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The non-steady-state statistics are derived for traps at the silicon-oxide interface of
metal-oxide-semiconductor (MOS) structures. These results are applied to derive the surface-generation
current Ig vs. temperature T characteristic associated with the generation of electron-hole pairs
through the interfacial traps. It is shown that for a negligible rate of generation of carriers in the
depletion layer of the semiconductor, the surface generation Ig-T characteristic reflects the trap
distribution in the lower-half of the band gap. Furthermore, it is shown that the I-T curves associated
with the bulk-generation and the surface-generation processes exhibit characteristics which allow the two
processes to be distinguished.

I. INTRODUCTION

In a previous' paper the non-steady-state statis-
tics for traps in the depletion layer of the metal-
oxide-semiconductor (MOS) capacitor were derived,
with the assumption that the effect of interface
traps at the silicon-silicon dioxide interface could
be neglected. In this paper we will derive the non-
steady-state statistics for traps at the silicon-
silicon dioxide interface, when the device is switched
from the accumulation mode to the deep-depletion
mode. In addition, we will show that a simple re-
lationship exists between the energy distribution
of the interface traps and the current-vs-tempera-
ture characteristic of the device, under the appro-
priate biasing and heating conditions, which ex-
pedites analysis of the experimental data. Further-
more, it will be shown that the energy distribution
of most of the traps throughout the band gap can be
examined by the technique.

II. NON-STEADY-STATE STATISTICS

The non-steady-state technique involves initially
filling the interface traps at a low temperature by
applying a forward voltage bias to the device in
order to accumulate the surface of the silicon
[Fig. 1(a)j. In this condition all interfacial traps
below the Fermi energy are essentially full while
those above are essentially empty. A reverse
voltage bias is then applied to the device so that
the surface of the silicon is in the non-steady-
state deep-depletion mode [Fig. 1(b)j. The tem-
perature of the device is then raised at a uniform
rate P, and the current monitored as a function of
temperature.

It has been shown that the rate equation which
describes the occupancy of the traps at an energy
E is, according to the Shockley-Read statistics,
given by

df/dt= (e, +n) —(e„+e,+n+t)f,
where p=gg~p, @=go„pg, g is the thermal velocity
of the carriers, v„and o~ are the capture cross sec-
tions of the tr aps for electrons and holes, respective-
ly, and n and p represent the density of free electrons
and holes at the interface, respectively. The
emission probability rate for holes, from a trap
of energy Et above the valence band, is given by

—g)g A7' e Et t = V

and the corresponding emission probability rate
for electrons, e„,is given by

(Zt-8 )lkT (Et-Et ) iATe„—van c e Vn

Now, under reverse-biased conditions [Fig.
l(b)], the density of free electrons in the conduc-
tion band at the silicon-silicon dioxide interface
is small and may be neglected. However, the
density of free holes at the interface cannot be
neglected when the device is approaching the in-
version mode. Thus, Eq. (1) reduces to

df/dt=ep —(e„+e,+p)f .

The general solution of Eq. (4) is given by

t
f(t)=e' eee'dtefe)

0

where fo represents the initial occupancy of a. trap
at the energy level E, and X is given by

(e„+e,+P) dt .

Now, when the device is biased initially into the
accumulation mode at the low temperature [see
Fig. 1(a)], the density of free hotes at the silicon-
oxide interface is virtually zero; in addition all
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The approximate solution of (5) is given by'
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In Fig. 2, the factor e ' in (10) is shown plotted
as a function of energy for various values of tem-
perature. It will be noted that in the upper-half
of the band gap, it has a similar functional depen-
dence on energy as that of a Fermi-Dirac dis-
tribution function. For energy levels in the upper-
half of the bandgap, that is, for e„»e~,the inte-
gral of (9) can be shown to be given approximately
by

Ec

'F
E

(b)

Vr Now for energy levels above the energy E,„defined
by g = 1, that is,

(12)

the traps are essentially empty, and below E,
„

they are essentially full. Thus it follows that for
E,„greater than about 2kT above midgap, the sec-
ond term on the right-hand side of (10) may be
neglected. Hence, in the upper-half of the band-
gap

FIG. l. Energy diagram of an n-type MOB device: (a)
in the accumulation mode with all interfacial traps below
the Fermi energy filled and a negligible density of free
holes at the interface, Ib) in the deep-depletion mode with
a negligible density of free electrons at the interface.

