
IEEE MICROWAVE AND GUIDED WAVE LETTERS, VOL. 4, NO 4, APRIL 1994 101

Study of the Effect of the C~~~/C~i~ Ratio 011

the Performance of Back-to-Back Barrier-N-N

(bbBNN) Varactor Frequency Multipliers
Debabani Choudhury, Member, IEEE, Antti V. Raisanen, Senior Member, IEEE,

R. Peter Smith, Member, IEEE, and Margaret A. Frerking, Member, IEEE

Abstract— The effect of the C ~~~ / ~~,,~ ratio on the perfor-
mance of planar back-to-back Barrier-N-N+ (bbBNN) frequency
multipliers is studied. A simplified physical model of the device
is used to relate the electrical characteristics to the material and
the structural parameters. Multiplication efficiency is evaluated

using a large signal analysis approach. Results indicate that if
the optimum device size for a given frequency is used, a high

C~~~ /C~,n ratio results in high efficiency.

I. INTRODUCTION

I N ORDER to improve the ruggedness of frequency mul-

tipliers for spaceborne local oscillator applications, pla-

nar varactor devices are being developed to replace whisker

contacted devices. One candidate is the planar back-to-back

Barrier-N-N- (bbBNN) varactor. It is a modification of the

Barrier-Instrinsic-N+ (BIN) varactor [1], providing a lower

series resistance. It exhibits a very sharp capacitance versus

voltage characteristic, resulting in efficient harmonic gener-

ation at small input power levels. It has symmetric C-V

and anti-symmetric I-V characteristics. Symmetric impedance

nonlinearities centered at zero bias will generate only odd

hamnonics, thereby simplifying the mount design.

A conceptual diagram of the bbBNN varactor is shown in

Fig. 1. The layer thicknesses, doping densities, and composi-

tions can be adjusted for optimum performance. The operation

of the device as a varactor is described in the references [2],

[3].

Previous studies on bbBNN and single barrier varactors

[3,4] draw different conclusions on the impact of the

Crnax/C~i. ratio on multiplier efficiency. In one case, the

efficiency increased with C~aX/C~in ratio [3], while in the

other, it reached a maximum and then decreased [4]. In this

paper, we study the effect of C’~aX/C~in ratio for two cases:
1) when L’max is held constant and 2) when C’~,n is held

constant. Physically realizable device characteristics obtained
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Fig. 1 Schematic diagram of a back-to-back BNN varactor

from a simplified device model are used in a large signal

analysis program to determine the RF performance.

II. PHYSICAL DEVICE MODELING

We have theoretically designed several physically realizable

devices having different C~aX/C~in ratios. These devices are

summarized in Table I. which includes device dimensions

(illustrated in Fig. 1) and doping parameters as well as the

series resistance, the breakdown voltage, and the dynamic cut-

off frequency. To calculate device parameters, the depletion

approximation was used. In addition, the three-dimensionality

inherent in the back-to-back varactor was ignored. This as-

sumption, neglecting fringing and parasitic capacitances, re-

sults in a lower minimum capacitance than is observed in real

varactors.

Table I(a, b) show characteristics for 8pm~ area devices

with 2-pm-wide Schottky contacts across 4-pm–wide mesas

and 2-p,m separation between contacts. These dimensions are

typical for those used in a 67 to 200-GHz tripler [5]. Table

1(c, d) show characteristics for 4-~m2 area devices with l-pm-
wide Schottky contacts. To assess the impact of the capacitance

ratio C~aX /C~in on efficiency, several devices for each area

are considered. In Table I(a), C~aX is constant at 30 fF, while

the ratio Cm.. /C~in is varied between 5 and 2. In Table I(b),

Cmm is constant at 7.5 fF, while C~aX is adjusted to Vwy tie
ratio of C~~aX/C~i.. In Table I (part c), c~~.x is constant at

15 fF, since the area is a factor of 2 smaller than the device in

Table I(a). Similarly, in Table I(d), C~,n is constant at 3.75 fF.

