
-V
..
’/ AD-A038 35! JOHNS HOPKINS UNIV LAUREL MD APPLIED PHYSICS LAB F,9 Vt

* STUDY OF AMORPHOUS SEMICUNDUCTORS FOR SYMMETRICAL VARISTOR AP——ETCC U)
JIM 75 H $1 CHARLES. S W TURNER N00017..72 Cefl0l

UNCL*SSZ~ ILO NI.

_ _  

_ c
I_ _ _ 

_ _El __!!OE• __ _I_II

~

flPI

~

N !1_• .aiiaia
a



YNC JOI4NI HOP~~I~~ U~~IVINOiyy / ~ 
( C

APPLIED PHY~~CS LABORATORY
ISO

_ _  

~~~~ ~~~~~

A STUDY OF AMOR HOUSj 13~ICONDUC 1YJRS FOR ,~
‘

\~ 
&YMMETRICAL yAR ISTOR IPPL ICAT IONS , (

APL Project Z7X30 “

Investigators

Harry K. Charles , Jr. )George W. ‘+urner
Charles Feldman 

/ 
_
~~~~

)
Pre ared y 1

~~~~~~~~arry~~~~~~~ r1es~~~~~~~ 

~~~Je Rev Ju:: 12, 1975 

D
- 

___ 
HARRY DIAMOND LABORATORIES ~~~~~

1

4PR J4 1977
HDL 1000, AMXDO -EM

-‘ ~~~~~~ 

‘—IWashingto D.C. 20438T ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~HDIJ Project: X512E2 /

~~~ C.) This research was sponsored in part by the Defense NuclearAgency under subtask R99QAXEBO99 , work unit 42 , TheoreticalI and Experimental EMP Hardening Studies.H
~3~~~~~O

~~~~~~~~~~~~~~~~~~~~~~~~~~
- — - 

- ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~



4

I 1YtL

.— .-- --..

~

..•— -  .. ...



,~~~ rt,,s,~r Z 7 ~~
THE JOHNS HOPICIHE UHIVtRSflV

APPLIED PHYSICS LABORATORY
SILVEN Sfl.NG MANYLANO

A STUDY OF AMORPHOUS SEMICONDUCTORS FOR

SYMMETRICAL VARISTOR APPLICATIONS

ABSTRACT

The purpose of the investigation was to study those

switching properties of elemental amorphous semiconducting

materials (e.g., boron and silicon) which are applicable to

electromagnet ic pulse (EM P) protect ion of communicat ions
equipment. The major experimental effort during the contract

period consisted of measuring switching times and determining

their relation to material and electrical parameters. Signi-

ficant progress was made in: (1) understanding of the switching

mechanism ; (2) controlling boron resistivity by the intro-

duction of carbon into the amorphous matrix ; (3) determining

and controlling the switching time parameters , and (4) achieving

fast  pulse response (< 10 ns~~~~~~

The transition times include both a delay time and a

(~switching time . The switching time was shown to be controlled

by the RC time constant of the device plus the system . The

delay time was controlled by the applied voltage . Both single

pulse and low frequency oscillating signals were studied.

The ty pical var istor , which was symmetr ic , had pulse response
times (time delay plus switching time) in the 1-10 ns region ,

~e.~.pa.~itance 1—10 pF , and thresholds in the 5—20 volt range.

A model for switching combining thermal and electronic

events was formulated. The process depends on voltage , sample
geometry and pulsing conditions. A very rapid , high voltage

pulse is expected to cause chiefly electronic switching , while

a slower rise in voltage signal would lead to mainly thermal

switching.
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1. INTRODUCTION

This final report is submitted in reference to

APL Project Z730 sponsored by Harry Diamond Laboratories.
The report covers investigations carried out during the period

July 1, 1972 to December 31, 1974.

The purpose of the investigations was to study those

properties of elemental amorphous semiconducting materials

(e.g., boron and silicon) which are applicable to electro-

magnetic puist (ERP) protection of communications cables and

equipment . Of prime interest was the non-linear relationship

between current and voltage with either : (a) a rapid transition

between a low and high conducting state with unstable negative

resistance (switching varistor), or(b)a smooth transition

without negative resistance (varistor). In both cases, a and bi ,

an imposed voltage pulse would cause a manyfol d
increase in conductivity across the sample , thus providing

protection to electronic equipment by shorting the system to

ground . The use of amorphous materials may provide rugged

devices relatively insensitive to radiation damage and

temperature.

Since switching was known to occur in amorphous boron
H and silicon f ilms , the major experimental effort during the

contract period was in measuring switching times and deter-

mining their relation to material and electrical parameters.

Significant progress was made in: 1) understanding the

switching mechanism in amorphous materials; 2) learning how

to control boron sample properties by the introduction of

carbon ; 3) determining those parameters that control switch-

ing times, and 4) achieving fast pulse response (< 10 nsec)

as required for EMP protection . In addition , switching time

studies aided in device modeling and precJctions of physical

I
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parameters and constants necessary for practical varistors.

The expectation that amorphous boron because of its high melting

point and stability could form useful devices is generally

borne out by these studies.

A brief review of the entire program along with signif i-

cant results and future study areas is presented in this report .

Detailed background information is contained in the original

proposal (APL Ref. No. AD-5334) and Progress Reports Nos. 1, 2,

3 and 4, February 5, 1973, August 5, 1973 , April 22, 1974 , and

August 26, 1974 , respectively .

The work has resulted in the following presentations

and publications:

1. “Switching Dynamics in Amorphous Boron and Silicon

Thin Films ”, H. K. Charles, Jr. and C. Feldman , Amer. Phys. Soc.

Bull. 19, 361 (1974). Presented: APS March Meeting , Philadelphia ,

Pa., March 24—28, 1974.

2. “A Model for Switching in Amorphous Boron and

Sil icon Thin Fi lms ”, C. Feldman and H. K. Charles, Jr., Amer .
Phys. Soc., Bull. 19, 362 (1974). Presented : APS March

Meeting , Philadelphia , Pa., March 24-28, 1974.

3. “Electrothermal Model of Switching in Amorphous

Boron and Silicon Thin Films ”, C. Feldman and H. K. Charles, Jr.,

Sol id State Communicat ions 15 , 551 (1974).

4, “Switching Times in Amorphous Boron , Boron Plus
Car bon , and Sil icon Thin Films ”, H. K. Charles, Jr. and
C. Feldman , J. Applied Physics 46, February 1975.

5. “Electrical properties of Carbon—Doped Amorphous

Boron Films ”, C. Feldman , H. K. Charles, Jr., F. G. Satkiewicz

and J. Bohandy, Fifth International Symposium on Boron and

Borides, to be held September 8—11, 1975 , Bordeaux , France
(to be published).

6. A paper on switching delay times in amorphous boron

films by G. W. Turner , H. K. Charles, Jr. and C. Feldman (to be

submitted).

“0 ________________________________— --
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2. TECHNICAL REVIEW

2.1 Varistors

Varistors are devices which show non—linear current-

voltage (I-V) behavior, generally described by

I

where K0 is a phenomenological constant and n > 1.

The two types of non-linear characteristics are illus—

trated in Figure 1. Both exhibit a low (non-zero) conductivity

in the “OFF” state , and a large (finite) conductivity in the

“ON” condition. One type (Fig. 1B) also exhibits an unstable

negative differential resistance (NDR) region 1 between the

OFF and ON states. This behavior is referred to as

“switching” 2 and is usually accompanied by the formation of

a current filament ~~~. Hysteresis is observed in the switching

characteristics (Fig. 1B).

Although NDR is not necessary for varistor applications,

prime emphasis in this study was placed on switching in amor-

phous boron and silicon samples.

