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Thermally Induced Switching and Failure in
p-1-n RF Control Diodes

ROGER J. CHAFFIN, SENIOR MEMBER, IEEE

Abstract —This paper measures and analyzes a thermally induced,
breakdown-like effect in p-i-n RF switching diodes. The effect is found to
be due to thermally generated carriers increasing the I-region conductivity

and loss. This is a positive feedback situation which, with increasing power._

levels, eventually causes the diode to switch to a low-impedance state. In
the low-impedance state, further increases in temperature have a negative
feedback effect on the absorbed power and hence this mode is stable with a
very large hysteresis effect. Unfortunately, the high temperatures encoun-
tered in the low-impedance mode ( ~ 400°C) have a detrimental effect on
diode reliability. The threshold power at which switching to this mode
occurs can be increased somewhat by reverse biasing the diode or improv-
ing its heat sink.

I. INTRODUCTION

ECENT, APPARENTLY unexplained, failures in a
500-MHz p-i-n switching diode (HP 5082-3081) in a
receiver front-end caused us to investigate this problem. It
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was found that even when the diode was reverse biased,
coupling of a few watts of power from a nearby CW
transmitter would cause the diode to switch to a stable,
high temperature, low-impedance state. The temperatures
in this state ( ~ 400°C) caused diode failure due to melting
of the chip bond solder joint. Experimental and theoretical
investigations of this effect are described in this paper.

II. EXPERIMENT

The diode, an axial lead, glass packaged device, has an
I-region width of ~175 p and a cross-sectional area of
~ 4.9%x10* p2. The breakdown voltage is > 100 V with an
allowable dissipation of 250 mW at 25°C. The diode was
placed at the end of a 50- transmission line and con-
nected through a network analyzer to a variable power
50- generator at 500 MHz. In the first test the diode was
held at zero bias by a dc-return choke. Fig. 1 shows the
measured results versus applied RF power. Fig. 1(a) and
(b) show that as the power is initially increased from zero,
the diode impedance is > 50 @ (|S;,| ~ 0 dB, < S, ~ 0°).

0018-9480 /82 /1100-1944$00.75 ©1982 IEEE
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Fig. 1. Thermal breakdown in dc-shorted p-i-n diode. (a) Angle of
reflection coefficient. (b) Magnitude of reflection coefficient. (¢) Self
rectified current. (d) Diode case temperature. Horizontal scale is inci-
dent RF power at 500 MHz.

At about 3 W of applied power, a sharp “dip” is seen in
the [S,,| and the angle changes to ~150°, for further
increases in power the [S,,| stays near 0 dB with an angle of
~150°. This is a low impedance ( << 50 £) state. As the
power is reduced, an appreciable hysteresis can be seen and
finally at ~ 0.9 W a sudden transition back to the high-
impedance state is seen. The “dips” in [S},| occur at two
power levels, near 3 W as the power is being increased, and
near 1 W as the power is reduced. The “dip” at 3 W is not
stable and cannot be held, but the “dip” at 1 W is stable.
Fig. 1(c) and (d) help to explain the effect. Fig. 1(c) shows
that the self rectified current initially increases with applied
power and this of course decreases the diode impedance
towards 50 £2. Fig. 1(d) shows the glass case temperature of
the diode (lower than the actual chip temperature). At the
switching point near 3 W, a dramatic jump in chip temper-
ature is seen and this new value remains until the power is
reduced below ~ 0.9 W. It was also found that the break-
down power threshold could be increased by blowing a jet
- of compressed air on the diode package.

In the second experiment, the applied bias conditions
were changed and |S,,| measured versus applied power.
Note—this test was for a different diode of the same type
(HP 5082-3081). (The first device failed after a few cycles
of the test shown in Fig, 1.) In this test, the switching to the
low-impedance mode occurs at 2.9 W (open circuit), 2.1 W
(dc shorted), and 3.6 W (—5 V bias) and the same hystere-
sis effect occurs in all cases. The most striking observation
from Fig. 2 is that the diode thermal breakdown occurs
even at open circuit when no self rectified current can flow!
This result was repeated with all other diodes tested, i.e.,
all diodes showed thermal breakdown in the 2-4-W ap-
plied power range, even when open circuited.

