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AFIT/GNE/PH/78D-2

Abstract

Metal-Nitride-Oxide-Semiconductor (MNOS) t ransis tors  were

evaluated as radiation dosimeters  in the neutron-gamma radiation

field of a nuclear reacto r as compared to their behavior when

exposed to gamma rays from a calibrated 60 Co source at 40.3  krads

(Si) per hour.

Their response to gamma rays confirmed the results of a pre-

vious stud y (Ref 3) which showed that the change in the threshold

voltage for conduction, 1~VT, followed a relation 1~VT = t~VTMAX

( 1_ e~~~R ) where R is the total absorbed dose and ~VTMAX is the

maximum change in threshold voltage for  an infinite radiation dose.

For gamma irradiation, t~VTMAX approaches ~~5 volts at an exposure

of ~ 4 Mrads (Si).  Response to reactor radiation follows the same

relation except for an anomalous increase of ~ 20% in I~VTM~~X .
I. 

~

When shield2d with cadmium, 1~VT upon repeated irradiation is

repr oducibl e within 2% for  four runs . When unshielded, a small

parallel, o f fset  in ~VT results .

The devices have survived neutron fluences of 1.9 X 10 16 cnc 2.

After irradiation in the reactor , the responses of two devices to

gamma rays were within 5% of pre-irradiation values.

A simple schematic is given for the testing circuit along with

procedures to follow to determine gamma ray doses from the MNOS

( device.
vii
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RESPONSE OF MNOS DE VICES TO
NEUTRONS AND GAMMA RAYS

I. Introduction

The purpose of this stud y is to fu r ther  evaluate the Metal-

Nitride-Oxide-Semiconductor (MNOS ) t ransis tor as the detecto r in a

radiation dosimeter, by exposing the t rans is to r to hi gh levels of

neutrons  and gamma rays . The MNOS t rans is tor  is a charge storing

device. A radiation dose absorbed by the device will reduce the

amount of that charge in a predictable way. The dosimeter  uses , as

a measure  of the magnitude of the stored charge , the gate voltage

that causes the t ransis tor  to conduct an amount of current  over some

threshold value . This threshold voltage will vary  depending upon the

amount and typ e of charge stored in the MNOS t rans i s to r .

The MNOS t rans i s tor  has been shown to be an eifect ive gamma

ray dosimeter for high dose levels , from 10 krads  (Si) to 4 Mrads (Si) L
(Ref 3). The siud y showed that they could repeatabl y measure  doses

with a precision of ± 2% (Ref 3:38). The t rans is tors  could be read V

directly while still in the radiation field and were electrically reset-

table after measuring an accumulated dose. They seemed to be

un affected by a total dose of 20 Mrads (Si) and appeared to be

Independent of dose rate .

1
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•1
Previous studies indicated MNOS t rans is tors  suffered no ill

effects from being exposed to neutrons  from a fas t  burs t  nuclear

reactor (Ref 9 ) .  A brief report by Girii , et al. indicates that MNOS

trans is tors  are relatively insensitive to neutrons from a critical

reactor as compared with gamma rays .

Scop e of the Stud y

The MNOS t rans i s to r s  of this s tud y were to be irradiated in a

calibrated Co gamma ray source and in a crit ical nuclear  reactor.

It was planned that the response of the t ransis tors  to calibrated

gamma ray doses could be determined before and after  irradiation in

the reacto r to serve as a measure of neutron radiation damage.  The

response of the transistor  to the mixed gamma ray and neutron

radiation of the reacto r could g ive general  information on the rela-

tive sensitivity of the MNOS to neutrons in a hi gh gamma ray flux .

Covering the MNOS transis tors  with cadmium would disclose effects

due to thermal neutrons versus fas t  neutrons .

It was recognized that in using a reactor for  a source of

neutrons, the investigator would be unable t~ isolate the effects of

neutrons and gamma rays . A neutron generato r was p re fe r red  but

unavailable for  this stud y.

The investigation was limited to the stud y of a group of 5

MNOS transis tors . The data obtained provided input to the appik a-

bility of MNOS devices as neutron dosimeters and to the effects of(
2
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n eutrons.

App roach

Chapter II gives the theory of operation of MN JS t ransi s to r s

and the theory behind their  use as a radiat ion dos imeter .  A descrip-

tion of the t r ans i s to r s, the experimental setup , the procedures used ,

and the experiments done on the t rans is tors  are described in Chapter

III.  The resu lts  of the experiments are  presented  in Chapter IV , with

Chapter V containing a discussion of the s ignif icance of the results

and some recommendations for  fu r the r  r esearch.

( 3
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II. MNOS Theory

The Metal-Nit r ide-Oxide-Semiconductor (MNOS) t ransistor

was developed with the hope of producing a bet ter  Metal-Oxide-Semi-

conductor- F ie ld-Effec t -Trans is tor  (MOSFET). An MNOS t ransis tor

would have two layers of insulato r and therefore, a higher input

res is tance than the MOS trans i s to rs .  When the f i r s t  MNOS transis-

tors were tested to determine their electrical character is tics , their

threshold voltages were found to be variable. This newl y discovered

hys te res i s  effect led to their use in memory a r rays . Radiation hard-

ness testing of these memory arrays  spawned the idea of using the

MNOS transis tor  as a radiation dos imeter .  Fraass ’ stud y (Ref 3) has

shown that the MNOS transis to r responds repeatedl y to gamma ray

doses with a high degree of precision . This chapter describes the

MNOS s t ructure, its operation, the theory of its operation , changes

in the threshold voltage due to time and radiation and the read-disturb

effect , i . e .  disturbance created by reading the threshold voltage.