2.2 Sample Fabrication

Amorphous boron and silicon samples were formed by

vacuum deposition under conditions which were varied during

the course of the program. A photograph of the arrangement

within the vacuum chamber is shown in Fig. 2. As much as
.‘. 1 possible all fittings, wires, screws , etc., are made from

molybdenum to reduce contamination. The windows in the shutter

are fitted with fused silica slides. One of these windows

lines up with the hole in the heater allowing a clear view

from a window on top of the stainless steel jar to the

crucible. Typical deposition conditions are given in Table I.
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The source material , of highest purity, in water-cooled,
molybdenum-lined crucibles, was brought to deposition tempera-

ture by 15 keY electron bombar dment at 1 to 2 kW.
Predeposition pressures were approximately 5 x l0~~ Torr.

The f ilms were placed between two titanium electrodes which
were deposited in a separate vacuum chamber to avoid contami-

nating the semiconductor . A typical boron substrate containing

nine switching devices and a 4—point configuration for resis-

tivity measurements is illustrated in Fig. 3. Silicon devices

had similar elec trode crossover geometr y , but a different
substrate layout which did not include a 4-point electrode

pattern.

2.3 Impurity Analysis and Carbon Doping

Impurity analyses of the samples were carried out by

sputter—ion source mass spectrometry (SIMS)4. SIMS analysis

for two typical silicon films (Si 42 and Si 52) has been

given in a publication by Feldman and Satkiewicz ‘~~~
. These

impurity contents are typical of the silicon films used in

this study . For the most part , boron films were deposited

under more uniform conditions and , with the exception of

car bon which was pur posel y introduced as a dopant , impurities

were held to a minimum . Typical boron impurity analysis is

presented in Table I I .

Carbon was added to the samples during deposition

by introducing acetylene into the vacuum chamber through a

leak valve. The control of carbon content was achieved by

monitoring the C12 peak with a res idua l ~as analyzer during

deposition. Fig. 4 shows the experimental data relating

the C12 peak and carbon content. It is believed that the

— . . - — - --‘rcr “- - - . - - — — -
~~~~~~~—-—-1..-- — I ._—. r - — - - - - — -

-I-- .-._ - ~ — -— — - -
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C2H2 
decomposes at the molten boron surface producing the

required carbon . The fused silica substrates were main-

tained at 300° C during deposition in order to minimize

C2H2 or H2 absorption . The sputter—ion source mass

spectrometer was also used to check the purity of the samples .

The hydrogen content was monitored and found to increase
slightly with higher C2H2 partial pressure. It is not

believed that the hydrogen affected the electrical

* 
properties. Early samples containing carbon which was

introduced from a graphite boat also showed increased

resistance.

The major effect of carbon was to increase the

sample resistivity and , hence , produce varistors with

higher OFF state resistances. In addition , high resistance

samples (i.e., R > 1 5  to 2 .OKQ ) always switched at room

• temperature. A plot of sample resistivity versus carbon

percentage is given in Fig. 5.

The resist ivi ty ini t ia l ly  increases approximately
1

, exponentially with carbon content (linear semilogarithmic plot),

suggesting a compensation mechanism rather than a simple

trapping behavior . Above 14% C the resistivity tends to

saturate. Recent efforts have been concerned with the under—

standing of the compensatory effect of carbon in amorphous

boron. Sensitivity to impurity concentration in amorphous

materials appears to be less than in crystalline semicon-

ductors. Carbon percentages less than 1% had little effect

on amorphous f i lm behavior . The range of carbon impurities
-
~~ considered to date is 1 to 16 atomic percent .

2.4 Measurement Con figuration

Switching t imes and current voltage curve s wer e
observed simultaneously by the arrangement shown in Fig. 6A.

S
—V No •~~~~~~~~ V-~~~ - * ~~ 5*~ ~~~~~~~~~~~ - - - - - - - -
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Fig. 6 Block Diagram Measurement Configurations (a) Steady State (b) Pulse

Hi
I-

S

~~ L ~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~

- 

~~
- • 

~~

-

~~~~~~~~~

- 

~~~~~~

- -  -

~~~~~~~~~~

--

~~~~~~ 

- -- 

~~~~~~~
---

~~~
-

~~

- -
- 

-



THE JOHNS HOPKINS UNIVERSITY — —
APPLIED PHYSICS LABORATORY

SILVER SPRING MARYLAND

A fast r iset ime osc illoscope was used to sense the voltage
across an external load res istance , yielding a display of

sample current versus time. Simultaneously, an I—V display

was obtained on a curve tracer or an X-Y oscilloscope.

A generalized I-V characteristic is presented in Fig. 7.

Driving voltages were derived from the curve tracer or an

external sinusoidal generator .

Threshold voltages and switching time delays were
- 

* determined by pulse gating techniques employing a variable
pulse generator and the fast risetime oscilloscope (Fig.  6B) .
This configuration worked efficiently near threshold where

the time delays are in the 10 microsecond region . Pulse dura-
tions (TD) for this mode were in the range 10 is to 1 ms. A

typical pulsed voltage-time characteristic is shown in
Fig . 8. As the applied overvoltage increased and the time

delays dropped , other measurement configurations had to be

adopted . These techniques were discussed in detail in

Progress Report No. 4 and are shown schematically in
Fig. 9. Basically, three measurement modes were considered :

I~~ 
capacitive discharge (Fig. 9A), impedance matching (Fig. 9B),

and transmission line (Fig. 9C).

The capacitive discharge method used the pulser

supplied by Harry Diamond Laboratories. This pulser consists

-
. of a mercury—wetted reed relay (SPDT) driven by a multi-

vibrator (f 20 Hz). The primary contacts of the relay

switch between an RC charging network and the output

(connected to the sample through a load resistor). The

charging network is a variable dc supply in series wi th
a 20 kC~ resistor shunted by a 80 pF capacitor . The

output  voltage (V p ) has a re la t ive ly  fast  r iset ime (T R )
wi th  adjustable amplitude and a period determined by the
mul t iv ibra tor  frequency (e . g . ,  TR = 100 ns , VP 

= 10 volts).

S
01. - - — . -  - - —
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Fig. 8 Pulse V -t Characteristics Sample B81A
(Vertical : 2V/Div Horizontal: 1.5 isec/Div)
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For delay times less than one microsecond , two
problems arose : ( 1) pulse r inging (osc illat ions) due to
impedance mismatch, and (2) an excess ive amount of energy
dissipation in the sample (duty cycle 0.15) because of the

high applied voltages necessary to reach shorter delay times.

Microprobe capacitance limitations (Progress Report No. 4)

were eliminated by mounting the sample in a shielded box with

coaxial (BNC) connectors and short leads (to minimize stray

capacitanc e) soldered directly to the sample pads .

To solve th3 ringing inherent in the unmatched

capacitive discharge mode (Fig. 9A), a pass ive impedance
matching network (Progress Report No. 4) was designed to be

used in conjunction with the HDL pulser or a Tektronix Model 110
pulser . The Model 110 has a 0. 25 ns risetime (V~ = 50 vo l ts )
using a mercury-wetted relay (SPDT), driven by a multivibrator

(f 700 Hz) ,  to switch a charged 50 C� coaxial line to the
output and then back to a charging circuit. - The outpu t pulse
is half the amplitude of the initial char ged l ine voltage
with a period equal to twice the transit time of the delay

line. To match the 50 C~ out put impedance of the pulser to
the high OFF state impedance ( typical ly  2 k C~) of the switching
device, a minimal loss L—pad was designed . An active probe

(HP 1120 , Z1~ — lMfl) was connected across the sample and the
switching was observed on a fast risetime oscilloscope

(HP 183B , TR 
< 1.5 n s ) .  This system (Fig. 9B) provides a

fast r iset ime pulse (T 20 ns , V = 15 v) with variableR p
amplitude and pulse width (T 80 - 500 ns ) .  The duty cycle
(with a 125 ns delay line) is 0.175 x l0 , which allows

the application of very high voltage pulses wi th  l i t t le energy
dissipation in the sample . Problems in achieving large over-
voltages are encountered due to matching network losses. The

network also limits the total risetime of this measurement

configuration to approximately 35 ns.

- ‘V. - — - 
~~~~~~~~~~~~~~~~~~~ 
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Fig. 9 Measurement Block Diagrams with Typical Pulse Waveforms (a) Capacitive
Dischsrge (b) Impedance Matching (c) Transmission Line
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To achieve r iset imes in the one nanosecond region
at high overvoltages (typically 50—100 volts), the system

illustrated in Fig. 9C was t~~ed. This system employs the

same pulse generat ion system as in Fig . 9B , but the output is

gated to achieve a single pulse which is then applied directly

to the sample. The sample is placed in shunt with a 50 C?

transmission line. The fast risetime oscilloscope, buffered

by a 40 dB (50 0) attenuator , is used to observe the change
in line impedance as the device switches from the high to low
resistance state. Delay times on the order of one nanosecond
have been measured wi th  this  conf igura t ion .

