2], [3], as HBVs use a heterojunction adependent device parameters self-consistently [13]. Finally,
a blocking element and therefore several barriers can be growa present a 3-barrier HBV material, Chalmers MBE995,
epitaxially, to increase the breakdown voltage and thereby ttesigned for high output power level, with a wide and smooth
power handling capacity. This property favors HBVs rathdfV curve and a maximised elastance swing which would result
than Schottky diodes for high-power, high-order frequendg higher efficiency.
multiplication [4], [5]. The vast majority of HBV multipliers
this far have been tripler circuits and efficiencies of 12% at II. DEVICE MODEL
the output frequency of 250 GHz in InP-based system haxe
been achieved [6], [7]. ) )

State-of-the-art high-frequency HBVs are fabricated using” 9eneral InP-based HBV layer structure is shown in Table
INo.53Ga.47AS/INo52Al 0 4sAS on semi-insulating InP sub- - The modulation and barrier layers consist of InGaAs and
strates [8]. This system offers higher electron velocities afidAlAS, respectively. The layer sequence 2-5 can be repeated
mobilities compared to GaAs-based systems, which medigtimes to create an N-barrier HBV. This structure W|th.a
lower series resistance and higher conversion efficiency. FRudomorphic (3nm) AlAs layer in the center of the barrier
higher input powers more barriers need to be stacked, resultligg @ high potential barrier, resulting in a very low leakage
in a comparatively thick epitaxial layer. However, because &Hrrent [14].
the strong correlation between HBV performance and materialThe performance of a varactor device is associated with
properties, the main difficulty is to maintain a high qualitghe dynamic cut-off frequencyy., which determines the
when growing thick epitaxial layers. Also, in high-powefonversion efficiency [15].
applications, a large amount of input power is dissipated as Smaz — Smin
heat in the devices, resulting in high temperatures, causing fe= T 27R, @)

Basic Principle
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TABLE |

wheret is the thickness ana is the electrical conductivity of
A TYPICAL ONE-BARRIER HBV LAYER STRUCTURE

the layer. The electrical conductivity depends on the doping
concentration and the electron mobility as

Layer Layer Thickness Doping level
No. [nm] [em~?] 0 =¢qNape(Na,T) ©)
7 Contact 200 ~10™ _ . .
6 Modulation 400 6 x 1016 wherepu.(Ny4,T) is the electron low-field mobility, calculated
5 Spacer 5 undoped from the following empirical model [16]
4 Barrier 20 undoped To Vo1 _ ) .
Hmax (TO)( ) Hmin
3 Spacer 5 undoped pie(Na, T) = pimin + TNd o (6
2 Modulation 400 6 x 1016 1+ (N'ref(TO)(TlO)02)
1 Buffer 500 ~10% .
Here tmin, tmaz, Nref, A, 01 @and o are fitting parameters
Substrate K s ! h ’ 9P

available for most common IlI-V materials, afdg = 300K.

B. Electro-Thermal Model

where S,,.. and S,.;, are the maximum and minimum Simple analytical expressions can be used for initial es-
elastance, respectively, during a pump cycle adis the timations and investigations about thermal properties, but in

series resistance. order to properly design and analyze HBVs, especially for
For a typical HBV the parallel plate capacitor model can beigh-power applications, it is necessary to employ combined
used to estimate the elastance, electrical and thermal simulations. Here we demonstrate the
1 N b 925 w use of an electro-thermal model, implemented in Agilent
S===—(—+—+4+—) (2) Advanced Design System (ADS) [13].
C A Ep Ed Ep

The voltage across an HBV as a function of the chagpe

Here NV is the number of barriersdl is the cross sectional stored in the device is calculated from the quasi-empirical
area,b, €;, s andey are the thickness and permittivity of thechaimers HBV model [17]

barrier and spacer layer, respectively, ands length of the

depleted region. =
The series resistance is voltage-dependent through the exten-V epA cad

sion of the depleted region and also depends on the device + Sign(Q)-( Q? @)
geometry, material parameters and the temperature. For a 2qNaeqA?
planar HBV with two series-connected mesas, Figure 1, the 4kpT 1 Q]
series resistance can be estimated as + TP T oL AgN,

Ry(T) = Rpesa(T) + Rouger(T) + Ra(T) (3) Where kp is the Boltzmann constan is the elementary

+ R. + Ryinger charge, and.p, is the intrinsic Debye length. The displacement

where R, iS the resistance of the layers inside the me:s%ll,Jrrent 'S ) 0Q
Ry er is the spreading resistance in the buffer layey; is it) = ot (8)

the resistance of the contact layefs, is the ohmic contact £, gaas-hased HBVs that exhibit relatively low effective bar-
resistance, andyin., is the resistance of the air bridges. o1 neight, the conduction current is dominated by thermionic
Any of these resistances can be calculated as emission [9], [17], but for InP-based HBV devices, the current
R— t transport is rather dominated by electron tunnelling through
= 4) :
Ao the barrier.

