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PREFACE

This repcrt summarizes my investigations into the use of a Metal-Nitride-
Oxide-Semiconductor (MNOS) as the detector for a high dose level radiation
dosimeter. I terminated my research after completing a partially automated
dosimeter. Further work is needed to bring the dosimeter to the production
stage. A small microprocessor should be added to allow a direct readcut of
radiation dose. At its present stage of development the dosimeter reading is
used in conjunction with a graph to give a value of radiation dosage.

This research was sponsored by the Transient Radiation Effects Branch of
the Air Force Weapons Laboratory (AFWL/ELP), Kirtland Air Force Base, New Mexico.

For their encouragement and support, I am indebted to my advisors, Dr. George
John and Dr. Richard Hagee. Roger Talion of the AFWL was instrumental in the
: procurement of the MNCS devices and in initial circuit design. The technicians
of the Air Force Institute of Technology (AFIT) Physics Department assisted in
circuit fabrication.
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SECTION I
INTRODUCTION

A direct readout method of radiation dosimetry was desired for certain
experimental work at the Air Force Weapons Laboratory (AFWL), Kirtland Air Force
Base, New Mexico.* The experimental work required determination of radiation
dosages in semiconductor materials which were irradiated with a pulsed X-ray or
electron beam machine. These irradiation methods require that the target
materials be in a vacuum chamber. Most standard dcsimeters, such as the Thermo-
luminescence dosimeter (ref. 1) or Ceric Sulphate dosimeter (ref. 2)
need to be removed from the target chamber after each dose to determine the
radiation dosage. The removal procedure meant a delay of several hours between
pulses. This lengthy delay included time for reading the dosimeter and time to
again achieve the desired vacuum in the target chamber. If an accurate dosi-
metry technique were available which permitted direct electrical readout of
dose, the delay between radiation tests could be greatly reduced.

The AFWL suggested that one possibility for such a dosimeter might be based
on the use of a Metal-Nitride-Oxide-Semiconductor (MNOS) transistor.* There-
fore, the purpose of this experimental study was to determine the feasibility of
using an MNOS transistor as the detector in a radiation dosimeter.

MIS DOSIMETRY

The use of an MNOS as a dosimeter follows from dosimetry methods using
similar devices. The MNOS transistor is a member of the Metal-Insulator-
Semiconductor (MIS) family. Other better known members are the Metal-Oxide-
Semiconductor-Field-Effect Transistor (MOSFET) and the Metal-Oxide-Semiconductor
Capacitor (MOSC). Use of the MIS family of devices as dosimeters is possible

*Knoll, M. G., "MNOS Dosimeter," Proposed Thesis Topic. Air Force Weapons
Laboratory. Kirtland Air Force Base, New Mexico, May 1977.

1. Holm, N. W. and R. J. Berry, Manual on Radiation Dosimetry, New York,

Marcel Dekker, Inc., pp. 397-409, 1970.

Church, V. E., et al., "Direct Readout Instrument for Gamma Dosimetry,"
Scientific Instruments, March 1976, pp. 182-186.
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since radiation produces measurable effects in each of these devices. Radiation
dosimeters have been designed using both the MOSFET (ref. 3) and the MOSC
(ref. 4).

A problem with the MOSFET and MOSC dosimeters is the semipermanence of the
radiation effects in both (ref. 5, p. 1270). This problem prevents individual
calibration of a given dosimeter. Lack of individual calibration 1imits pre-
cision to + 5 percent when devices from a single semiconductor wafer are used.
If devices from different wafers are used for calibration, the precision drops
to + 20 percent (ref. 4, p. 351).

An alternative to the MOSC and MOSFET is offered by the MNOS. Its charac-
teristics are similar to those of the MOSFET with one major difference. The
electrical characteristics of the MNOS, which are altered by radiation, can be
returned to their preirradiation values through the application of a proper
electrical signal (ref. 6). Since radiation effects are not permanent in the
MNOS, a dosimeter incorporating an MNOS could be individually calibrated to
permit a high precision. .

A possible further advantage of the MNOS is its greater hardness to radia-
tion effects. The MOSFETS used by Poch and Holmes-Siedle showed saturation
dose effects at 4 x 10“ rds(Si) (ref. 3). Studies of the radiation hardness of
MNOS memory arrays (ref. 6, p. 186) have shown that saturation effects did not
occur until 3 x 10° rds(Si). Consequently, an MNOS dosimeter could measure
doses nearly two orders of magnitude higher than the MOSFET dosimeter.

SCOPE OF THE PROBLEMS

The primary purpose of this experimental study was to determine the feasi-
bility of using an MNOS transistor as a radiation dosimeter. If the MNOS were
shown to be usable as a dosimeter, the design and characteristics of an MNOS
dosimeter were to be studied.

The scope of this problem was limited to the study of a group of MNOS
transistor devices before and after their exposure to Co®° radiation, and the
study of an MNOS dosimetry method which requires manual operation and graphical .
determination of radiation dosage. Study of the manual dosimetry system

NOTE: References 3, 4, 5 and 6 are listed on reference page in back of
the report.
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included determination of minimum measurable dose, maximum measurable dose, and
precision. Final design of a fully automatic MNOS dosimeter was considered to
be beyond the scope of this study.