The delay times possess an inherent statistical un—

cer ta in ty  and all the delay times quoted are the average
of a large number of measurements ( typica l ly  30) for each
value of applied overvoltage. All switching times are

averages determined from the 10-90% points of the rising

current or fal ling vo ltage versu s t ime character istics.

Sample resistances in both the low and high conduc-

tivity states were determined from the I-V characteristics.

The resistance of the deposited electrodes was taken into

account . The resistivity for boron samples was measured

by the 4-point probe technique using deposited titanium

electrodes as illustrated in Fig. 3. For silicon , the resis—

tivity was calculated from the device resistance (low field)

by applying the appropriate geometric factors. Sample

capacitance was measured by standard bridge techniques

(Section 2.6). Filament existence and location were determined

by the use of applied liquid crystal layers (Section 2.7).

I
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2.5  Electrical Parameters

Typical electrical parameters for amorphous boron,

boron plus car bon , and silicon thin films at both 300 and 77 K

are given in Tables III and IV. In the tables, p5 is the
sample resistivity, R5 the res istance at low voltage (l inear
portion of the I-V characteristic), C~ the capac itance at
high voltage (non—linear portion of the I-V curve just prior

to switching) as discussed in Section 2.6, and ‘rRC a

calculated time constant. Note that the resistance R used

to comput e r RC is not R5, but rather a discharge path

resistance as described in Section 3.7. C corresponds to
the measured Cs times a correction factor necessary to re-

duce all samples to the same cross-sectional area (Section 2.6).

R5 after switching ( dc , curve tracer , pu lser
(TD � 10 us)) decreased by less than 3% from its

before-switch value. The major portion of the change oc-

curred after the first switching event. R5 appeared to
stabi l ize after a few events (10 - 100) and r ”emained constant
regardless of testing mode . In boron devices, the calculated

value of o after switching was compared with the p5
measured by the independent 4-probe method (where switching

does not take place). The values agreed favorably within the

liiiits of geometric tolerances (including the small corrections ,

1 — 3%, in R8 due to switching). 4—point resistivities
- - were not measured at 77 K due to instabilities in the

extremely small current values necessitated by the 4-point

geometry. 
~8 at 77 K may , of course , be determined from

the device R
5 at 77 K.

Switching events caused no observable change in

low voltage capacitax~ e. The high voltage capacitance, C~ ,

changed by less than 2% in going from pre-cycled values

to post—switching event values.

—A—. - - . - -  
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The close agreement of the pre— and post-switching
event values of R8 and Cs for amorphous boron , boron
p1u~ car bon , and sil icon f ilms , as well as the equivalence
of 2- and 4—point probe measurements, indicated that

forming 6 under the descr ibed exper imental conditions (TD � l0 jts)

appeared to be negligible . The temperature—time parameters

necessary for crystallization in boron and silicon7 are

probably sufficiently large to prevent any forming effects

due to crystallization as observed in more complex amorphous

systems 6 Because of the short duration of the EMP pulse

(typically less than 0.1 ms8) and the lack of forming ,

these films appear to be suited to the EMP-Varistor problem

as far as recoverable devices are concerned .

The ON state res istance was determ ined from the
slope of the ON state I—V characteristic (Region F, Fig. 7).

Us ing the curv e tracer , typical values ranged from 100 to

300 C? with the primary contribution coming from electrode

resistance. Correcting for the electrodes , filament resis-

tances on the order of 10 C? were determined . Slight increases

in this res istance value were noted with incr eas ing car bon
content and decreasing temperature .

Prel iminar y resu lts under single pulse test ing
(TD � 500 ns) indicate filament resistances the order of

100 0, which is higher than the curve tracer measurements.

This suggests that heat due to processes with time durations

greater than 10 us plays an important rol e in the final
filament resistance. A higher filament resistance under

short single pulse condit ions is to be expec ted from t he
theory of switching developed during the course of the work

and described in Section 4.2. The exact resistance values

have not yet been explored . The most recent samples were
made with thicker electrodes to reduce the overall ON state

resistance and provide better varistor action .
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As described above (Section 2.4), the threshold voltage

~th 
was determ ined from dc and curv e t racer measurements.

For pulse durations greater than lou sec the apparent pulse

threshold voltage, V~~ , was independent of the pulse duration

and consistent with Vth. Recent work indicates that the

apparent threshol d for short durat ion pulses (for TD < 500 n sec)
tends to incre ase as reported by Shaw , Holmberg,and Kost ylev 6~
Values of Vth in the pulse independent region for typical

samples are given in Tables V and VI . Virgin devices appeared
to have slightly higher thresholds (~3%) than curve tracer

cycled units with most of the change in Vth occurring after

the first switch .

Vth had little dependence on major sample parameters
except for OFF state resistance . A plot of threshold

voltage versus OFF state sample resistance (R5) for boron

samples is given in Fig. 10. 
~th 

appeared to be an increas-

ing exponential function of sample resistance which implies

that , for a given geometry, Vth would increase with resistivity

and hence sample impur ity content . Thus , controlled carbon

doping could tailor the threshold of amorphous varistor
devices for EMP applications .

Vth increased by approximately 25% as the tempera-

ture was lowered to 77 K. No direct thickness dependence of

Vth was observable implying, possibly, that the geometric

thickness has to be replaced by an e f fec t ive  thickness
(Sect ion 4 .2) in modeling of switching events. Silicon dis-

played a similar trend with more scatter (Table VI). Silicon

samples of a given resistance seemed to have a slightly higher

threshold voltage than equivalent boron samples. This result

is inconsistent with previous studies ~~~~
, although the comparison

was never made on a resistance basis. Threshold voltages for

both boron and silicon increased with decreasing temperatures

(3 0 0  K - 77 K).

— ~~~~~~~~~~~~~~ 
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Room temperature switching samples , when rapidly

heated by elec tric blower , failed to switch even when sample

voltage approached previous room temperature threshold . The

additional heat did not cause the sample to switch at a lower

threshold as predicted from its Vth 
versus temperature

behavior described above (below room temperature), but rather

the sample resistance became more linear . Room temperature ,

low resistance , non—switching samples switched when cooled to

low temperature (77 K). Their thresholds were usually much

lower than those of room temperature switching samples at

77 K. Experiments with immersion in vacuum diffusion pump oil

in order to alter the room temperature heat—conducting medium

resulted in only minor changes in the switching .

The threshold current , Tth’ was widely scattered

at 300 K , but in general 1th for high resistance samples

was less than Ith for low resistance samples. At 77 K ,

~th 
decreased with increasing sample resistance in an exponen-

tial manner . At all temperatures , 1th appeared independent

of sample thickness. 1th 
decreased sharply as the tempera-

ture was lowered to 77 K , reflecting the increase in all

sample resistances.

Using the curve -tracer , the threshold voltage

(point D, Fig. 7) appeared- to decrease at high values of ON

state current , while the current threshold increased . Similar

changes 
~~Lh 

decrease and Tth increase) in the pulsed I-V

characteristics were observed at high pulse repetion rates

(typically 1 kHz with T
D 

0.1 ms).

• As can be seen from the data in Tables V and VI , the
threshold power , 

~th~ 
Vth x ‘th y ’ was independent of both

thickness and OFF state resistance , but decreased sharply

as the temperature was lowered . At high pulse repetition

rates or high ac steady state ON current values (curve
tracer), the Vth x 1th product showed a slight increase.

