ANSI/IEEE Std 641-1987

AMERICAN NATIONAL ANSI/IEEE Std 641-1987
STANDARD

IEEE Standard Definitions and
Characterization of Metal Nitride
Oxide Semiconductor Arrays

@ Published by The Institute of Electrical and Electronics Engineers, Inc 345 East 47th Street, New York, NY 10017, USA

October 7, 1988 SH12195

Documents

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 21:49:23 UTC from IEEE Xplore. Restrictions apply.


http://www.avadocuments.com/doc/ieee-641-1987
http://www.avadocuments.com/doc/ieee-641-1987

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 21:49:23 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 641-1987


http://www.avadocuments.com/doc/ieee-641-1987
http://www.avadocuments.com/doc/ieee-641-1987

An American National Standard

IEEE Standard Definitions and
Characterization of Metal Nitride
Oxide Semiconductor Arrays

1. Introduction

1.1 Comparison of MOS and MNOS Transistors.
A MNOS transistor is a type of IGFET similar to
the MOS transistor. A basic IGFET or FET is a
four-terminal device, namely gate, source, drain,
and body in which the current flow from source
to drain is modulated by a voltage on the gate
with respect to the body. Detailed description of
the current-voltage and capacitance-voltage of an
IGFET is presented in [14]% In the MOSFET the
gate insulator is a single layer of silicon dioxide
whereas in the MNOS FET the gate insulator con-
sists of a silicon nitride layer in addition to the

LThe numbers in brackets correspond to those of the refer-
ences listed in Section 3.

Fig1

silicon dioxide. Figure 1 compares the structural
differences between MNOS and MOS transistors.
The MNOS FET and MOSFET exhibit similar
current-voltage characteristics, namely
(1) A region where the drain current I4 varies
quadratically with the drain-to-source
voltage Vj, at constant gate-to-source volt-
age Vi

(2) A saturation region where I, is very nearly
independent of V.

The gate-to-source voltage Vi, at which a
defined minimum I is observed is defined as a
threshold voltage. This threshold voltage is fixed
for a given MOSFET. The threshold voltage at the
onset of strong inversion is the sum of a number
of terms including contributions from the gate
metal-semiconductor work function difference
¢ ms, the surface potential ¢ s, the charge in the

MOS and MNOS Transistors

MOS

FIELD OXIDE AL GATE

l SOURCE l / l DRAIN l

NORMAL GATE
OXIDE

MNOS

FIELD OXIDE AL GATE

SILICON NATRIDE

—

THIN OXIDE

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 21:49:23 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 641-1987


http://www.avadocuments.com/doc/ieee-641-1987
http://www.avadocuments.com/doc/ieee-641-1987

ANSI/IEEE
Std 641-1988

depletion region @y, and the net effective charge
at the insulator-semiconductor interface @;, in
the gate area. The threshold voltage may be
written

Visitny = @ ms + ¢ s - (Q,/Cy) - Qi/ Cys
where

Cys = gate capacitance

However, for a MNOS FET, when the silicon
dioxide layer is thin (1 nm-4 nm), the threshold
voltage of the FET can be altered by applying a
voltage pulse on the gate with respect to the
source, drain, and body. This threshold modifica-
tion is attributed to the modification of charges
trapped in the trapping sites of the silicon nitride
gate dielectric at and near the silicon nitride sili-
con dioxide interface. Therefore, the threshold
voltage may be written

[EEE STANDARD DEFINITIONS AND CHARACTERIZATION

Vas and the voltage applied to the gate V. The
dependence of Iy on both voltages Vs and V, only
occurs when Vg is smaller than V. The equation
governing this situation describes the nonsatura-
tion region (or triode region) of the MNOS. When
Vi is larger than Vg, the drain current Iy becomes
independent of V3, and is governed only by the
value of V. This condition describes the satura-
tion region of a MNOS. It occurs most commonly
when drain and gate leads of the device are tied
together.

