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Design Considerations of High-Efficiency Double-Drift Silicon
IMPATT Diodes

LANG-CHEE CHANG, DING-HUA HU, AND CHAO-CHEN WANG

Abstract—High-efficiency silicon double-drift IMPATT diodes
with a low-high-low doping profile structure are proposed. Devices
with efficiencies of 25 percent for 12 GHz, 24 percent for 18 GHz,
and 19 percent for 50 GHz, are predicted by numerical calcula-
tions.

I. INTRODUCTION

Double-drift (DD) IMPATT diodes [1]-[2] are expected
to have better efficiency and output power than their
single-drift (SD) counterparts. A reliable 15-percent-ef-
ficiency silicon DD IMPAT'T diode at 11-13 GHz has been
obtained by Lekholm et al. [4]. An efficiency of 21 percent
was predicted by Seidel et al. [3] for a silicon DD Readlike
diode at X band.

In this investigation, high-efficiency silicon DD IM-
PATT diodes with a low-high-low doping profile structure
are designed. Starting from the simple p-n-abrupt-junction
structure, the device operation efficiencies were calculated
numerically, and noise measures were compared. Finally,
the shift of the avalanche center from the metallurgical
junction was discussed, and used to correct the optlmum
depletion widths.

II. EFFICIENCY
Two types of DD IMPATT diodes are studied: a) the

p-n-abrupt-junction structure, and b) the low-high-low
doping profile structure.

A. The p-n-Abrupt-Junction Structure

For the p-n-abrupt-junction structure (Fig. 1), the
electric field distribution is

X
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where the critical field
g, =3Wn _apWe @)
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and n and p are the n-type and p-type region doping con-
centrations; and Wy and Wp are the n-type and p-type
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Fig. 1. p-n-abrupt-junction DD IMPATT diode.

region depletion widths. For a given operating frequency
/. the optimum depletion widths [5] aré given by Wy =
0.37 vg10/f for electrons, and Wp = 0.37 vg 4 /f for holes,
where vg , and Uy, are the scattering limited velocities of
electrons and holes. At 430 K, vy, = 7. 45 108 cm/s, and v p
= 6.86 108 cm/s [6].

For a set of device parametets a numerical iteration [7]
is used to adjust the critical field E., and then determine
n and p by (2), such that the avalanche breakdown con-
ditions [5] are fulfilled. The ionization rates used here were
measured by Grant [10] from photomultiplication expei-
iments. The avalanche width is defined [8] by X 4 £ min-
imum of (x3 — x;), where x; and xo are a sét of the
boundaries corresponding to hole- current changes of
O 951 4. I 4. is the total de current.

The breakdown voltage Vg and the voltage drop cross
the avalanche region V4 are given as

Vg = %ECW (3)

qp

1 £
Va = = x1 (2E, + & xl) + —xg (2E. —"=x3). (4)
€

The dc to mlcrowave generating efficiency [5] is calculated
by

(5)
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TABLE I
Device Parameters for
p-n-Abrupt-Junction DD IMPATT Diodes

Device parameters 12 GHz I 18 GHz 50 GHz
ng(x10*8 cm=3) 6.30 i 6.84 24.4

Wy (um) 2.33 1.56 0.56 J
is (um) 0.05 0.05 6.03
Ky (um) 0.10 0.07 0.06 l
Qpy(¥102 ca2) 2.69 4.75 PETI
|V (vo) 55.8 30.3 ' 16.7

In (%) 25.4 24.3 E 19.0
ANM (dB) 42.5 32.5 ! 26.1 |
AX, (um) { -0.017 ~0.008 -0.007 [

Numerical calculations are performed for 12, 18, and 50
GHz. The resultant optimum device parameters are listed
in Table I. These data are used as starting points for t e
high-efficiency DD design in next subsection.