SI - - - - - - — —._~~~~~~~~~~~~~~~~~~~ -.. - - - -
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At room tempera ture , a carbon—containing boron sample appeared

* 
to r equire mor e power to switc h than a sim ilar res istance
silicon sample, while at low temperature , the high resistance

silicon required more power than the high resistance boron.

Equivalent low res istance samples seemed to r equire about
the same power in each case.

— The holding quantities, Vh ,  ‘h ’ ~ h ’ displayed a

slight increase (large scatter) with thickness and with OFF

state resistance (Tables V and VI). The holding voltage in—

creased with decreasing temperature , while both ‘h and

decreased . High ON state currents (curve tracer ) and high

repetition rate pulsing tended to raise all holding quantities .

Recovery parameters , Vr~ ‘r ’ and 1
~r 

(Po~~it G, Fig. 7)

were determined from curve tracer (dc) measurements only. The

nanosecond fall times of the pulses used in the single pulse and

low repetition pulse testing modes prevented observation of this

relatively slow phenomenon. Although the time dynamics of device

turnoff  was not explored in detai l , it appears to be very rapid

(i.e., consistent with the pulse fall time for TD 
< 0.1 ms and

pulse repetition rates < 1 kllz ) ,  ind ica t ing  tha t  l i t t l e  heat ing
has taken place during pulse applications . Thus , these devices

appear to be ideally suited for rapid recovery under EMP environ-

ments. Vr, ‘r ’ and ~r 
appeared to increase with increasing thick-

ness and OFF state resistance (Tables V and VI). Vr increased

with the temperature decrease , while decreased during the drop

from 300 K to 77 K. The return power P seemed to increaser
slightly as the temperature was lowered. The passage of high ON

state currents (i.e., long duration in the ON state) tended

to increase V , while both I and P were reduced .r r r

2 .6 Sample Capacitance

Sample capac itance was measured on a br idge (General

H Radio , Model 1656) at 1 kllz at both low voltages and high

-- .-
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voltages with peaks near switching threshold . The measured

values at high voltage levels are given in Tables III and IV.

These values , corrected for un iform area , were used to calculat e
the switching time constant discussed later . Boron samples

with numbers higher than B88 had the same cross—sectional area.

Similarly, silicon samples above Si49 also had consistent

areas. The capacitance at high voltage was general ly lar ger
than at low voltage. The value of C decreased as the

appl ied voltage was reduced to low lev els , and approached the

calculated va lue of C from the measured geometr ic factors
and assumed physical constants (typically 1 to 10 pF). The

higher capacitance may be attributed to a hot conducting
region in the center which reduced the effective capacitor
thi kness. This hot region will be discussed later (Section 4.2).
The capacitance, under single pulse condition as illustrated in
Fig. 9C, appears to approa ch the low voltage geometrical value .
For a given sample , the capacitance decreased b’. lO—2O~ as the

-. 
temperature was lowered to 77 K. Sample capacitance for a

‘I, given electrode area and thickness  decreased s l i g h t l y  as the

carbon percentage in boron increased , suggesting a possible

change in dielectric constant with carbon content . Further

evidence of this possible change comes from film appearance:

pure or lightly doped films appear metallic and gray in color ;

heavily doped samples are reddish in color . Index of refraction

experiments have not been performed to date.

2.7 Liquid Crystal Observations

In all samples a current filament was observed to

be present during switching . This was determined at room

temperature through the use of liquid crys ta l  la yers used to
observe the temperature rise on the sample surface as described

previously. A photomicrograph of a typical filament as observed

with liquid crystals is shown in Fig. 11 . In the liquid nitro-

gen bath , a small bubble formed above the active region ,

indicating a temperature rise.
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Crystal) Spread Over Surface of Amorphous Boron Device
(Magn. — 240 X)

S
.—-—- - - G- - - - - -- - _______________- — 

- - - ~~ —-
k!L ~~L ~~~~ . . g  ‘_ - - 

-



— 26 —
THE JOHNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY

a 
SILVER SPRING MARYLAND

The size and appearance of the liquid crystal areas

above the filament were carefully examined and related to switch-
ing characteristics and filament current . The filaments for
the steady state t~ modes (Section 3.4) appeared to be much
larger in diameter (for a given current) and at a lower
temperature than those of t1 

- t2 (Sections 3.3 and 3.4).

They were always located at the edge of the effective electrode

area as indicated in Fig . 12, Point 2. The t and t1 
- t2

mode filaments were always located near the center of the
electrode area (Fig. 12, Point 1) and appeared narrower and

hotter.

2.8 Frequency Response

As discussed in Progress Reports Nos. 1 and 2, it is
imperative that the varistor device present high impedance (if

used in the common parallel protection mode - coaxial center

conductor to ground) to the protected units at their upper

dynamic range limit and operating frequency, typically less

than 0.233 volts rms (Odbm , 50 C) system) at 100 MHz.

It is apparent that if the equipment to be protected

has a high input impedance it will be less sensitive to a given

EMP amplitude than a low impedance unit , thus reducing the
-~~ varistor requirement . High input impedance , however , forces

• the parallel varistor element to have an even greater impedance

at the operating frequency to prevent undue loss. For a given

amplitude input signal, a 1 M C) input impedance requires a
varistor impedance greater than 3.86 M C) to produce less

than a 1 decibel (db) change in input power level , while a

50 C) system requires at least a 193 C) varistor . If the

requirements are held to a more stringent 0.1 db , then
varistor impedance levels jump to 50 M r  and 2.5 kC ),

respectively .
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Low frequencies (< 1 kHz) and low voltage device

resistivities can be higher than lO~ C) cm (Table III). This
yields, using typical sample geometries U = lO~~ cm , A =

lO~~ cm
2
, R = pt/A), impedances in the 1 M C) region . This

would satisfy the most stringent 50 C) system requirements

even if the two decade impedance roll off with frequency is

experienced as reported in Progress Report No. 1. Doped

samples appear to experience less roll off than undoped ones.

Figure 13 shows a comparison between an amorphous
boron varistor (B 114A) and a GE MOV device (V100Z). The

test circuitry (Figure 9C) was identical in each case (except

for value of applied voltage necessitated by the differences

in threshold values). Note the very slow risetime performance

of the MOV , indicating a much higher capacitance (poorer

frequency response) than the boron device. Switching time in

both cases appeared to be approximately 10 ns.

2.9 Packaging

2.9.1 Series/Parallel Stacking — Two devices of

equal dc resistance with the same threshold voltage and cur-

rent levels (Vth, ‘th y were placed in series and parallel

to determine the feasibility of stacking multiple units as

a means of achieving desired performance characteristics.

Two devices in series exhibited a threshold of

approximately 2 
~th with a current level of ‘thU On

the basis of preliminary studies , series configurations

appear to have faster switching times (Sections 3.3, 3.4)

than the individual devices, which is in agreement with
recent theories 10,11 based on the switching time being

directly proportional to device capacitance

5 - - - — -— - - 
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(i.e., Cser ies = C1C2 / C1 + C2 ) ;  if C1 
= C2, then

Cser ies ~ C1).

The parallel combinat ion responded at Vth (2 ‘th y

and gave initial indication of Improved current handling capabili-
ties (i.e., more vertical ON state slope on I-V plot) as would

be expected from this arrangement . Switching times appeared

slower than individual devices.

Preliminary studies of the delay time (Section 3.2)

for series—parallel combinations indicate a longer delay time

for series units while parallel units appear to have the same

delay time as individual devices.

2 .9.2 Microstrip Analysis - Since f inal dev ice conf igurat ions
must be compatible with existing transmission line systems, it

is necessary to explore practical device packaging . An especi-

ally attractive geometry is that of the microstrip transmission

l ine.