Table 1
Equations for Simplified MNOS
Drain Current I

Nonsaturation Region: | Vs | < Vs - Vgs(en)
Iy = k" (W/L) {2 (Vgs - Vgs(eny) Vas - Vad]

Saturation Region: Vys = Vg - Vgo(n
Iy = k' (W/L) (Vgs - Vgs(en))?

v;;s(th) = ¢ms+os- (Qb/Cgs) - (Qi/cgs) - (qt/cgs)
where where
k' = uCy/2
gt = net effective contribution of the trapped
charges in the gate dielectric
v = indicates time dependence of the MNOS
threshold voltage
q = indicates the time dependence of the The detailed electrical characteristics of a

trapped charges in the gate dielectric

The amplitude and duration of the voltage
pulse required to alter the threshold voltage
depend on the physical dimensions of the MNOS
FET. When the gate of the MNOS FET with a thin
oxide layer is subjected to repeated alternate pos-
itive and negative pulses, the device can be set to
a more-positive and more-negative threshold volt-
age, respectively, thus providing a binary state
necessary for a digital memory element. The decay
rate of the threshold voltage from the high or low
state is set by the device process and geometrical
and electrical parameters. The decay of the
threshold voltage can be made to extend over
years even after all source of power to the device
is removed. Thus a MNOS FET can be used as a
binary, nonvolatile semiconductor memory ele-
ment. The pulse amplitude and duration required
to write and erase a MNOS FET memory element
varies from £20vto 30 vand 1 usto 1 msfor a
large variety of these devices.

The major current-voltage characteristics of a
MNOS transistor are defined by two equations
given in Table 1. These equations relate the current
I, flowing between drain and source of the tran-
sistor, to the voltage between drain and source

10

MOSFET and MNOS FET have been reported in
IEEE Std 581-1978 [1]. This standard is restricted
to the use of a MNOS FET nonvolatile memory
element in an IC memory array.

1.2 Description of this Standard. This standard
has ten sections.

Section 1 is an introduction to the MNOS device
and memory array.

Section 2 defines symbols and definitions used in
the remaining sections.

Section 3 provides the reader with references that
contain added detail on specific concepts.

Section 4 defines the MNOS arrays and their func-
tional operations. This section serves as the com-
pendium of MNOS arrays that are currently used.

Section 5 defines MNOS array retention. It sum-
marizes the various factors affecting memory
retention. Techniques of measurement and data
format, and presentation of the array retention
properties are defined.

Section 6 defines and describes the MNOS array
endurance property. Factors affecting MNOS en-
durance are summarized and techniques used to
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verify array endurance are presented. The rela-
tionship between endurance and retention is
discussed and a method of presenting array
endurance characteristics is described.

Section 7 summarizes reliability considerations
for MNOS arrays and identifies failure rates for
both noncatastrophic retention failures and end-
of-life catastrophic endurance limit failures. Some
applicable reliability test measurement techniques
are also discussed in this section.

Section 8 defines the testing methodology neces-
sary to establish the unique properties of the
MNOS array for both the consumer and the pro-
ducer. Definition of array parameter failures, min-
imum identity of test measurements used, and
data format requirements are described.

Section 9 deals with radiation effects on MNOS
arrays. Measurement techniques and tests for
defining hardness are discussed.
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Section 10 describes another nonvolatile memory
technology, called floating-gate.

1.3 MNOS Array Organization. The undecoded
MNOS array is an array of MNOS FET nonvolatile
memory elements arranged in columns of source
and drain diffusions and rows of gate electrodes
(see Fig 2). Except for test purposes, the unde-
coded array is not used in practice. The rows of
gate electrodes are decoded for selection of
memory access and similarly the source and drain
columns are organized for sensing and bit column
selection. In addition, isolation of the MNOS array
is needed so that the erase operation can be
implemented using the opposite voltage polarity
as the read and write operations of the MNOS
array.

As aresult of continuing design and application
innovations, array organizations, organization
name designations, and acronyms vary with time

Fig 2
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and usage. In the following paragraphs describing
the several commonly available MNOS arrays,
names and acronyms are for reference only, and
represent common usage to date.