I ,

MNOS Structure

The MNOS t ransis tor  is a member of the insulated-gate-field-

effect - t rans is tor  family. A typical MNOS t ransis tor  is shown in

Fig. 1; the ones used in this experiment are similar to it. Figure 1

e 4
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shows a p-channel enhancement mode transistor consisting of a sub-

s t ra te  of 200 micrometers  of lightl y doped n- type  silicon with source

and drain reg ions of heavily doped p- type  material, and a gate region

which lies between and above the source and drain regions . The

gate contains a 2 nanometer layer  of silicon dioxide (Si0 2 ) and a 50

nanometer laye r of silicon nitride (Si 3N4). Aluminum contacts pro-

vice electrical connection to the t rans is tor .

MNOS Operation

Operation of the p-channel enhancement mode t ransis tor  depends

upon the voltage applied between the gate and substrate  (V GS). When

VGS is a negative voltage of sufficient magnitude, a current  will flow

between source and drain 
~
1SD~• This negative VGS causes holes to be

drawn up to the substrate-oxide interface, thereby providing a positive

conduction channel for  current  to flow.

Threshold Voltage. Threshold voltage (V T ) is defined as the

value of VGS needed to cause a small amount of current  to flow

between source and drain . In this stud y, VT was arbi t rar i ly defined

as that voltag e needed to cause the total to be 9 .55  microamps

above the leakage current .  The value of the variable thre shold vol-

tage depends upon the conduction state of the t rans is tor .

Conduction State. An MNOS device can operate anywhere

between two extreme states of conduction described as high saturated

6
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and low saturated . A high-conduction state occurs when electrons

are trapped in the nitride , while a low-conduction state results when

holes are  trapped. Fig. 2 shows a set of curves featur ing VGS vs

‘SD for a typ ical device. The two outside lines show the saturated

high and the saturated low conduction s tates .  The actual VGS vs 1SD

curve can rang e anywhere between the upper and lower limits . The

threshold voltage V T is shown for both states along with the leakage

currents . The center  curve , marked stable, shows VGS vs ‘SD for a

t ransis tor  that has no charges trapped in the nitride layer .  The mag-

nitude of the VT will always range between the hi gh and the low

curves with typical values between -0. 5 volts to -12 volts , respec-.

tively. The threshold voltage indicated by VTO can be called the

stable threshold voltage. It does not change with time.

• Writing. Writ ing is the process by which the transistor is

placed into either conduction state . This stud y defined writing as

placing the t ransis tor  in the high conduction state . , It is the act of

storing negative electrical charges in the silicon nitride laye r of the

t ransis tor .  This can be accomplished by applying a large positive

VGS pulse for a sufficiently long time. In thi s stud y a +24 volt - 1

second long VGS pulse was used as a write pulse. The large positive

signal on the gate causes electrons to quantum-mechanically tunnel

through the oxide layer to reach the nitride layer and the gate . Some

of these electrons enter Into deep traps in the ni t r ide .  When the

H ~‘
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I
number of electrons reaching the gate equals the number  tunnelling

through the oxide , saturation has occurred . After  the wri te  pulse has

stopped , these trapped electrons pull holes up to the oxide-silicon

inter face  to form a part ial  conduction channel from source to drain .

The magnitude of the threshold voltage is lowered and the amount of

leakage cu r ren t  inc reases.

Clearing. Clearing is defined as the process by- which the

transis tor  is placed in the low conduction state . The clear pulse is a

large negative VGS pulse that causes p~. sit ive electrical charges to be

stored in the ni t r ide  layer .  A pulse of -24 volt with 1 second dura-

tion was used as a clear pulse in these studies. The large negative

signal on the gate causes holes to tunnel through the oxide layer into

deep trap s in the ni t r ide layer . Saturation occurs when the number

of holes leaving the n i t r ide  through the gate equal s the number tun-

nelling through the oxide. At the end of the clear pulse , the trapped

positive charges pull electrons up to the oxide-silicon interface to

h ock the conduction channel . These electrons cause the magnitude

of 
~ T to be much higher and reduces the leakage current.

Mechanism of Oneration

A more detailed exp lanation of the theories behind the movement

of charges in MNOS transistors  can oe found in articles by ~~rohman-

Bentchkowsky and Lenzliriger (Ref 4), Svensson and LundEtr~ m (Ref 8)

9
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and most recentl y b y Chang (Ref 2) .  Chang models the movement of

charges from the silicon substrate to the nitr ide layer by several

processes (Ref 2:512-513). Two of the processes involve high energy

electrons or holes that are not normally found under practical

operating conditions . The other two processes occur while the

transistor is being subjected to a wri te  or clear pulse.

If the t ransis tor  is initially uncharged and is being subjected to

a write (positive) pulse, at the gate , the energy band-level diagram

will look like Fig . 3. As a consequence , electrons tunnel from the

silicon conduction band throug h the oxide potential energy bar r ie r  to

the nitride conduction band . When the charges get into the conduction

( 
band , they will either fall into local traps or will dr if t  fur ther  into the

nitride layer , where they are thought to be trapped according to the

trapping model put fo r th b y Arnett  and Yun (Ref 1). This direct band-

to-band tunnelling will dominate over the following process in the

initial stages of the write pulse.