tn, 5

(13)

interfacial traps below the Fermi level are full.
Thus, when a reverse voltage bias is applied to
the device, the semiconductor becomes deeply de-
pleted [Fig. 1(b)], and the initial value of the free-
hole density, pp, is zero. Furthermore, surface
generation at the low temperature is negligibly
small and may be equated to zero. Hence, the
contribution of p to X in (4) is insignificant at the
low temperatures. Nevertheless, p will be re-
tained in the evaluation of Eg. (4) since at the
higher temperatures at which generation occurs,
p plays a dominant role. Now let us suppose that
the temperature is increased at a uniform rate P
given by

T= Pt+ T(),

where Tp represents the initial temperature. Then
substituting (7) into (5) gives

T
f=e (l3

'
e~e dT+f ~, op )

and substituting (7) into (6) gives

Et

tp, 4

tp, 5
E =0.0

V

FIG. 2. Term e ~ is shown plotted as a function of
energy with temperature as the parameter. The quasi-
Fermi levels E«and E,& are shownapproachingthe midgap
with increasing temperature.
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and the statistics are governed solely by the emis-
sion process, the generation process being negli-
gible. This may be verified by solving (4) with
only the emission term included.

Figure 2 illustrates (13) as a function of energy,
with temperature as a parameter. It is noted that
as the temperature is increased, E,„approaches
midgap (see Fig. 2) which means that trap levels
above E,„have been emptied by the emission pro-
cess. In the process of being swept out of the de-
pletion layer the emitted electrons give rise to
the emission current. At some temperature Tj,
at which E,„reaches midgap, the function becomes
sharply peaked about E,„(herev„is assumed to
be equal to p~), and collapses rapidly about E; for
any further increase in temperature. Hence,
above T, the first term of (10) becomes negligible
in comparison with the second term, which means
that the emission process ceases and the genera-
tion process takes over. It is interesting to note
that when emission has ceased, the occupancy
function expressed by (10) collapses to a form that
is identical to the quasiequilibrium statistic. We
will now consider the emission and generation pro-
cesses quantitatively.

III. EMISSION CURRENT

hence the temperature axis can be transformed
into an axis representing energy below the con-
duction-band edge. Thus, it will be apparent
from (16) and (1V) that an I, —T plot is a direct
image' of the interfacial trap distribution in the
upper-half of the band gap.

A. Relation between Ef~ and temperature

We saw in an earlier section that when the tem-
perature is such that interfacial traps in the upper-
half of the bandgap are empty, the occupancy f

oxtdc
metal

IV. GENERATION CURRENT

In the subsections that follow we will derive the
expression for the surface-generation current I
in terms of the temperature T and the interfacial
trap density N„. Furthermore, we will show that
for trap distributions that vary slowly with energy,
the relationship between the non-steady-state
Fermi level for holes (E,*~) and temperature may
be expressed by a linear approximation.

In this section we will consider the current that
arises from the emission of electrons from inter-
facial traps in the upper-half of the band gap to
the conduction band.

For the case of distributed traps above the mid-
gap, the emission current is proportional to the
rate at which traps are emptied, that is [cf. Ap-
pendix of Ref. (1)]

E

EF

I,~ qAN„(E,„)P dE~n

or [cf. Appendix of Refs. (1) a.nd (3)]

(14)

I = (qAPN, (E,„)10[1. 912o,g(vo/ )P+3. 2]],
Co+ Cu

(»)
where N„(E,„)is the interfacial trap density at the
non-steady-state Fermi energy, E,„,for electrons.
Co and C„arethe capacitances of the oxide and de-
pletion layer of the silicon, respectively. In
practical MQS devices, Co»C„with the device in
the deep-depletion mode so that (15) reduces to

Ec

fr'ec holes

I,= 10 qAP[1. 92log, (v/P)+ 3.2]N„(E,„),(16)

which shows that the emission current is propor-
tional to the interfacial trap density at E,„.Also,
it can be shown' that

E, —E~„=10 T[1.92 log, o(v/P) + 3.2] —0.0155;
(1V)

(b)
FIG. 3. Energy diagram of an n-type MOS device: (a)

in the deep-depletion mode with the occupancy function f
= e&/(e„+e&+P) superimposed; (b) illustrating the genera. —

tion of electron-hole pairs through interface traps and the
recapture of free holes by traps at E&&.
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is expressed in terms of the generation statistics
[the second term of (10)] given by

e„+e~+P

Figure 3(a) shows the energy diagram of the
device in the non-steady-state deep-depletion
mode, and superimposed on it is the occupancy
function for traps at the interface given by (18).
The energy level E~„and E~& on the figure repre-
sent the non-steady-state Fermi levels for trapped
electrons and holes at the interface, respectively,
and are defined by

e„(E,*„)= p and e~(E,*~)= p, (»)

since, as will be seen later, Et~„and E~& define
essentially the energy range of trap levels involved
in the generation process.