Different array organizations can be achieved
depending on the decoding of the gate electrodes.
The EAROM is the simplest organization conceptu-
ally. An erase operation in which every MNOS
element in the array is set to the high-conductance
state is first completed. This erase operation is
the block-erase operation. Then, individual gate
electrode lines (or word lines) are decoded for the
write operation. The EAROM is also commonly
known as the EEPROM, a designation derived
originally from the floating-gate programmable
read-only memory technology. In the EEPROM
designation, in-situ alterability of stored data is
emphasized. This is different from the EPROM
erase operation based on ultraviolet irradiation.
In the case of the WAROM, voltages to the MNOS
array substrate, the individual gate electrode lines,
and the diffusion columns are manipulated so
that only MNOS transistors sharing a common
gate electrode line are erased and written per
memory operation.

In a typical MNOS memory organization, data
entry (and hence read out) are completed in
parallel for each word line. In the BORAM, data is
input and output serially. Within this device, there
is a serial-to-parallel converter circuit so that in
the MNOS array, data entry is efficiently com-
pleted in the parallel mode. With typical BORAM
organizations, selection of the word line is by way
of the decoding of input address bits.

To circumvent the lengthy erase and write
times necessary for all MNOS memory operations,
a shadow memory organization is sometimes used.
In this realization the MNOS array is the back-up
memory array into which the MOS RAM inputs
data by way of a bulk write operation during
power down of the IC memory device. With the
shadow MNOS memory organization, the memory
normally operates at typical MOS RAM speed for
read and write, yet achieves data storage non-
volatility with MNOS backup storage.

Very often MNOS arrays are identified as either
single-element-per-bit storage or two-element-per-
bit storage. Single-element-per-bit storage requires
a sensing circuit that must differentiate between
the low- and high-conductance MNOS thresholds
for the two logic states. In the case of the two-
element-per-bit storage, the sense amplifier simply
compares the threshold states of the two MNOS
transistors and sets or resets a read-out latch
depending on the comparison of the two thre-
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shold voltages. The two-elements-per-bit storage
provides more than twice the memory window in
addition to added tolerance to process variations
from wafer lot to wafer lot. The single-element-
per-bit storage has the obvious advantage of
increased storage density.

1.4 Restrictions. For illustration purposes this
standard assumes p-channel MNOS FET memory
elements and fixed-threshold p-channel IGFET
for peripheral circuits. The extension of this
standard to n-channel technology is straightfor-
ward. Even though the memory effect of MNOS
FET is of an analog nature, this standard is con-
cerned only with its use in digital applications.

Only those memories that store information as
a result of charge tunneled into traps in the di-
electric are considered in this standard. Semi-
conductor nonvolatile memory elements such as
the floating-gate avalanche-injection MOS [6] and
variations will be addressed by a separate IEEE
standard. Section 10 contains a brief summary of
floating-gate memory technology. However, many
structures representing other variations of device
programming but used in memory arrays similar
to the arrays used for the MNOS FET can be
tested by applying this standard with slight modi-
fications.

The tri-gate [5] (protected source-drain) and
the single-gate MNOS FET nonvolatile memory
element differ slightly in write-erase character-
istics, retention, and endurance. These differences
can lead to modifications of the design of the
peripheral circuit in a MNOS memory array.
Because of the predominant use of the tri-gate
structure at this time, this standard focuses on
this structure. However, in most cases the discus-
sion is also applicable to the single-gate structure.
A more detailed discussion of these two types of
MNOS FET is presented in Section 4 of this stan-
dard. Thereafter the tendibility of this standard to
the single-gate structure is quite clear.

2. Definitions and Symbols

This section describes definitions and symbols
used throughout this standard.

2.1 Definitions

address. A character or group of characters that
identifies a register, a particular part of storage,
or some other data source or destination (see
JESD 100-82 [3]).
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bit. A unit of information in the binary numera-
tion system. Also a unit of storage capacity of a
memory.

bit-retention time. The retention time for one
address location.

BORAM. block-organized random-access mem-
ory. Also known as block-oriented random-access
memory. A memory arrangement that permits
random access to blocks of memory cells that are
read using serial transmission methods.