As the number of charges in the nitride layer build up, the

potential energy band diagram changes to look like Fig . 4. Electrons

now have to tunnel through the oxide potential energy barr ier  and part

of the nitride potential energy ba r r i e r .  This process is called the

modified-Fowler-Nordheim tunnelling by Svensson and Ludstr~Sm

(Ref 8). Toward the end of the write pulse the tunnelling process

( becomes dominated by this second process.

10
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Fig . 3. Energy Band Diagram - Direct Band-to-Band Tunnelling
(Ref 2 :5 12)
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Fig . 4. Energy Band Diagram - Modified Fowler-Nordhetm
Tunnelling (Ref 2:5 12)
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As more charges  build up in the ni tr ide layer , some of the

electrons near  the metal gate are detrapped and escap e . Also, the re *

is a reduction in the number  of charges  tunnelling through the oxide

potential energy b a r r i e r .  When the number  of electrons detrapp ing at

the gate equals the number of electrons tunnelling through the potential

energy ba r r i e r s , saturat ion has been reached . The total number of

trapped charges depend on the device and the voltage of the wri te  or

clear pulse.

Changes with Time

After  the wri te  pulse , the gate voltage is re turned to zero . The

trapped electrons s ta r t  to tunnel back to the silicon due to their

induced electric field . This reverse tunn elling decreases the amount

of stored charge in the n i t r ide  layer , thereby causing an increase in

the magnitude of the threshold voltage. The change is linear in log

time as seen in Fig. 5 and in the article b y White and Cr icehi (Ref

11:1286). This cha rge removal process is also the mechanism

responsible for changes In the threshold voltage due to the absorbed

radiation dose.

Radiation Ef fec t s

Radiation causes shifts In the threshold voltag e of MNOS

tr~ nslstors  b y the production of electron hole pairs in the nitride

layers . The Interaction of gamma ray s can produc e Compton and

12
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photo-electrons which then produce these electron hole pairs . As

these radiation-induced charges slow down and lose energy,  they

dr i f t  in the internal electric field caused b y the trapped charges , and

thus cause the conductivity of the nitride layer  to increase  which

allows the stored charge to leak out.  As a consequence, the reduced

charge in the ni t r ide  layer  causes an increase  in the magnitude of the

threshold voltage.

Theory. The empirical equation relating the shift in threshold

voltage in an MNOS t rans is tor  to the accumulated radiation dose was

proposed by Wegener  et al. (Ref 10). It is based upon the app lied

electric field , the space charge , and current  in an insulator .  The

flow of radiation-induced ch~.nges is modeled by ohmic transport  of

the induced space charge in the insulator. Wegener et al. assumed

that the trapped charge is stored at the oxide-nitride in terface .  A

modification of this model by Williams and Nichols (Ref 12) assumes

the trapped charge is stored throughout the nitride l ayer .  A portion

of the Wegener et al. model with the modification is presented here .

The gate of the MNOS transis tor  is approximated as a two-laye r

• insulator as shown in Fig . 6. The trapped charge in the ni tr ide is

modeled by a sheet of charge per unit area a located a distance of X 1

from the silicon and X 2 from the gate . A stud y has shown (Ref 6)

that the very  thin oxide layer is incorporated into the ni tr ide layer

during deposition, which alters the properties of this part of the
(_

~ 14
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1

nitr ide layer .  This situation is approximated b y assuming that the

thickness X 1 is silicon nitride , with a slightl y d i f ferent  dielectric

constant E ’N than the silicon ni t r ide in the X 2 region .

When no voltage drop within the silicon is assumed, the

following relationship holds for  the applied voltage VGS and the charge

per unit area , a

E 2X 2 + E1X 1 V~~s (1)

(‘
N

E
i 
- EN

E Z = a (2)

where E ’N and E N are the dielectric permativit ies, and E 1 and E 2 are

the electric fields for the nitride regions X 1 and X 2, respectively.

It is assumed that the value of a is responsible for changes in

the flatband voltag e, VFB where VFB is defined as that value of VGS

that gives E 1 = 0. This relationship, when combined wi th equations

(1) and (2), gives -

x2
• VFB C _  (3)

E N

Solving equations (1), (2),  and (3) for E 1 and E 2, one results in

= YE N (V GS~
VFB ) (4)

E 2 = y € I N (VGs+BV FB ) (5)

1 16
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where  Y = (E N X 1 +E N X 2 ) and ~ = (NX 1I( NX 2.

Equat ions (4) and (5)  a re  valid for  E 1 and E 2 at any t ime.  To find

VFB as a funct ion of t ime , the c u r r e n t  cont inui ty  equation is used.

dE 1 dE 2 (6)

where and are  the c u r r e n t  dens i t ies  in A/ cm 2 for  the two

regions .  Equat ion (6) , when r e a r r an g e d  and in tegra ted  g ives an

explicit equation for  the t ime required for  VFB to change f rom V
~~B

to 
~~FB

~~ = 
FB~~~~NdE 1~~~E N dE 2 (7)

