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Large-Signal Analysis of Lo-Hi-Lo Double-Drift
Silicon IMPATT Diodes at 50 GHz

LANG-CHEE CHANG MEMBER, 1EEE, AND DING-HUA HU

Abstract—Large-signal analysis of a lo-hi-lo double-drift silicon
IMPATT diode at 50 GHz shows that the device is capable of out-
put power of 1.1 W and efficiency of 20 percent for a device area of
2% 1075 cm? at a de biasing current density of 12 kA/em? and ac
voltage amplitude of 12 V. It is also found that, both output power
values and efficiencies decrease with increasing enhanced leakage
current.

L. C. Chang is with Telecommunication Laboratories, Ministry of
Communications, P.O. Box 71, Chung-Li, Taiwan, Republic of China.

D. H. Hu is with National Chiao Tung University, Taiwan, Republic of
China.

I. INTRODUCTION

IGH-EFFICIENCY double-drift (DD) silicon IMPATT
diodes with lo-hi-lo doping profiles have been previously
proposed [1]. Devices with efficiency of 25 percent for 12
GHz, 24 percent for 18 GHz, and 19 percent for 50 GHz have
been predicted. It has also been shown that efficiencies
can be improved significantly by varying buried positions if
proper buried widths and background doping concentrations
are chosen [1], [10].
The purpose of this paper is to report the large-signal prop-
erties of a lo-hi-lo DD silicon IMPATT diode at 50 GHz. The
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effects of enhanced leakage current on the output power
and efficiency are also discussed.

II. LARGE-SIGNAL ANALYSIS

A computer program similar to that described by Yu and
Tantraporn [2] has been developed to analyze the large-
signal characteristics of IMPATT diodes. Specifically, given a
periodic voltage waveform applied to a diode, the program
simulates the one-dimensional dynamic behaviors of tae
electric-field intensity, hole concentration, electron concentra-
tions, and current waveform, and then evaluates the large-
signal characteristics of the diode.

The diode is biased with a dc voltage and driven by an ic
voltage through a coupling capacitor [3], ie., Vp =V +
Ve sin Qnft), where f is the operating frequency. The
normalizing factors used to normalize the basic semicon-
ductor equations are the same as those presented by Petersen
[4]. The results of Canali ef al. [5] are used to calculate
carrier velocities at 430 K. Carrier ionization rates are evaluated
by fitting Grant’s data [6].

The initial values of the hole and electron concentratiosis
are either supplied by a previous run or are given by solving
the following normalized equations [4], 0E/oX =D(X),
op/dX = EP, and dn/0X = -En, where D(X) is the doping con-
centration, and all other quantities have their conventional
meanings. The above equations are obtained by neglecting
electron and hole concentrations in Poisson’s equation, ard
assuming that both electron and hole currents equal zer>.
For boundary conditions, the concept of the energy barricr
[2] is applied at the electrodes. The injection currents,
given by Ji; = AT? exp [- (8- CVE )/kT], are used to sim -
late the saturation currents at electrodes, with §=1.0 eV for
silicon material, where Jy; is the injection hole (electron)
current density at n-side (p-side) electrode, A the Richardscn
constant, C the image force constant, F the electric field, k the
Boltzmann constant, and T the temperature.

The terminal current as seen external to the diode is cal-
culated as

1 w ,
I = [ rrt,0yax 0
0
where the total current Jy(X, t) is composed of particle
currents and displacement current. By Fourier analysis, we
have

Jext(t) =Ag + Ay cos 2nft +B, sin 2nft+ - - - . <)

Ao is the dc current density Jg. of the diode. The diode
large-signal conductance and susceptance are evaluated sas
G=B[V,. and B=A4,[V,., tespectively. The microwave
output power density is given by Py, = - V,cB1/2. The dc to
microwave generating efficiency is 7= @yuMyc Vi) - 107
percent.