Now, as the temperature is increased, the free-
hole density at the interface increases rapidly as
a result of the generation of electron-hole pairs
through the traps at the Si.-SiQ2 interface. How-
ever, at the same time, the density of free holes
at the interface is diminished through recombina-
tion with electrons in the interface traps. Thus,
the net effect is that electrons are released from
interface traps in the lower-half of the bandgap to
the conduction band. This two-step process is
indicated by the arrows in Fig. 3(b).

The rate at which the number of free holes per
unit area p, at Si-SiO2 interface changes with tem-
perature is equal to the rate of generation of elec-
tron-hole pairs at the interface minus the rate at
which the free holes are captured by interface
traps. The rate equation is therefore given by

~
dP, e„e~
gT p

~tn dEt pN„(E)dE —PN„(E,*,)—
(25)

E=E
c g

I I I $

f
I 1 I I

3.0.

0.9

the second integral on the right-hand side of (22)
may be approximated by

f)N (E) '~dE=N (E*)St dI. St t p
~v

where X„(E,*~) is the trap density at the non-steady-
state Fermi level E,*~. Hence (22) becomes

dP ~& e e
P ' = " —N (E)dE —PN (E* )+ +p st st tp

(23)
Furthermore, let us examine the factor G(E, T)
= e„e~/(e„+e~+ p) in the above integral. The factor
is shown plotted in Fig. 4 as a function of energy
for a given value of temperature. We observe that
between the energy levels E~„and E,*~ (where p
» e„,e~), G(E, T) is approximately constant in ener-
gy, and is given by

G(E, T)=e„ep/P . (24)

Also, for energies E & E,~
—2kT and E &Et„+24T, it

will be apparent from Fig. 4 that G(E, T) may be
approximated by zero. In view of these comments
and noting that e„e&/p is independent of energy,
(20) reduces to

dP, ' e„e~N„(E)dE
dt ~ e„+e~+p f 'N, (E) dE, (20)

0.8

where N„(E)represents the number of interfacial
traps per unit area per unit energy. It will be
recalled that the non-steady-state occupancy is
given by f=-e&/(e„+e&+p), and f ', which repre-
sents the rate of change of trap occupancy at ener-
gy E, is obtained by taking the derivative of the
occupancy f with respect to time using (19), and is
given by

f(1 -f) dE,*~ (21)
kT dt

On substituting (7) and (21) into (20) we obtain

0.7—

0.6—

0.5—

04—
C
W 0.3

0.2

0.1

E.

E

PS
dT

ee N, (E)dEe„+e&+P Ev =O.Q 0.0
I, i I

0.5

N (E) — "dE
kT (22)

Now, for trap distributions that are not too strong'
a function of energy, i.e. , dN(E)/dE & N(E)/k T,

FIG. 4. The function G =e„e&/(e„+e&+P)is plotted as
a function of energy at a temperature of 300'K. For
energy levels 2kT above E&& and 2 kT below E&&, the func-
tion is approximated by the constant e„e&/P, and is shown
normalized to e„e&/P in the plot above.
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I et us suppose that the distribution of free holes
in the valence band of the silicon under reverse
comiitions is given by Maxwell-Boltzmann statis-
tics, tha, t is,

The temperature dependence of E,p can now be de-
rived by substituting (20) into (33)

g"Nt E dE

p(&) ~(0) e L'0(x'&-g 1/kt (26)
(34)

where /»(0) is the density of free holes at the inter-
face, P, is the interfacial surface potential of the
semiconductor, and P is the potential of the bottom
of the conduction band with respect to its value in
the bulk of the silicon. Substituting (26) into
Poisson's equation and integrating, we obta, in the
following expression for the electric field S(x):

g( ) —( / ) (kTp(0)[ - /» &&&» @sV»]-

+ N, y(x)P' . (27)

Now the total number of free holes P, in the inver-
sion layer is found by integrating Eq. (26) with re-
spect to x, a,nd is given by

'
&(0) re&*& ~, &/»& (26)

If we assume that the free hole d-ensity at the sur-
face is sufficiently large that the second term with-
in the brackets of (27} can be neglected, then on
making use of (27) in (28), and integrating, we obtain

p, = 2[op(0)kT/q]'/' .

