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Abstract

The phenomenon of non-stcady-state current flow through the interface traps during the

dielectric relaxation of MOS device is presented. Experimental method is also described for deter-

mining the energy distribution of interface traps, which is based on isothermal dielectric relaxation

current technique. Actually, the energy distribution of interface traps was obtained by measuring the

transient current through the traps at Si-Si0O, interface only in lower-half of the bandgap. It is shown

that the trap energy distribution has peak value 1.72x<10' cm=2 eV~ near 0.73eV approximately.

I. INTRODUCTION

The planar technology and semiconductor
devices made by this technology were first
described in 1960. As the planar technology has,
since, become the principal method of fabricating
semiconductor devices and integrated circuits,
the reliability and stability of semiconductor
devices are intimately related to their surface
conditions. It has been predicted theoretically
by Tamm and Shockley that because of disruption
of the periodicity of the lattice at a surface,
a high density of states will be introduced into
the forbidden gap near or at the semiconductor
surface, @

Several methods have been used to determine
the density of surface states at the Si-SiQ,
interface of the MOS System [33-[5],[73(8].
Most of these methods are made under steady-

* EHA: ASATREE - THOERERERT)
oy Aek KBRTBRTEH
BRI 197748 108 18R

Then the
analyses of the data obtained by these methods

state or quasi-steady-state condition:

are indirect and consequently are often tedious
and subject to error. The limitations on the
informationthat can be obtained from some of
these methods have been discussed by Zaininger
and Warfield® and Frankl®.

Very recently, the effect of interface traps on
the properties of MOS devices under non-steady-
state Conditions has been discussed.¢®~0®
In this paper the isothermal dielectric relaxation
current technique is used to study emission and
surface generation throughout the interface traps
at the Si-SiO, interface of MOS device. The
emission current vs. time and the surface gener-
ation current vs. time characteristic are obtained
in terms of the trap distribution throughout the
entire bandgap theoretically and experimentally.
Consequently. the energy distributions for inter-
face traps are obtained from the current-time
characteristic using the transformation equations,
that is, a continuum of interface traps is obtained
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cacross the bandgap.

. THEORY

The MOS device is biased into the accumulation
mode so that the interface traps in the upper-half
of the bandgap will be filled to an energy, E;
at which the Fermi level intersects the semicon-
-ductor surface(Fig.1-a). Next the device isin the
inversion mode provided the gate is negatively
biased. In this case, under gquasiequilibrium con-
-ditions only those arc filled that lie in levels
below the energy, E. at which the Fermi level
intersects the surface in the lower-half of the
bandgap(Fig.1-d). Thus,
switched from the accumulation to the inversion

when the sample is

mode, the interface traps located betwecn the
This

relaxation process does not occur insta ntanc-

-energy E; and E. lose their electrons.

ously, and during the period itoccurs, the device
is in the non-steady-state. Under these conditions
the initial relaxation mode is by the emission

of electron from the interface traps, and [inally
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Pig. 1. Energy diagrms of an n-type MOS device
(a) the accumulation mode (b) the non-steady-state
mode during surface emission of trapped electrons
from interfacetraps in the upper-half of the bandzan.
{c) the non-steady-state during surface and bulk
generation of electron-hole pairs and the recom
bination of electrons trapped in the interfacetraps
in the lower-half of the bandgap with Loles in
the valence band. (d) the quasi-equilibrium in

«version mode.
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by surface or bulk generation; Electrons escape
from the interface traps in the upper-half of the
bandgap by thermal excitation into the conduction
band (Fig.1-b). When these traps have emptied,
surface or bulk generation of electron-hole pairs
becomes significant. In this event, electrons in
the traps located in the lower-half of the bandgap
escape by recombining with the generated holes
in the valence band (Fig.1-c¢). The electrons that
are emitted to the conduction band are immedi-
ately swept out of the depletion region by the
high field therein into the neutral region, causing
a current to flow into the external circuit. The
system reaches quasi-equilibrium when the energy
of the uppermost filled interface trap, E.*
coincides with the Fermi level in the bulk, Here
we will be concerned with the emission current
and surface generation current.

II-1. NON-STEADY-STATE STATISTICS

In this section the ncn-steady-state statistics
are derived for traps at the silicon-silicon dioxide
interface when the device is switched from the
accumulation mode to the inversion node, It has
been shown that the rate equation that describes
the trap cccupancy at some time at an energy
level is, according to the Shockley-Read Statistics,
given by, 1

A = (ot T = (erter s D
Now under reverse-biased conditions, the density

-1

of free electrons in the conduction band at the
interface is small and may be neglected. Iowe-
ver, the density of free holes at the interface
cannot be neglected when the device is approa-
ching the inversion mode. Thus, eq. (1—1) may
be simplified to.