By using an equivalent electro-thermal circuit, the device
temperaturel’ can be treated like any other control voltage
[18]. Now, the electrical properties of an HBV can be modeled
with harmonic balance simulations using the equivalent circuit
in Figure 2 (left) together with (7), combined with appro-
priate expressions for the conduction current and the series
resistance. The thermal resistangg, is calculated by using
3-D finite element simulations. The thermal capacita6gg
models the thermal storage of the device, so that the thermal
time constant is, = Ry, -Cip-

The thermal properties are modeled with the electro-thermal
equivalent circuit displayed in Figure 2 (right). We have
implemented the electro-thermal model in ADS by using an

Fig. 1. Contributions to the series resistance of a planar HBV diode. extra nonlinear port.
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Ill. RESULTS
A. Distributed Geometry

In order to lower the temperature to an acceptable level,
we propose the topology shown in Figure 4 [12]. This geom-
etry consists of 16 mesas, 4 connected in parallel and 4 in
series. This gives a thinner epitaxial thickness which is also
advantageous from a material growth point of view, since

Fig. 2. Electrical equivalent (left) and electro-thermal equivalent circult IS difficult to realize a thick, high-quality material in this
model (right) for harmonic balance simulations. particular material system.

Figure 4 shows that the maximum temperature has de-
creased substantially, 1 5°C. This is mainly because of the
heat source being distributed over a larger area. The distance

C. Thermal Resistance and Device Geometry between the fingers is larger for the inner pair. This is to avoid
a higher temperature on these two fingers compared to the ones
at the periphery. Also, in each finger, the two inner mesas

Itis obvious that the power handling capacity of the conveiyre not connected directly, because of the gold pad extending
tional HBV is limited to the maximum allowable temperaturgown to the substrate to divert heat more efficiently for the
inside the active part of the diode for a certain amoufinermost mesas. The distance between two nearest mesas
of input power [10]. We have calculated the temperatug chosen as short as possible with respect to limitations in
distribution for conventional planar HBVs using 3-D finiteyrocessing and parasitic capacitances, since a wider separation
element simulations. We assume that 1200 mW is absorhggreases the series resistance in the structure, and thereby
in the device. The total required number of barriers needed|§vers the diode conversion efficiency.

be able to handle this power level is considered to be 12 [1@y ysing 3-D finite element, the thermal resistance is calcu-

which, in a conventional planar HBV, are divided equally intgyted Ry, = 100 K/W for this kind of distributed geometry,

two series-connected mesas, see Figure 3. Since the HBV ig#Qch is lower than in the case of conventional planar HBV.
be flip-chip mounted onto the embedding circuitry, only the

contacting pads are assumed to be perfectly heat-sunk, &8dEpilayer Structure Optimization
due to symmetry reasons only a quarter of the geometry

. ISThe performance of an HBV device depends on the dynamic
displayed.

cut-off frequency, which is the main figure of merit for pure

As can be seen in Figure 3 the maximum rise temperatw@ractor multipliers. Another parameter which influences the
for this power level i230°C, higher than the acceptable leveldevice performance is the conduction current, especially in
which is approximatelyi 50°C. GaAs-based systems. A Poisson/Sclinger calculation of the
The thermal resistanceR,;,, is calculated by using 3-D current density for a single-barrier InP-based HBV as a func-
finite element simulations and equal to the maximum riggn of the barrier thickness shows that the barrier thickness
temperature divided by the total dissipated power in the devisehich gives the lowest conduction current by including a thin
Ry, = 190 K/W. central AlAs layer inside the barrier is arourdnm, this
thickness for GaAs-based HBV is abolinm [14].
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Fig. 3. Temperature distribution for a conventional planar HBV, InGaAs ofig. 4. Temperature distribution for the novel InGaAs on InP HBV, consisting
InP substrate. of 16 mesas.
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Fig. 5. Cut-off frequency for a 3-barrier planar HBV versus dopingrig. 6. Maximum modulation layer thickness versus doping for both impact
concentration. ionization and current saturation conditions.