1945

%}
504

2 L 1

W” oPEN

SHORT
-t

° ok I 1

A -
hsv bias

T T T T
i 2 3 4
INCIDENT POWER

~18 -

—2p 4

—20 -

Is11} 4B

-18 -1

-2p

pr
T
]

PR

(watts)

Fig. 2. Magnitude of reflection coefficient versus incident 500-MHz
power for different diode bias conditions.
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Fig. 3. Real part of diode impedance for open-circuit biased p-i-n diode
versus temperature. Theory is solid line, measured value is dashed line
(small signal measurement).

This finding prompted a further experiment. In this
experiment, the diode was placed in a variable temperature
oven and its dc open-circuit impedance was measured with
a small <10-mW RF signal at 500 MHz. Under these
conditions the entire diode is expected to be at a uniform
temperature equal to the oven temperature. Fig. 3 shows
the real part of the unbiased diode impedance versus oven
temperature. The figure shows a steady decline in diode
impedance with increasing temperatures, passing through
50 © at 385°C. Therefore, it is concluded that with large
applied powers, a small dissipation occurs even in the
unbiased diode [ region, probably due to resistance experi-
enced by the injected (and recovered) carriers that flow
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during each RF cycle, even though no net current can flow.
This dissipation causes diode heating and subsequent ther-
mal breakdown as seen earlier.

ITI. THEORY

A simplified p-i-n diode structure is shown in Fig. 4(a).
The basic principle of operation used is to place the diode
in shunt or in series with a transmission line. When the
diode is zero or reverse biased, it is a very high impedance,
and when it is forward biased, it is a very low impedance
due to conductivity modulation of the I region. The equiva-
lent circuit, at zero bias, is shown in Fig. 4(b). The resis-
tance of the I region dominates the characteristics of the
diode for the effects discussed in this paper, hence Fig. 4(c)
is the simplified equivalent circuit of interest. The conduc-
tivity of the I region can be calculated from

o, =nep ,+ pep,
where

e =1.6x10""' Coulomb
p=n=ntn,
i, b, = electron, hole mobility
n, = fixed background doping ~ 3 X 10"* cm™>.

The intrinsic carrier density n, will vary as ~10'673/2
exp(— E,/2kT), where E, = bandgap and k =
Boltzmanns’ constant. The effects of bandgap narrowing
must be included in E, [1]. The mobility can be approxi-
mated [2] as

p,=2.1x10°7"23
m, =23%10°T727
T = temperature K.

Using the carrier density and the mobility equations
above, the conductivity of the I region o, can be calculated.
If we assume the I region has the form of a slab 175 p thick
with an area of 4.9 10* p?, the resistance of the I region
will be given by
_ 36

1 s
¢

R where ¢, is in (Q-cm) .

This theoretical value has been plotted in Fig. 3 and can be
seen to be in good agreement with the measured value of
R, versus temperature. The important thing to note is that
Fig. 3 will represent the diode impedance with no applied
or self rectified bias current. Hence, the explanation of the
effect seen in Figs. 1 and 2 is that as the diode absorbs
power and heats up, its I-region resistance drops until it
absorbs all of the incident power at R, =50 €. Its resis-
tance will continue to drop due to heating, reducing the
absorbed power until a steady state is reached where a
further decrease in the impedance reduces the absorbed

power. The absorbed power is given by
R,—50\? .
P R, +50/ " (1)

mc

P
—*}i’i=1—1sn|zsl~(
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Fig. 4. Equivalent circuit of p-i-n diode. (a) Diode cross section. (b)
Detailed equivalent circuit. (¢) Simplified equivalent circmt at 500
MHz.