On the other hand, if the first term within the
brackets of (27) is negligible, P, is given approxi-
mately by

p, = N'p(0)(e.,/qV, y, )"2 . (30)

(32)

From Eqs. (25) and (29) we obtain the following dif-
ferential equation'.

dp(0) e~n
= e„e~ N„(E)dE

Etp

~ p(0) 1/2

Pve~kT ' + N, (E,*), (3I)

When N„(E,~)» [a,p(0)/qk T]'/, which is normally
the case except under strong inversion conditions,
(31) simplifies to

If we take the usually adopted temperature depen-
dences for o„(~T ~ ), u (~ T'/ ) and N, (~ T' ), an
examination of (34) revea. ls that the factor va„N,T/P
in the argument of the logarithm is linearly de-
pendent on the temperate&. l. e. Furthermore, when
we consider the factor A, given by

Etn
R= g 'N„(E)dE (35)

Egp
N„(E,*,),

in the logarithm of (34), we find that for trap dis-
tributions which vary relatively slowly with energy,
the ratio A changes only slowly with temperature.
Thus, assuming the argument of the logarithmic
term to be essentially independent of temperature,
Eq. (34) predicts an approximately linear depen-
dence of E,*~ or temperature.

B. Relation between J and trap density N„

e„(E) ~ N, (E)dE . (36)

In Sec. IV A it was pointed out that the inter-
facial traps in the lower-half of the band gap re-
lease their electrons to the conduction band by
means of a two-step process [see Fig. 3(b)]. How-
ever, it is only the surface-generated electrons
that give rise to the current in the external circuit
since only these carriers are transported through
the system. It must be pointed out here that in
practical devices, electron-hole pairs are gener-
ated in the depletion layer of the silicon as well.
However, in the analysis that follows, it will be
assumed that the density of traps in the depletion
layer is small in comparison to the interfacial
trap density so that any contribution to the current
from bulk generation can be neglected (however,
see Sec. VIC}. The rate of surface generation of
electron-hole pairs through interfacial traps in
the range of energy dE is given by the product of
the emission probability rate e„,the interface trap
density N„(E),and the trap occupancy e&(E)/
[e„(E)+e~(E)+p]. Thus, the total rate of genera-
tion of electrons is given by

In a similar manner, Eq. (32) is obtained from
Eqs. , (25) and (30) with the assumption
~„(E,"~)»p(0)(e,/qN~Q, )'/ . The approximate solu-
tion of Eq. (22) is given by (see Appendix)

Etn N
vv„N,N„T

~

&g*p
'

2 /» (33)
PE, ( N„(E,*,)

Hence, the generation current J is given by

qCo d
Co+ Cp dt

(37)

where the factor Co/(Co+ C~) arises because the
electrons are swept through the depletion layer
only, and not the oxide as well. In the deep-de-
pletion mode, Co is usually much larger than C„so
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(36) proportional to the product of the generation cur
went and the temperature.

~tn
~„(z)dz.

P z]~

From Eqs. (33), and (39) we obtain the following
expression for the generation current, J:

z, = (qPz, /T) x„(z+,), (40)

Or

N„(E,*~)= J~,T/qPE~ .

Thus, the interfacial trap density at energy E,*~ is

From an inspection of the integrals in (22) and (25)
it is seen that (36) may be expressed in the follow-
ing form:

C. Surface initially inverted

Let us assume that a large reverse voltage bias
has been applied to the device at room tempera-
ture so that it is in the inversion mode, and then
cooled in this mode to some low temperature.
Under the condition of strong inversion, the con-
centration of free holes p+ at the silicon-silicon
dioxide interface is sufficiently large that p, o is
comparable with e„and e~, and hence we retain
the first term of Eq. (AB). Now, it will be re-
ca.lied from Sec. IV that the function e„e&/(e„+e&

+p,) is approximately constant in energy for E,*„
&E &E,*~ (see Fig. 4); hence (37) for the non-steady-
state generation current may be written in the fol-
lowing approximate form:

I, = qACoe„e& . X, E dE Co+Cd p,o+ v„v&T
gyp I

From an examination of (42) it is observed that at low temperatures the second term within the large pa-
rentheses of the denominator is small in comparison with p,o. This means that at the low temperatures at
which the rate of generation of electron-hole pairs is very low, the increase in the free-hole density at the
interface is only a small fraction of the total free-hole density at the initial temperature. Hence, the sur-
face-generation current expressed by (42) may be expressed by the approximate linear expansion:

I

~~n

Co+ Cu~Pso
f;p tp

that is, at a given temperature, the surface-gener-
ation current is inversely proportional to the free-
hole density P, o at the initial temperature. As the
temperature is increased, the surface generation
increases with the temperature and falls to zero
when the system reaches the steady-state inver-
sion condition. The area under the curves is pro-
portional to the net positive charge accumulated
in the inversion layer (for n-type silicon), which,
in turn, is directly related to the increase in the
reverse voltage bias (Vz —V,). Figure 5(a) illus-
trates a series of theoretical curves obtained for
increasing values of P& and P'; while maintaining
V& —V; constant, and assuming a uniform trap dis-
tribution. It is observed that the peaks shift to
higher temperatures as V& is increased, while the
area under each peak remains constant. This is
in contrast with the peaks that are obtained when
bulk-generation is the dominant process [ see Ref.
I and Fig. 5(b)] in which the temperatures at
which the maxima occur are relatively independent
of V& for a given value of V&

= V, Thus the ex-
periment provides a straightforward method for

determining which of the two generation processes
is dominant.