%{‘ =épr— (€n+€p+15)f

The solution for the non-steady-state occupancy

1-2

is found to be given approximately by

RN . ep e'l €p
fu)“(fG €uterr b ) + eatertp

where f, represents the initial occupancy of the

1-3

traps at an cnergy and A is given by

a=[ Ceutert Bt (-1
[
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when the time is sufficiently short that the gen-
eration of free carriers is negligible, the energy
level E,* defined by 2=1 at a given time t=¢,
e (E X)) =1 (1-5
may be considered to represent the non-steady-
state Fermi level for electrons in the upper-half
of the bandgap. It will be shown in Fig.2 that
in the upper-half of the bandgap it hasa similar
functional dependence on cnergy as that of a
Fermi-Dirac distribution function. Thus it follows
than 2kT above

midgap, the sccond term on the right-hand side

that for F,* greater about

of (1—3) may be neglected. Iience, in the upper-
half of the bandgap f=fee * al the
are governed only hy the cmission process. As

statistics

the time increases, E.* approsches the midgap

energy E; which means that interface traps

above E..* have been emapticd by the cmission

process. At sometime tc which E,.* reaches
midgap, the function becomes sharply peaked
about E,* and collapses rapidly about E; for

any further increase in time. Hence, the emission
process ceases and the generativn  process takes
over. Thus, for ¢>#, the nou-sieady-state occu-

pancy for the interface traps is given by

ey =—L— ., (1—6)
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Fig. 2. The no#t-steady-state occupancy function
f~e-* in the upper-half of the bandgap.

11—2. DERMINATION OF TRAP DITRIBUTION

We will show that the product of the isother-
mal current and time plotted as a function of
log t actually yields directly the interface trap
distribution.

(1) EMSSION PROCESS

The emission current is related to the rate at
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which the traps are emptied, that is

@D

Eq(2—1) may be solved approximately for any

fg‘N,t(E)enexp (-e.t)dE

trap distribution®+ =
qAC,
C,+Cq

The attempt-to-escape frcquency v is usually

i= A’st(EHl ) (1““8_'“) (2—*2)

of the order 10 to 10** sec™t hence, ™ is much
smaller than unity for realistic values of t. In
practical MOS devices in the deep-depletion mode
C,<C,, so that (2—
I
qART

which shows that the product of current and

2) reduces to

NL(E 5= (2-3)

time is linearly proportional to the occupied trap
at E£..* Furthermore, E,* is rclated to
the time by

E.—E. *=kTlut
or E,—E,*=2,3026 T (ogt+logy)

Hence, using (2

density

-4
(2—5)
—3) the log ¢ axis can be trans-
formed into energy measured with respect to the
bottom of the conduction band. In other words,
using the transformations provided by (2—3)
and (2—5), the [ t vs. log ¢ characteristic may
directly converted into the N, (E'.*) vs. E.—E,*
characteristic, that is, into an actual plot of the
interface trap distribution.

(2) GENERATION PROCESS

The total rate of surface generation of electron:
hole pairs through the interface traps is given.
by

E, _e.ep

W= E,mN“(E)dE

(2—6)

Thus the surface generation current is given
by (17], [18]

Ae.e o
1:—"7{[ ErNsHE)E =7

Furthermore E,,*(E) is related to the time by
[17],[18:

E,ME)=E,— lei viada N, IE"*Nu(E)dE]
‘ kT Nu(EtP*) —_)

— kTl (2—8)
If we examine (2—8), it will be assumed
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that E,,* is essentially a linear function of In t
provided that the factor R in the argument of
the logarith varies only slowly with time.

R=[Ewy N, (EYAE/N , (Es*) (2—9)
E,

Hence, eq. (2—8) is found to be a good appr-
-oximation to [18]

Ev—Epr=i7,[ 2] (2—10)
Also, eq(2—7) can be rewritten as
Iz
N”(En*)=—qm* (2—1D)

Therefore using the approximately linear
relation between E,,* and time given by (2—10),
the time axis can be transformed into an axis
representing energy above the top of the valence
band. It will be apparent from{(2—10} and{2—11)
than the I t vs. Int plot is a direct image of the
interface trap distribution in the lower-half of

the bandgap.

. EXPERIMENT

The sample used in the cxperiment is an MOS
‘structure, in which the oxide layer thickness is
1150A. The substrate is n-type silicon of 8§~12
‘Qem resistivity The area of the metal gate is
1.23%1072cm® The elements of a circuit for per-
forming a measurcment are shown in Fig.3. This
-circuit is essentially an analog differentiator incor-
porating the MOS device as a capacitive element.
This circuit may beconveniently realized using
an electrometer such as the TAKEDA RIKEN
MODEIL TR-8651. The sample is measured within
.2 chamber box such as the DAKEDA RIKEN
MODEL TR-42 to isolate electrical leads and
feeds are also shiclded against electrical distur-
of the

measured using a temperature chamber

bances. The temderature sample was
such as
CO,—25 TYPE.D.C. voltage source provides the
bias-voltage in the form of the step voltage
The transient current is observed to flow through
oscilloscope such as TELEQUIPMENT STORAGE
TYPE DM-64.
is recorded by X.Y recorder (YEW

automatically and continuously.

