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I.  SUMMARY

This grant had as its goals the use of gas-chromatography/IR spectro-
scopy tb.corrclate the spectrum of combustion products produced by
smouldering samples with the electrical responses of polymericAearly—warning
fire detectidn devices, and to make improvements in device design and per—
formance.

The most significant success was in the device area, in which success-
ful fabrication of charge-flow transistor styuctures, similar to what was
originaliy proposed, made possible‘a realistic; low-cost, minaturized
.sensor design. :These devices work very.well, and have attracted widespread
industry in;erast.

Also successful was improved documentation of polymer responses to a
variety of smouldering sources, including cellulose, acrylic, urethane,
poly (vinyi chroiride), aﬁd_wool. The polymers selected for applicatiﬁﬂ as
fire detectors respond well to all éf ﬁhese materials.

Much less successful was the chromatography part of the program, first,
because the planned use of onfline infrared spectroscopy using é Digilab

GC/IR interface to a Digilab FIS-14 spectrometer turned out to be unfeasible

{primarily because of defects in the interface), and secondly, because of

severe technical problems encountered in sampling thé combustion.matérials.
Because of the relative success of device work relative to the chrowmato-

graphy work, the effort during the grant period increasingly shifted over.

to the device portion of the program. This work was the Master's thesis 

responsibility of Mr. Carl Sechen. His thesis, which as a separate document

will proﬁidé the major documentation of results under:this grant, also has

led to-the'publication of .one paper and the presentation of two additional
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papers at recent meetings.
Work under this grant has also lead to discoveries about the charge-

flow transistor deavice for which patents are being sought




II. RESEARCH REPORT

A. Device Research

The device research aspects of this program were carried out primarily
by Mr. Carl M, Sechen, a Graduate Research Assistant in the Department of
Electrical Engineering and Computer Science, under the supervision of
Professor Senturia, and with technical consultations with Professor Fonstad.
Mr. Sechen's Master's Thesis, which will be completed in June 1977, will
be issued as a separate technical report under this grant. Therefore, only
a brief summary of this work will be presénted here.

The most prominent result of this effort has been the successful fab-

rication of the charge-flow transistor and the elucidation of its operating

principles. The basic concept is described in the previous Thesis of John A.

Wishuneusky, and in two articles, one of which ic included in this report as
an Appendix. This Appendix describes the device, its operating principles,

reports the fabrication of specific devices and experimental data illustrat-

ing device operation, and also illustrates the use of these devices in fire-

‘sensing applicationé.

We also have discovered an important feature of operation of thesge
deviées,.leading tb significant improﬁemeﬁts over Wishneusky's concept. A
patent application covering these ncw_ideas_has been filed. A numLer of
industrial firms have indicated interest iﬁ éxploitingrfhis new technology.

The charge-flow transistors tested in this particular program were

coated with several different polymers. The polymer PAPA was used because

of its strong and well documented humidity respbnse. . Two additional. polymers,

PFL and P&B; were used because of their relative insensitivity to humidity



variations and their strong responses to smouldering fires. These polymers

were tested on conventional lock-and-key devices with samples of smouldering

wool, cotton, poly(vinyl chloride), acrylic, and urethanes. Both polymers

responded well to all fires. The Appendix illustrates some of the respoﬁse

obtainad.

Long~-term monitoring of lock-and-key devices was carried out during

the five-month period August-December 1975. Devices coated with PAPA, PIMP,

PEP, PFPA, PEF, PSB, and PFIl were monitored in lahoratery ambients and

device currents correlated with temperature and relative humidity variations.

At constant relative humidity and tewperature, the first four polymers

showed large drifts, while the latter three were relatively drift-free.

