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Foreword

This report was written in September 1985 as Part II of a report on limiters.
Since Part I was never written, this part is now being published as originally writ-
ten, except for the abstract and the first two paragraphs of the introduction, which
have now been added. Therefore, this report does not benefit from information
obtained by a later comparison between further calculations and laboratory meas-
urements as had been reported at the High Power Microwave Technology for
Defense Applications Conference, Kirkland Air Force Base, NM, 1-5 December
1986.
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1. Introduction voltage. Further cycles are calculated for a
l-pro intrinsic-width PIN diode. Some temper-

Limiters are used to protect sensitive elec- ature effects are reported.
tronic components from damage by incident
high-power microwave signals. Traditionally, The computer program has been described
gas tube limiters have been used for this pur- in detail [2]. The circuit used for these calcula-
pose. However, gas tubes allow the transmis- tions is shown in figure 1. Both the series resis-
sion of an initial transient, spike leakage, of tor, Rs, and the load resistor, R,, were set at
sufficient power to damage sensitive solid-state 50 La for these calculations. The shunt capac-
devices. Therefore, solid-state limiters have itance was set at 2 pF for most calculations, but
been introduced to remove the spike leakage at I pF when indicated.
from gas tubes and/or to protect semiconductors
from moderate power microwaves. Although the computer program DIODE

was designed to study reverse conduction only,
The spike leakage from a gas tube limiter is it may calculate forward conduction also.

understood to be a result of the time required to However, only one polarity may be used per
initiate an avalanche and to build up the gas run, since calculations are halted for persistent
tube arc. However, spike leakage may also be negative fields. The field is considered positive
noted in solid-state limiters. This phenomenon for both polarities, and the doping profile is
in PIN diode limiters is not well understood. In reversed in direction to change the polarity.
particular, the parameters dictating spike leak- Stored charges from the forward half-cycle may
age are not positively identified. be used as initial conditions for the reverse

half-cycle. Except in the case of avalanche
The Harry Diamond Laboratories (HDL) breakdown, no stored charges are present at the

DIODE computer program, designed to study end of the reverse half-cycle.
reverse-bias breakdown in semiconductors, has R@

recently been used to study high-current charac- -

teristics of silicon PIN diodes at microwave 1
frequencies [1]. It was reported that the for- VI
ward turn-on transient caused the peak forward

current to drop off linearly with frequency at - vlt) R1

high frequencies. This phenomenon is sug- v-
gested as a possible physical model for spike
leakage in PIN limiter diodes. This report gives T L'
the results of generic calculations to test this
hypothesis. The greatest emphasis is upon the naCrr

forward half-cycle of the applied sinusoidal FIgure 1. Crcuit used for Iiiter cakulations.
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2. Forward Half-Cycle 5x o , I
VA =10V

Calculations of the forward turn-on tran-
sients for the PIN diode with constant applied
voltages are helpful in preparation for calculat-
ing with sinusoidal voltages. For example, if 115

the doping levels in the P and N regions are too 6/
low, the calculated current-voltage characteris- 2. ns
tic is abnormal. On the other hand, if the levels
are too high, calculation instability will be z = (4o --

noted more readily in the step voltage 8 0.16

calculation. W

The 10-V forward turn-on transient for a 1014_,,

5-pm PIN diode is shown in figure 2. The
14 C2.diode area is 5 x 14 cm . It is seen that the

diode voltage peaks at about 2 V at about 70 ps
and reaches a quasi-equilibrium value of 0.7 V
at 2 ns. The current through the load resistance 2 x 1013 N 1 ,1 1 P

behaves similarly, but the current through the 0 1 2 3 4 x 1o-4

diode is still increasing slowly at 2 ns. The DISTANCE (cm)

carrier distributions across the diode are shown Figure 3. Carrier distributions for turn-on transient
of figure 2. Electron distributions are shown as

in figure 3 for the turn-on transient of figure 2. solid lines, hole distribution as dashed lines, and
It is seen that the maximum voltage occurs doping profile as dotted lines. Parameter is time in
shortly after the electron and hole distributions nanoseconds.
overlap. The voltage buildup is determined by
the external circuit resistance-capacitance (RC) due to the increasing conductance in the intrin-
time constant, 0.1 ns. The drop in voltage is sic region. The slow buildup of carriers in the