APPROACH

Verification of the MNOS dosimetry concept began with a study of the charac-
teristics of the MNOS transistor. The general results of that study are shown
in Section II. Once the general theory of the MNOS devices was understood,
electrical circuitry had to be designed to allow testing of the MNOS devices.
Section III includes a description of the devices tested, the experimental set-
up, and the testing procedures used on the MNOS devices. Since the test circuit
was able to measure the effects of radiation on the MNOS devices, it was, in
effect, a manual operation dosimeter. The results of testing the manual dosi-
meter for dose limits and precision are showr in Section IV. Section V presents
the conclusions of this study and includes some recommendations for further
development of an automatic MNOS dosimeter.
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SECTION II
MNOS THEORY

Much of the theory concerning the MNOS detector deals with its use as an
electronic memory. The MNOS was developed as an attempt to produce a better
MOSFET. One of the principal characteristics of the MOSFET is a fixed threshold
voltage. When the early MNOS devices were tested for threshold voltage, un-
expected results were obtained. The threshold voltage was found to be variable
and dependent upon the electric field previously applied from gate to substrate.
This variable threshold voltage gave rise to the use of the device as an elec-
tronic memory.

Radiation degradation of the information stored in an MNOS memory unit led
to its consideration as a radiation detector. In order to design an MNOS detec-
tor, a general understanding of the characteristics of the device is required.
This section describes the basic MNOS device, its operation, charge transport
mechanisms, effects on stored charge by time and radiation, and the read-disturb
effect.

MNOS

The MNOS transistor is an Insulated-Gate-Field-Effect-Transistor (IGFET),
similar to the MOSFET. However, it has a double layer of insulator material.
Figure 1 is a diagram of a p-channel enhancement-mode MNOS transistor. The sub-
strate, 200 um thick. is Tightly doped n-type silicon. The source and drain are
both heavily doped p-type regions. A gate gegion is above and betwegn the source
and drain, The gate region consists of 20 A of Si0, covered by 500 A of Si:N..
Metalized contacts are provided for electrical connections to the drain, source,
gate, and substrate.

OPERATION

The operation of an MNOS transistor is dependent on the voltage applied to
the gate and drain. For the p-channel enhancement-mode device in figure 2,
current will flow between source and drain when a sufficiently negative voltage
is applied from gate to substrate, VGS' The negative voltage on the gate pulls
holes up to the silicon/silicon-dioxide interface. The holes in the formerly

10
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n-type material form a conduction channel between the source and drain. This
channel permits a current to flow from source to drain.

i R gy
i %
--c>-T»ss * *
|| B~
’é:ﬂ - a 1

Figure 2. Biasing for an MNOS Transistor

Threshold Voltage

A variable threshold voltage, VT’ is a characteristic of an MNOS which dis-
tinguishes it from an MOS transistcr. Threshold voltage is defined as the value
of VGS which permits a defined amount of source-drain current, ISD’ to flow.

For this experiment VT was defined as the value of VGS which resulted in a total
source-drain current equal to leakage current plus 10 uA. Figure 3 is a
generalized set of VGS versus ISD curves for an MNOS, which shows that the

values of the leakage current, ISDO’ and VT are dependent on the conduction state
of the device.

Conduction State

The MNOS may be in either a high-conduction state or a low-conduction state.
The VGS versus ISD curve can lie anywhere between the two extremes of saturated
high-conductance and saturated low-conductance. Typical values of VT might be
-0.4 volt in the high-conduction state and -11 volts in the low-conduction state.
The magnitude of threshold voltage in the high-conduction state, Vene is always
less than the magnitude of the threshold voltage in the low-conduction state,
VTL' The third curve in figure 3 shows the point VTO' After sufficient time,
the IDS versus VGs curves move from either saturated condition to that middle
curve. VTo may be called a stable threshold voltage because it does not change .

12
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Figure 3. Gereralized Curves for Source Drain Current (ISD)
Versus Gate Voltage (VGS)

with time. The difference between VT in a low- and high-conduction state depends
upon the amount and polarity of charge stored in the device at the silicon-
nitride/silicon-dioxide interface.

Writing

Placing additional negative charges at the interface is defined as writing.
A saturate write pulse for a p-channel enhancement mode MNOS is a positive VGs
pulse. It must be of sufficient magnitude and duration to put the device into 1
a saturated high-conduction state. During the application of the write pulse,
as seen in figure 4, electrons penetrate the thin oxide by a tunneling process
and enter deep traps in the silicon-nitride near the boundary of the nitride and
oxide layers. Saturation occurs when the field across the oxide due to trapped
charge equals the field due to the externally applied VGS‘ Once the write pulse i
is removed, as shown in figure 5, the stored negative charge draws holes from the

13
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i substrate to the substrate/oxide interface. These holes partially open a con-
duction path from the source to the drain. This conduction path increases the
leakage current and decreases the magnitude of the threshold voltage.

WRITE YOLTAGE,+ Vgg Vos=0

I

) &>

B Fd
P+ JO o P+ P+ J)o ol P+

(] N
Figure 4. Application of +VGS Figure 5. Trapped Electrons After
Write Voltage End of Write Pulse

Clear

During a clear operation, as shown in figure 6, a negative VGS pulse is
applied. This causes trapping of holes in the nitride at the nitride/oxide
interface. After the clear pulse ends, the trapped holes pull free electrons
to the surface in the substrate as shown in figure 7. The excess electrons
effectively block the conduction path between source and drain. Leakage current
is therefore reduced and the magnitude of VT increases.

MECHANISMS

A more detailed discussion of the mechanisms of charge transport in and |
| characteristics of the MNOS is given by Frohman-Bentchkowsky (ref. 7) and by
Lundstrom and Svensson (ref. 8). Lundstrom and Svensson indicate that modified

7. Bentchkowsky, D. F., "The Metal-Nitride-Oxide-Silicon (MNOS) Transistor - ;
Characteristics and Applications," Proceedings of the IEEE, 58, pp 1207-1219,
August 1970. i

8. Lundstrom, K. I. and C. M. Svensson, "Properties of MNOS Structures," |
Transactions on Electron Devices, Ed-19, pp 826-836, June 1972. 9

14
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Figure 6. Application of -VGS Figure 7. Trapped Holes After
Clear Voltage End of Write Pulse

Fowler-Nordheim tunneling may be the mechanism for transport of charge through

' the oxide when high external fields are applied and the oxide is thin (ref. 8,
p. 829). Fowler-Nordheim tunneling is based on the quantum physics principle of
tunneling. The Fowler-Nordheim expression is modified by Lundstrom and Svensson
to include specific probabilities for transmission of carriers through the oxide
and nitride.

However, charge transport continues after the removal of VGS‘ This continued
charge transport is controlled by the internal fields due to the trapped charge
carriers. The charge transport, due to recombination, tends to neutralize the
stored charge after sufficient time.

TIME EFFECTS

The changes in VT with time are seen in figure 8. The threshold voltage can
be seen to be linear in log (t) at least out to 10° minutes. The curve for a
device initially in the low-conduction state is similar (ref. 6, p. 63). The
dependence of VT on stored charge seen from the time effects is also the basis
for the primary radiation effects in MNOS.

RADIATION EFFECTS

Radiation induced changes in an MNOS are due primarily to the effects of
electron-hole pairs, produced by the radiation. Incident gamma radiation
(Cobalt 60) produces Compton electrons which in turn produce electron-hole pairs. 3

15 4
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These free charge carriers move through the oxide under the influence of the
internal electric fields produced by the trapped carriers in the silicon-nitride.
They then recombine with the trapped carriers to reduce the stored charge and
cause the threshold voltage to change.

Theory

An empirical equation has been developed which relates the threshold voltage
in an MNOS transistor to absorbed radiation dose. The theory leading to the
equation is shown in appendix I of reference 6. The development proceeds from
the basic relationships between applied field, space charge, and current in an
insulator; and then assumes a radiation induced change in space charge based on
ohmic conduction in the insulators. A portion of that development is presented
here.

The nitride and oxide layers of an MNOS gate are modeled as a two-layer
insulator as in figure 9. A thin layer of charge o is assumed to lie in a plane
at the nitride-oxide interface. The relationship between o, the nitride field
En, the oxide field Eo’ and the applied voltage VG is as follows:

E.x, * E% = Vs (1)

n 0

gk gll & g (2)

where = and ¢. are the dielectric permittivities of the nitride and oxide

n 0
layers, and Xq and X, are the thicknesses.

It is assumed that the value of o at the interface is responsible for changes
in VFB’ the flatband voltage. The flatband voltage is that value of VGS which
results in E, = 0. Putting this relationship into equations (1) and (2) yields

v o i By (3)

Equations (1), (2), (3) then may be solved for En and Eo:

EO i Sn (VGS e VFB) (4)

17
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Figure 9. MNOS Gate Region (from ref. 6, p. 187)
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En " y 50 (VGS + SVFB) (5)

where y = (cnx0 + eoxn) ‘and 8 = snxo/eoxn Equations (4) and (5) are valid for

Eo and En at any instant of time. To determine vFB as a function of time
requires the use of the equation of current continuity for the system.

dE dE |
tg = +Jp g * (6) |
{§ dt
B

(
? From equation (6), which states that the sum of the displacement and particle
currents is the same in both layers,

| ‘0
| f edE ndEn 7) j
i J .
| v 0
|
: When equation (2) is differentiated, combined with equation (3), and substituted
into equation (7), one obtains
v
. B (dvg)
X 3, ~ (8)
n vi n 0
! ;)
f‘ Equation (8) gives the time to change from V;B’ the initial flatband voltage

to V:B, the final flatband voltage. The result holds for any two-layer insulator
system on a nondegenerate semiconductor. I[f the denominator is changed to
f Jn + jo. the equation also holds for discharging (removing stcred charges). The
value of VFB as a function of time can be determined if equation (8) is inte-
grated using equations for jo and jn and the proper limits.

i The effects of radiation enter into equation (8) through the current density
terms, Jn and jo. It is assumed that at sufficiently high dose rates the

| 4

19

| =

|V D—
i ———— s i - e —




- - —
AFWL-TR-78-87
'R
generation of charge carriers will depend primarily upon the radiation dose
L instead of bulk generation rates. In such a case, the net carrier density
will not depend on applied field. This will give rise to a form of ohmic
conduction across the oxide and nitride layers.
i Net carrier density, considering recombination, and under irradiation is
: given by:
n=g9rand g = kR (9)
where g is the electron-hole pair generation rate and r the effective (and :
constant) 1ifetime. [n this case, g is assumed proportional by a constant k to i é
the dose rate R in rds/s. For ohmic conduction

1/0 = neu = egru = ekhru (10)

where 1/0 is the conductivity in (A/V)-cm, u the mobility in cm2/V-s. and e the
number of coulombs per carrier. The conductivity is proportional to dose rate
R and a lumped material constant o = ektu giving

10 = aR ()
To complete the development of current density, there is Ohm's law

j = E/o = aRE (12)

,! where j is current density in A/cm® and E is the field in V/cm.

} Assuming that the current density due to radiation is much larger than the
I normal current density, the current density due to radfation can be substituted

into equation (8) as follows:

- jnR = anREn (13)

e (14)
Jor = %REs .

where the subscript R indicates current density due to radiation.

20
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Substituting for € and E, in equations (13) and (14) by using equations
(4) and (5)

Jnr = pRvey (Vg + 8Vgp)
| (1s)
Jor = %Rven (Vgg = Veg)

Substitution of equations (15) and (16) into (8) using the current densities

due to radiation leads to » !
“is v
o AVes * Veg
FB
where
8 = (ansos + aoen) yxn/sn (17)
R = ﬁt, the total dose, and (18) %
A= (Jnao - aosn)/(lnsos + aoin) (19)

After integration and rearrangement, this results in

:vi

rg eXP(-BR) + AVqo exp(-BR)-1 (20)

Veg

This expression describes the change of VFB as a combination of an exponential
decay of stored charge and an exponential buildup of new charges at the inter-
face due to an applied voltage VGS'

Since the flatband voltage and threshold voltage can be related by

21
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equation (20) can be rewritten as

Changes were made to equation (22) for the purposes of this study. The term
multiplied by the constant A was set equal to zero since the value of VGS was at
zero during the experimental tests except for determinations of the threshold
voltage VT and the stable threshold voltage VTo by AVT and AVTMAX

AVT = AVTMAX [l-exp(-BR)] (23)

where sv} = 0, and the terms AVT and AVTMAX represent the change in threshold
voltage for a given dose of radiation R. 8Vrmax epresents the maximum threshold
voltage shift given an infinite radiation dosage. It corresponds to the stable
threshold voltage VTO‘ Equation (23) should fit the experimental data from an
MNOS when change in threshold voltage versus radiation dosage is graphed.

Marraffino et al., (ref. 6) used equation (20) to fit data from three MNOS
devices with different oxide thicknesses and nitride trap densities. In each
case the empirically determined value of the constant B was found to be
8 x 1077 rds~* (ref. 6, pp. 18-19). The value of B was considered to be rela-
tively invariant due to the relative invariance of the conductance properties
of the different oxide layers in the three device types (ref. 6, p. 19).

READ-DISTURSB

A final characteristic of the MOS which must be considered is the read-disturb
effect.* Reading is the operation of abplying a variable VGS to an MNOS to
determine its threshold voltage. Any externally applied field (VGS) will tend
to disturb the amount of stored charge in the nitride. To prevent read-disturb
effects, the read pulse-width must be kept much less than the write or clear

*Preliminary Standards for MNOS Transistor Characteristics, to be published
pp. 2-22, Produced by the IEEE MNOS Standardization Subgroup in 1974.
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pulse-widths. A possible mechanism for the read-disturb effect is trap-
assisted charge injection as described by Svensson (ref. 9).

An example of a shift in threshold voltage due to read-disturb effect can
pe seen in figure 10. The write pulse for this device was 100 ms at +15 V.
The output can be seen to have decreased during the 10 ms read pulses. The
output voltage is read across a 10 ki resistor and indicates the changes in
source drain current. The output would have remained constant had there been
no read-disturb effects.

ORAIN OUTPUT
-3.3 ¥ INVERTED
3.4 | —o 0.2V, cn
READ PULSE
0y 2V/cem
=1.7 ¥ —»

HORIZONTAL SCALE 5 uSEC/cm

Figure 10. Read Disturo Effect on Threshold Voltage

O

Svenssen, C. M. and K. I. Lundstrom, “Trap Assisted Charge Injection in
MNOS Structures," Journal of Applied Physics, 44, pp. 4657-4663, October
1973.
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SECTION III
EQUIPMENT AND PROCEDURES

This chapter provides information on the radiation facilities used, the
test devices and circuitry, and the experimental procedures used to obtain the
data on the MNOS dosimeter. The second section of this chapter contains minimal
information on the specific structure of the MNOS transistors because of restric-
tions on proprietary information. The final two sections, on experimental
method and standardized testing procedure, are critical to the reproducibility
of experimental results.

RADIATION FACILITIES

Two Co®° sources were used for the radiation tests in this study. Most of
the testing was done in the North Gamma Irradiation Facility {North GIF) .t
Sandia Laboratories, Albuquerque, New Mexico. The North GIF permits a dose
rate of nearly 6 x 10* rds(Si)/min at the center of the source array. Lower
dose rates are available at different points throughout the cell.

A second radiation source was the Gamma Irradiation Facility at the Air
Force Institute of Technology (AFIT), Wright-Patterscn Air “orce Base, Ohio.
It was limited to a dose of 5 x 10* rds(Si)/hr. The AFIT GIT had provision for
irradiation only in the center of its source array.

In the North GIF, different experimental positions had previously been
calibrated in units of absorbed dose, rads (H,0). Conversion factors are given
for rads(Si). Consequently, calibration of a dosimeter can be made directly
in rads by reference to the given exposure rate of the source.

MNOS TRANSISTORS

The MNOS transistors used in this study are test transistors which were
fabricated along with several other circuits on a single silicon chip. The
chips are packaged in 14-pin ceramic flat packs. However, Teads were available
only for the MNOS test transistors. Due to the restricted number of leads on
a flat pack, there was some commonality of substrate, source, and gate leads.
This permitted each of the six transistors on a chip to have a separate drain
connection.
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Standard MNOS production techniques were used to make the transistors.
The dimensions given in figure 1 are approximately those of the transistors
used in this experimental study. The experimental devices were prepared by
Sandia Laboratories in August 1977.

Nonstepped gate MNQS transistors shown in figure 1 were the primary test
devices. However, MNOS transistors with either a single or double stepped
gate structure were also available on the MNOS device. None of these gate
structures had diode protection and therefore required extra care in handling.
Any discharge of static electricity into the unprotected gates could punch
through the thin oxide, destroying the device.

TEST FIXTURES

Electrical contact to a selected transistor was provided by a test fixture,
which permitted easy switching between the transistors on a single device or
between different devices. The devices were held in flat-pack sockets attached
to a 15 contact plug board. A device change, therefore, required only an
exchange of plug boards. The plug boards mated with a socket in a small
aluminum chassis box.

The chassis box had a series of eight single-pull double-throw (SPDT)
switches that permitted selection of the transistor to be tested. One side of
each switch was connected to ground and the other side was connected to either
the gate or drain outputs on the chassis box. This design allowed a selected
gate and drain to be connected to the test circuit while the other drains and
gate were held at ground. In addition, a 1 Mo resistor was connected in series
with the gate output. The resistor served to protect the transistor being
tested from excess current which might damage its gate. The chassis box also
grounded all source and substrate leads.

THRESHOLD DETECTION CIRCUITY

A simple electronic circuit, shown in figure 11, was used to inject variable
voltage and variable pulse-width signals into the gate of an MNOS under test.
Roger Tallon of AFWL designed the original circuit, which had been used to test
early MNOS devices for radiation hardness. The circuit was monitored at two
places with an oscilloscope. The gate signal was monitored prior to the MNOS
to determine voltage and pulse width, a second monitor point was the drain out-
put of the MNOS. The drain was connected by a 10 ko precision resistor to the
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. drain power supply VD‘ Any change in current through the resistor was seen

e

on the scope as a change in voltage.

The circuit delivers either a positive (write) or a negative (read/clear)
pulse into the gate of the transistor being tested. The amplitude of the
pulse is varied through the use of variable power supplies for the read/clear
and write circuits. Provision for varying the pulse width is provided by
external pulse generators which trigger the test circuitry.

Read Pulse |

The measurement of the amplitude of the read pulse is critical to the use
of the circuit for reading the threshold of an MNOS. Best precision was
obtained by reading the value of the read/clear power supply with a digital
voltmeter. Although the full read/clear supply voltage does not appear at the
gate,.the reduction in voltage is nearly constant. It can be seen from figure
11 that most of the reduction is in the forward bias voltage of the diode which
protects the read/clear circuit. For the circuit shown, this voltage reduction
was 0.65 V. The values of threshold voltage reported in this paper all refiect
the added 0.65 V. True threshold voltage as previously defined would equal the
stated value minus 0.65 V.

The test circuit is connected to the test fixture with coaxial cable. The
circuit is capable of driving 25 ft of 50 ohm cable with minimal signal loss.
Only two cables are required between the circuit and test fixture. One cable
carries the gate signal and the other carries the drain output signal.

OPERATION OF THE TEST CIRCUIT

The test circuit can be used for three operations on the MNOS being tested.
First, it can be used to clear previously stored negative charge with a nega-
tive pulse. Second, it can be used to write the addition of negative stored
charge with a positive pulse. Third, it can be used to read the threshold
voltage with a negative pulse. The read/clear section of the circuit provides
both of the necessary negative pulses. The two operations of reading and

clearing only differ in pulse width and amplitude.
Clear

Clearing the MNOS being tested requires a large, -20 V. negative pulse of
long duration, 1 s. The clear circuit is triggered by a -5 V pulse from an
external puise generator. Pulse width of the clear pulse is also determined
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by the external pulse generator. The amplitude of the clear pulse is
adjustable by selection of the power supply voltage to the read/clear circuit.

Figure 12 shows the results of a clear operation. The output at the drain
is driven hard to ground since the MNOS is fully turned on. At the end of the
pulse the output returns to VD‘ The clear operation increases the magnitude
of the threshold voltage and decreases the source-drain leakage current.

Write

Writing the MNOS is similar to clearing it. However, the polarities of the
pulses are reversed. The write pulse and its trigger pulse are both positive.
Amplitude and pulse width are adjusted the same as for the clear pulse.

The effect of a write pulse can be seen in figure 13. During the write
pulse there is no change in output. The positive pulse tends to turn the MNOS
off rather than on; however, at the end of the pulse the transistor is turned
fully on and the drain output goes momentarily to ground. This is followed by
an exponential return to VD' The reaction is caused by the large number of
trapped negative charges initially present in the nitride at the end of the write
pulse. The MNOS is essentially fully turned on by its own internal fields. A
large source-drain current flows until some of the charge leaks through the gate
oxide. Several seconds after a saturation write pulse the leakage current
returns to approximately 20 uA.

Reading

The final operation for which the test circuit can be used is reading. The
read pulse amplitude is continuously variable from near zero to -15 V. The power
supply for the read/clear circuit has a fine voltage adjustment to permit output
voltage changes of 0.01 V.

The required trigger for the read pulse is provided by the same pulse
generator which triggers the circuit for clearing an MNOS. However, for read
operations the pulse-width is reduced to the minimum, which will provide a clean
output from the drain when threshold voltage is reached. Typically, a read
pulse-width is more than two orders of maanitude less than a clear pulse-width.

For the MNOS tested in this experiment a read pulse-width of 500 .s is used.
A shorter, 200 .s pulse is adequate when V. is small in magnitude but not when
VT approaches 10 V. Figure 14 shows the effect of read pulse-width on an MNOS
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Figure 12. Generalized Response of an MNOS to a Clear Pulse
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device. The finite response time of the MNOS does not permit the shorter pulses
to cause the same output as the longer pulse.

oV —» | p——— — . READ PULSE

-4.25 YV —» [ l [ 4 e

ORAIN QUTPUT
INVERTED

e, ¢ g
=8 ¥ | I ) ] sl L " b

HORIZONTAL SCALE S0us/cm

o'l

Figure 14. Generalized Response of an MNOS to Varied Read Pulse Widths.

EXPERIMENTAL METHOD

The actual value of VT was determined by manually varying the read pulse
amplitude between puises until an output of 0.1 V is seen at the drain. With
this circus, several attempts were usually needed to determine the threshold
voltage of an MNOS. Individual pulses were used rather than a pulse chain to
minimize read-disturb effects.

Unless the approximate value of VT was known, initial read-pulses were small
in magnitude. The amplitude was increased in coarse steps until a response was
first noted at the drain output. Then the read-voltage was fine adjusted to
cause an output of 0.1 V at the drain. That output voltage corresponded to
threshold-voltage current across the 10 k2 drain resistor. The drain output was
monitored in the AC mode of the oscilloscope. That mode eliminated a DC voltage
signal caused by the slowly varying leakage current. Once the desired output was
obtained, the voltage of the read/clear power supply was read from the voltmeter
and recorded as the threshold voltage.

STANDARDIZED TESTING PROCEDURES

Time is a critical factor in any attempt to reproduce results with an MNOS.
The fact that VT changes with time means that any value of ‘IT applies only at
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the instant at which it was determined. Therefore, any statement about thresh-
old voltage must include information on the time history of the device.

Saturation

One convenient peint for starting the time history of an MNOS is the saturate
write point. The saturate write point has associated with it a fixed value of
VT for each MNOS transistor. Saturation is determined by a series of write,
wait, read operations. Such a series is a write, a 15 s wait, and then a read.
To accurately determine the threshold at the end of the 15 s period requires
several read pulses during the waiting period. The last read pulse, which
should be at threshold voltage, should come at the end of the 15 s period.

For the MNOS used in this study, five write pulses at 25 V with a pulse
width of 1 s were used to insure saturation. Saturation has been reached when
no further change in VT occurs with additional write pulses. If desired, a
single long write pulse can be used instead of the several short pulses.

Selected Threshold Voltage

A second point in time to start data on an MNOS occurs when the threshold
voltage equals a set value. First a value of VT is selected which is larger in
magnitude than saturated VT' Then the MNOS is written nearly to saturation.
Finally, the device is read with pulses fixed at the selected threshold voltage
amplitude. The drain output will initially be greater than 0.1 V when the out-
put reaches 0.1 V. At that time the threshold voltage is equal to the selected
threshold voltage.
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SECTION 1V
RESULTS

To demonstrate the feasibility of an MNOS dosimeter it was necessary to show
that its response to radiation was reproducible. Once that was shown, data
were required concerning minimum and maximum dose and the effect of dose rate.
Experimental data were, therefore, taken on the effect of radiation and on the
effect of time on the MNOS threshold voltage. Minimal data were taken on dose-
rate effects since the MNOS is considered dose-rate independent. Tallon and
Vail* indicated that under proper test conditions the MNOS responds only to
total dose effects.

TIME DEPENDENCE

Initial tests of the variation of VT with time indicated a logarithmic
dependence. The curve in figure 8 shows the effects of time on VT' The curve,
on the semilog axes, is almost linear out to the last datum point at 47 hrs.

A jinear least squares fit applied to VT Versus 10910 (time) yielded a
correlatien coefficient of 0.98. Consequently, data on VT versus time was only
taken for approximately 30 min on later MNOS transistors. The threshold voltage
at later points in time was estimated by extrapolation of the initial data.

Figure 8 also shows the excellent reproducibility of the data for Vy versus
time. The time history for the transistor was started from the saturation write
point to insure a fixed starting value of threshold voltage.

The MNOS transistors used in this study respond slowly over time. This
slow response is an asset in a device which is to be used as a dosimeter.
Periods of hours are often required in experiments to achieve a large total dose.

*Tallon, R. W. and D. J. Vail, A Comparison of High Dose Rate Test Results on
MNOS Transistors in E-Beam and Gamma tnvironments, Unpublished, Air Force
Weapons Laboratory, Kirtland Air Force Base, New Mexico, December 1974
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RADIATION AND TIME DEPENDENCE

The dependence of MNOS threshold voltage on the combined effects of radiation
and time is shown in figure 15. The maximum dose shown, 4.3 x 10° rds(Si),
. required 3 hrs 45 min to accumulate. Radiation exposure was stopped at that
time since the change in threshold voltage with further radiation had become
, minimal.

After the initial 4.3 x 10° rds(Si) exposure, the transistor was cleared and
then written again to saturation. A second radiation exposure repeated the
threshold voltage measurements out to 2 Mrds{(Si). Further checks on reproduci-
bility of data were made with two additional radiation exposures to €40 krds(Si)
each. The data from the first exposure were seen to differ from that of the
remaining radiation exposures. The difference was determined to be a systematic
error of 0.14 V. The error was caused by failure to write the device fully
into saturation prior to the start of the experiment.

After the constant 0.14 V error was subtracted from the first set of data,
the standard deviation for the data was determined. Applying a singie standard
deviation to the data indicated a reproducibility of + 0.01 V. This excellent
reproducibility held for the remaining five MNOS transistors tested. The data
showed such a high degree of precision, + 0.01 V, that discrepant values were
immediately apparent.

DOSIMETRY DATA

In order to use the MNOS as a dosimeter, the effect of radiation alone had
separated from the previous data which included the effect of the time required
for exposure to that calibrated radiation dose. Figure 16 shows the effect of
radiation alone on the value of threshold voltage. The curve shows the change
in threshold voltage versus calibrated dosage for an MNOS initially written to
saturation. Primary radiation effect data for the curve were obtained from a
single 4.3 Mrd irradiation. The first data points were then confirmed with a
second irradiation to a calibrated dose of 640 krds. After the irradiation
tests, a 22 min nonradiation test was made to determine the effects of time on
the threshold voltage. The threshold voltage versus time curve was then extra-
polated to provide data covering the time required to achieve the calibrated
radiation dose. Then the time dependent thresnold voltage data were subtracted
from the radiation effect test data. Figure 16 is the result of the subtraction.

33




AFWL-TR-78-87

uoL3Lsod 433awLsoq 3e (LS)Spy Ut aso( pajeaqi(e) snsuap abe3(op ploysaayy "G a4nbiy
(1S/50y) NOILISO4 ¥ILIMISOQ LV 3500 QILVHBITYI
(0! Sy g0! L e c0! g ¥ y01

v v v q - -ll‘d G aut 3 - d lq ‘ﬁ-‘ . % ¥ - - =
i - -
- 1.

=

ﬁ. -t m

3

= O L=

-

(=3

=

- 4 2

a

¥ 1% 3
- Gl h|
& ds

34



AFWL-TR-78-87

R —
{

T e

UoLlisoqd 4a3awisoq 3@ (1S)Spy UL 2500 PajraqLie) snsaap 3He) oA ploysaayy ur abuey) gy unbHyy

(13/300) MOILISO4 WILIMISOO 1V 3500 Q3LVNRITYD

S v ¢ [4 gl! 5 r ¢ [/ 0! Sy ¢ [/ L L
e Tt & Gl SR NN r (Gl . . 0 S ) 00°0
i -108°0
3 40971
I 10y7
- -07°¢
" q00°y
L = TY3113803K1L 408y
o IVINININIEX]
09°S
. - -

(S1704) (AA9) INVHI J9Y1700 QIOHSIUNL




AFWL-TR-78-87

THEQORETICAL CURVE FIT

Equation (23) was fitted to the data to determine the change in threshold
voltage versus radiation shown in figure 16. A best value for the radiation
effect constant B was found through the use of a nonlinear curve fitting
computer program. With threshold voltage as the dependent variable a minimum
RMS error of 0.018 yielded a value of B = 8.22 x 10" rd™'. Figure 16 shows
the excellent agreement between the experimental and calculated data.

Although the devices tested in this study differed from the devices tested |
by Mariffino et al. (ref. 6), the radiation damage constant was found to be the
same. The value of B = 8 x 10~ rd~! would seem to be reiatively fixed for
standard MNOS construction techniques.

PRECISICON

To determine the precision of the threshold voltage testing circuit as a
dosimeter, equation (23) was solved for radiation dose as a function of change
in threshold voltage. The standard deviation in the radiation dosage was then ¢
computed using the known standard deviation of the threshold voltage measure-
ments. Since the equation contains a logarithmic term, the precision for radia-
tion dosage varies with the dose.

Values of the computer precision of this dosimetry method are shown in
table 1. The precision is worse at the low dose end of the scale but improves
rapidiy with increased dose.

TOTAL DOSE EFFECTS

One MNOS device was extensively irradiated to determine if a large total
dose would permanently affect it. The device was subjected to a total calibrated
dose in excess of 20 Mrds and showed no permanent effects. The same device was
used later as a dosimeter and operated normally.

DOSIMETRY
The device which was used for total radiation dose effects testing was later
used to make dosimetry measurements. The average dose rate obtained from the .
MNOS dosimeter of 6.42 + 0.08 krad/min compared favorably with the calculated
dose of 6.5 krds/min. The resuits of the dosimetry are given in table 2. :

A second dosimetry run was made with the same device in a much higher dose
rate environment. The test fixture was placed in the center of the gamma cell
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source array. An estimated dose for that position is 60 krd/min. The results
of five dose calculations taken from two radiation expsoures are given in
table 3. The average dose obtained of 47.0 + 0.2 krds indicates a relative
precision cf + 0.4 percent.

Table 1
RELATIVE PRECISION OF MNOS DOSIMETER

Dose Standard Deviation
{rds) (krds) Percent of Dose
21 *+ 2.3 n i
150 k +2.5 2 i
. 213 « +2.6 1 '
1.9 M +10.4 0.5 |
: 4.0 M + 61 1.5
Table 2

DOSE RATE CALCULATIONS AT LOW DOSE RATE

Time vt Time Data aVr Dose Dose Rate
(min) (volts) (volts) (volts) (krads) {(Krds/min)
10 -2.12 -1.82 -0.30 63.9 6.39
20 -2.45 -1.88 -0.57 127 6.34
A 30 -2.74 -1.91 -0.83 196 6.53

gk
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Table 3

DOSE RATE CALCULATIONS AT HIGH DOSE RATE

Calculated

Run Time v Time Data LV Dose Dose Rate

(min) (vo?ts) (volts) (volts) (krds) (krds/min)
| 1 6.26  -3.03 -1.79 -1.25 292 46.7
f 2 6.26  -3.04 -1.79 -1.26 292 46.7
1 10 -3.64 -1.82 -1.82 an 47.1
| 2 10 -3.65 -1.82 -1.83 4n 47.1

|

1 16.22 -4.46 -1.86 -2.60 767 47.3

PERMANENT RADIATION DAMAGE

After minimal testing, those transistors which had stepped gate structures
showed permanent radiation effects. The typical stepped gate transistor started
with an 11 V difference between VTH and VTL' VTH and VTL are the threshold
voltages in the saturated high-conduction state and the saturated iow-conduction
states, respectively. After a few megarads dose the value of VTH had moved down
to nearly the value of VTL‘ The transistor no longer acted 1ike an MNOS. Its

characteristics were those of a fixed threshold MOS transistor.