B,  Chromatopraphic Aunalysis

The chromategraphic analysis éspecﬁs of this program were carrvied out
primarily by Ms. Deborah Samkoff, a student in the.Depértment of Chémistry,
under the supervision of Profeséor Senturia. .In that portién of the program
involving interfacing with the infrared spectrometer, Mr. Charles Clahasséy,
a Graduate Research Assistant in the Department 6£7Physics, supervised bj
Professor Kastner, participated. | |

This program was severely disrupﬁéd, first, by the lonp delay iﬁ the
acquisition of the GC/IR interface required to intetfaéé the.gas ch?;omato~
graph eluent with the on-line infrared spectromgter, and,_sécond, by tﬁe
failure of that interface to perform properly. The net result of these
disruptioﬁs was a major shift of emphasis away ﬁrom the.proposed éhroﬁatqf

graphy portion of the program and extra effort of the more successful device
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research portion. NASA was apprised of this shift in emphasis as it evolved.
The activities in the charomatographic area are described in the following
paragraphs.
A Hewlett Packard 5712A dual column gas chromatograph with dual

thermal conductivity detector and temperature programmable oven was purchased
in May 1975 for use in this program. The chroﬁatograph came equipped with
cdlumns paékad with UCW-982 (10%) on a chromasorb W support; Standard
operation_with test.specimens indicated propet. operation of the system. A
sample chromatograph ﬁf a solution of Clé’ ClS, and C16 hydrocarbons in hexane
‘is showm ianigure 1. These same columns were used in much of the remaining
work, as they ﬁere adequate.for our.needsﬁ |

N A Digilab GC/IR interface for on-line spectroscopic measurements of
Lthe GC eluent was ordered in May 197S; but: wag mot delivered until almost
a year later. This delay severely hampered our ability to proceéd with ﬁhe
planned experimental program. The interface was installed in June 1976?
but significant problems with its operation were noted within the first month;
and were never properly addressed by the manufacturer. The problems included
poer purge quality with the:interfacg.in place (produced, we believe by
0 and CO. from the ceramic materials in the interfacé), and

2 2

-a failure to operate well in the so-called trap mede, in which eluent is

outgassing of H

trapped in the IR cell for extended observation. .The failures were of two
types: an unexplained build-up of CO2 in the cell in the trap mode, and a
leak into the cell from the bypass line, which meant that spectra from large
GC compdnentS(such as solvents) would interfere with the spectra of smaller

-samples.(bn the order of several micrograms) -trapped in the cell. ~These
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problems were called to the attention of Digilab during the period August-
QOctober 1976, but no satisfactory responses were received. As a result, a
decision was made to cancel the order on the interface in November 1976,
and the manufacturer was notified. Our unsatisfactory experience with this
interface has prevented successful completion of the primary goal of the
chromatographic portion of the proposed program of work.

Some progress was made in the other part of the chromatography pro-
gram, namely, the design of a suitable trapping'éystem for combustion pro-
ducts. The sampling system design was predicated on the requirements of

achieving microgram-sized separated fractions for infrared analysis, as

required by the sensitiﬁityIOf the Digilab system. This meant that some

form of concentration of combustion products was needed. Based on surveys
of ﬁhe literature,-ﬁe selecﬁed Teﬁax.GC as.an absorber, and arranged to
pass the combustion gaseé from a smouldering 1 gram cotton sample through a
glaés injectiop port liner pgcked with Tenéx Gc; This liner wés'then in-
gerted into tﬁe GC injection port, and the injection,pdrt wés.theh brought
quickly to 250°C. Then the column temperature was proprammed from 40°C to
200“0 af 8°C/min. The chromatographs ébﬁained frém such a method”shoﬁéa
many poorly resolved peaks and in addition showgd strong tailing from the
water vapor . in tﬁe sample.. ﬂowever, with a properly opefating inteﬁface,

we were hopeful of being able to subtract the water vapor spectrum digitally

. using the on-line computer and examine the composition of the other con-

stituents of the eluent peaks using infrared spectroscopy.
As the problems with the interface were encountered, we attempted to.

trap out the water vapor using molecular seive. Contrary to what is suggested



in the literature, we found that trapping éf the water vapor also ﬁrapped
"wost of the volatile combustion products. We also tried.CaSOa with thé
same result.,