8or r intrinsic region after 0.4 ns is largely deter-
-8o A mined by the buildup of charges in the P and N

140VA -"10 V regions. Further discussion may be found in
2120A i2. another work [21. The electric field distribu-

I0o / -20 tions corresponding to the carrier distributions
o s shown in figure 3 are shown in figure 4. The

00 ,L, 1.21 doping profiles in the P and N regions are
4W ,- chosen so that E extrapolates approximately to

'OL .......... Q(4 zero at the calculation boundaries. In actuality,
0a -1 Q2- OA06 (19 1 1.2 IA 1 1A 20 negative or reverse fields occur in the P and N

Tim (no) regions so that the diffusion current is reduced
Figure 2. Forward turn-on transient of a S.im PIN to that which is conducted across the intrinsic

diode. Diode current is ID and load current is i' region. This negative voltage, called the built-
FIrs 0.2 nanosecond Is shown on an expanded time in voltage for zero current, is reduced as the

scale, current increases. No attempt is made to cor-

8



K0 I I I I I Igo
8o- %1.oGI z D 5xl0-4Cm

VA- 10 V INPUT POWER: 0.5W

t-0. O ns 80.1

6-

/, 30 .30

5 -10

2 0.2 0.4 0 t 0.8 1.0 1.2 1.4 1.6 1.8 2.0

S3- 0.40 Figure 5. Output power as a function of time for
- ---- diode of figure 2. Parameter is frequency in

W t - 0 gigahertz. Vertical arrows denote time of applied

2/ / 2 " voltage maximum.

S,. especially for the lower frequencies. The peak
output powers are seen to increase with fre-
quency, having an envelope which is similar

0 0(on the time scale) to the dc turn-on transient.

DISANCE (cm) At higher frequencies, the peak power

Figure 4. Field distributions for turn-on transient of decreases due to the RC time constant for the

figure 2. Dashed and solid lines are used for clarity, external circuit, 0.1 ns for these calculations.

Parameter is time in nanoseconds. The vertical arrows indicate the time of the
maximum applied voltage. Calculations for the

rect for these negative voltage components in lower frequencies were truncated short of
these calculations. one-half period to reduce costs.

The instantaneous power through the diode The peak powers from figure 5 are plotted in
or the load is the product of the diode voltage figure 6 as a function of frequency. Similar
and the appropriate current. For sinusoidal data for higher applied voltages are also plotted
waveforms, the maximum power through the in figure 6. The parameter in this figure is the
load is given by V2/4R, and the average power peak instantaneous input power. These calcula-
is one-half the maximum. When the waveform tions were made with a recombination lifetime
is not sinusoidal, the factor of one-half is usu- of 50 ps. This lifetime refers to low currents in
ally not valid. Therefore, the peak powers will intrinsic material. For the high currents consid-
be used in this report. The power through the ered here, the effective lifetime is much shorter.
load is designated the limiter output power. Calculations were made with lifetimes doubled
The variation of the output power as a function and also halved. The results are shown by the
of time for the diode of figure 2 is shown in dashed curves. Shorter lifetimes (higher re-
figure 5 as the dashed curve. Also shown in combination) reduce the current, and therefore
figure 5 are portions of the forward half sine the power is reduced approximately in propor-
waves at various frequencies. It is seen that the tion to the current. Thus the lowest frequency
limiter output power is not sinusoidal, for which a variation of the lifetime has no

, | .r9



effect on the peak limiter power increases as the 10o I

input power increases. This lowest frequency is 0 f 5 x O cm
also a function of diode width. The straight 10_-
dashed line in figure 6 indicates the variation of 3 GHz
limiter output for a 5-u diode derived from 0.c

the low-level linear theory 13,41. No variation L, 0.6

with input power was given. The present 1.0
computed curves are seen to have regions D

where the output power increases roughly 01

linearly with frequency as in the linear theory. o.1-

The intersection of the dashed curve with the
10-mW output axis, considered the ideal limiter dcC

output, was postulated to give the frequency 0.1 1 1 1
above which spike leakage was present. The INPUT POWER (W)

relation of the present calculations to spike Figure 7. Output power from limiter as a function

leakage will be discussed below, of input power. Parameter is frequency in
gigahertz.