A detailed theoretical analysis of various strip-

line structures was treated In Progress Report No. 2. The

theoret ical analys is of str iplines was commonl y carr ied out in
several stages. First, an idealized line (Fig. 14A) was

treated, then the results were generalized to the screened
microstrip (Fig. 14B), and finally to the practical “microstrip—

in—a-box” (Fig. 14C), a screened microstrip with walls.

The results for the intrinsic impedance of a practical

microstrip are summarized by

We
/h < 1 (narrow strips)

2 (1)
2(K +1) (376.687/ 1T ) fP~7(8h/W~ ) + ( l / 32 ) ( W e/h)

— (l/2 ) r (K_ l)/ (K+l) 1  fr(ir/2 ) + (l/K)(”(4/IT)l1r ohms

S
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We
/h > 1 (wide strips) (2)

= (376.687,ir) (W /2h) + 0.441 + O.082 ( K— l ) / K 2

+ (k+ 1)/2ITK r1 451 + ~i(W /2h + 0.94 ) 1
~

_]. 
ohms

where K is the dielectric constant of the substrate supporting

strip , and We is an effective width given by

r
W > (h/21r ) > 25: W = W + ( S/ ir ) 1 + e~(2h/ S) I

(h/2iT ) > W > 2S: We W + ( S /I T )  1 + 27~(41TW/S)l

A preliminary analysis of the microstrip Equations (1)

and (2) indicates that Z is essentially independent of S,

electrode thickness , if S O.lh where h is the dielectric

thickness. S. however , has to be thick enough to ensure good

conduc t iv i ty  ( t y p i c a l l y  a few thousand angstroms). The smallest

electrode width is l imited by practical manufac tu r ing  tech-
niques. Photoetching can produce strips as fine as 2—3 microns

but a more practical minimum width is 10 microns . Using

Equation (2) and the effective width . W . we find for boron

(K PR 9.5) that to have ~ equal 50 C) the ratio W/h
BORON o

mus t be approx imatel y equal to 1(5 -
~- 0.lh). This would require

a dielectric f i lm thickness of 10 microns.

At present all our films have been less than 3 urn
thick (typically 1 - 2 ~m) which would yield W/h ratios in

the 10 - 5 range , and a from 10 - 20 C) respectively.

Thicker films appear to be the answer from a strip line point

of view . Switching times (Sections 3.4 and 3.5) appear to

increase wit h fi lm thicknesses above 2 ~m , indicating support

to several authors ’ 12 claims that switching or varistor
mechanisms are thermally induced in thick amorphous films.
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Thus a trade—off has to be made between switching

time and impedance. Matching sections will have to be provided

in addit~on to the basic var istor str ip l ine , thus upping

insertion loss of device. Short delay time studies at high pulse

overvoltages (TD � 500 ns) also tend to indicate increases in
delay time with increased thickness due to the electronic nature

of the switching event (Section 4.2). Narrower electrode widths

also could be made by special mask fabrication techniques such

as the electron beam method 13

3. SWITCHING TIMES

To describe the switching times associated with varistor

dev ices , one has to be careful to specify the exact measurement

configuration employed . In the following discussion , time des-

criptions will be referenced to either the curve tracer (Fig. 6a)

or pulse measurement systems. Pulse measurements will be dis-

tinguished by pulse duration (i.e., TD 
� 10 Ps (Fig. 6b) or

TD 500 ns (Fig. 9 A , B, C)).

3.1 Description of Times Involved

The times involved in a complete curve tracer cycle

are defined with the aid of Fig. 7. The pre-switching portion

of this curve has been discussed previously for boron and
silicon samples 14,15 In general , t here was always an
ohmic region (A-B), followed by a non—linear , Poole-Frenkel

or space charge region (B-C). and finally a steeper (I Vt1)

behavior (C-D) where n > 2. Proceeding around the switching

curve : td is the delay time at Point D (determined by pulse

techniques); t1 and t2 are two switching times observed

~~~~~~~~~ ~~~~~~~~ 
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during the transi t ion (D—F ) to the stable low resistance state
(ON stat e) at Point E. Dur ing sw itc hing , the initial portion
D—E (t1

) always followed the load line , while the portion E-F

deviated below (t2) or above (ti) the load line. On the

return portion of the curve (F-A), there is a revers ible region
(F-G) and an irreversible spontaneous region (G—B). A recovery

time (tr) is associated with the G-B portion. The switching

times were measured at both room and liquid nitrogen temperatures.

Sample cooling was achieved by direct immersion in a liquid

nitrogen bath.

At room temperature , the D-E portion of Fig. 7 was

not always observed and the ~—F nortion then followed a

smooth , non-load line curve (t) indicated by the dashed

lines. At liquid nitrogen temperature , the distinct times

t1 and t2 were observed in bot h sil icon and boron samp les.
The switching times described above (t1, t2, t~~, tr, etc.)

were associated with a steady state , i.e., cycled continuously

at frequenc ies less than 1 kHz , with the applied voltage

remaining essentially constant during each dynamic

trans it ion.

Pulsed I-V ckiaracter.stics disp1a~ed similar

features to the forward path (A-F) described in Fig. 7 with

the except ion that , under sing le or low repet ition rate
pulsing , the two mode t 1 - t2 characteristic disappeared ,

and a single pulse time , ~~ was associated with the

trans ition from the low to high conduct ivit y sta te. The
usual time constant defined as the l/e point of the falling

voltage versus time characteristic is given by 0.79 t~~.
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3.2 Delay Time , td

As can be seen from Tables V I I  an d VIII , the time delay

(TD 
0.1 ms) appeared to be relatively insensitive to the

temperature change from 300 K to 77 K. td increased by

approximately 15% as the temperature was lowered to 77 K.

In agreement with the observations of others

td was given by: td t
dO exp(- V/V ) where t

d and

V0 are empirical constants determined for each sample ,
and V is the applied voltage (Vth 

< V < 2Vth ). The time delay

(TD 0.1 ms) appeared to possess a statistical nature

especially near the threshold where large scatter occurred

in the measured values of td at a constant overvoltage

for the given sample. A detailed discussion of this variation

is given by Charles and Feldman 16

Depending on the samples’ threshold , the pulse testing

conf igurat ion (TD � 10 ps) shown in Fig. 6b was limited to

applied voltages , V~ , less than 2 Vth. Above 2 Vth, the

pulsing schemes of Fig. 9 with their inherent short pulse
p durat ion (TD: 80 ns — 500 ns) had to be used . Time delay

versus overvoltage ratios for these two measurement schemes

are shown in Fig. 15 for applied overvoltages close to

Vth (Vth 
< V~ < 2 V th). The time delay decreases in a rapid

exponent ial manner . For V~ > 2 Vth, the change in time delay

with overvoltage is still exponential but the rate of decrease

- - (slope) appears much lower. This indicates that the effect of

overvoltage appears to be less in the limit of short duration

pulses. Latest measurements have pushed the delay time into

the one nanosecond region and the behavior still appears to

be exponential. For time delays in the one nanosecond region .

it is believed that the breakdown initiation is purel y

electronic 17 If this is true , then the pulse threshold

voltage (V
~h
) should exhibit a direct thickness dependence.

Experiments to verify this behavior have not yet been conducted .

~~~~~~ 
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U T~ 100 ns (Test Configuration: Figure 9C)
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3.3 Switching Time , t1 (Curve Tracer)

As indicated in Tables VII and VIII , t1 decreased

by 10 - 30% as the temperature was lowered to 77 K. In vacuum

oil , t1 changed by less than 1% from its air value. t1
decreased linearly with increasing film thickness in the range

0.15 - 1.5 um for boron samples. This behavior is illustrated

in Fig . 16. Above the upper thickness range limits , the

• switching time t1 increased , suggesting that other processes

may be controlling the dynamic behavior in thicker films 12

The curve in Fig. 16 includes boron plus carbon as well as

boron , indicating little change in t1 and t2 (also t~~,

Fig. 7) with sample resistivity.

t1 was measured with the sample at the holding con-

ditions of the stable Low resistance ON state , Vh and

(Point F , Fig . 7). As the ON state current was increased

until it equalled 2 1h’ ~1 decreased by approximately l5~ .