Te {llustrate these results, we present a sequence of chromatograms.
Tigure 2 shows a superposition of a chromaﬁogram taken from the adsorbed
products .of combustion from a 1 gram sample of smouldering cotton, together
with a blank run (no fire) with normal laboratory air. The total area under
the combustion prodﬁcts test corresponds to several milligrams of combustion
products at the sensitivity settings used for this test. When molecular
seiﬁe is inserted ahead of the Tenax GC, the chromatogram of Figure 3 results. .
Note the almost complete disappearande of combustion products. Similar
resulis are obtained when CaSO@ is used instead of the molecular seive, as
shown in Figure 4 which contains a blank together with the chromatogram from
a smouldering cotton sample. There is no useful difference between the two
.traces.

 $0 summarize, the chromatographic portion of the program was not a
success; in large part because of techniéal difficulties with the proposed
GC/IR method of aﬁélysis.. As incréasing difficultieé were encountered, more
and more of the program effort was directed info.the acfiyely fruitful |

device work, with what we feel has been significankt and uvseful results.
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IIT. PUBLICATIONS, PAPERS, THESES AND PATENTS

This grant has led to the publication of one paper, the presentation
of two additional papers at international device meetings, and the filing
of a major patent application. In addition, thé grant has supportad the'
S.M. Thesis work of Carl M. Sechen, a Graduate Réseargh Assistant in the
Department of Electrical Engineering and Computer Science, The various

publications, papers, and patents are listed below:

1. ﬁThe Charge~Flow Transistor: A New MOS Device"; 5.D. Senturia,'C.M.
Sechen, and J. A Wishneusky, Journal of Applied Physics;gg_lOG (1977).

2. "The Charge-Flow Transistor'", S.D. Senturia, C.M. Sechen, and J.A.
Wishne;sky, paper presented at the IEEE Intranational Electron Device
Meeting, Washington, D.C., December 7, 1976. A copy of this paper
is included as_the Appendix to this report.

3. "The Use of the Charge-Flow Transistor to Distinguiéh Surface and
Bulk Componéuts of Thin-Film Sheet Resistance", 5.D. Senturia and
C.M. Sechen, to be p;esented at the 1977 Device Research Conference,
C;rnell.University, 27-29 June, 1977.

4. . “Charge-Flow Structures as Polymeric Early-Warning Fire-Alarm Devicesf,-
' C.M. Sechen, S.M. Thesis, MIT Department of Electrical Engineering
and Computer Science, May 1977 (also issued as Technical Report No. 1

under NASA Grant NSG-3061).

5. "A Charge-Flow Transistor and Instrument Embodying the Same", S.D.

Senturia, patent application filed 22 April 1977 (assigned to MIT).
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The Charge~Flow Transistor

M,DC .
D 7, 1071L

S.D. SENTURIA, C.M. SECHEM, and J.A. WISHNEUSKYT

Department of Electrical Engineering and Computer Sciznce
and Center for Materials Science and Engilneering
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

ABSTRACT
The Charge-Flow Transistor (CFT)} is a new MOS device that we have developed
for applications (such as humidity, gas, and fire detection)} in which one wishes
to monitor the transverse or sheet resistance of a thin film. The CFT is similar

to an enhmcement--mode MOSFET, but with a gap in the gate metallization above the

 center of the channel region. The gap is coated with the thin-film material of

interest. When a gate-to-source voltage greater than the FET threshold voltagé is
applied, chiarge must flow in the thin film before a complete channel is induced in
the substrate., The time delay between the application of the gate-to-source volt-

age and the inversion of the entire channel region is sensitively dependent on the

. sheet resistance of the thin film.