B. The Low-High-Low Doping Profile Structure

For the low-high-low doping profile structure (Fig. ),
the electric-field distribution is

qnz

(Wn +x), Wy <x < —Xan

n
%2 Wy - Xpw) +—~ (Xpn + 1),

~Xpny £x < —(Xpn — 0)

Ex) = —(Xpy—06)<x =<0
05x=Xpgp—§

P2y, — Xpp) + —q—f—L (Xpp — 1),

Xpp~—06=<x < Xgp
P2y, — x), Xpp<x<Wp  (6)
\ €
where the critical field
E =3 (wy ~ )+ qQsN
€
= 4Pz (Wp — 5) + T2 qQzp M

€ €

and ny and po are the n-type and p-type background
doping concentrations; X gy and X gp are the n-type and
p-type buried positions; é is the buried width; Qgn and Qgp
are the n-type and p-type buried quantities; Wy and Wp
are n-type and p-type depletion widths, and are the same
as those in the previous subsection; and n; = Qgn/6 and
p1 = Qpp/d.
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Fig. 2. Low-high-low doping-profile DD IMPATT diode.
TABLE II

Device Parameters for
Low~High~Low Doping Profile DD IMPATT Diodes

Device parameter 12 GHz 18 GHz 50 GHz
n(x1015 cm3) 10.5 17.1 €0.9
p(x1018 em=3) 11.5 | 18.9 67.0
Wy (um) 2.33 1.586 0.56
rwp (um) 2.12 1.41 0.51
Vs (v.) 83.6 60.7 27.9
no (%) 13.3 13.0 10.5
AXE (um) -0.16 -0.11 -0.03
*AXo is the shift of avalanche center measured from the

metallurglcal Junctxon, the negative sign indicated that
the shift is toward the N-type side.

Efficiency calculations are carried out by a method
similar to the one used in the previous subsection. The
background doping concentration nq are varied as 20, 40,
60, and 80 percent of the doping concentration n of the
p-n-abrupt-junction structure. The buried positions are
related as Xpp = Xpn/A, the buried quantities as Qpp =
®en + 6ng(A — 1), and the background doping concen-
trations as ps = Ang, where X = vgo/vgn. Typical nu-
merical results for 18 GHz are plotted in Fig. 3. From this
chart, it is clear that the efficiencies can be improved sig-
nificantly if the background doping ns are in the range of
40-60 percent of n. The device parameters with the highest
efficiencies obtained are summarized in Table II.

I11. NOISE MEASURE

The inherent noise in IMPATT diodes is mainly due to
the statistical fluctuation in the avalanche process. The
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Fig. 3. Low-high-low doping-structure DD IMPATT diode at 18 GHz.
noise measure is the same as [9, eq. (4)], except that o’ = ACKNOWLEDGMENT

min {da,/dE, da,/dE} at the maximum field.

The incremental noise measure ANM in decibels of a
low-high~low doping DD IMPATT diode as compared to
their p-n-abrupt-junction DD counterpart is defined by

ANM = NM (low-high-low doping DD)
— NM(p-n-junction DD). (8)

The results are presented in Table II and Fig. 3. The in-
cremental noise measure ANM increases when efficiency
increases. Therefore, there are tradeoffs between efficiency
and noise. /

IV. DISCUSSIONS

Due to the shift of avalanche center, defined as the point
X, where Ip(X,) = I,(X,), from the metallurgical junc-
tion toward the n-type side, the optimum depletion widths
should be corrected to have the same drift lengths mea-
sured from the avalanche center for holes and electrons.
For low-frequency and large-avalanche-width devices, the
corrections are more important.

For device fabrication, there is considerable techno-
logical difficulty in realizing such an optimized design.
However, for high-frequency devices, e.g., f 2 30 GHz, ion
implantation technique could be used to form the buried
layers.

Since DD IMPATT diodes have more output power
than their SD counterparts, the high-efficiency DD IM-
PATT diodes, proposed in this correspondence, are ex-
cellent candidates for high-power solid-state microwave
oscillators.

The authors wish to thank Dr. S. M. Sze and Dr. S. Su
for their valuable suggestions, discussions, and review of
this correspondence.
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