NOTE: A block is a singly addressed large number of memory

cells (greater than needed for a single computer word oper-
ation).

boots trap. A circuit design technique in which a
junction point (node) is capacitively driven to a
voltage of greater magnitude than that available
from the device power supply.

column. A group of memory cells having a com-
mon sense amplifier that detects the state of the
cell being addressed.

dose rate. The time rate of deposition of radia-
tion expressed in grays in silicon per second (see
IEEE Std 581-1978 [1]).

NOTE: The integration of dose rate over a specified period of
time represents the total dose.

dynamic radiation test. A test of the instantane-
ous effects of radiation obtained by monitoring
electrical and memory properties of interest con-
tinuously, during and immediately after exposure
to a transient radiation pulse (see IEEE Std 518-
1978 [1]).

EAROM. electrically alterable read-only mem-
ory. A synonym for an electrically erasable
programmable read-only memory (see JESD 100-
82 [3]).

EEPROM. electrically erasable programmable
read-only memory. A reprogrammable read-only
memory in which cells may be erased electrically
and in which each cell may be reprogrammed
electrically (see JESD 100-82 [3]).

endurance. The minimum number of data alter-
ation cycles possible without catastrophic failure
or degradation beyond the specified performance
characteristics of any memory cell within an
array.
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EPROM. erasable programmable read-only
memory. Same as EAROM, except erasure is
implemented by exposure to ultraviolet light.

FET. field-effect transistor. A transistor in
which the conduction is due entirely to the flow of
majority carriers through a conduction channel
controlled by an electric field arising from a
voltage applied between the gate and source elec-
trodes (see JESD 77-81 [2]).

first-bit access time (of a BORAM). The time
interval between the application of addressing
and enabling signals and the availability at an
output of the first bit from a block of data.

fully decoded EAROM organization. An EAROM
organization in which rows and columns of
memory cells are addressable through on-chip
decoding circuitry.

functional dynamic tests. Operation of the MNOS
array at nominal speed to determine functional
performance.

grays in silicon. A unit of absorbed dose as
measured by its ionizing effect in silicon; 1 gray =
1 joule of energy deposited in a kilogram of irra-
diated silicon.

NOTE (1): This number can be translated into the density of
electron-hole pairs in silicon by the equation n , ~ 4 X 10°5
X o< grays

NOTE (2): One gray in silicon = 100 rd in silicon. However, the
unit rads is not an SI unit and therefore is deprecated. 1 rd =
0.01 Gy (See ANSI/IEEE Std 260-1978).

IGFET. insulated-gate field-effect transistor.
A field-effect transistor having one or more gate
electrodes that are electrically insulated from the
channel (see JESD 77-81 [2]).

incremental total dose test. A test of the per-
manent changes induced by radiation obtained by
a comparison of characteristics before and after
exposure to successively higher increments of
integrated total dose levels.

in-situ total dose test. A test of the instantane-
ous effects of an environment containing radia-
tion obtained by monitoring the device character-
istics during exposure to a relatively low, constant
dose rate.

internal reference voltage. An internally devel-
oped bias voltage used as an applied gate voltage
in the read mode.
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memory capacity. The maximum number of bits
that a memory is capable of storing.

memory cell. The smallest subdivision of a mem-
ory into which a unit of data has been or can be
entered, in which it is or can be stored, and from
which it can be retrieved (see JESD 100-82 [3]).

memory organization. An arrangement of mem-
ory cells, either by geometrical arrangement in
rows and columns, or by the organization of the
data to be stored.

memory window. The difference in threshold
voltage between the low- and high-conductance
logic states of a memory cell.

MNOS transistor. The acronym derives from the
layer sequence in the gate region of the IGFET,
namely, metal nitride oxide semiconductor. Usu-
ally it has a variable threshold voltage, but some
devices with this layer sequence have fixed thresh-
old voltages (see IEEE Std 581-1978 [1]).

MNOS memory section. The portion of an inte-
grated circuit memory built using a MNOS tech-
nology.