This papér reports the successful fabrication of CFTs coated with.severai .
different polymgric thin £ilms. Expérimental results on delay.times as functiomns
of device geometry and polymer resistivity are shown to be in good agreement with
a simple theory of device behavior. Finally, we. report the first use of suitably
coated_CFTfs for the detection of smouldering firéé, one of the imporﬁant appli-

cations for this type of device.: -

% T o _ ‘ . .
Work supported in part by the Natiomal Scilence Foundation and by the NASA/Lewis

Research Center.

tPresent Address: Actron, 700 Royal Oaks Dr., Monrovia, CA 91016
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I. Introduction

The Charge-Flow Transistor (CFT) is a new }M)S device that we have
developedlh3 for applications (such as hum:i.di!:y,lI gas, and fire detection5~8)
in which one wishes to monitor the transverse or sheet resistance of a thin

film. The usual method has been to apply the thin film to a substrate carrying

an interdigitated-electrode pair, referred to here as a lock-and-key device

~{Figure 1). A major problem with this appreocach 1s that the film resistance is

often very high. The working currents are in the nanoampere to picoampere range,

_lrequiring elaborate detection electronics and careful shielding and guarding of

components.
Our new device permits the film resistance to be monitored with voltage

and current levels normally used in MOS circuits, and, in additioen, offers the

. following advantages:

1. The CFT is based on MOS technology. The fabrication process is
such that all silicon-wafer processing, including metallization and -passivation,
is completed before the deposition of the film. Thus, £ilms that would be un-
able to survive MOS processing steps can nevertheless be incorporated into the
CFT.
2. The CFT can be fabricated as part of an MOS integrated circuit.
The detection eireuitry.een thus be integrated with the sensor element, a factor
of major importance in ultimately reducing system size and cost.
.3. No guarding or shielding of components is required even for'filﬁs
with very high resistivities.
This paper outlines the principles of operation of the CFT and presents '

two kinds of eyperimental repults' Basie measurements of device properties,

. and the use of the device ‘to detect smouldering fires.
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I1. Device Principles

The principle of operation of the CFT is most easily described with
reference to a simpler structure, the "charge-flow capacitor" (Figure 2). The
substrate 1s conducting, and the two portions of the upper electrode are pre-
sumed to be connected together. The thin filﬁ of resistive materiﬁl (called

the polymer in Figure 2) is applied to a gap in the upper electrode. The in-

- sulator can be any material that is much more resistive than the polymer. When

a'voltage ié suddenly applied bétween the electrode and the substrate, the cap*.
acitor charges in two steps. First, the electrodes charge very rapldly to the
applied voltage, yielding the situation deplcted in Figure 2b. Second, charge
gradually fiows through the resistive polymer f£ilm (Figure 2c) until, finally,

a étate ié reached (Figure 2d) where the polymer-film portion of the capacitor

is uﬁifofmly charged té the appiied voltage. The time reguired for this charging
prdcess depends on the shéet resistance of the film (the resistivity divided by
the £ilm thickness), the width of the gap, and the dielectric constant and
thickness of the insulator.

During the cﬁarging process, the electric field between the polymer and
fhe éubstfate gradually increaséé. The Charge—Floﬁ Transistor exploits this
effect by incorpo:ating a chérge—flow cépacitor.into the gate of an enhdncement
mode MQSFET (see Figure 3). VNote the poiymer;filied gép iﬁ.thé'gate.electrode;

When a gate-to-substrate voltage larger than the FET threshold voitage is applied,

- the gate-to-substrate capacitor behaves like the charge¥flow capacitor of

Figure 2. A complete channel is not formed until the FET thrgshold volcage is
exceeded at all points along the gap. Thus, there is a time delay'between the

application of the gate-to-source voltage and the appearance of drain current in




the completed ghnel. The CFT acts as a transducer, convefting a sheet re-
sistance sneasurerent inte the measurement of a delay time.

An approximate theory of opervation of the CFT has been formulated by
moedeling the polymer-oxide-substrate reglon as an RC transmission line. The
theory is based on the following assumptions: (1) the polymer thickness is
uniform across the gap, (2) the dielectric constant of the polymer is unity,
(3) the contacts to the polymer are ohmic, (4) the substrate-oxide Interface is
an Oﬁ“ipbt@ntial, and (5) conduction in the oxide is negligible. Although none
ol these assumptions is strictly correct, the theory is reasonably tractable
and does yleld immediate insight into observed CFT behavior.