Basically, the continuity equations are in the form of nor.-
linear elliptic equations [7], [8]. For a given number of spac:
gridding i, the number of time gridding j should be large
enough so that the stability criterion is satisfied, ic., A<¢;,
where A =At/Ax?, At=7/j, and Ax=W/i. 7=1/fis th2
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period of oscillation. Note that the quantities discussed in
this paragraph are in normalized form [4]. In our calculations
for the 50-GHz device, j should not be less than 420, if ¢; =
0.05 and i=100. Typical computer time on a CDC CYBER
172 computer is about 8 min for each run, if i =100 and
J=420.

III. NUMERICAL RESULTS

The device structure and doping profile of this diode are
shown in Fig. 1, with n-type background concentration
ny =3.65 X10% cm™, ptype background concentration
p2 =4.02 X 10! cm™, n-type buried quantity Qpy =2.46 X
10'? ¢m™, p-type buried quantity Qgp =247 X 10'* cm™2,
n-type buried position Xpy = 0.08 um, p-type buried position
Xgp =0.073 um, buried width 8 =0.03 um, n-type depletion
width Wy =0.56 pm, p-type depletion width Wp=0.51 um,
and total depletion width W =Wy + Wp = 1.07 um. According
to the results of static calculations [1], [10], the above device
parameters are chosen so that the diode has moderate high
efficiency. '

The current and voltage waveforms are shown in Fig. 2. The
spatial distributions of the electric field, electron density,
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Fig. 4. Diode admittance (susceptance versus conductance) as a function
of frequency and ac voltage amplitude. J4c = 10 kA/em*®,

and hole density are shown in Fig. 3 for phase angle 6 = n/2,
7, 3n/2, and 2n. Electrons and holes are generated at 6 = n/2.
As 6 > n/2, the electron and hole bunches are growing both
temporally and spatially. At 0 =, the carrier bunches are
fully grown. As 6 >, the carrier bunches are traveling to-
ward the electrodes nearly at their scattering-limited velocities.

Fig. 4 shows that diode admittance plot. For a diode area
of 2X 1075 cm?, the depletion capacitance is about 0.2 pF,
which is equivalent to a susceptance value of 0.06 mho (or
3000 mho/cm?) at 50 GHz. We may conclude from Fig, 4
that the diode susceptance is predominately due to the diode’s
depletion capacitance.

Figs. 5 and 6 show the variations of output power and
efficiency as functions of the dc current density for various
leakage current levels. The leakage current J; is simulated
by addlng JIN =Jl : WN/W and JZP =Jl ’ Wp/Wto the il'ljeCtiOfl
currents of n-type and p-type electrodes, respectively. It has
been found that output power and efficiency decrease sig-
nificantly when the leakage current density is greater than
25 A/ecm?. For J; =0, maximum efficiency of 20.7 percent
is obtained for J4.=9.9 kA/cm?, and V, =12 V. For
J;=0, 4. =12 kAfem?, and V,. =12 V, the output power
density is about 54 kW/cm?, and the efficiency is 20 percent.
For a device area of 2 X 107 c¢m?, this implies that we can
have an output power of 1.1 W.

IV. CONCLUSIONS AND DISCUSSIONS

A computer simulation program for large-signal analysis
of IMPATT diodes has been developed. Detailed “snapshots”
for the spatial distributions of the electric field, electron
density, and hole density are presented to show the dynamic
characteristics of the DD IMPATT diodes.

Microwave output power values and efficiencies for various
dc operation current densities and leakage currents, have
been evaluated. It has been found that, for dc current density
larger than 9.9 kA/cm?, as the current density increases,
output power increases, while efficiency decreases. Therefore,
there are tradeoffs between the output power and the efficiency.
In addition, output power values and efficiencies decrease
significantly when the leakage current density is greater than
25 A/cm?. This shows that radiation-enhanced leakage cur-
rent can significantly affect the device operation [9] .
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Fig. 5.