Some of the data of figure 6 have been mode of plotting is more suitable for compari-
replotted in figure 7 as a function of input son with experimental measurements where the
power, with frequency as a parameter. This frequency is fixed and the input power is

100o - I varied. The amount of isolation may be deter-
D - 5 x 10-4 cm 0 W mined directly from figure 7. For example, for

10-W input power the isolation is just over
20 20 dB for lower frequencies, but drops to about

10 10 dB at 3 GHz. The slope of the 3-GHz line is
0so greater than one, indicating a decrease in isola-

tion with input power; but at lower frequencies,
the slope is less than one, indicating an increase

1.0 - in isolation with input power. Two points are
shown for the dc peak power. At higher powers

2w the dc data merge with the 0.15-GHz curve, the
latter of which changes slope to agree with the

0.1 05 dc slope.

Calculations have also been made of the
forward trar.sients for various other diode

oM0 1 1 widths with dc and various frequencies applied.
FREQUENCY (GHz) The results for a nearly constant input power

Figure 6. Output power as a function of frequency, are given in figure 8. The input power was
with Input power In watts as parameter. Points on 50 W for all thicknesses except for the 2.5-11m
dashed curves are for different recombination diode, where the input power was 40 W. It is
lifetimes. Straight dashed line at lower right is seen that each curve has a region of ap-
from low-level linear theory. proximately linear variation of peak power with

10
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frequency. If these portions of the curves are 3. One Full Cycle
extrapolated to a fixed power, the intercept
varies with the square of the frequency. This is The stored charges in the diode at the end of
in agreement with the linear theory [3,41. The the forward half-cycle are used as the initial
area of each diode was assumed to be numeri- condition for calculations of the following
cally equal to the diode width, where the units reverse-biased half-cycle. A diode width of
are in centimeters; i.e., the 5-jam diode had an I i was chosen to make an extensive series of
area of 5 x 10- cm2. Therefore all diodes had full-cycle calculations. This diode has a reverse
the same depletion capacitance, approximately breakdown of 35 V. Based on the results of
I pF. Calculations with different areas yield figure 8, three frequencies were chosen: 5, 10,
different results, since some processes are and 20 GHz. Also, three voltage amplitudes
functions of current densities, whereas others were chosen: 100, 200, and 400 V, correspond-
depend on the total current. The calculations ing to average input powers of 25, 100, and
for the 0.5-jim diode were made with a shunt 400 W. For 100 V applied, the stored charge in
capacitance of 1 pF: all others, with 2 pF. This the intrinsic region was within 10 percent of
lower capacitance increases the frequency at I X 1016 cm - 3 for all three frequencies. The
which the peak power decreases with fre- charges in the P and N regions varied much
quency. The calculated falloffs in power for more; more charge was stored at the lower
the capacitances used have a slope of -2 on this frequencies. At the higher applied voltages, the
plot and form asymptotes to the calculated stored charges varied as much as 25 percent
curves. with frequency. This variance notwithstanding,

10o it was decided to save time and use an average
INPUT POWER 50 W distribution for each applied voltage.