Cmax is dete~ined by the barrier thickness, Xk, and the
device area. The ratio of C~aX /C~,m sets the depletion region

thickness, .Td. The 6-doping, n,, and depletion region doping,
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TABLE I
PHYSICALbbBNN DEVICE MODELING. VOLTAGE

NEEDED TO DEPLErE THE Drum REGION IS 2132 V

(a) C~~x= 30 fF, device area =8#m2, W’ = 4 pm, L = 2 pm,
XO=2um

& Xb Xd Nd Rs Vbd F.d
cmin (rim) (rim) (.:12) (cm-3) (Q) (volts) (GHz)

5 15.3 122.5 2.95 x l@z 1.3 OX1O17 10.4 23.5 2040

4 15.3 92.0 6,00 x IOIZ 1.33 x 1017 9.6 24.5 1650

3 15.3 61.0 5.L3L3x 112 3.24 X 1017 8.2 22.5 1290

2 15.3 31.0 5.00 x 1012 9.46 X 1017 7.7 7.4 696

(b) Cmin= 7.5 fF, device area= 8pm2, W = 4 pm, L = 2 pm,
Xfl.2um

c
c
— Xb Xd ivd Ra Vbd Fcd

“n (rim) (rim) (c;: 2) (cm-3) 0) (volts) (GHz)

5 12.3 98.1 7.70 x IOIZ 1.20 x 1017 10.0 12.3 1700

4 15.3 92.0 6.00 x Il)lz 1.33 x 1017 9.6 14.5 1650

3 20.4 81.9 4.00 x 101’2 1.70 x 1017 9.0 16.6 1570

2 30.6 61.5 2.53 x 1012 2.37 X 1017 8.4 16.9 1270

(c) C’~~~= 15 fF, device area =4pm2, W’ = 4 #m, L = 1 #m,
Xg= 2pm

&
c xb xd Na R, Vbd Fcd

““ (rim) (rim) (.?%2) (cm-3) (0) (volts) (GHz)

5 15.3 122.5 2.95 x 1131Z 1.30 x 1017 12.0 23.5 3510

4 15.3 92.0 5.75 x l@z 1.40 x 1017 10.4 14.8 3060

3 15.3 61.5 7.00 x 1(312 2.10 x 1017 8.3 9.9 2580

2 15.3 30.7 7.85 x Il)lz 5.OOX1O17 6.9 6.2 1540

(d) C’min= 3.75 fF, device area =4#m2, W = 4 pm, L = 1 pm,
Xg = 2 pm

c
c
— .Yb Xd R, Vbd F.d

““ (rim) (rim) (c:~2) (c:! 3) (0) (volts) (GHz)

5 12.3 98.1 7.7o x IOIZ 1.20 x 1017 11.3 12.3 3004

4 15.3 92.0 6.OLl x 101Z 1.33 x 1017 10.6 14.5 3004

3 20.4 81.9 4.5o x I@z 1.50 x 1017 9.7 16.0 2910

2 30.7 61.5 3.48 x 101Z 1.60 X 1017 8.8 16.0 2420

Nd, were adjusted so that the voltage necessary to completely

deplete the depletion region is held constant at 2.32 V.

The device series resistance R, is given by,

R.= Rd+Rn+Rp (1)

where Rd is the resistance of the depletion region, Rn is

the resistance of the n+ region and RP is the parasitic

metal resistance. The depletion region resistance Rd and the

resistance due to the n+ region, & are given by,

Rd = (1.5°~d)/(~. ~“~.~d .~d), (2)

and

Rn = (L+ Xg)/(W. Xn .q.pn .Nn), (3)

where xd and X. are the thicknesses, ~d and N. are the

doping densities, and ~d and Wn are the nobilities of the

depletion region and the n+ region, respectively. L is the

length of the metal pad, W is the width of the metal pad,

and Xg is the gap between the metal pads (Fig. 1). The factor

1.5 in Rd is used to approximate an average resistance over

one cycle since depletion region width is a function of applied

voltage and varies throughout the pump cycle. The nobilities

of the depletion and n+ regions are assumed to be 0.4 and

0.2 m2/V-s, respectively. The parasitic metal resistance RP

due to the Ti/Pt/Au fingers was calculated to be 0.67 Q and

1.3-Q, for 8-pm2 and 4-~m2 device areas, respectively. The

series resistance values of 7–12 Q are in reasonable agreement

with measurements [5]. The resistance of the n+ region is the

dominating part in the series resistance values.

The breakdown voltage Vbd, modeled here, is due to Fowler-

Nordheim tunneling [2]. Devices made in the laboratory have

always shown lower breakdown voltages than the modeling

indicates. This may be due to an avalanche mechanism.

The dynamic cut-off frequency of the device was determined

by the formula

where RS is the series resistance modeled at zero bias.

III. LARGE SIGNAL ANALYSIS

The effect of cm= /cmin on bbBNN varactor tripler effi-

ciency from 67 to 200 GHz was evaluated for the devices in

Table I, using a modified version of the nonlinear program

by Siegel et al. [6]. Embedding network impedances at the

input and output frequencies were optimized. Other harmonic

embedding impedances were assumed to be open circuited.