Fig. 6. Diode efficiency as a function of dc current density for various

The efficiencies obtained from the static calculation [17,
{10] and the large-signal analysis are quite consistent. Further-
more, large-signal calculations show that the 50-GHz device
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can have output power of 1.1 W and efficiency of 20 percent
for a device area of 2 X 107 ecm?, with a dc biasing current
density at 12 kA/cm? and ac voltage amplitude of 12 V.
In comparing with Seidel’s [11] experimental results of p-n
junction DD structure which has a maximum output power of
1 W and maximum efficiency of 14.2 percent at 50 GHz, we
conclude that lo -hi-lo DD structure may have higher efficiency
value and comparable output power. Thus lo-hi-lo DD
IMPATT diodes are useful for high-power solid-state micro-
wave applications.

Finally, parasitic series resistance and thermal dissipation
are not considered in this simulation. The presence of parasitic
series resistance will reduce the net negative resistance and,
thus, cause a reduction in output power. The dc power
dissipation in the diode will increase the junction temperature.
This induces several effects such as an increase in thermal
emission (leakage) current and breakdown voltage [12],and a
reduction in ionization rates [6] and carrier drift velocities
[5] to modify the output power values obtained in this
simulation.

ACKNOWLEDGMENT

L. C. Chang would like to thank T.I. Ho for his support and
encouragement,

REFERENCES

[1] L. C.Chang, D. H. Hu, and C. C. Wang, “Design considerations of
high-efficiency double-drift silicon IMPATT diodes,” JEEE
Trans. Electron Devices, vol. ED-24, pp. 655-657, June 1977.

[2] S.P. Yu and W. Tantraporn, “A computer simulation scheme for
various solid-state devices,” IEEE Trans. Electron Devices, vol.
ED-22, pp. 515-522, Aug. 1975.

[3] D. L. Scharfetter and H. K. Gummel, “Large-signal analysis of a
silicon Read diode oscillator,” IEEE Trams. Electron Devices,
vol. ED-16, pp. 64-77, Jan. 1969,

[4] O. G. Peterson, “Numerical method for the solution of the
transient behavior of bipolar semiconductor devices,” Solid-
State Electron.,vol. 16, pp. 239-251, 1973.

[5] C. Canali, G. Majni, R. Minder, and G. Otlaviani, “Electron and
hole drift velocity measurement in silicon and their empirical
relation to electric field and temperature,” JEEE Trans. Electron
Devices, vol. ED-22, pp. 1045-1047, Nov. 1975.

[61 W. N. Grant, “Electron and hole ionization rates in epitaxial
silicon at high electric fields,” Solid-State Electron., vol. 16,
pp. 1189-1203, 1973,

[7] W. F. Ames, Nonlinegr Partial Differential Equation in Engineer-
ing. New York: Academic Press, 1972.

[8] D. Greenspan, Discrete Numerical Methods in Physics and En-
gineering. New York: Academic Press, 1974.

[9] P. E. Cottrell, J. M. Borrego, and R. J. Gutmann, “IMPATT

oscillators with enhanced leakage current,” Solid-State Elec-

tronics, vol. 18, pp. 1-12, 1975.

L. C. Chang, “Static design and large-signal analysis of lo-hi-lo

double-drift silicon power IMPATT diodes,” Ph.D. dissertation,

National Chiao Tung University, Taiwan, Republic of China,

July 1977. .

T. E. Seidel, R. E. Davis, and D, E. Iglesias, “Double-drift-region

jon<dmplanted millimeter-wave IMPATT diodes,” Proc. IEEE,

vol. 59, pp. 1222-1228, Aug. 1971.

L. H. Holway, Jr., “Filamentary thermal instabilities in IMPATT

diodes,” IEEE Trans. Electron Devices, vol. ED-24, pp. 80-86,

Feb. 1977.

(10]

{11]

[12)