V. COMPUTED CURVES

If we examine (34), which relates the non-steady-
state Fermi level for trapped holes (E,*~) to the
temperature, we observe that there is no tractable
solution of the equation. However, a plot of the
factor 8 [given by (35)] as a function of E,*&, using
the trap distribution of Fig. 7(a), shows that the
change in R is very small in comparison with the
factor vo„X,T/PE in the argument of the logarithm.
The computed E,*~ —T curve, indicated by the broken
line in Fig. 6, was obtained using (34) and the
energy distribution of the interfacial traps shown
in Fig. 7(a); this distribution was found to give the
greatest deviation from linearity. A parabolic
distribution and distributions that changed slowly
with energy were found to give more linear E,*~ —T
curves. However, all the curves can be linearized
without incurring serious error. Thus we may
write (34) in the following approximate form:
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perature at which the generation current ceases to
flow is weakly dependent on the voltage bias. In
contrast with this observation ' of the bulk-gener-
ation process, when the surface-generation pro-
cess dominates, the temperature at which the cur-
rent ceases to flow shifts by a significant amount
to higher values as the reverse voltage bias on the
device is increased [Fig. 5(a)].

If the interfacial trap density is large in com-
parison with the bulk density, then under normal
biasing conditions surface-generation will mask
any bulk-generation effects. However, it will be
recalled that the surface-generation process be-
comes less efficient with increasing free-hole
density at the interface. Thus, if an appropriately
large reverse-voltage bias is applied to the device
so that a large density of free holes exist at the
interface at the start of the heating process, the
surface-generation current can be made arbi-
trarily small in comparison with the bulk-genera-
tion current, thus allowing one to study the bulk-
generation effects alone.

APPENDIX: RELATION BETWEEN FREE-HOLE
DENSITY AT THE INTERFACE AND TEMPERATURE

The differential equation that relates the free-
hole concentration at the surface to the tempera-
ture is given by (32) of the text, namely,

(Al)

I

0.55 0.5
I

0.4
I

0.3
I

02 (eV)
(E-E, )

FIG. 7. (a) Dashed line represents the trap distribu-
tion and the solid line represents the exact Ig~ —T curve
that has been transformed using (41) and (45). (b) Illus-
trates the accuracy when a distribution that exhibits two
peaks is used.

valid assumption; indeed, the bulk trap density in
the depletion layer may be so large that the con-
verse may be true. Hence, it is important to be
able to distinguish between the two processes.

In both cases the net generation current ceases
to flow when the surface of the silicon reaches the
equilibrium condition. Now, it has been shown in
a previous paper that for a given heating rate the
size of the bulk-generation I, —T curve increased
with increasing reverse voltage bias, but that the
temperature at which the maximum occurs remains
approximately the same. Furthermore, the tem-

-Eg /AT ~X

J cfT= — coax ~T x
Integrating by parts and collecting terms gives

(A3)

X'

1+— dx= —.x x x (A4)

Now, for reasonable values of temperature E /kT
» 1; hence 1/x (= kT/E ) «1 and (A4) may be sim-
plified to

X 8~X
Qx-

x x (A5)

Substituting this result into (A2) gives the follow-
ing expression for the free-hole density at the sur-

Now, it is found that the ratio within the large
parentheses of (Al) is very weakly dependent on
the temperature; hence, (Al) may be simply writ-
ten as

Pk N„(E~) T dT . (A2)

I et us consider the integral on the right-hand
side of (A2). On substituting x= E /kT into the
integrand and simplifying, the integral becomes
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face:

f~g" N, g(E) dE
~~n c c'-~ =

P~ ( N.,(E,*,) ~

to

PI T ( N., (E,*,) (AV)

x (Te 8+ lhT —T 8+ «To) (A6) %hen the device is biased into the strong-inver-
sion mode, then for T» To, (A6) simplifies to

when the device is biased into the accumulation
mode at the low temperature, po is negligible in
comparison with p for temperatures T (» To) at
which generation begins. Hence, (A6) simplifies

(f, t" N„(E)de
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