The effect of velocity saturation [7] have not been included

and will reduce the performance for high pump power and

high frequencies.

The results are shown in Fig. 2, where the tripling efficiency

is plotted as a function of input power parameterized by

the C~aX/C~in ratio. Fig. 2(a) and (b) show the result for

.bbBNN with areas of 8-pm2, Fig. 2(c) and (d) show the result

for 4-pm2 device area. In Fig. 2(a) and (c), the maximum

capacitance has been held constant, while in Fig. 2(c) and (d),

the minimum capacitance is constant.

As can be seen in Fig.2, the peak efficiency is highest for

the device with highest ~Cd, the dynamic cut-off frequency

of the device. The pump power at which the peak efficiency

is obtained depends primarily on C~u since the voltage to

completely deplete the depletion region is fixed for all cases

presented here. Hence, the 8-~m2 device [Fig. 2(a) and (b)]

requires more pump power for peak efficiency than the 4-pm2

device [Fig. 2(c) and (d)]. In the case where C~aX is fixed [Fig.

2(a) and (c)], the pump power for peak efficiency is roughly

constant. However, in the case when C~in is fixed [Fig. 2(b)

and (41 and C~~~ varies, the pump power for peak efficiency

~ax and hence with the Cmax/Cmin ratio.increases with C

IV. CONCLUSION

From the above simulations, the previous discrepancy on

the impact of C~aX/Cmin ratio can be understood. In one

case [3], the Cmax was fixed, whereas in the other case [4],
Crnin was fixed. When C~~X is fixed, the efficiency is always
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Fig. 2. Trcpling efticlency versus input power plot for 67 to 200-GHz trcpler
pammeterized by C’~ax / C’min and dynamic cut-off frequency of the device.

(a) C’~ax = 30 fF, variation of Cm,n (device area= 8 ~mz). (b) Cm,. = 7,5
fF, variation of C’ma. (device area = 8 pmz). (c) c~ax = 15 fF, variation

of C’min (device area = 4 p m2 ). (d) Cm,n = 3.75 fF, variation of C~~~
(device aea = 4 pm2). Cmap,n = 5, -------
cmax/cm,n = 4, — — —0— Cmax cm,. = 3,——

— Cmaxfc:,n =O?.

improved with high C~aX/C~in. For the fixed C~,n case, if

a low input power (for the cases studied here below about

10 mW) is also assumed, the efficiency would peak for an

intermediate C~.X /C~in ratio. This is especially true if the

diode area is large. But if a higher input power (15 mW or

more) is used with the optimum device size for the given

frequency, the highest possible C~aX/C~in ratio results in

maximum efficiency. Thus a “rule of thumb” is that the highest

dynamic cut-off frequency, jCd and the highest C~aX/C~in

gives the best multiplication efficiency.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

REFERENCES

U, Lieneweg, B. R. Hancock, and J. Maserjian, “Barrier-instrinsic-n+

(BfN) diodes for near-millimeter wave generation,” m Proc. 12th Int’1

Confi Infrared and Millimeter Waves, 1987, pp. 67.

U . Lleneweg, T. Tolmunen, M. Frerking, and J, Maserjian, “Design
of planar varactor frequency multiplier devices with blocking bariers,”
IEEE Trans. Mzcrowave Theory and Tech., vol. 40, no. 5, pp. 839–845,

May 1992.
M. A. Frerking and J. R. East, “Novel heterojunction varactors,” Proc

IEEE, vol. 80, no. 11, pp. 1853–1 860, Nov. 1992.
S. M. Nilsen, H. Gronqvist, H. Hjelmgren. A, Rydberg, and E. L.
Kollberg, “Single barrier vmactors for submcllimeter wave power gen-
eration,” IEEE Trans. Microwave Theo~ and Tech., vol. 41, no. 4, pp.

572-580, APril 1993.
D. Choudhury, A. V. Raisanen, R. P. Smith, M. A. Frerking, S.

C. Martin, and J. K. Liu, “Experimental performance of a back-to-
back barrier-N-N+ (bbBNN) varactor tripler at 200 GHz;’ accepted for
publication in IEEE Trans. Microwave Theory and Tech.

P. H. Siegel, A. R. Kerr, and W. Hwang, “Topics in the optimization of

millimeter wave mixers,” NASA Tech. Paper 2287, 1984.
E. L. Kollberg, T. J. Tolmcmen, M. A. Frerking, and J. R. East, “Current
saturation in submillimeter wave varactors,” IEEE Trans. Microwave

Theory and Tech., vol. 40, no. 5, pp. 831-838, May 1992.