The change in t1 was non—linear , with most of the decrease

occurring very close to the holding current , ‘h~ 
Currents above

2 ‘h produced little , if any, additional change in t1.

The time t
1 was independent of the OFF state

saaple resistance/resistivity, but had a direct dependence on
the ON state resistance and sample loading as discussed in

Section 3.7. In equivalent samples, boron had a shorter t1
than silicon , as can be seen from Fig. 9.

3.4 Switching Time, t2, (ti) (Curve Tracer)

The t~ modes disappeared upon cooling the sample to

77 K , and t2 modes were decreased in magnitude (30 - 50%). In

vacuum oil , both t2 and t~ decreased by approximately 2 - 4.

t2 for boron decreased linearly with increasing film

thickness in the range 0.15 - 1.5 tim , while t2 for silicon

only appeared linear from 0.15 - 1.0 tm (Fig. 16). Above the

— . .--
~~ - — - -— -- - - — A-—---- — ~ AE~~~~~~~~~ A -~~~~~~~~_ - A - - - - A;. ~~~~ ~~- -  — —  - — - -
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1.5 ~.1m thickness limit for boron and the 1.0 I.lm limit for
silicon , the switching time t2 increased . A thickness de-

pendency of t~ could not be determined from the data. Although

the data displayed wide scatter , t2 appeared to decrease wit h
increasing OFF state resistance , while t~ seemed to increa se.

The ON state current dependenc ies of t2 and

appeared to be similar to t 1, i.e., they decreased by approxi-

mately 15% as the steady state ac current (curve tracer)

approached 2 ‘h~ 
For currents above 2 ‘h’ they remained

essentially constant. Both t2 and t~ for silicon samples

were longer t han t2 and t~ of equivalent boron samples

(Fig. 16 and Tables VII and V I I I ) .

3.5 Recovery Time , tr (Curve Tracer)

As can be observe d from Tab les VII and VIII , the
recovery time decreased by 10 - 30% as the temperature was

lowered from 300 K to 77 K. In vacuum oil t r decreased by
2 - 4%.

The dependence of tr on thickness at room temperature

was inconclusive. At 77 K , tr for pure samp les increased
linear ly wit h increas ing t hicknes s. Boron samples conta ining
carbon displayed a similar trend , but t he data possesse d con-
siderable scatter .

As t he ON state current was increase d unt il it
equalled 2 ‘h’ tr increased by approximately 15%. tr con-
tinued to increase approximately linearly as the current was
raised to 4 1

h
11

The recovery time appeared to be independent of the
OFF stat e res istance , but the data displayed some grouping

according to impurity content in that tr (doped) is greater

than tr (undoped).  t r also seemed to be related to t he power
dissipated just prior to the return switch (Point G , Fig. 7).

In general , the more power dissipated , the longer the recovery

time.

S
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El

3.6 Single Pulse Switching Time, ~~

For the circuit in Fig. 6b (TD 
> 0.1 ms ) ,  the

single pulse switching time behaved similarly to t1. t~,
decreased by approximately 15% as the temperature was lowered

to 77 K. The inverse thickness dependence of ~~ is shown
in Fig. 17. As can be seen , t~ started to increase above
a thickness of 2 ~m . Overvoltage caused t to decrease

s l ight ly  wi th  most of the change (n. 5%) occurring just above
threshold . t~ for equivalent samples was less in boron

than in silicon.

The single pulse swi tch ing  Lime t~ was independent

of the OFF state  sample resist ance . It had a

direct dependence on the ON state resistance and sample
loading , in fac t , t ime constants derived from t compared

fa voi.~ably wi th  the calculated t ime cons tan t s  t~hown in

Tables III and IV.

— 
As the pulse durations decreased , t~ also decreased

for a given loading configuration and the agreement with

(determined from circuit path resistance and the measured

high voltage capacitance) diminished . Apparently, the pulse

durat ion , time delay, and the device threshold are intimately
involved in device capacitance (probably through thermal
mechanisms ). For short durat ion pulses (T

D < 500 ns) using
the configuration in Fig. 9C, t~ again compared favorably

with an RC time constant , where R is the circuit path
resistance and C the geometric or low voltage sample

capac itance. t~~’s under these conditions are in the 10 ns
-
~~ range. Typical single pulse delay, switching , and response

t imes (t d and t~) are given in Table IX. Since the data in
Table IX was obtained from a transmission line configuration

(Fig. 9C), it is clear that the samples will respond to the
proposed EMP signal.

4
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3.7 Switching Time Constant , r~~

The switching times t~, (TD � 0.1 ms), t1 and t2,
for the same device electrode area were inversely porportional

to the sample thickness as illustrated in Figs. 16 and 17.

This suggested a relationship between switching and sample

capacitance and hence a capacitance discharge behavior as dis-

cussed by Klein ~o The shape of the switching transition does

in fac t exhibit a reasona ble agreement wit h an exponent ial
disc harge character ist ic cons istent w it h the relat ion:

V = V0 exp (_t/IrRC)

where = RC , c = sample capacitance (discussed in

Sect ion 2.5), and R resistance of the discharge path in-

cluding load , electro de and f ilament res istance. The fi lamen t

res istance was assume d to be t he di f ferenc e between t he
ON state device resistance and the electrode resistance .

A curve illustrating the decaying exponential behavior of
the switching time t (TD 0.1 ms) for a typical sample

(B81D) is shown in Fig. 18. The elapsed time to the l/e

point is 5.5 ~Ls. This compares favorably with the 5.2 ~is
determ ined from ~~ and the 6.3 .Ls of ‘rRC. Tne generally

good agreement between t~ (and its time constant) and TRC
is indicate d in Tab les III and VII for amor phous boron ,

- .  and Tables IV and VIII for silicon .

The switching time t
1 was alwa ys less t han t~~,

however t he rat io t 1/t~ compares well with the ratio

V /V where VDE is the ON load line portion of the
- ‘ switching curve (Fig. 7), and VDF, the total voltage drop in

the curve. This indicates that the initial portion of the

switching transient in the repetitive mode follows a similar

behavior as in the single pulse situation (TD 
> 0. 1 ms).

S
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As can be seen from the slope of Fig. 16 , t2 in
both silicon and boron is different from that of t1, indicating

a change in the time constant , i.e., a change in R, C, and/or

L. The observation that the current in this portion of the

switching curve falls below the load line leads to the conclu-

sion that t he resistance of the current fi lament has increased ,

t he capacitan ce has decrease d or , more probably, a t hermal
inductance has been introduced 16 The fact that the switching

t imes for boron were less t han t hose in an equ ivalent silicon
sample may be due in part to the lower capacitance of the

amorphous boron samples .

As mentioned in Section 3.6, a similar agreement with

RC discharge holds for short duration pulses (TD 
< 500 ns)

where C is now the geometric capacitance value .

4. ELECTROTH ERMA L MODEL FOR SWITCHING

4.1 Critical Point Summary

From the above observations and discussions , the

following facts appear to be significant :

• 1. A temperature rise is always observed uniformly over

electrode area until the formation of the filament takes place.

• 2. The position of the filament is always approximately in the

center 0 the electrode and in the same spot as observed cine-

micrographically. When current filaments are located on the
electrode edges, the switching does not occur along a load line

and switching times are longer (t~ ).

3. With high repetition rate pulses or at dc , a change in
the characteristic occurs during the switching transition ,

resulting in two separate time constants (t 1 and t 2 ) .  In
single pulse measurements , only one time constant , t~~, is

observed .

4. The delay time (t d ) associated wi th  switching is a strong

exponential function of overvoltage . The delay time increases

as the sample resistance and/or thickness increases. td is

s l ight ly  longer at low t emperatures.

14
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5. Applying a voltage slightly below the threshold and applying
heat to the electrodes does not cause the sample to switch;

rather the sample becomes more uniformly conducting and tends

to become ohmic .