With the above assumptions,a theoretical expression for the voltage
as a function of time and of the distance from the gate electrode, for steady
state excitation by a unipolar square wave of amplitude VU and period 2T is
obtained by standard solution of thé'diffusion equation for ghe RC transmission

line. The result is:

-

vt = vy dE 4 Z (_27) Im  SOSLYR (R = 2 /2L sy L W
: : odd n N cosh (Va aW/2L)
L .
where
_ r
o : )

1 PET
==l (2)
‘L (dldz?) _ . .

and where p is the polymer resistivity, dl the polymer thickness, € the dielectric

permittivity of the insulator, d, the insulator thickness, W the gap width, and

2
o= (1 + i)//i.r The theoretical delay time is defined as the earliest time in
the "ON" half-cycle (0 <t < T) for which v(x,t) exceeds the FET threshold

voltage for all x., Equation 1 has been used to calculate delay times for com-

parilison with experiment, as discussed in the following section.




we have measured p/d

‘ laboratory ambients. Other CFT's weré spin coated with a 5% solution of PSB

I1TI. Experimental Results

A. Device Behavior

We have fabricated p-channel CFI's with s gate-oxide thickness of
1000 R {(for which € = 3.9),9 and with gap widths that vary from zero to 1,5
mils in quarter-mll steps. Figure 4 shows the top view of a single CFT with
a one-mil gap, and aiso shows the nine-transistor array (including three control
devicés ﬁith'no gap In the gate electrode) that constitutes the basic replication

unit in our fabrication process. Gate, drain, and source metallizations are

clearly visible; the dark area in the gate gap is the active sénsor’region.

Some of the CIFT's were spin-coated with a 5% solution of PFIlO in

dimetrhyl formamide. PFI is a polymer for which we have sheet reslstance data
from spup-on films based on measurements with conventional lock-and-key devices;

1 to be on the order of 5 x 1014 ohms/square in normai

11

in dimethyl formamide, a polymer with similar electrical properties to PFI.

: The first measurements performed were to determine the variation of

. delay timé with such parameters as gap width and applied gnte-to-source voltage.

We have used the standard_thrgshold—ﬁoltage definition as thgt gate;to—source
voltage needed to produce a drain current of 1 uA.. MeaSured.tﬁreshold voltages
fbr.our CFT's are 3.9 + 0.1 V. 1In ﬁhe éteady state with a unipolar squaré wave
applied, we measure an experimental delay time ﬁetwegn ﬁhe beginniﬁg of the

"ON'" half-cycle of the_square wave and ;he time at which the drain curtént reaches
1 YA, Figure 5 1llustrates the variation of delay time with_gap_width”énd

applied voltage for PFI-coated devices for a Unipqlar square wave with haif—period

T == 20 seconds. As expected, there is a general increase in delay time with




in;reasing gap width, and except for the very short delay times {(where the
transmission line medel can be expected to hreak down), there is a monotonic
&ecrease in delay time with incr?asing applied voltage. As an illustration of
the variation of delay time with gap width, the data at VO = 8 volts (twice
threshold,and marked by the arrow im Figure 5) have been replotted in Figure 6
as a function of gap width. The solid curve is calculated from Equation 1 using
a value of L = 0.13 mils. This value of L corresponds to a polymer sheet re-
sistance of-p/dl = 1.7 x lOls,ohms/square, in good agreement with the results
obtained from the interdigitated-electrode devices.

