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Abstract|In this paper we present a novel lumped element model of planar InGaAs/InAlAs/AlAs

Heterostructure Barrier Varactors (HBVs) on InP substrate. HBVs with 30 and 40 ¹m anode diameters were

fabricated as coaxial-type con¯guration to check the wafer quality and extract the intrinsic parameters. Planar

HBVs mounted on a coplanar waveguide were fabricated and measured in the 0.5{26.5 GHz frequency range, at

di®erent bias points up to 10 V. The measured S-parameters were ¯tted to the proposed equivalent circuit to

extract the values of both the parasitic and intrinsic elements. Finally, the extracted equivalent circuit was used

to calculate the theoretical tripling e±ciency at 450 GHz attainable with the fabricated HBVs.

I. Introduction

Frequency multipliers based on Heterostructure

Barrier Varactors (HBVs) received considerable at-

tention in the last decade for power generation

above 200 GHz. In fact, the even symmetry of the

C-V characteristic and the odd symmetry of the I-

V characteristic of HBVs lead to the generation of

only odd harmonics [1]{[3], thus avoiding DC bias

circuitry and idler circuits at the even harmonics.

The problem with the excessive leakage current is

solved with the introduction of an AlAs barrier in

the InGaAs/InAlAs material system on InP sub-

strate [4]. High performance HBVs based on In-

GaAs/InAlAs/AlAs material system working in the

range 200-300 GHz have been recently reported [5]{

[7].

In this paper, the performance of planar HBVs for

frequency tripling at 450 GHz is investigated. Both

coaxial and planar HBVs were fabricated using the

process described in Section II and measured in the

0.5{26.5 GHz frequency range. The parameters of

a simple lumped element circuit representing the

intrinsic device were extracted from the measure-

ments of the coaxial{type HBVs. This lumped ele-

ment circuit was used as a starting point for ¯tting

the measured S-parameters to the proposed novel

equivalent circuit, which account for both the par-

asitic and intrinsic elements.

Finally, the extracted equivalent circuit was used

to calculate the theoretical tripling e±ciency at 450

GHz attainable with the fabricated HBVs.

II. Technological Issues

The InGaAs/InAlAs/AlAs heterostructure barrier

varactor is grown with Molecular Beam Epitaxy

on SI InP substrate. The barrier is formed with

two AlAs layers in order to reduce the leakage cur-

rent which occurs mostly due to ¡-X transition [8].

The MBE-grown epitaxial structure of the HBV is

shown in Fig. 1. The HBVs were fabricated using

standard photolithography techniques. Firstly the

coaxial HBVs (Fig. 2) were fabricated in order to

check the quality and extract the intrinsic param-

eters. Ohmic contacts are formed by alloying the

Ti/Pt/Au metallization structures for 1 minute at
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Fig. 1. Wafer design of a MBE grown two-barrier HBV.

200± C inH2-atmosphere. The mesa is formed using
wet-etching technique (Aeff = 38 ¹m). The small-

signal equivalent circuit is extracted from the mea-

sured S-parameters between 0.5{26.5 GHz which

will be later used for an initial estimate for the pla-

nar approach.

Following the coaxial test of the wafer the pla-

nar HBVs were fabricated. Ohmic contacts are

formed by alloying the Ni/Ge/Au/Ti/Au metalliza-

tion structures for 40 seconds at 400± C in H2-

atmosphere [9]. Despite the di®erent ohmic-contact

fabrication processes a small e®ect on series resis-

tance is expected |with a speci¯c resistance of

10¡6 −cm2 the contact contributes with less than

1− to the total series resistance. The mesa and

pad isolation is formed using wet-etching technique

followed by air-bridge formation. The mesas are

etched with a slow etch rate (180 nm/min) in order

to control under etching. Two-column four-barrier

HBVs with e®ective diameters of 8, 13, 18 ¹m were

fabricated as coplanar con¯guration is order to test

with wafer probe station as shown in Fig. 3.

III. Lumped Element Modeling and

conversion efficiency calculation

As a ¯rst step for obtaining a lumped element model

for the coplanar HBV structure (see Fig. 3) we ex-

tracted the intrinsic parameters from the measure-

ment of the coaxial structure (Fig. 2) in the fre-

quency band 0.5{26.5 GHz.

We considered the simpli¯ed lumped element cir-

cuit shown in Fig. 4 and implemented a computer

code for calculating the parameters Rs, C(V ) and

Fig. 2. SEM picture of coaxial HBV.

Fig. 3. SEM picture of the two-column four-barrier HBVs
embedded in a coplanar environment.

I(V ). The code is based on the minimization of an

error function, which is de¯ned as a summation of

the di®erences between the measured one{port scat-

tering parameters (for a given bias V ) and the ones

calculated for given values of Rs, C and I. Using

this code, we extracted a value Rs = 6:5− and the

C-V and I-V curves shown in Fig. 5 in the case of

an HBV e®ective diameter of 28¹m.