By d i f f e ren t i a t i ng  equation (2 ) ,  combining it with equation (3) and

subst i tu t ing them into equation (7),  one finds that time becomes a

function of VFB .

~~~~~~ 

SV FB V 
(8)

Equation (8) holds for  any two layer  insula tor  system on a non-

degenera te  semiconductor .  A f t e r  the denominator  is changed to

J 2 + J 1, equation (8) gives the amount of time it takes to change f rom

( 
17
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1

the initial VFB to the final VFB by removing charges  from the nitr ide

laye r .  By using the proper  funct ions for and and the proper

limits , one can find the flatband voltage as a function of time by

integrating equation (8).

The response to radiation is included by use of radiation-

induced current densities 3 lR and 3ZR~ 
In the modification of the

Wegener et al. model b y Williams and Nichols, they assume the

radiation-induced charges are trapped in the nitride layer before

they reach thermal equilibrium . It is their drif t ing during the

slowing down process that makes up an ohmic conduction current  in

the nitr ide layer .  Williams and Nichols (Ref 12:1554) proposed that

the radiation-induced current  conductivity K
N is defined in the two

regions by

~~lR KNE 1R (9)

32P. K~~E2R (10)

where, 
~
•R is the radiation-induced current density and R is the

ionizing radiation dose rate in rads/second . The epithermal con-

duction model of 3
R 

is explained in much greater detail in the

Williams and Nichols article (Ref 12: 1555-1557).

By substituting equations (4) and (5) for  E 1 and E 2 into the

equations for  and 3
2R ’ one results  with the following two

- ___ - - ______________ _ _ _ _ _ _



equations .

~~lR K
N RY€ N

(V GS - VFB ) (11)

32R KNkY~~’N (V GS + ~~~FB ) (12)

Equations (11) and (12) are substituted in equation (8), leading to

-BR = 
FB FB (13 )

V
~~B 

AV GS +V FB

where: B KN (X l 4
~
X

z
)/ E NX l

+(1
NXz ) (14)

R Rt , the absorbed dose . (15)

A = (E N /E N - 1)/ ( 1 - X 1/x 2 ) ( 16)

Upon integration and rearrangement, equation (13) leads to

= V
~~B 

exp (-BR) + AVGS J exp (
~ B R ) - . 1I  (17)

Equation (17) predicts that the fiatband voltage is a function of a~i

exponential decay of stored charge from the f i r s t  term and an

exponential accumulation of new charge from the second term .

By using the following relationship between flatband voltage ,

threshold voltage, and the stable threshold voltage

VFB = V T~~~VTQ (18)

On e can write equatio n (17) as
/
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-

~~
T = VTO+( V T - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (1 9)

When the MNOS devices were exposed to radiation, the gate was

grounded to the substrate excep t wh en V
T was being measured. Thus

VGS can be set to zero. Also the threshold voltage VT, the stabl e

threshold voltage VTO, and are  replaced b y E~VT, ~VTI~~~X, and

0, respectively. These changes lead to

t~
VT 

= t~VTMAX [ 1-exp (~~BR)]  (20)

where the magnitude of ~ VT represents  the chang e in threshold for  a

given radiation dose R.  The value for ~ VTM~A X  represents the max-

imum threshold voltag e shift for  an infinite radiation dose.  Equation

(20) has been shown to fi t  the experimental data for  an MNOS tran-

sistor  being irradiated with Cobalt-60 gamma rays with a 2% pre-

cision (Ref 3: 3 5 — 3 7 ) .

Read-Disturb

Reading is the process of applying a voltage to the gate of the

MNOS transistor to determine the threshold voltage -for conduction .

The basis of the read-disturb effect  can be seen in equation (19).  Any

VGS signal will change the amount of stored charge in the ni tr ide

layer and thereby change the VT. For this reason the read pulses

must be kept much shorter  than the pulses used to store charge in

the n i t r ide .  A possibl e mechanism for this low field strength

tunnelling is the trap-assisted charge injection model put forth by

Svensson and Ludstrb ’m (Ref 8) .
( 20
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• III . Equipment and Procedures

This chapter describes the MNOS transistor, its holder and

testing circuitry, the radiation facilities used, th e sta ndardi zed

test ing procedure used , and the individual experiments . Due to re-

strictions on propr ie tary  information , minimal information is given

on the exact s t ruc tu re  or manufacturing techniques used to make the

MNOS transistors in this experiment.

MNOS Transis to r

The MNOS t ransis tors  used in this experiment are research

and development devices. They are a small part of a much larger

test circuit contain ed on a silicon chip. These chips were packaged

in 14 pin , gold-plated flat packs. Only one MNOS transistor was

used per flat pack, so only four pins were  actually used , the gate ,

drain , source, and substrate. The other pins were connected to

other unused parts of the test circuit .  The gate and the source pins

were also connected to two other unused t ransis tors  that have

stepped gates , which have been shown to suffer  irreparable radiation

damage (Ref 3:39) .

Standard MNOS production techniques were used to make the

transis tors  used in this experiment. The dimensions shown in

(-
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I

Fig . 1 are typ ical of this typ e of thin-oxide memory t ransis tors . These

transistors were manufactured by Sandia Laboratories, Albuquerque,

New Mexico, in May 1978. Because these devices were test transis-

tors, they were built without diode protection for the gates. Any

static electr icity discharge into the gate could easil y burn through the

thin layers of insulator in the gate , destroying the transistor .

Therefore special handling techniques were used to prevent any of the

14 pins from becoming ungrounded during transfers of the device from

one holder to another.

Transistor Holder

The transistor was held in a 14-pin flat-pack socket called a

( Barnes Connector. Electrical connection was provided to the Barnes

• Connector in two different way s . In the f i rs t  holder, the Barnes

Connector was mounted on a iS-contact plug board measuring 3-1/2

Inch by 2-1/2 inch. A 2 inch by 7 inch square aluminum box with a 15

socket circuit board holder was used to hold the plug board during

gamma ray irradiation . Another circuit board holder with its sockets

shorted together was used when the plug board was not in the alu-

minum box .

The second type of flat pack holder was designed for use in the

nuclear reacto r.  It consisted of a Barnes Connector mounted on a

1 inch by 4 -1/2  inch PC board . Three 19-foot RG174 coaxial cables

S 22
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were connected to the gate , drain, and source pins on the back of the

Barnes Connector.  The rest of the pins were  shorted together  and

connected to the source  lead. The three cables end in BNC tees ,

enabling them to be connected to the automatic circui t  while a

grounding cap was still on the lead . Cellophane tap e was used to

hold the cables to the PC board .

Automatic C i r c u i t r y

The conceptual model for a simple , automatic, threshold-

voltage determining c i rcu i t  was put forth by Fraass (Ref 3:45). The

circuit desi gn and construction was accomplished b y George Gergal ,

an AFIT electronics design technician .

Design.  The c i r cu i t ry  consists of three separate parts

desi gnated read , wr i te , and clear.  The clear circui t  consists  of a

1 second long monopulse generato r that turns  on and then off , a

t ransis tor connected between -24 volts and the gate of the MNOS .

The wr i te  c i rcu i t  is the same except the voltage is +24 volts .

The read circui t  is shown , slightl y simplified , in Fig. 7. It

s tarts  with a 1 second , +5 volt pulse , in tegra tes  it into a -5 volt

ramp, doubles and inver ts  it , and then adds the ramp to a pulse train

that is at +10 volts for 0 . 2  milliseconds and 0 volts for  0 .8  milli-

seconds. A final  Inversion scnds a 1 second 0 to -10 volt modulated

ramp that is divided into 1000 steps (0.01 volts/ s tep)  to the gate of the

::~~~~~;:.
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MNOS . When the VGS is large enough to cause the 1SD to reach the

defined threshold cur r en t , the voltage drop across the drain resis-

tor equals 0. 1 volts . This 0. 1 volt pulse , af te r  amplification,

t r iggers  a flip-flop and also stops an a r r a y  of di g ital counters that

were counting each of the steps. The threshold voltage is then read

off the counters in negative volts .

The automatic c i rcu i t ry  is contained in a 6 inch by 8 inch

square box that also contains the five power supplies , switches and

connectors , making the whole c i rcu i t ry  very  portable.

Operation. Each of the circuits is actuated by a pushbutton

switch . The read circuit has the added fea ture  of a reset pushbutton

to reset  the flip-flops and the counters . This prevents an accidental

erasure of the threshold voltage reading . A three-position rotary

switch on the line leading to the gate of the MNOS prevents the

feedback of a clear or write pulse into the last opamp in the read

circuit.

Radiation Facilities

Three separate facilities were used to expose the MNOS tran--

sistors to ionizing radiation . Two facilities produc e a gamma ray

envi ronment and the other is a combined neutron-ga.nma ray

environment.

Gamma Facili t ies.  The f i rs t  facility used was the Air Force

. 
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Weapons Laborator) ,  (AFWL) Gamma Ir r ad i a t i on  Faci l i ty  located at

Kir t land Mr Force Base , New Mexico. The fac i l i ty  uses Cobalt-60

gamma rays to give a maximum dose rate of 11 .69 krads  (Si) per

minute at a dis tance of 6 cm from the source  center l ine .

The second Cobalt-60 so~irce was the Gamma Irradia t ion

Facili ty at the Air  Forc e- Ins t i tu te  of Technology (AFIT),  Wright-

Patterson Air Force Base , Ohio. The AFIT GIF is able to i r r ad ia t€

at sample at a dose rate of 40 .3  kilorads (Si) per  hour at the center

of its source a r r a y .  The gamma fac i l i t i e s  were used to cha rac te r i ze

the MNOS t rans i s to r ’s response to gamma rays both before and a ft e r

test ing in the nuc lea r  reac tor .

( 

Reactor  Facilit i . T h -  reactor  used w~ s the Ohio State Univer-

sity Research  Reactor  (OSURR) located at Columbus , Ohio . It is a

swimming pool type reactor  using light water  as a moderator .  The

reactor is fueled with uranium-aluminum alioy plate 3 with the —

uranium enriched to 93% 235 U. Ten plates are arranged into a fuel

element measur ing 3 inch b y 3 inch b y 35 inch with 24 inch of active

fuel length . Twenty of these fuel elements are arranged in a 5 X 5 • .

4

matrix along with four control rods and the Central Irradiat ion Facil-

ity (CIF) .  The CIF is located in the cente r of matrix position (3 , 3).

It is a 1-1/2 inch diameter  b y 20 foot aluminum pipe that extends

from the bottom of the core to above the surface of the water covering

the reactor.  It is a d ry  faci l i ty  that allows access to the center of
26 •