An example for a full-cycle calculation is
lo- given in figure 9. The applied voltage ampli-

10 Mn tude is 100 V and the frequency is 10 GHz. At
croom temperature, the forward diode voltage is

5 about 2.5 V while the reverse peak is about
1.0 12 V. Defining the percentage rectification as

I I - Vf /V,] x 100, where Vf is the peak forward
voltage and Vr is the reverse peak voltage, one

0 0gets the ratio of 79 percent. The stored charge
in the N region is collected in about 10 ps, and
the reverse voltage starts to increase at that
time. For a fuller discussion, see the section on
reverse switching transients given in another

oM i work 121. Although the applied voltage crosses
0.1 1.0 to 0o the zero axis at 100 ps, the diode voltage lags

FREQUENCY (GHz)
Figure 8. Output power for various diode widths, very nearly a full quarter cycle. All stored

given In micrometers. Input power is 50 W for charges were collected during the reverse
each diode thlcknew except 2.3-i diode, where half-cycle for all calculations, except in the case
Input power is 40 W. of reverse breakdown.

11
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D - 11Am -20 GHz
-300K 10 -N = 1 x 10'6

4 K DIODE -- N = 2 x 1016
LU 0

24
-- ,

-a- LIMITER

-12

p p I i . 0. p ~ .

0 20 40 60 so 100 120 0 5 10 15 20 25 30 35 40
TIME (ps) TIME (ps)

Figure 9. Voltage as a function of time for i-igm Figure 10. Effect of initial stored charge on reverse
diode at 10 GHz. Applied voltage amplitude is power for l-gm diode. Solid lines apply to stored
100 V. carrier densities of I X 1016 cm- 3 in the intrinsic

To test the magnitude of the effect of the region; dashed lines for 2 X 1016 cm- 3. Power
amount of stored charge used in the reverse dissipated by the diode is labeled "DIODE"
half-cycle, calculations were made with half the whereas power dissipated by the load is labeled
indicated stored charge. The results for a "LIMITER" output.
20-GHz calculation with an applied voltage of - I I I I I

amplitude of 200 V (100 W) is shown in figure 5 G, z
10. Only the reverse half-cycle is shown. The -N = X10'6  LIMITER

-- N =2 x 10'6

forward half-cycle results in a stored carrier 40 - ",N = 2 106

density level of 2 x 1016 cm 3. The lower c
stored charge lowers the current in the diode 0
and allows a higher voltage to develop across 20

the diode, thus increasing the limiter output 10 DIODE DIODE

power. A similar plot of diode and limiter 0
power is shown in figure 11 for a frequency of 0 20 40 60 80 100 120

TIME (PS
GHz. The 1-g~m diode is seen to be a peak Figure 11. Effect of stored charge on reverse power

limiter for the reverse half-cycle at 5 GHz. At at 5 GHz, in l-gm diode. Second power peak (at
this frequency, the variation in the initial stored about 100 ps) of diode power is result of
charge level is seen to have a very small effect avalanching.
on the power through the limiter. This is con- the case for an initial negative applied voltage.
sidered partial justification for not changing the Generally, the results differed little from those
initial charge distributions as a function of calculated with the stored charge at 5 GHz, but
frequency. The power in the diode due to the the difference increased at the higher fre-
stored charges disappears in about 30 ps, but quencies. An exception is the case where the
the reverse bias reaches a maximum of about voltage is near the avalanche breakdown
47 V, 12 V above the dc breakdown level, and threshold, where a small voltage change causes
avalanche current appears just before 100 ps. a large current change.

Calculations were also made of the reverse The peak power transmitted by the limiter as
half-cycle with no stored charge, as would be a function of frequency is shown in figure 12

12



for the three input power levels used. The input forward and reverse half-cycles. It is assumed
power levels, indicated as parameters, are that the unaccounted power would be reflected
average powers. The limiter becomes less by the limiter back to the power source.
effective at higher frequencies for the forward
half-cycle, but more effective during the
reverse half-cycle. As the frequency increases, 4. A Growing Sinusoidal Waveform
the maximum voltage across the diode ap-
proaches the same value during the forward and Only with a computer can one apply a large
reverse half-cycles; i.e., there is no rectification. microwave signal with virtually no rise time.
The peak power dissipated by the diode is In the real world, any microwave signal will
shown as a function of frequency in figure 13. require a number of full periods to reach a
The power increases as a function of frequency constant amplitude. The method of using
during both the forward and reverse half-cycles, stored charges from a forward half-cycle to
However, at higher frequencies, one would compute the power in the reverse half-cycle
expect the power in each bias direction to allows one to simulate a growing applied volt-
decrease with frequency. The sums of the peak age to the diode. The input amplitude may be
powers dissipated in the diode, figure 13, and increased only at the forward-to-reverse transi-
transmitted by the limiter, figure 12, are far less tion, since the diode voltage lags the applied
than the average input power for both the voltage in the reverse-to-forward transition.