The parameters extracted in the previous step

have been used as a starting point for obtaining

an accurate lumped element model of the coplanar

HBV structure of Fig. 3. In particular, we consid-

ered the circuit shown in Fig. 6, which takes into

account the parasitic e®ects introduced by the pla-

nar structure as well as the intrinsic non-linear ele-

ments of the HBV. Especially the simple represen-

tation of the air bridge through lumped reactive ele-

ments seems to be accurate enough. Using the same



Fig. 4. Simple lumped element circuit considered for ex-
tracting the intrinsic parameters of the HBVs from the
measurements of the coaxial structure.
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Fig. 5. C-V and I-V curves extracted from the 0.5{26.5 GHz
measurements of the coaxial HBV structure.

technique considered in the previous case, we imple-

mented a code for the extraction of the values of the

lumped elements from the two-port measurement.

The results in the case of a coplanar structure with

diameter of 18¹m are Rs = 3:0−, R = 10¡8−,
CA = 10:2 fF , CB = 16:7 fF , CC = 63:3 fF ,

CD = 20:4 fF , LA = 43:4 pH, LB = 3:6 pH. More-

over, the C-V and I-V curves are shown in Fig. 7.

Once the lumped element model of the HBV

has been determined, the conversion performance

of the multiplier is calculated by a novel method
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Fig. 6. Lumped element circuit considered in the case of the
coplanar HBV structure; the boxed regions represent the
equivalent circuit of the HBV structures.
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Fig. 7. C-V and I-V curves extracted from the 0.5{26.5 GHz
measurements of the coplanar HBV structure.

based on the combination of the standard Har-

monic Balance (HB) technique and the Genetic Al-

gorithm (GA) [10].

IV. Conclusion

This paper presents a new approach to the mod-

elling of planar HBV's for the design of sub-

millimetre wave frequency multipliers. The non-

linear elements as well as the parasitic e®ects in-

troduced by the planar structure are properly ac-



counted for in the form of an equivalent circuit. Fur-

thermore, the accuracy of the large-signal model of

the intrinsic, non-linear HBV elements is automati-

cally validated by the absence of parasitic e®ects in

the coaxial structure they are obtained from. Fi-

nally, the equivalent circuit has been used to per-

form conversion performance calculations.

The philosophy of this approach can be extended

to practically all planar non-linear devices operating

at sub-millimeter frequencies, for which parasitics

become of considerable importance. The clear sep-

aration of linear and non-linear e®ects ensures the

quality of the model.

V. Acknowledgements

This work was supported by the DAAD-CRUI joint

project (Reference No. 314/vigoni-dr/ia).

References

[1] E. Kollberg, A. Rydberg, \Quantum-barrier-varactor
diodes for high-e±ciency millimetre-wave multipliers,"
Electronic Letters., Vol. 25, pp. 1696-1698, 1989.

[2] M. A. Frerking , J. R. East, \Novel Heterojunction
Varactors," Proceedings of the IEEE., Vol. 80, pp. 1853-
1860, 1992.

[3] S. M. Nilsen , H. Groenqvist, H. Hjelmgren, A. Rydberg,
E. Kollberg, \Single Barrier Varactors for Submillime-
ter Wave Power Generation," IEEE Trans. Microwave
Theory Tech., Vol. 41, pp. 572-580, 1993.

[4] V. K. Reddy , D. P. Neikirk, \High breakdown voltage
AlAs/InGaAs quantum barrier varactor diodes," Elec-
tronic Letters., Vol. 29, pp. 464-466, 1994.

[5] E. Lheurette , P. Mounaix, P. Salzenstein, F. Mollot,
D. Lippens, \High performance InP-based heterostruc-
ture barrier varactors in single and stack con¯guration,"
Electronic Letters., Vol. 32, pp. 1417-1418, 1996.

[6] X. Melique , A. Maestrini, E. Lheurette, P. Mounaix, M.
Favreau, O. Vanbesien, J. M. Goutoule, G. Beaudin, T.
Naerhi, D. Lippens, \12% e±ciency and 9.5 dBm output
power from InP-based heterostructure barrrier varactor
tripler," IEEE MTT-S International Microwave Sym-
posium Digest, Vol. 1, pp. 123-126, 1999.

[7] T. David , M. Guillon, S. Arscott, A. Maestrini, T.
Akalin, B. Lecomte, J. Carbonell, M. Chaubet, P.
Mounaix, G. Beaudin, D. Lippens, \A 5mW-290 GHz
Heterostructure Barrier Tripler in a Waveguide Con¯g-
uration," IEEE MTT-S International Microwave Sym-
posium Digest, Vol. 2, pp. 1661-1664, 2001.

[8] D. Landheer, H.C. Liu, M. Buchanan, R. Stoner, \Tun-
neling through AlAs barriers: Gamma-X transfer cur-
rent," Applied Physics Letters, Vol. 54, pp. 1784-1786,
1989.

[9] S. Arscott, P. Mounaix, D. Lippens, \Substrate transfer
process for InP-based heterostructure barrier varactor
devices," J. Vac. Sci. Technol. B, Vol. 18, pp. 150-155,
2000.

[10] M. Bozzi and L. Perregrini, \Analysis and Optimiza-
tion of mmWave Frequency Multipliers by a Hybrid
Genetic Algorithm/Harmonic Balance Technique," Mi-
crowave and Optical Technology Letters, Vol. 28, No. 4,
pp. 268-271, February 20, 2001.