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the reactor  core (Ref  7 ) .

The MNOS t r ans i s to r s , mounted in the nar row holders , we re

ir radia ted in the CIF. The reactor was operating at a 10 kilowatt

thermal powe r level for all of the experiments . The neutron flux

was approximately 3 .6  X 10 11 n e utr o n s/ c m - s e c, although it varied

from device to d evice due to d i f ferences  in absorption and local flux

depression caused by the var ious  device holders.  The gamma flux

was not known for the CIF , due to its small size , but a measurement

at the ed ge of the core indicated an order  of magnitude app roximation

to be between 10 to 80 krads per  minute .

Standardized Tes t ing  Procedures

The time his tory of the MNOS t rans i s to r  is ve ry  important

because of the changes in threshold voltage VT with time . Also

important is the amount and polar i ty  of the charge that is trapped in

the ni t r ide  l aye r.  To insure  repeatable per formance  f rom a device ,

the above two factors have to be the same each time the device is

te sted.

Saturation of MNOS. A good point to s tar t  the his tory of a

MNOS t rans i s to r is the point of sa turat ion . This requires  writ ing

the device several times until the VT changes by less than 0 .01  volts.

Care also has to be taken to insur e that the write pulses are spread

ou t In time to avoid putting a pseudo D.C.  voltage across the gate ,

( 27
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r isking permanent  damage to the gate s t ruc tu re .

The method used in this experiment  was to wait 10 second s

between wri te  p~ilses. The number  of wr i te  pulses needed to achieve

saturation was determined by comparing the VT ’ S , measured  5

seconds and 30 seconds a f t e r  the last wr i te , as the total number  of

wri te  pulses was increased.

The device can be rewritten while in the radiation field, which

was done in these experiments to insure a constant flux of gammas

and neutrons  f rom the s tar t  of the time h is to ry .

Measurement  of Neut ron  Flux. A copper wire was taped to the

Barnes Connector  to de termine  the neutron flux received b y the tran-

sistor and holder .  Af te r  a run in the reactor , the t ransis tor  and

holder were pulled above the level of the core and were allowed to

decay for  15 minutes or longer .  The f lux wire  was then removed from

the holder and allowed to decay f u r t h e r .  The radiation from the flux

wire  was then anal yzed with OSU Gamma Ray Spectroscopy System

(a Ge(L 1) detecto r and a Canberra  Industr ies  Multichannel Anal yzer

8 180) to determine the act ivi ty of the Copper-64 photopeak at 1.34 keV .

A PDP 11/05 minicomputer program, developed at OSU , gives the

activity of Copper-64 at the end of neutron irradiation from the data

in the anal yzer .  By using the production rate formula for Copper-64 ,

one can de te rmine  the neutron fl ux .

28
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Experiments

The pattern of most experiments was to pre-test the MNOS

device in the AFIT Gamma Ir radia t ion  Faci l i ty for 0 .9  to 1.5 Mrads .

Then the device was i r r ad ia ted  in the reactor  for  up to 12 hours .

After  the activated radioact ive elements  in the device and its holder

had decayed to a reasonable level to permit  t ranspor t, the t rans i s tors

were re turned  to AFIT . Only two of the devices were  able to be

retested in the AFIT GIF; the others  had been e i ther  accidentally

shorted or not pretested.

Table I lists the device I.D. numbers and the experiments

done with them . Device # 17 was to have severa1. OSURR runs , but

was discovered to be electrically shorted out on the morning of the

second day. Device #4 was substituted , without pretesting in AFIT

GIF ,~ for that day of runs. Device #15 was irradiated four times,

sepa rated b y an overni ght break between runs #2 ana #3. It was post-

tes ted.  A cadmium cover was provided for Device #18 during its

irradiation . There was a three day break between runs #2 and #3 for

this device. The last device tested , # 16, was run onl y once and then

post- tested.  Device #18 was the onl y cadmium covered device. V

Before each day of runs for  Devices # 18 and # 16, the reacto r was

run at full power for  approximately 1- 1/2 hours in the hope of pro-

viding a more constant gamma flux by building up the invento ry of

short lived fission products in the core.  Practically no change was

observed when this was later  analyzed.
( 
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S

Table I

Experiments Performed on Each Device

Device AFIT GIF OSURR Duration Accumulated AFIT GIF
Pre-test Run of Run Neutron Fluence Post-test
(Mrads)  # (h rs )  (cm 2) (Mr ads)

17 0.95 1 3-1/ 3 4.0X10
15

4 none 1 3 unknown - - - -
2 3 unknown - - - -

15 1.46 1 3-1/6  5 . 0 X1 0
15

15
2 2-5/6  9 .5X 10

3 3 1.4Xl0 16

4 3 l .9X 10 ’6 5.70

15
18(Cd) 0 .89 1 2 - 1 /2  3.3X 10

15
2 1-1/2 5.3XlO

3 2 -1/ 2  8 . 6 X l O ’5 
--- -

4 1-1/2 l . 1X l0 16 ----

16 1.29 1 3 3 .0Xl0
15 

3.97

(‘V
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IV. Resul ts

The resul ts  section is divided into two p a r t s . Data that was

taken with the devices under  gamma ray i r r adi a t i on  and that which

was taken in the reac to r .

Gamma I r rad ia t ion

The MNOS t r a n s i s t o r s  were  exposed to gamma rays in o r der  to

confirm the results  that Fraass ’ stud y showed and to indiv idual l y

charac te r ize  the response of the MNOS devices to gamma ray doses.