From (1) it can be seen that for optimizing the efficiencynd t0 (9) for each value of doping concentration so that impact
one should maximize the elastance swifig,., — Smin, and lONization occurs before current saturation. Figure 6 shows the

minimize the series resistanca, . modulation layer thickness versus doping concentration for a

The maximum elastance, .., is directly proportional to 3-barrier material. . .
the modulation layer thickness. However, a thicker layer leads' € Series resistance of the active part of the diode also
to a higher series resistance which results in a lower efficien¥gi€s with the doping, wher&p,, ., and R,c.. constitute
For high-power applications the thickness of the modulatidR® main contributions to the total resistance, respectively,

layer is determined by considering impact ionization at higSPecially for structures with thin buffers. According to (3), the
electric fields, while still making sure that it is thinner tharOtal resistance can be calculated for a given area and doping
current saturation thickness limit [19]. concentration value with the respective maximum modulation

For impact ionization, the maximum modulation layer thickayer thicknesses. _
ness can be calculated as The device breakdown voltage depends on the doping level

and the related maximum modulation thickness, and can be

Wmaz = E:CZECZ% (9) described as
. . iha . b | 25 W
whereEy 4. is the maximum electric field in the modulation VBD,maz = NeaFq ( + =+ ) (12)
layer at the voltage where breakdown occurs and can be & &4 24
described as The breakdown voltage and thereby the power handling capac-
a ity can also be increased by increasing the number of barriers,
Eamaz = W (10) limited by the maximum allowed temperature inside the mesas
d,ref

[10].
Design Examples

We now use the presented optimization methods and then
the electro-thermal model to further demonstrate the design of

wherea = 3x107, b= 0.28 and Ny ..y = 1.5x10cm =3 are
the fitting parameters for Chalmers MBE InP based materials.
Current saturation limits the thickness according to

wmmmvg’ﬂ (11) high-power HBV diodes. The material structure is optimized
fr for a 100 GHz frequency tripler. We assume the distributed
wherev,,,, is the saturated electron velocity [19], [20]. geometry, Figure 4, with 3-barrier mesas and a total cross

From (1), (2) and (9) we observe a necessary trade-gffctional device area ol = 700um?2. Plot of the cut-off
between doping concentration and thickness of the modulativpaquency versus the doping concentration obtained from the
layer, in order to achieve an optimum cut-off frequency anslodels presented shows thal; = 7x10'%cm =3 gives the
thereby the highest efficiency. Figure 5 shows hfiwand highest cut-off frequency. This corresponds to a modulation
therebyn vary with doping concentration for a certain numbelayer thickness oB870nm, which is thinner than the current
of barriers, in this case a 3-barrier planar HBV with fousaturation limit, and a total breakdown voltage9of V olt.
series-connected mesas distributed in four fingers and a tathis InP-based material, Chalmers MBE995, has been grown,
diode cross sectional area ©0um?, Figure 4. with a slight difference in dopinglVy = 1x10'7 em™3. To

The modulation layer thickness has been calculated accoverify the quality, a test diode consisting of one mesa has been
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Fig. 7. C-V and I-V for a high power designed material, Chalmers MBE995.

(@)

fabricated by using this material, Figure 7 shows C-V and I-
V measurements for this 3-barrier diode. This device has a
breakdown voltage 024 Volit, and an excellen€,, .../ Cinin

ratio of 5.2.

SEM image of the high power diode with distributed geometry,

Figure 4, is shown in Figure 8.

For this material, we have used the electro-thermal model
[13]to estimate the diode efficiency and the maximum tem-
perature inside the device for a certain input power level for

a pump frequency of 33 GHz.

The series resistance is calculated with (3) with considering
four series-connected mesas distributed in four fingers, Figure
4, and assumingR.-A = 100um? per mesa. The room tem-
perature value idQ2 and the increase in the series resistance (b)

due to self-heating is approximately%.

The conversion efficiency excluding circuit losses with an

Fig. 9. Simulated diode efficiency (a) and the corresponding junction
temperature (b) for a 12-barrier high-power HBV, Chalmers MBE995, with

without effect of junction temperature is shown in Figure 9 area ofd = 700um? distributed in four fingers.

and the corresponding junction temperature is displayed in

Figure 9b. Approximatel2W of input power can be handled

by this device without reaching the breakdown voltage péarrier or an unacceptable device temperature.

Fig. 8. SEM image of high power HBV diodes.

IV. CONCLUSIONS

To be able to handle high input power levels with HBV
diode multipliers for millimeter and submillimeter wavelength
applications, we have presented a device model, a material
structure optimization method, and a temperature-dependent
electro-thermal model. To further decrease the maximum
temperature rise in the device we have also presented a
distributed geometry for which thermal calculations show that
the maximum temperature is drastically decreased compared
to the conventional planar HBV. Finally, using the presented
models, a high-power InP-based material has been designed
and fabricated. The measured DC characteristics are excellent.
The electro-thermal model has been employed to simulate the
diode performance of the fabricated material and to further
demonstrate the design method.
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