6. Recovery time (t r ) is shorter at lower temperatures an d
increases with  thickness. tr for silicon is lcss than for boron.
tr is also longer following the passage of a higher than holding

current .
7. The power 

~~~~ 
at the switching point is lower at liquid

nitrogen temperatures than at room temperature.

8. The threshold voltage increases with sample resistance and

is approximately log R.

9. Regar dless of t he shape of the current volta ge curve just
prior to switching , the curve rises steeply and follows an

I V’~ dependency.

10. The switching transition , t~~, is inversely proportional to

the thickness of the sample and measurements show that the time ,

TRC T is about equal to the RC product where C is a sample

associated capacitance (Sections 2.6, 3.6 and 3.7), and R is

the load and electrode resistance. The shape of the voltage

t ime transition is exponential as expected from the usual
capa ci tance dischar ge relat ion.
11. The threshold voltage in the range 0.15 — 1.5 ~m is

almost independent of the thickness. This is in agreement with

— earlier measurements on boron f ilms , as well as with measurements
on other amorphous semiconductors.

The items 2, 3, 6 and 10 represent new observations.

Wh ile item s 1 throu gh 6 clearl y show the existence of t hermal
processes , items 7 through 11 indicate that more than thermal
processes are taking place. Thermal treatments of switching

I ~ arr ive at a d~ or d dependency of the threshold voltage ,

I

_i
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4.2 Postulated Switching Mechanism

To explain these facts, t he follow ing ste ps in t he
switching mechanism are postulated:

1. Current begins to flow uniformly through the volume of the

sample, first by ohmic , and then perhaps by Frenkel-Poole

or space charge limited effects (Fig. 19a).

2. This current flow causes a heating of the sample and ,

becaus e of t he geometr y , t he inter ior center of the sample
becomes hotter than eit her t he edges or t he electro de sur faces
(Fig. 19b).

3. The hotter portion of the sample has a considerably lower
resistance because of the semiconducting nature of the material.

Note that  the sample is stil l  basically insulator due to the
low conduction region near each of the electrodes.

4. The field across the sample now extends from each electrode

to the center conducting region , i.e., E = V1/d1 and V2/d2

(Fig. l9c). The distances, d1 
and d2, are less than the

sample thickness and are different , due to influence of the

substrate. This field is now extremely high and the sample

breaks down through an avalanche or tunnel process.

5. The total charge stored on the sample surfaces ( as a
capacitor) now flows through this predetermined breakdown path

and causes the current conducting filament to form . This fila-

ment , once form ed , becomes hotter and may change shape by

latera l conduct ion (hence t he existence of t2) (Fig. 19e).

6. The filament is maintained through a thermal process and

rem ains sta ble unt il t he volta ge is lowere d . The recovery time

depends on the amount of heating that has taken place in the sample.

One can proceed with this model from an almost purely

t hermal mechan ism for switc hing to an almost purel y electron ic

mechanism , depending on the overvolta ge , sample geometr y an d
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pulsing conditions. A very rapid , high voltage pulse will cause

chiefly electronic switching because the fields are sufficiently

high for breakdown and the sample has not become heated. A slow

vo lta ge r ise will cau se chiefly t hermal switc hing, since the sample
has been allowed to heat up until most of the non-conducting portion

has disappeared . Associated with the rapid pulse switching is an

effect ive capac itance , a t hres hold volta ge , V
~h, 

and an ON-state

resistance which is different from the effective capacitance

threshold voltage , Vth, and an ON-state resistance in the slow

voltage rise condition .

5. CONCLUSIONS

Dur ing t he cour se of t he contra ct per iod , the following
informat ion concern ing t he applicat ion of amor phous mater ials
(i.e., boron and silicon) to the EMP-Varistor problem has been

obtained .

1. A detailed and experimentally substantiated explana-
tion of the switching mechanism in amorphous materials was ob-

tained (Section 4.2). Two extreme cases exist in the switching

phenomena . Both are generally explained by the postulated electro-

thermal theory; a) Slow—rise voltage cases in which thermal effects

play a dominant part in the initiating mechanism . b) Rapid short

pulse phenomena in which switching is chiefly electronic in nature.

Switching times depend on the RC time constant in both cases ,
however the effect ive R ’ s and C’s are different in the two ca ses.
Voltage thresholds are also d i f fe ren t  

~~th and V
~ h)

2. Boron and silicon varistors are symmetric .

3. Boron and silicon th in  f i lm  varistors , for the given
cros sover geometr y , have capacitances in the 10 pF region , indica-

ting desired frequency behavior above 100 MHz (Section 2.8).

4. Thresholds may be tailored using controlled doping

techniques (Sections 2.3 and 2.4). Typical threshold ranges are

5 to 20 volts.

5. The devices may be connected in series and parallel

configurations and are compatible with strip line implementation

(Section 2.9).

6. Boron varistors may have pulse response times (time

delay plus switching times) in the 10 ns range as required by the
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nature of the EMP pulse (Sections 2.8, 3.2 and 3.6). With improved
device packaging (stripline) it is possible that response times

below 1 ns could be achieved .

7. The ON—state resistance was not studied in detail.

ON-state resistance varied with pulsing conditions . Generally

curve tracer or dc pulse conditions gave a lower resistance than

single pulse conditions. The relatively high ON-state resistance

(100 fl), under pulsing conditions , appears to make the devices

unsuitable at present for the requirements of a 50 C? system . It

is believed that , with proper choice of materials and dopants in

conjunction with  parallel device configurations , the ON-state

resistance could be reduced .

8. The OFF-state resistance (� lO~ C?) is sufficient to

insure no appreciab1e losses in a normal (non—EMP) 50 0 system

environment .

9. The devices appear to be stable in time and rela-

tively insensitive to environmental effects.

10. The device failure mode appears primarily to origi-

nate in the electrodes and not in the amorphous material. This

indicates that with improved electrode design an even more rugged

varistor could be made .

6. RECOMMENDATIONS

Research has indicated that amorphous varistors may be

suitable for use as EMP protection devices. However further

research in the following areas is required :

1. The compensatory effect of impurities in amorphous

structures.
2. The intrinsic limit of response time and the basic

delay mechanisms in sub-nanosecond delays.

3. Understanding the nature of the ON state and the

reduction of the ON-state resistance.

4. Power—handling capabilities of given thin film mater-

ials and configurations. Failure mode studies.

5. Investigations of worst case environmental and radia-

tion effects and the optimization of packaging configurations .
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TABLE I - Deposit ion Parame ters for Amor phous Boron , Boron Plus

Carbon , and Silicon Thin Films

SUBSTRATE DER)SLTIC?~ DEJOSITION SUBSTRATE BELL CRUCIBLE
SAMPLE TEMFER A1U1~ RATE PRE SSURE MATERIAL JAR MATER IAL

°C ~/min ~c l0~~ lbrr

B55E 120 550 1.7 0211a SS Ag Plate b

B81D 230 825 2.6 Silica SS Mo

B68D 300 1140 1.1 Silica SS Mo

B88A 200 1040 80•0
c Silica SS Mo

B98D 300 1240 5.2 Silica SS Mo

B67E 250 1460 0.9 Silica SS Mo

B83A 500 1370 2.3 Silica SS Mo

B86D 700 1200 2.8 Silica SS Mo

B86C 700 1230 2.8 Silica SS Mo

B91A 300 1590 300.O
c Silica SS Mo

B92D 500 1350 54O.O
c 

Silica SS Mo

B93D 300 1290 ~1OO.O c Silic a SS Mo
B94C 700 1060 400.Oc Silica SS Mo

- 
- B97D 300 1260 94O.O c Silica SS Mo

B89A 300 1330 400.00 Silica SS Mo
B95A 300 1220 500.Oc Silica SS Mo

B96A 300 1430 430.00 Sili ca SS Mo
Si38 240 150 13.0 0211a Pyrex Cu
Si45 210 380 5.2 0211a Pyrex Cu
Si35 240 1400 33.0 02ll~’ Pyrex Carbon
Si42 200 440 13.0 0211a Pyrex Cu

a b
Si51 240 1000 1.7 0211 Pyrex Ag Plate

Si57 235 1800 25.0 Silica SS Cu

Si48 210 1100 2.0 0211a Pyrex Ag Plate
b

Si43 440 300 14.0 0211a Pyrex Cu

Si50 440 880 3.2 0211a Pyrex Ag Plate b

S149 440 820 3 3  0211a Pyrex Ag ~~~~~~

Si56 800 625 32.0 Silica SS Cu

Si55 800 550 25.0 Silica SS Cu
Si54 800 600 38.0 Silica SS Ag Plateb

- I Si52 800 760 2.3 Silica Pyrex Ag ~~~~~~

a) Corning Code Number
b) Silver Plated Copper
c) Par t ia l  Pressure C 2H2
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TABLE II

Impurities in Typical Boron Samples as Determined

by Sputter—Ion Source Mass Spectrometry

Species Bulk Boron B98 B93

Atomic Fraction(%) Atomic Fraction(%) Atomic Fraction(~,)

H 0 .44 0.28 0.22

Li — 0.0008 0.0007

C 0.35 0.33 9.6

N 0.006 0.015 0.0007

0 0 .075 0.18 0.084

Na — 0. 0003 0 .0006

Mg — 0. 0002 0 .0031

Al 0.0028 0.006 0.0015

Si 0.017 0. 012 0.012

Cl — 0 .0002 -

K 0.00004 — 0.0004

Ca 0.0007 0.001 0.001

Ti — - 0.00004

V — 0.0014 0.0004

Cr — 0.001 0.0009

Ba 0.00004 - -

• Cu - - 0.0066

Fe - 0.021 0.0061
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TABLE UI- Measured and Calculated Parameters for Amorphous

Boron and Boron plus Carbon Thin Films

SAMPLE T1U~KN~~S CAI~~~ 
300 K - 77 K

I.Lm ?a’GtE% ‘c~S R5 
- 

C5 
~

- TRC 
- 

R8 C~ TRCkC~.cm kO nF I.Ls kO nF

B55E .29 1.0 1.3 19 a 105.0 9.3 22.0 140.0 8.5

B81D .41 <0.4 0.9 3.4 60.0 7.2 33.0 55.0 6.3

B68D .52 0.4 1.5 3.9 52.0 6.7 41.5 47.0 5.9

B88A .57 1.4 1.0 0.7 42.0 b 15.9 38.0 5.0

B98D .62 0.4 0.8 0.6 40.0 b 15.2 36.0 5.8

B67E .73 < 0.4 1.0 3.7 27.0 6.0 39.5 25.0 5.5

B83Ac .82 < 0.4 0.8 0.7 28.0 b 19.8 26.0 5.3

B86Dd 1.20 < 0.4 0.7 1 .0 12.0 b 31.0 10.0 3.5

B86Cd 1.38 < 0.4 0.7 1.1 11.0 b 37.5 10.0 3.6

B91A .79 6.1 8.3 1.0 23.0 b 46.0 18.0 5.5

B92Dc .79 9.6 78.0 10.6 2.5 6.2 89.0 2.1 5.2

893D .97 9.8 85.2 14 , 0 2.8 6.2 115.0 2.5 5.4

B94Cd 1.06 12.0 39.9 6.8 4.8 6.1 49.6 4.0 5.7

B97D 1.09 15.0 195.() 28.7 1.7 6.0 125.0 1.6 5.0

B89A 1.47 8.2 12.4 3.4 2.5 4.1 43.0 2.2 3.4

B9 5A 1.83 7 .2  10.9 3 .3 3.0 3.5 40.0 2 .6 2.1
—I

B96A 2.65 3.5 2.5 1.9 6.5 5.6 57.0 5.9 4.8

a) The value of p times the measured geometric area 
-

did not correlate with R8 for Sample B55.
b) Did not switch at 300 K

c) Deposited at 500°C

d) Deposited at 700°C

K

) 

_______- - A --—. V - - - - - 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -  -I 
~~~~~~~~~~~~~~~ 