A possible explanation of this is shown in figure 17. The thicker oxide on
either side of the nitride layer can store charge in the same manner as an MOS
transistor. The field placed on the gate and nitride layers eventually cannot
overcome this excess charge. Consequently, the device no longer responds
normally to write pulses. For this reason MNOS transistors with stepped gate
structure cannot be usecd for dosimeters.

Charge Migration. A second permanent radiation effect was noted with these
MNOS devices. When the devices were tested 2 weeks after their initial testing,
their responses were not normal. Some would not operate at all with the 1 M:
resistor in the gate circuit. For others, the response to a read pulse was a
decrease in source/drain current. Such behavior was probabiy due to charge
migration to the MNOS transistors from the remainder of the silicon chip.
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The individual transistors occupied less than 1 percent of the total area
of the chip. They were also the only circuits on the chip with connected leads.
The stored charges in the MNOS transistors would have attracted any free charges
which had been generated in the remainder of the large chip.

Such an effect has not been reported for discrete MNOS devices. For that
reason, discrete devices are recommended for use in dosimeter applications.

GATE
—

I

SOURCE @C'D SiaNy @@ DRAIN
1ﬂ @ 50, @ J_J

P-PLUS / \_ P-PLUS

PERMANENTLY TRAPPED
CHARGES

N SUBSTRATE

Figure 17. Stepped Gate MNOS Showing Permanently Trapped Charges
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

This chapter presents the conclusions drawn concerning the use of an MNOS
as a dosimeter and recommends further work to produce an MNOS dosimeter which
is fully automatic. A possible method of automatic dosimetry using an MNOS is
discussed.

acc Bl . el L oy

CONCLUSIONS

An MNOS transistor, uséd in conjunction with a simble threshold voltage
detection circuit, provides the capability for high precision, high dose level
dosimetry. The MNOS devices used in this study can be used to measure exposure
to doses ranging from 10 krds(Si) to more than 4 Mrds(Si). Within this dose
range, the relative precision is quite good. From 200 krds(Si) to 4 Mrds(Si)
the relative precision is + 1 percent of measured dose. The relative precision
at low dose leveis, less than 20 krds(Si), decreases to + 11 percent of measured
dose.

Use of the MNOS dosimetry method described in this study requires determina-
tion of two different calibration curves. One calibration curve is of threshold 1
voltage change, :VT, versus time; the other curve is of aVT versus radiation
dose. To determine a value of radiation dose, the value of 5VT from saturation
and the length of time of the dose must both be known. The value of Ve due to
the effects of time is first subtracted from the measured ;VT, and then the
remaining AVT is used to determine dose from the :VT versus radiation dose curve.

MNOS transistors used for dosimetry should not have stepped-gate structures.
The stepped-gate structure is 1ike an MNOS gate with an MOS gate on either side.
Under irradiation the two MOS gate sections degrade the performance of the MNOS.
After sufficient dose, a few megarads(Si), the threshold voltage of the entire
device is shifted to the Tow conduction state and can no longer be varied.
Since this degradation is permanent, a stepped-gate MNOS should not be used for
dosimetry purposes. £

The permanent degradation by radiation of a stepped-gate MNOS also suggests
problems in MNOS memory arrays. If stepped-gate devices are used, radiation
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damage becomes permanent. It is possible that the radiation hardness of such
an array would be limited to the hardness of a comparable MOS memory array.

Radiation effects in an MNOS which cause changes in threshold voltage can
be described by the equation

where AVT is the change in threshold voltage, AVTMAX is the maximum change in
threshold voltage, B is an experimentally determined constant (rad~!), and R

is the total dose in rads. The value for B determined for one of the devices
in this study is 8.22 x 10~7. This value corresponds to a value of 8 x 10°7

found by Marriffino, et al., (ref. 6, p. 18).

The use of MNOS devices which were part of a large MNOS test chip lead to
permanent degradation of the MNOS devices. A probable cause for this damage
is charge migration from the remainder of the large test chip to the MNOS
transistors. Because of this effect, MNOS devices for dosimetry should be
discrete transistors. if possible.

RECOMMENDATIONS

The final portion of this study involved an attempt to design a partially
automatic dosimetry method. One requirement for full automation is an automatic
threshold voltage detection circuit. Analog circuits exist for this task, but
the inherent accuracy of a digital circuit is desired.

The block diagram of a suggested circuit is shown in figure 18. A circuit
using that block diagram was breadboarded and given very limited testing. It
was not always able to reproduce measurements to 0.01 V, and there was insuffi-
cient time to fully study the circuit. Much further work is needed to determine
best design and test such a circuit for precision of measurement.

Further study is also recommended into the use of the MNOS dosimeter in other
radiation environments. There is evidence that the MNOS is relatively insensi-
tive to neutron effects (ref. 10). An MNOS dosimeter might therefore be able to
measure gamma radiation in a reactor environment.

A final step in the development of an MNOS dosimeter would be to couple an
automatic threshold voltage read to a small microprocessor. The microprocessor
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could store the data on threshold voltage versus dose and threshold voltage
versus time, monitor the dosimetry runs, and provide an automatic digital read-
out of dose.
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