At the same time this current
TYPE-3077)
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Fig. 3. Equivalent Circuit for I vs. t measurement

IV. RESULTS AND DISCUSSION
Fig4-Fig 7

current characteristics.

illustrate a family of transient
The
voltage biases used through the experiments

initial and final

were 6V (accumulation state) and —16V{(inversion
state). Since the measurement circuit shown in
Fig 3. is a simple differentiatiator circuit, the
Viou

de . , . .
:-RYi,,’W. The resistance R, which is the stan-

output of the electrometer is expressed by

dard resistance of the electrometer, can be chosen
from 19° to 10" ohms according to the measurement
range. The current can be obtaned by normalizing
the cutput votage with the standard resistance.
The current that circulates the external circuit
after the voltage step (or pulse) is applied
compriscs four main components; surface emission
(I,), surface generationg (1,), bulk gencration(Zs)
and depletion current(l,). The latter is a displace-
ment current arising from the change of the
depletion charge as the depletion region changes
in width, Thus, the total current I is given by
I=1,+1;+1+1,

It can be shown [15] that the total current
may be rewritten in the form

c,
C,+C,
Cd is generally much smaller than the oxide

I= Tt Toot1ns)

capacitance Co, so

V=2 PR3 FREY
By altering the initial conditions, the transient
current vs. time characteristics exhibits different
shapes, which enable one to distinguish between
surface cmission, surface generation and bulk
generation processes. Actually, when the device
the
early portion of the transient response is due to

is initially biased into the accumulation,
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emission of electrons from interface traps with
energy above the middle of the badgap. Ata
later time, the emission process, gradually gives
way to surface generation, which completely
dominates the emission process at z=0.25~0.3
sec.

At room temperature the trapped elcctrons
escape in less than 107%sec after the device has

been biased into the deep-depletion mode, which
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Fig. 6 I vs. t curve (3)
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Fig. 7 I vs. ¢t curve (4)

time is less than the response titne of the elec-
trometer. Thus, at £=2.5~3.0sec, that is, where
the surface-gencration process dominates, the I-2
cutve is directly proportional to the trap distri-
bution in the lower-half of the bandgap. From
the experimental curve the relation of theinter-
face trap density and energy can be directly
obtained using the
and (2—10), (2—11).

To analyze the experimental data in the manner

transformation (2—3), (2—5)

described above we need know the value of the
attempt-to-escape frequency. This parameter may
be obtained by plotting the It-log t characteristic
at two different temperatures 77 and 7. Then
by measuring the time #, and #. on the T; and
T, at which the peak point of the characteristic’
occurs, corresponding to an energy the attempt--
to-escape frequency may be determind. We show
the results of Fig.4—7 transformed into the trap
distribution using transformation equations in
Fig.8. It is seen that the trap distribution has
peak value with maximum of 1.72x10%cm%eV"*
situated 0.73eV respectively, below the bottom
of the conduction band.

In fact, it is theoretically expected that the trap
distribution has two peaks:the first(higher-energy)
peak lies in the upper-half of the bandgap while
the second peak (lower-energy) lies in the lower-
half of the bandgap. Thus, they are thought to
emission and generation peaks respectively. But
because of the limit of temperature variation,
the complete data were not until obtaind. Fur-

thermore, the experiment is being carried out.
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Table. Parts of N,.(E)vs E,—E.; data.
203°K | 303°K [ 313°K 333°K ] 353°K ] 363°K { 373K ) 403°K
E—~E, | 0725 | 0750 | 0774 | 0.8226] 0.871 [ 0.895 | 0.920[ 0. 992

N,.(E)7Il7.2><10”ll6.3><1012f 15.2X10% 14.3><10”} 13.5><1012J 1L.4X10%  10.7x10  8.33x10'

—

s

s o7 .8 »q Lo

Fig. 8 N,(E) vs E.—E,

Y. CONCLUSION

The energy distribution of interface traps in
MOS device was obtained in the lower-half of
the bandgap. The trap distribution has peak
value with maximum of 1.72X10* cm™ eV™!
situated 0.73eV respectively, below the conduc-
tionband. Also. it is thought that IDRC technique
provides a simple method of measuring the trap
energy distribution across the entirebandgap of
MOS System.
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