MOS transistor. A type of IGFET, referring specif-
ically to the layer sequence in the gate region of
the IGFET, namely, metal oxide semiconductor
(see IEEE Std 581-1978 [1]).

nonvolatile memory. A memory in which the
data content is retained when power is no longer
supplied to it (see JESD 100-82 [3]).

pattern insensitivity. The ability to write, store,
and read streams of data without regard to the
sequence of the data and the pattern of distribu-
tion of ones and zeros across the memory loca-
tions.

power-on retention time. The retention time with
the memory biased in the on condition in a non-
operating (that is, unclocked, deselected) mode.

radiation-induced data-loss characteristics.
Characteristics that define stored data integrity
as a function of total dose or dose rate after
a given test pattern has been written into the
device.

RAM. random-access memory. A memory that
permits access to any of its address locations in
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any desired sequence with similar access time to
each location (see JESD 100-82 [3]).

NOTE: The term RAM, as commonly used, denotes a read/
write memory.

read disturb cycles. The number of consecutive
read cycles that occur before a memory state
becomes indistinguishable, due solely to reading.

retention failure. The inability to correctly sense
the state of a memory cell within the limits of
device specifications dependent on the time
period of data storage.

retention longevity. The time elapsed between
the instant of writing a data pattern into a
memory and the time when the read failure rate
exceeds some predetermined value,

NOTE: This definition allows for soft errors and fits reliability
prediction and specification methods.

retention time. The time interval between the
instant of writing a memory pattern into a mem-
ory and the first retention failure.

retention time at maximum read rate. The
retention time using the maximum specified read
rate on a single address.

row. A group of memory cells having a common
internal address line.

single-transistor cell. A memory cell consisting
of one transistor.

sense amplifier voltage window. The minimum
difference in threshold voltage required by a sense
amplifier to differentiate between the low- and
high-conductance MNOS thresholds for the two
logic states.

standby power. The power consumption while
the chip is not performing any read or write
operation.

static radiation test. A test of the permanent
changes induced by radiation obtained by a com-
parison of characteristics before and after expo-
sure (see IEEE Std 581-1978 [1]).

two-transistor cell. A memory cell consisting of
two MNOS transistors.

unpowered retention time. The retention time
with all terminals of the memory at ground vol-
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tage, except for an occasional read cycle to test
the device state.

WAROM. word-alterable read-only memory. A
memory that permits erasing and writing to
memory cells constituting a computer word with-
out disturbing any other word.

worst-case retention failure. The change of state
of any memory cell from the last-written state,
even if the state later returns to that last-written
state.

worst-case retention time. The time interval
between the instant of writing a memory pattern
into a memory and the first worst-case retention
failure.

2.2 Letter Symbols for Quantities
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4. Basic MNOS Cell Operation
in an Integrated Circuit

4.1 Background. A MNOS cell grouped with
other MNOS cells in a MNOS array and with other
support MOS transistors on the same substrate
form a complete MNOS memory integrated cir-
cuit. It is necessary to define the functions of
these cells in various configurations. These func-
tions are erasing, writing, and reading.

4.2 General Description. A representation of
the physical structure of a MNOS device is shown
in Fig 1. As in the case of a normal MOS transistor,
this device has source and drain regions of dif-
fused or implanted n- or p-type dopant for n- or
p-channel devices respectively and a gate elec-
trode of metal or polysilicon. A MNOS transistor
differs from a MOS transistor in the structure of
the gate dielectric that isolates the gate electrode
from the silicon substrate. In a MNOS transistor,
the dielectric is a two-layer structure of silicon
nitride over silicon dioxide, whereas a MOS device
utilizes only an oxide layer. In the case of a MNOS
memory device, the oxide layer is made very thin,
in the order of 2.5 nm.

As in a standard p-channel MOS transistor, the
application of a negative voltage to the gate, equal
to or greater than the threshold voltage Vi) will
result in an inversion of the substrate surface
under the gate forming a conducting channel that
allows current to flow between drain and source
when a potential difference exists between them.
The property that makes a MNOS transistor both
practical and very attractive as a memory ele-
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ment is the possibility of changing the Vi) of
the device. This is accomplished by the applica-
tion of a (sufficiently) large positive voltage to the
gate electrode. As a result, electrons tunnel from
the silicon of the channel region into the gate die-
lectric, where they become trapped. These nega-
tive charges decrease the threshold voltage of the
p-channel transistor. Conversely, when a large
negative potential is applied to the gate electrode,
holes are injected from the silicon to become
trapped in the gate dielectric. This causes an
increase in the threshold voltage of the p-channel
transistor.