-

- - --
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TABLE IV- Measured and Calcu]ated Parameters for Amorphous

Silicon Thin Films

SAMPLE THIC~~~~ 300 K 77 K
inn -_____  _____  _______  _______  _______

R5 Cs TRC R5 C
~ 

TRC
kO. cm kC) nF g.&s kO nF

a
Si38 0.27 25.8 3. 2 34.0 12 .0 60. 5 30.0 8.5

S145 0.50 32.1 5.1 27.0 10.4 85.7 25.0 7.9

Si35 0.70 26.2 7.8 15.0 8.5 97.0 13.0 7,0

Si42 0.88 35.0 8.4 17.5 8.0 100.0 14.5 6.3

Si51 1.03 19.6 3.2 26.0 7.1 61.2 23.0 5.9

Si57 1.50 20.0 4.8 17.5 6.6 81.2 13.5 4.7

Si48 1.77 26.3 8.5 14.0 5.9 102.0 12. 0 4 5  
—

b
Si43 0.60 30.0 30.0 21.0 9.5 142.5 16.0 7.5

Si50 0.88 33.4 31.6 22.0 7.7 148.0 17.5 6.0

Si49 1.03 22.8 19.0 25.5 6.4 133.0 21.0 5.2

Si56~ 0.50 1.9 1.5 29.0 d 55.3 27.0 7.1

Si55 0.55 6.3 4.3 31.0 9.3 70.9 29.0 7.0

Si54 0.60 6.1 4.0 33.0 9.1 65.2 30.5 7.0

• Si52 0.77 1.2 1.2 21 .0 d 49.5 19.0 6.7

a) Deposited at 200 - 250T
~C

- I 

-

~ 

. 
b) Deposited at 400 — 450°C

- ‘ c) Deposited at 800 - 850°C

d) Did not switch at 300 K.

A 
A —

IL— ~~~~ A- -~~~~U~~~~~-4 
— 

- A. — — —
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TABLE IX

Typical Short Duration Single Pulse Response Parameters

4.
-I

SAMPLE THICKNESS~ ~th ~th I T~ td t~, (td+tP)
NO. pm VOLTS VOLTS ns 

- 

ns ns ns

B93F 0.85 9.8 24.5 66.4 18.9 3.4 22.3

B114A 1.20 
- 

10.3 28.3 65.6 21.9 6.0 27•9

B136D - 0.85 - 9.8 22.2 69.6 12.6 7.5 20.0

B141A - 1.25 9.5 
I 

51.0 70.0 10.0 11.0 21.0

B143D 1.50 - 8.0 38.0 66.0 20.0 9.0 29.0

B134D 0 . 2 8  
: 

2.75 22 .7 77.3 6.7 
-

~ 3.0 9.7

B135A 0.80 - 

3.25 36.6 79.2 34.2 8.1 42.3

* V
~h 

represents the threshold voltage at pulse durat ion TD.

‘4

_ _ _ _
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LIST OF SYMBOLS

A Cross Sectional Area t Time

C Effect ive Capacitance t1 Initial Switching Time

C5 Threshold Capacitance t2,t~ Final Switching Time

d Thickness td Delay Time

d ,ct. Ef fec t ive  Thickness t Constant14 do
E Electric Field t Pulse Switching Timep

Frequency tr Recovery Time

h Dielectric Thickness TRC Time Constant

I Current T1,2,3 Temperature
Holding Current TD Pulse Duration

Recovery Current TR Riset ime

Tth Threshold Current V voltage

K , K ’ Dielectr ic Constant V0 Constant

K 0 Constant 
~

T
h Holding Vol tage

Thickness V~ Pulse Voltage

n Constant V Recovery Voltager -

Holding Power Vs Sample Voltage

Recover y Power Vth Threshold Voltage

P Threshold Power V’ Pulse Threshold Voltageth th
• 

R Effective Resistance w Microstrip Width

Low Voltage Resistance We Effective Microstrip Width

p Resistivity z Impedance

Sample Resistivity Z0 Characteristic Impedance

S Microstrip Thickness

U
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