The I region temperature rise will be given by
AT =@ P, (O = thermal impedance). (2)

Figs. 1 and 2 show that after thermal switching, the
diode impedance stays below 50 £ down to about 1 W of
incident power. At that point the sharp dip in S, indicates
it is passing through the 50-Q point and P, .= P,  (see
(1)). From Fig. 3 we can estimate the [-region temperature
for Ri =50 € in an unbiased diode as 390°C. Therefore, at
P, =1W, AT =390~25 (ambient) = 365°C, and from (2)
we find © =365°C/W. Equations 1 and 2 may now be

combined to yield
R,—50\°
1~(m) ]'Pmc- (3)

This equation gives the relation between the I-region tem-
perature and the incident power. For example, at T = 500°C
(AT =475°C), R, = 6 Q (from Fig. 3) and hence P, = 3.4
W. Thus, for 3.4 W of incident power we expect an
I-region temperature of 500°C for an unbiased diode.

The preceding calculations support the earlier comments
about the negative feedback effect of this breakdown mode,
i.e., for changes of P, . by a factor of 3.4 (from 1 W to 3.4
W) the temperature rise AT only changes by a factor of 1.3
(365°C to 475°C).

These high temperatures are certainly the cause of the
premature failures in these devices discussed in the in-
troduction of this paper.

AT =365

A. Cure

There is no simple cure for this problem without chang-
ing diode type. The most obvious solution to prevent
damage to devices exposed to occasional high powers is to
use a better heatsink for the diode, ie, a stud mount
instead of the axial lead package. An order of magnitude
decrease in thermal impedance © would allow the device to
handle an order of magnitude more power before breaking
down. Increasing the reverse bias to fully deplete the I
region is impractical for these wide-based p-i-n diodes,
edge breakdown will occur long before the I region is
depleted. However, a narrow-base p-i-n diode (such as a
step recovery diode) could be fully depleted before break-
down and may be preferable for these applications.
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Wave Propagation in Inhomogenous Slab

Waveguides Embedded in Homogenous
Media

AKIRA YATA anp HIROYOSHI IKUNO

Abstract —Wave propagation in inhomogeneous slab waveguides em-
bedded in homogeneous media is analyzed by using the uniform asymptotic
technique. This technique accurately evaluates the effect of " the
refractive-index profiles with various core and cladding structures on the
guided modes. We calculate the guided modes of waveguides with asymmet-
ric claddings in the cases of a near-parabolic profile core and a
quasi-Gaussian profile core. The results show that the third-order asymp-
totic solution is accurate for all the guided modes in the case of the
near-parabolic profile core and for modes far from cutoff in the
quasi-Gaussian core case. The dispersion relation indicates that modes
guided in strongly asymmetric profiles have almost the same propagation
constants as odd-order modes of propagation in the symmetric structure.

I. INTRODUCTION

DVANCES OF integrated optics produce optical

channel waveguides and directional couplers with a
great variety of refractive-index distributions. In such
waveguides, propagation characteristics of the guided
modes are strongly influenced by the inhomogeneous core
and the uniform cladding. A number of numerical methods
are used for evaluating the effect of the structure on guided
modes [1]-[4]. A more efficient analytic method is desired
for studying the wave propagation in a typical Gaussian
slab waveguide structure.

Manuscript received March 4, 1982; revised April 28, 1982.
The authors are with the Department of Information Engineering,
Kumamoto University, Kumamoto 860, Japan.

The uniform asymptotic method developed in a compan-
ion paper [5] is a useful approximate technique for analyz-
ing the guided modes of a considerably general class of
refractive-index profiles. We derive an expression for
calculating the third-order correction to the WKB solution
of the guided modes of the uncladded waveguide in which
the core variety is described by an even polynomial refrac-
tive-index profile. When considering the cladded wave-
guides, we need to replace the integer mode index of the
ideal waveguide eigenvalues and modal fields with the
non-integer mode index. The unknown non-integer mode
index is determined by solving the characteristic equation
which is derived from the boundary conditions at the
core-cladding interfaces. In this formulation, the cladding
effect is automatically included in the non-integer mode
index [6], [7]. The method presented here is a uniform
asymptotic approach in the sense that the modal field
distributions of the waveguide with various refractive-index
profiles are obtained in all orders for all points across the
cross section. .

As an actual example, we calculate the third-order ap-
proximate solution of the non-integer mode index in the
case of the asymmetric refractive-index distribution. The
convergence and the accuracy of the solutions are checked
numerically in two cases; the near-parabolic profile core
and the quasi-Gaussian profile core. Lastly, we examine
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