The polarity of the trapped charge is ascer-
tained by the application of a voltage intermediate
to the two threshold voltage extremes generated
by the high positive or negative voltages. If the
trapped charge is more positive, the transistor
will not turn on, and no current can flow in its
channel If, on the other hand, the trapped charge
is more negative, the applied intermediate voltage
will turn on the transistor, and current can be
made to flow in the channel.

Viewing the (p-channel) MNOS transistor now
as a memory cell in a circuit, the application of a
large positive voltage becomes the act of erasing,
and the application of a large negative voltage
becomes the act of writing. The intermediate
potential used to determine the state of conduc-
tion is the read voltage of the memory cell. These
quantities are discussed in greater detail in the
following paragraphs.

4.3 Cell Functions

4.3.1 Erasing and Writing. As a result of the
application of a positive gate tunneling potential
with respect to the device substrate, a net nega-
tive charge is trapped in the nitride as shown in
Fig 3(a). This causes a positive shift in threshold
voltage and places a p-channel device in the high-
conduction or erased state. The same operation
would result in a positive Vg ) shift for a n-chan-
nel MNOS transistor, which would, however, re-
main in the low-conduction or written state.

Conversely, a p-channel written state with a
negative Vip) shift results from a negative gate
tunneling potential (see Fig 3(b)). The same oper-
ation produces an erased n-channel transistor.

The commonality in defining states is derived
from a circuit view of the device, the written state
being the low-conduction state in both p- and
n-channel technologies and the erased state being
the high-conduction state in both cases.

4.3.2 Reading. The difference between the
threshold voltage of a device in the erased state
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Vienye and that of one in the written state Vinyw
can be several volts depending on fabrication var-
iables and write/erase voltages and times. This
fact provides for a convenient method of evaluat-
ing the condition of the cell. By the application of
a gate reference or read voltage, Vg, set some-
where between the two threshold voltages, a writ-
ten p-channel device, whose Vi will be more
negative than the applied reference voltage, will
not conduct, but an erased device will. Conduc-
tion or nonconduction may be interpreted by the
sensing logic circuitry as either a high or low logic
state.

To summarize, the following relationships are
true for both p- and n-channel MNOS memory
devices:

[ Ve | < | Var | < | Viyw |

towards the drain voltage, thus equalizing gate
and substrate voltages.

4.3.4 Alternative Cell Structure. A disadvan-
tage of the MNOS-gate structure described above
results from continually stressing the gate dielec-
tric by the repeated application of the high-
voltage erase/write pulses, in particular in the
areas where the dielectric overlaps the source
and drain regions. Observed failure mechanisms
include a complete dielectric breakdown that
may occur in these areas.

Figure 4 shows a structure known as a tri-gate
transistor that is used to overcome this disadvan-
tage. In this structure the thin (2.5 nm) oxide
region is reduced to a small area in the center of
the channel, leaving the side portions of the
device with a much thicker (45 nm) oxide that
significantly improves the yield and characteris-

Vime = erased-state threshold voltage tics of the MNOS memory element. The memory
Vimue = high-conduction threshold voltage characteristics of the device are governed by the
Vinyw = written-state threshold voltage thin oxide, central region of the gate that behaves
VimyLe = low-conduction threshold voltage similarly to the flat-gate device previously de-
Vime = Vianyrc scribed. One difference is that the high-conduction
Vimw = Ve threshold will now be determined by the fixed

4.3.3 Write Inhibit. To prevent an erased tran-
sistor from being written or a written transistor
from being erased, gate and substrate voltages
must be equalized. This is typically accomplished
by having a drain bias voltage close to that of the
gate voltage with the source open, so that during
the write operation, the source voltage is pulled
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Vis(tny of the side portions, which is close to that of
a normal MOS transistor fabricated under the
same conditions.

4.4 Cell Concepts and Structures. Three differ-
ent cell concepts have been used in practical
MNOS memory arrays.

(1) Single-transistor cell

(2) Two-transistor cell
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