In the above experiments, the square-wave perilod was chosen such that
2L and W were comparable in size. In this regime, the delay time is roughly’
proportional to W/L, and since 1/L is proportional to the square root.df the
polymer resistivity, the ﬁelay time should vary with pllz. The [ollowing set

of experiments 1llustrates this varilation of délay time with polymer resistance,

B. TFire Detection with CFTs

To illustrate the use of suitably goéted CFTs for sensor applicatipns,
we presént resﬁlts of tests on the.reSpoﬁse of PSB- md PFI-coated CFTs to the
emanations of a small smouldering fire. The chamber for these experiments is
an 12-inch~long tube (2-inch diamecter) containing at one end a heater coil into
vhich a.small combustible.charge can be placed, and, at the other end, a mount
for'the device under_testf A sufficient air—flow rate is maintained to prevent
a build-up of combustion preducts in:thc tube. -~ Combustible charges are in the.
range 6510 ﬁg of material, and the heater current is set to produce smouldering -
without flaming. Each combustible material has a characteristic profile of

emission of detectible combustion products.’ The data presented below are for




samples of 8§ mg of an acrylic fiber.

Figure 7 shows the response of a PSB-coated lock-and-key device to the
smouldering fire. The device 1s driven with 60 volts; current is measured with
an electrometer; the entire assembly is electrically shielded. Note the arrival
of significant combustion products at about 120 seconds after heater turn-on,
an extremely reproducible feature of all such tests with acrylic samples. Note
also the increase in current through the device by a factor of 10 at the peak
compared to the pre-fire level, The heater current 1s not turned off until
after smouldering is complete, as evidenced by the peak in the PS5B response.

Not shown in this figpure is the fact that the current does recover fully to its
pre-fire value, énd that a repetition of the test does produ;é feasdnably re-
peatable results, Responses of PFI to acrylic are quite similar to the PSB
.fésponseé. |

The cdrresponding wayeﬁorms for a PSB~coated charge-flow capacitor are
.shown in Figure 8, .Before tﬁe heater.is turned on; alternate éyclés.of charging
current and dlscharging current are evident, At about_;lO seconds after the
heater is turned'du, tﬁe chargingﬂcurrgq# shows the éame éudden peak as was seen
in the lock-and-key dévice, thus illustraﬁing the.charge-flow principle directly.

Finally, the results of_fire tests on a PFI-coated CFT with acrylic are
shoﬁn in Figure 9, Here, it is ﬁot poséible to represent the continuous change
of polymer resistivity, because one samplgs_the delay time only once each period.
Naﬁertheless, the trend 1s quite clear, and closely follows the results of
Flgures 7 and 8, The delay time falls from 17.6 seconds at heater turn-om to
5.6 seconds at about 120 seconds after turn-on, and then returns to its pre-

fire valué.  The magnitude of the change in delay time is consistent with theory. .



The ‘polymer resistance,as measured by a lock-and-key device, decreases by a
factor of 10, The corresponding CFT delay time drops by a factor of 3, very

close to the value Y10 that one estimates from the theory.
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IV. Discussion

The above results demonstrate the principle of operation of the CFT,
and 1llustrate its potentilal use In sensor applicatiens.

Oite caution.is that because the CFT sensor cannot be fully encaﬁsulated,
it will be more susceptible to long-term contamination than encapsulated M0OS
devices, and deposition of suitable passivation layers over the gate oxide
and/or over the entire chip may be required. Thus far, we have not obgafved
threshold vditage drift on a time scale of months with the devices operated
in normal ambilents aﬁ room temperature.

Even if passivation layefs are.added to the device, the 5pplication
of the sensing film is the final processing step. bur particular polymer films
are spun on from solution but the.CFT could also be ﬁade with-évaporated,
sputte&d, or even sprayed-on films. Thus MOS—compatible and MOS—integraSlg
sensing devices can now be made from materials which previously could only.be
used in discrete—device_ﬁorm.

The authors wish to thank Dr. Dan Smythe of the MIT Lincoln Laboratory

- Mieroelectronics Laboratory, for access to pattern—generation facilities used

in making the masks for our devices.
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hyde. See Referéﬂte 7 for details.
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Figure Captions
Exploded view of a lock-and-key device.

Cross sectional. view of the charge~flow transistor. (a) Structure;

(b) Just after application of a voltage; (c¢) Partially charged;

{d) Fully charged.