The initial sc reen ing  of the MNO~ t r ans i s to r s  and the au tomat ic

c rcu it ry  was done at the AFWL Gamma r radia t ion  Faci l i ty .  n

r e tu rn  to AFIT , the t r ans i s to r s  showed a change- in c h a r a c t e r i st i c s .

Retest ing here  showed the V T of the i r  sa turat ion point was changed

and the slope of the l inear  in ( t )  t ime dependence was changed b y as

much as 17~ .. There fore , each of the devices was re tes ted  in the

AFIT Gamma Facil i ty jus t  before exposing them to the reacto r

irradiation .

Time Dependence .  Fraass ’ work (Ref 3:12 , 32) showed that the

variat ion of VT with t ime was l inear on a logari thmic time scale.

Fig.  5 shows two runs  with the same device for  450 and 150 minutes

plotted on a semi-log axes.  A l inear  least  squares  fit to both sets of

( 31
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data fo r  \ vs In m~~) y i - l d t d  a coi r~ 1ation coefficient ~f 0.999 .

Fraass  showt-d  l i n e ;t r i t y  f o r  \I~~OS devices  out to 47 hour s .  Because

of this  l i n e a r i t y ,  I t t  fo r  d t er r n in a t io n  of changes  in V
T with t ime

wa~ tak en  fo r  oilly 30 to ‘j O m i n u te s  and extrapolated to la te r  t imes .

F ig .  5 aIs~ shows that many data points  ar~ L~~~

indica t ing  the kino of r eproduc ib i l i ty  of the data . Also app~ ren t in

Fig.  5 i~ how slowl y the MNOS t r ans i s to r s  in the stud y respc~nd with

time . This slow response is needed because of the long times

required to accumulate a large total dose in the radiation fac i l i t i es .

Radiation Dependence.  Fi g. 8 shows typical data taken at the

AFIT gamma facil i ty with the t rans is to r reaching a total dose of 4

Mrads at the end of i r radiat ion . It shows the combined effect  of t ime

and radiation on the threshold voltage.  Also shown is the change in

V T due to time. Fig . 9 is the dos imetry  calibration curve plotting

the change in VT due to the absorbed radiation dose. Equation (20)

was fitted to these data b y a nonlinear curve fi t t ing computer program .

The program found for this curve , a t~VTMAX = -4 .79 1  ± 0.0 14 volts

and a B 1.083 ± 0.0090 x io 6 rad~~ with a minimum RMS error  V

of 0 .020 . Because of time limitations, not all devices were calibrated

to 4 Mrads .  Data were  taken up to i t o  1.5 Mrads (Si) and then fit with

equation (20) .  The values for  B, the radiation damage constant , are

all approximatel y 1.1 x 1o 6 rads 1, which agrees  with the values

quoted b y Williams and Nichols (Ref 12: 1554).
‘ V  
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Reactor  Ir rad ia t ion

The MNOS devices were thoug ht to be relatively insensi t ive  to

neut rons  (Ref 5 ) .  Thi s led to use of a nuclear  reactor  as a con-

venient  source of n e u t r o n s .  The MNOS device would respond to the

gamma rays crea ted  in the f i ss ion  process , with small ef fec ts  being

caused by the neut rons . Experimental  data were  then taken for

changes in the threshold voltage due to time and radiation f rom the

reac tor .

General Response .  The changes of threshold voltage with

respect to time and neutron dose for a t rans is tor  in the radiation

field of the reacto r is shown in Fi g.  10. Also plotted in Fi g.  10 is

the change of VT due to time. This is the same device as seen in
(

Figures  8 and 9. As can be seen , the ~VT~~ AX for this device in the

reactor is l a rger  than what was expected f rom the gamma ray data .

• A modification of equation (20)  was made by changing the exponent of

the exponential from BR to B’T where B’ = BR and T is time. Equa-

tion (20)  was then f i t ted to the data showing AV TMAX -5 .66  volts 
V

and B’ = 0.0396 min~~ with an RMS error of 0.021. The anomalous

increase  in ~VTMAX prevented f u r t h e r  comparisons between ~ V TI S

from the reactor and the gamma dos imet ry  calibration curve .

Repeatabili ty.  Two t rans i s to r s  were tested in multiple runs .

The devices were rewri t ten to the high conduction state af ter  the VT

(
35
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had leveled off near  L~VTMAX . One t r ans i s t o r  was run twice , the

other was run four times over two consecutive days .- Fig . 11 shows

the results  of two consecutive runs with Device #4. A small parallel

offse t  is evident in the data points . Equation (20)  was fi t ted to the

data f rom these tests and the results  with their standard deviations

are shown in Table II.

Table II

Repeatability of AV T for  MNOS in Reactor

Device Run ~ VTMAX B’
It (volts) (min~~~)

( 4 1 -~~.931±0.015 0.03993±0.00028

4 2 -6 .017± 0.013 0 .04249±0 .00026

15 1 -5 .606± 0.013 0 .03942± 0.00025

15 2 -5.700± 0.010 0.04127± 0.00017

(overnig ht delay)

15 3 -5. 655± 0.012 0.03866± 0.0002 1

15 4 -5.697± 0.013 0.04382± 0 .00027

Data for changes in VT due to time were taken at the s tar t  of each

day. On the second run of the day, the device shows a decided trend

to a higher ~V TMA X and a large r radiation damage constant B’ .
( 
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The next experiment involved testing a cadmium covered

t rans is tor .  The cadmium was expected to shield the t ransis tor  from

85% of the neutrons below 0. 475 eV in energy.  A series of four runs

ove r two days were made with the cadmium covered device. Table III

shows the result of fitting equation (20) to the 
~
VT’s for the four runs .

Table III

Repeatability of ttVT for a Cd Covered MNOS in Reactor , Device # 18

A~~T
~Ufl ‘~“TMAX 1(volts) (min

1 -5 .44 1 ± 0.007 0.04370 ± 0.00016
2 -5 .500 ~ 0.031 0.04306 ± 0.00047

(3 day delay)

3 -5.435 ± 0.011 0.04190 ± 0.00021 
V

4 -5.456 ± 0.0 13 0 .04326 ± 0.00020

Tabl e III shows the same trend as in Table II, with the second run of

the day showing an increase in L~
VTMAx and B’ . Howeve r , the increase

is within 3 standard deviations for three out of the four changes.

Fig . 12 shows the changes in VT due to radiation and time for two

runs of the cadmium covered MNOS t rans i s to r.

Neutron Damage. The f i rst  noticeable change in the t ransistors
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due to exposure to neutrons , was an increased amount of write pulses

required to put the devices into the saturated high conduction state .

Typically, the number of required wri te  pulses rose from four or

five to as many as twelve or thir teen .

Another aspect of damage was the increase  of the magnitude of

the threshold voltage of saturation and the slope of the change of V
T

with time line. The cadmium covered t rans is tor  showed the least

amount of total change in VT at saturat ion and the slope , 12% and 6%

respectively. The second device in Table II showed changes of 28%

and 17% respectively. The t ransis tors  did show a tendency to recover

af ter  two or three days annealing at room temperature, changing b y

two or three percent .

• Two of the t ransis tors  were- retested in the AFIT gamma facil-

ity after being exposed to neutrons from the reactor.  Table IV lists

the parameters  to the equation (20) f i t  for both gamma irradiations

of the two devices. 
V

— I

( 
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I

Table IV

Neutron Damage to MNOS Used as Gamma Dosimeters

Device Befo re/  
~~

V TMAX B Neutron
N Af ter  (volts) ( rads ) F luence

(cn~t 2 )

16 B 4.888 ± 0.036 1 .087 ± 0.0 13X 10 6

16 A 4.791 ± 0.014 1.083 ± 0.009X10 6 3.05X10
15

15 B 4.786 ± 0.032 1. 104 ± 0.0 12X10 6

15 A 4. 637 ~ 0.024 1.067 ± 0.013X 10 6 l .9 1X 10 16

Device #16 showed virtually no damage in the t
~
VTMAX or B. The

before and af ter  results  were within three s tandard devia t ions .

Device #15 showed slightl y g rea te r  damage a change of 3.2% and 1.7%,

respectiveiy.

• 

V
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V 

V. Discussion and Recommendations

This chapter p re sent s  a discuss ion of experiments and their

resu l t s .  It also recommends areas where fur ther  s tudies of neutron

effects on MNOS t rans i s to r s  are  needed before  a neutron dos imeter

can be developed using a MNOS device.

Discussion

The resul ts  of this stud y showed two things .  They confirmed

earl ier  wo rk b y Fraass  b y showing that a MNOS t rans i s to r  could be

used as the detecto r in a gamma ray dosimeter. The second thing

( was that a MNOS t rans is tor  could operate in the combined flux of

neutrons and gamma rays in a nuclear reac tor.

The changes in the threshold voltage (
~
VT) of the transistor due

to gamma radiation can be expressed in the following equation

t~VT t~VTMAx [1~~ CXp (~ B R)] (21)

where t~
VTMAX is the m axim um threshold voltage shift given an

infinite absorbed dose , R is the absorbed dose in rads , and B is the

radiation absorption constant in rads~~~. By modif ying equation (21) ,

so that the exponent became B ‘T where B’ = BR , equation (21) des-

cribed the change in the threshold voltage due to time spent in the
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reacto r radiat ion .

The experiments  with the cadmium covered device showed the

MNOS device could give reproducible results with a 2% precis ion .

The uncovered devices showed a sli ghtl y l a rger  parallel inc rease  in

VT when run multiple times -

The ability of the MNOS t rans i s to r  to function as a gamma ray

dosimeter seemed to be unaffected by a neutron flucnce up to 1.9 X

10 16 cm 2 . Calibration of the gamma dosimeter  seemed to he unaf-

15 -2fec ted  by a neutron fluence of 3 .1  X 10 cm -

Suspected neutron damage includes changes in the n it r ide  layer

requiring more wri te  voltage pulsc-s to be applied to reach the satur-

ated hig h conduction state and causing an increase  in the leakage of

trapped charges out of the n i t r ide .

The question left unanswered b y the results was the reason

behind the anomolous 15-20% increase in ~VTMAX ove r gamma dose 
V

calibrations.  One possible cause might lie in the hi gher energy per

unit volume deposited b y neutrons  than b y gamma rays . The local 
V

ionization in the nitride layer would increase due to the neutrons .

Thi s would increase  the ohmic conduction cur ren t  in the ni tr ide layer .

What effect this would have on the maximum threshold voltage shift  is 
V

unknown . 
V
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Reeomrn endations

Before  us ing  the MNOS transistor in a neutron d o s i met e r  more

studies n~~ed to h done on the effects of n e u t r o n  radiation . This stud y

should b1 c a r r ie d  out at a neut ron  fac i l i ty  that p roduces  a hi g h f luence

of neu t rons  with minimal  amounts of gamma rays in o rder  to separate

the effects  of the two . In format icn  is also needed on the ef f e c t s

caused b y neutrons with d i f f e r e n t  energy  - These stuthes should he

able to explain the  anomolous i n c r e a s e  in 
~

VT~~~~X .

Fur the r  stud y is r ecommend ed  on de termining  what f l uen ce  of

neutrons  will dam ~~g I -  the t r a n s i s t o r  so that  it oper~~L I ~~ beyond its

original gamma ray d o s i m e t r y  calibration .
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