(A) (B)
3.0 120

400
FORWARD / REVERSE

2.5 CYCLE 1 100 CYCLE 2

/
w ~ /w

/

~/

2.0 - 8o 400

W I I

1000

/ --. t--
a- 1.05 0- 40

0.5 i 20-

-- 25 25,

0 5 10 15 20 0 5 10 15 20

FREQUENCY (GHz) FREQUENCY (GHz)
Figure 12. Power dissipated in load as a function of frequency for three average input

powers in watts as indicated for a 1-g.m diode: (a) initial forward half-cycle and
(b) following reverse half-cycle.
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(A) (B)'
120 30 1 1 1

FORWARD 400 REVERSE Z
100 - CYCLE 1 25 -CYCLE 2

80 - 20

W i

. 400

(L. 40 - CU 10

20 -'" 1-0-
5 100

25 25-
0 r0 I

0 5 10 15 20 0 5 10 15 20

FREQUENCY (GHz) FREQUENCY (GHz)

Figure 13. Power dissipated in l-jm diode as a function of frequency for three average
input powers in watts: (a) initial forward half-cycle and (b) following reverse half-cycle.

A series of calculations with increasing in- reduced the resistivity of the intrinsic region.
put voltage amplitudes was made for a 1-gm The maximum voltage for this cycle barely ex-
diode at 10 GHz. The first half-cycle had a ceeded that for the first forward half-cycle, with
voltage amplitude of 100 V, the next full cycle 100 V applied rather than 400 V. The voltage
was at 200 V, and the following full cycle at peak was 2.5 V with the stored charge, as com-
400 V, as shown in figure 14. The diode volt- pared to 8.2 V calculated without the stored
age waveform is similar to that shown previ- charge. The power from the limiter is propor-
ously for the first three half-cycles. However, tional to the square of the voltage. Avalanching
during the second reverse half-cycle, the and its stored charges may play a part in the ter-
reverse breakdown voltage is exceeded and mination of spike leakage. The corresponding
avalanching occurs. This current is sufficient to power through the diode and the output from
drop the diode voltage to zero before these car- the limiter are shown in figure 15 for the grow-
riers could be removed from the diode by re- ing voltag-, calculations. The diode power dur-
combination and carrier transport. These stored ing avalanche reached I kW, but the FWHP
charges were used as initial conditions for the (full width half power) was only about 4 ps.
third forward half-cycle. These stored charges

14



20 400

10 - D= Ilpm I , 300

0 200

/ 0

W -10-100
, \ V : I-30-  \ ii -100

-50--
k \ /

J-40 -400

0 25 50 75 100 125 150 175 200 225 250

TIME (ps)

Figure 14. Diode voltage for a growing input voltage waveform. Dashed line and right
scale show applied waveform.

5. Temperature Effects 1000
6 II~~D = 1/zm i

All the calculations reported in the - LIMITER OUTPUT I

preceding sections were made for the diode at DIODE POWER
room temperature, 300 K. A few runs were
made with the temperature increasing as a
function of the power dissipated. For example, O . I

for the lI-gm diode, with an amplitude of 400 V
and a frequency of 10 GHz, the temperature 2 1.0 '
was found to increase only 62 mK during the I I
first forward half-cycle. This voltage is just I
sufficient to cause avalanching at this fre- 0.10

quency, as was seen in figures 14 and 15.
Without avalanche, the temperature increase in R F R
the reverse half-cycle is about one-half that for 0 50 100 150 200 250
the forward half-cycle. Thus the full cycle for' TIME (ps)
the foward hlfcycles hs thperfurl ic e Figure 15. Diode and limiter power for growing
the above conditions has a temperature increase input voltage waveform of figure 14. Forward and
of about 0.1 K in 0.1 ns. Thus, neglecting heat reverse biases are indicated by F and R, respec-
flow, it would take 0.3 jis to increase the tern- tively, at bottom of figure.

15



perature by 300 K, a temperature rise which 4

will usually lead to burnout [2]. One concludes o = ,gm
that reverse breakdown may be a cause of 3 - 300 K

limiter burnout at times shorter than I gis. -400K

12

The temperature distribution across the
intrinisic region is parabolic after the forward
half-cycle, similar to the field distributions
shown in figure 4. The distribution of the in- °0  20 40 CO W 1W I0

crease in temperature peaks in the P and N re- nM (ps)
gions for the reverse half-cycle; an example is Figure 16. Transmitted limiter power at 300 and
given in figure 17 of another report [I]. The 400 K as a function of time at 10GHz.
temperature after the full cycle is then roughly 12 1

constant. A D - 1,,
10- _3W K

Calculations have also been made for a con- g6  I
stant temperature of 400 K. The diode voltage I
as a function of time at 400 K for the l-po i I
diode at 10 GHz is also shown in figure 9. The
forward voltage is seen to increase with /
temperature, whereas the reverse voltage de- 2-

creases with temperature. The dominant cause
for these changes is the decrease in mobility of TI2M 40 so so 1 120T*M (ps)
the charge carriers with temperature. Thus it Figure 17. Dissipated diode power as a function of
takes longer both to fill and to remove the time at 10 GHz and at 300 and 400 K.
charges from the intrinsic region. The former ward bias as the temperature increases. The
effect is to increase the resistivity and voltage temperature irea s t e
during turn-on, and the latter effect is to temperature effects are quite large and must be
decrease the resistivity and voltage during included in high power calculations.
turn-off. This diode is seen to be a poorer rec-
tifier at the higher temperature. The powers 6. Discussion
transmitted by the limiter for the two tempera-
tures are shown in figure 16. The reduction of The extensive calculations discussed in the
transmitted power in the reverse direction at preceding sections show some promise in in-
400 K more than compensates for the increase creasing the understanding of limiter action and
during forward conduction. The power dis- the problem of spike leakage. At present, fur-
sipated in the diode is shown in figure 17 at 300 ther progress from calculations is hampered
and 400 K. In this case the power increases ainly by the lack of well-documented ex-
with temperature for both bias directions, but perimental data. Only one measured value has
the proportional increase is much greater in the been published 131 for the limiter power at one
forward direction. This is largely due to the fruency which agrees with the linear theory
decreasing effect of recombination during for- of Leenov [4]. As shown in figure 6, our calcu-

lations show an increase in limiter power with
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frequency at more than an order of magnitude lated by the DIODE program. This time differ-
lower frequency than the linear theory. This is ence has been tentatively explained by the use
hard to understand since most comparisons of of ideal (higher) carrier mobilities in calcula-
results from the DIODE computer program tions and by long rise times seen in experimen-
show deviations from experimental measure- tal input voltages.
ments in the opposite direction. For example,
Caulton et al [51 measured the frequency at At present, the most plausible explanation
which rectification disappears in PIN diodes of for the lower calculated frequency for limiter
from about 100- to 300- im width. Our calcula- power increase is that the initial transient which
tions were made for PIN diodes of from 1- to is calculated pertains to the higher power spike
50-im widths, which, when extrapolated, show leakage, whereas the experimental measure-
the disappearance of rectification at much ment pertains to the lower power equilibrium
higher frequencies than reported by Caulton. condition. Turn-on and turn-off as well as
Also, unpublished measurements in our labora- limiter measurements, made for the same well-
tory of turn-on and turn-off transients of diodes documented diodes, will be necessary to resolve
show much longer time scales than are calcu- this question.
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