Crosse sectional view of the charge-flow transistor.
Top view photographs of charge~flow transistors. The gapped gate
metallization lies berween dréin and source metallizations. The
nine~-transistor array contains three control transistors {(no gap)

and six transistors with gép widths of 0.25; 0.5, 0.75, 1.00, 1..25,
and 1.50 mils.

Variation qf CFT delay'time with gap width and applied unipolar-
square-wave voltage. The threshold voltage of the dévicas is

3.9+ 0.1 v, |

Comparison of experimeﬁtal delay times from Figure 5 with theoretical
delay times calculated from Equati-omn 1, |

Fire test of a-PéB—coated lock-and-key device with ﬁ smoulderiﬁg

B8 mg acrylic sample.

Fire test of a PSB-coated charge-flow capacitor with a smouldering

8 mg acrylic sample.

Fire test of PFI-coated charge flow transistor with a smouldering 8 mg

acrylic sample.

MY wir b bi st e

EiE

I Ty




y

- %’917
£ e
—ia

Gas-sensitive polymer
layer

LocK-and-Key electrodes
on insulating substrate

Tertmnals

| ock-and-key Device



SRR

b\

c)i

d)

Metal Electrodes

/Polymer

Wz w72

e
ki*i\\\_—\\ \\\\ \Xj‘ T

\‘“\\' \\\\\\ \\\-—g\i_T :

/_// //////// +
+ ++/]+ L ITLLEIL LI AL 4+ + ++++rj_

.....

— o — —— ..-—--.-..-.—-—..—-..-—-_-—.—.-—«--..-—-.—-—-

N

<—Insulator (oxide)
¥—Substrafe (conducting)

Vo

0

The Charge-Flow Capacitor



Gate Electroae

\ Polymer

e - f

soures | < T o j\\z
S \ N
NN \\“\\\\\\\\&

The charge-flow iransisior

: --—\}4 —Meataol




“Top VEW
Charge Flow Transistor
(W= 1mil)

Nlne -Transistor Array



W=
0.25 mils
0.80
Q.75
1.00

IS

[S

|4

(Volis)

12

10

_l
« 4 & B

e

<
AN

|
Y
a\

R T S (U NGRS e e O
&= 2 3 & O 9w ¢ ¥ o
(Spuodss) awiy Apja( .

Applied voltage



20 |- Theory for
L=0.13

o r-

Delay time (seconds)

0 | | ! l I
0 025 030 0OJ5 100

W ( miis)

Delay Time vs W for Vo = 8 Volts



L. o
e D P
<
e
ey Lhr-
Wk Heater
& 10 OFF
tj: Heater :

ON
© o5} .
0 3 l I | L 1
0 50 [CO iI50 200 250 300

Time (seconds)

Lock-and-Key PSB with Acrylic



HELE BTy, T APETE AW S MR - = AR S N DL S

-
ity i 3 f‘ Arrival of combustion

=t products at 110 sec.
o 11l cHARGING /

o ,/ Heater Hgg;rer

il (R 14 ON | ;

S S e

0 = il S ' : : | - :
3 S o g 300 — 450
R o Time (seconds) (/

=

c -l

= 7

e DISCHARGING/ ,

- J |
-2 =

Charge-Flow Capaciior PSB with Acrylic




20 Sy et U ko

I ' | |
O«
— h"Q*.’
W = o
= 1o . 0=
s q-; ﬁﬂﬂzzc"m
@ 3 o
8 3 :;:‘-"*‘ﬂ‘p
N i Qa‘"ﬁ
~— a o
@ IO ﬂ‘ Atg""‘co Mk
E % &
- ) ¢
= o’
8 5 | ¢
+— ~120 sec.—"l
O | | | | 1 l ! | |
0 2 4 S 8 10

Cycle number (period =40sec)

Charge-Flow Transistor { PFI with acrylic)



	GeneralDisclaimer.pdf
	0001A01.pdf
	0001A01_.pdf
	0001A02.pdf
	0001A02_.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf

