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The non-steady-state statistics is derived for traps in the depletion layer of semiconductors. These
results are applied to traps in the depletion region of metal-oxide-semiconductor systems, to obtain. the
emission current vs temperature (I,-T) characteristic associated with the emission of electrons (in the
case of n-type semiconductors) from traps in the upper half of the band gap. It is shown that the

I,-T characteristic is a direct image of the trap distribution in the-upper half of the band gap. The
generation current vs temperature (I,-T) characteristic associated with the electron-hole generation
process that occurs subequent to the emission process is also derived using the statistics. The I -T
characteristic is shown to contain a single pronounced maximum from which the so-called carrier
lifetime may be determined. Furthermore, if the leading edge of the peak is plotted in the form log,
Ig vs T the resulting characteristic is a straight line, the slope of which provides the activation

energy of the generation process. It is predicted that the donor density of the semiconductor and its
activation energy can be obtained by applying the technique at low temperatures. The extension of this

technique to reverse-biased p-n junctions, Schottky-barrier diodes, and highly defect semiconductors is
d1scussed.

I. INTRODUCTION

Most studies' on the interface trap parameters
of metal- oxide- semiconductor (MOS) structures
have been carried out under quasiequilibrium or
steady-state conditions because the statistics for
such conditions are well understood. Although the
non-steady-state processes are usually more dif-
ficult to formalize and solve than the correspond-
ing steady-state processes, they do offer further
insight into the defect nature of the device and the
trapping processes per se. Furthermore, although
the theoretical aspects may be complex, the actual
implementation of the theory to experiment can be
quite straightforward; this is certainly the case in
the study to be presented here.

Most of the quasiequilibrium and steady-state
studies have been concerned with alternating cur-
rent characteristics of the device. Here, we are
concerned with the thermal direct-current char-
acteristics of the device. We will show that the
method provides the trap distribution in the band

gap of the semiconductor and, in particular, vivi-
fies the bulk-generation process as applied to the
MOS structure.

II. PHYSICAL PRINCIPLES

The procedure that is used to obtain the emission
I-T curve and the generation I-T curve for the
MOS structure is as follows: A positive voltage
bias is applied to the metal electrode of the de-
vice so the surface of the semiconductor is in the
accumulation mode, as shown in Fig. 1(a). In this
mode all traps in the semiconductor located below
the equilibrium Fermi level are occupied, while

those above it are empty. The semiconductor is
now cooled to a low temperature To in this condi-
tion [see Fig. 1(b)]. A reverse voltage is then ap-
plied to the metal electrode, and the semiconductor
goes into the non- steady- state deep-depletion mode
because bulk generation, which is responsible for
inverting the sample, is inhibited at the low tem-
perature.

Now, at room temperature the traps in the upper
half of the band gap located in the depletion region
will normally be empty. However, when the de-
vice is biased into the deep-depletion mode at low

temperatures, traps in the depletion region remain
filled. Nevertheless, if the temperature of the de-
vice is now raised at a uniform rate, traps in the
upper half of the band gap begin to emit their elec-
trons to the semiconductor conduction band [see
Fig. 1(c)], and an emission current is observed
to flow in the circuit as a result of the electrons
being swept out of the depletion region. When all
the traps in the upper half of the band gap in the
depletion region have been emptied, the emission
current ceases to flow. Here, we have assumed
that the density of states at the silicon-silicon-
dioxide interface is sufficiently small so that the
effect of these states on the total current that flows
in the external circuit is negligible. However,
when the density of states at the Si-Si02 interface
is comparable to the density of traps in the deple-
tion layer of the semiconductor, the contribution
to the total current cannot be neglected. Never-
less, by judicious biasing of the device, for ex-
ample, by initially applying a large reverse volt-
age bias so that the device is in the strong inver-
sion mode before cooling it, the effects of states
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at the Si-Si03 interface may be eliminated. When
the emission current ceases to flow, generation
of electron-hole pairs in the depletion region then
begins to be significant, as indicated in [Ftg. 1(d)],
and a generation current is observed. This gener-
ation supplies the charge required to invert the
surface of the semiconductor.

In the sections that follow, we will derive the
non-steady-state occupancy function f for traps
throughout the band gap of the semiconductor, and
use this occupancy function to obtain the non-
steady- state emission and generation currents,
from which we will show how the trap parameters
may be obtained.

III. NON-STEADY-STATE OCCUPANCY

The processes that determine the extent to which
traps are filled, that is, the occupancy of the traps,
are indicated in Fig. 2. Processes r, and r,
represent the rate of emission of electrons and
holes, respectively, from traps in the band gap,

E

and are given by

r, =n, e„,
r, = (N, -n, )e9,

(1)

(2)

where N, is the trap density, n, is the density of
trapped electrons, and e„and e9 are the emission
probability rates for electrons and holes, respec-
tively, and are given by

FIG. 2. Schematic illustrating capture and release of
electrons and holes by traps. The capture of electrons
from the conduction band and holes from the valence band
are denoted by r& and rz, respectively. The correspond-
ing emission processes are denoted by r and r„.

OOO C+ th)
t2

Vf

metal e =vo ~ e ~'~~~
9 9 v (4)

semiconductor
oxide

(a)

EF'
Vf

where v is the thermal velocity, cr„and 09 are
the electron and hole cross sections, respective-
ly, and E, is the energy of the trapped level mea-
sured with respect to the top of the valence band.
Processes r& and r„represent the capture by the
traps of free electrons (n) and holes (P), respec-
tively, and are given by

Vq

(c)

Vr

(d)

FIG. 1. Energy-band diagrams of the MOS structure
for an g-type semiconductor illustrating (a) the accumu-
lation mode at room temperature, (b) accumulation at the
initial low temperature, (c) the deep-depletion mode
showing electron emission, (d) the generation of elec-
tron-hole pairs in the depletion layer of the semicon-
ductor.

r9 = nvo„(N, -n, ) =n(N, —n, ),
r~= pvc9n~ -=pn~.

Hence the rate equation for the system is given by

n
(e 9 + n )N, —(e„+e 9+n +p )n, (7)

The trap occupancy f given by the relation

f=ntlNt, (8)

is determined by solving the rate etluation (7) for
n, . In principle, this can be done provided that the
spatial distributions of the free carriers, n(x) and

p(x), are known. In practice, these expressions
often cannot be obtained in closed forms. However,
for systems with which we are concerned here, that
is, the depletion layer in a semiconductor, any
generated free carriers are immediately swept out
of the depletion region by the fields therein; hence
n and P are negligibly small in this region, and
Eq. (7) reduces to the simpler form

dn,
+ (e„+e9)n, =e9N, .
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The technique with which we are concerned in-
volves heating the semiconductor from a low tem-
perature in a controlled manner, and a linear rela-
tion between temperature T and time is assumed:

T=Pt+ T0,

where T0 represents the initial low temperature of
the semiconductor, and P denotes the heating rate.
Thus, by making use of Eq. (10), Eq. (9) can be
rewritten

E

tn, 5

tn, 4

tn, 3

tn, 2

+ P '(e„+ef,)f P'-e~= 0, E.
I

(12)

where

where f is the occupancy of the trap at energy E.
The solution of the above differential equation can
be readily shown to be

f=e ( p f e~e "dT+f()),

tp, 2

tp, 3

tp, 4

X= p
' f (s„+e~)dT, (13)

E
tp, 5

and f ()= 1 is the initial occupancy of the filled traps
as determined by the bias condition. When T is
sufficiently high so that X is greater than unity, the
traps begin to empty and to evaluate (12) we write
it in the following form:

0
E

tn

E

T

f =e (5
' (e„~e )e'dT+1). (14)e„+e~

Note that X «1 the integral in (12) becomes
p 'fr e~ dT «ffs which means that f=f()5 that is,
the traps have not yet begun to empty. Now,
(e„+e~)e' is a much more rapidly varying function
of temperature than e~/(e„+e~) when X~ 1, so
the latter factor may be taken outside the integral,
without introducing significant error:

Tf e "()I ' '(e=„+ee)e'dT+1). (15)
e„+ep z 0

Equation (15) integrates to

e,0 e +
e 0+epo e„+ep

' (16)

The function e " is shown plotted as a function of
energy for various values of temperature in Fig.
3(a). ft will be noted that in the upper half of the
band gap it has a similar functional dependence on
energy as that of a Fermi-Dirac distribution func-
tion, in that above an energy E,„defined by X= 1,
that is,

f [e„(E,*„)+e~(E,„)]dT= f e„(E,„)dT=1, (1V)

traps are essentially empty, and below E&„ they
are essentially filled. Therefore, it follows that
for E~„&&E, the second term on the right-hand side
of (16) may be neglected in comparison to the first,

E; E;

(b)

FIG. 3. (a) Qlustration of the term g ~ plotted as a
function of energy with temperature as the parameter.
The quasi-Fermi levels Et„and E@ are shown approach-
ing the midgap with increasing temperature. (b) e~p/
{e„+ep) plotted as a function of E and negligible in com-
parison with e " for E«» (Ed

as shown in Fig. 3(b). Thus in the upper half of
the band gap

1f s, E,„&-,E„ (16)

and the statistic is governed solely by the emission
process, the generation process being negligible.
This may be seen by solving the rate equation (9)
with emission only included, that is, for the case
ep= 0. As the temperature is increased, E*,„ap-
proaches midgap [see Fig. 3(a)], which means that
electrons in energy levels above E,„have been emp-
tied by the emission process. In the process of
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In this section we will be concerned with current
that arises from the emission of electrons from
traps in the upper half of the band gap to the con-
duction band. (In the case of aP-type semiconduc-
tor the process would involve the emission of holes
from traps in the lower half of the band gap to the
valence band. ) The effect of both distributed traps
and discrete traps will be treated.

A. Distributed Traps

For the case of distributed traps above the mid-
gap, the emission current I, is proportional to the
rate at which traps are emptied:

I, qAbl(E, „) (19)

or (see Appendix)

COLI, = c c —,q Pv(E, „)4+ 0

being swept out of the depletion layer the emitted
electrons give rise to the emission current.

At some temperature, say, T„when E,„reaches
midgap, e ' becomes a sharply peaking function
about E;, (here v„ is assumed to be equal to v~),
which collapses rapidly about E& for any further
increase in temperature. Hence above T, the first
term in (16) becomes negligible compared to the
second one, which means that the emission process
ceases and the generation process takes over. It
is interesting to note that when emission has ceased,
i.e. , e = 0, the statistic is identical to the stecdy-
state generation statistic, that is, the non-steady-
state generation rate is equal to the steady-state
rate. Let us now consider the emission and gener-
ation processes quantitatively.

IV. EMISSION CURRENT

for the emission current from trap states in the
upper half of the band gap in metal-insulator-metal
structures, although the formulation used there was
more rigorous.

In order to demonstrate the efficacy of this tech-
nique, consider the trap distribution shown by the
full line in Fig. 4. Using the transformation equa-
tions (21) and (22), the trap distribution axis and
the energy axis convert to current and temperature
axes, respectively. Hence the full curve repre-
sents the approximate I-T characteristic when
referenced with respect to the current and tem-
perature axes. Now, to demonstrate the accuracy
of approximation (21), we calculate the exact I T-
characteristic for the trap distribution considered
above using the exact expression for the current
[cf. Eq. (2) of Ref. 6]:

J=q 'Nq E e„E, T

xexp(-P ' J e„(E,T)dT) dE. (23)

The resulting I-T characteristic is shown by the
dotted line of Fig. 4, in which it is seen that the
approximate and exact I-T characteristics corre-
late extremely well, illustrating that the functional
form of the I-T characteristic is a true reflection
of the trap distribution.

B. Discrete Trap Level

The approximate nature of (19) makes it valid
only for trap distributions more than about 2kT
wide in energy. In particular, it is invalid for dis-
crete traps. However, the emission current from
traps at a discrete energy level in the upperhalf of
the forbidden gap can be shown to be given by

x[1.92x10 log~o (v/p)+3. 2x10 ]. (20)

In practical MOS devices in the depletion mode
Co» C„so that (20) reduces to

I, = (,'qAL) p[1.92x10—log,o(v/p)

+3.2x10 4]N, (E«), (21)

which shows that the emission current is propor-
tional to the trap density at E*,„Also, from .(17)
it can be shown that

E, Eq„= T[1.92x-10 logio(v/p)

+ 3. 2x 10 ] —0. 0155, (22)

N, (E)

(cm eV )

—Trap distribution and approximate
Ie- T characteristics.

——- Exact Ie-T characteristics.

hence the temperature axis can be transformed
into an axis representing energy below the con-
duction-band edge. Thus, it will be apparent from
(21) and (22) that an I;T plot is a direct image of
the trap distribution in the upper half of the for-
bidden gaP. A similar" conclusion was deduced

I

Ec-Et

Temperature 5O

I

O.2 t

100

I I

Qo3 Oo4( g)
150 ( K )

FIG. 4. Comparison of approximate and exact I-&
characteristics for the given trap distribution.
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I =qAN&ene ",

where

(24) B= " ~ dE + ,'ttk—T (v„v )' e s~
e„+e~ (3o)

X= p
' f,'e„dT.

The area under the emission I,-T peak, denoted
by Q, is proportional to the charge released from
the traps and is given by

Tf
Q = f Id T = g q pNt AL,

&0

where 4L represents the resultant increase in the
width of the depletion layer when the reverse volt-
age bias is applied. The trap density may thus be
evaluated from (24a). The energy E, of the trap
level may be determined quite readily from the
I;T characteristic. This is because (24) exhibits
a pronounced peak at a temperature T which is
related to the energy level of the trap by

(24a)

E,= E,—T (1.92 x 10 log)0(v/P)

+ 3. 2x 10 )+ 0. 0155, (25)

n.T = 2kT~/(E, -Et) . (26)

If the width of the peak is greater than this, then
the traps involved extend over a range of energies.

V. GENERATION CURRENT

A. Initial Considerations

When emission ceases and generation begins,
we have seen that the occupancy is determined by

where T is the temperature at which the peak in
the I,-T curve occurs.

It should be noted that distributed trap levels as
well as a discrete level may result in a sharp peak
in the I,-T curve. Therefore it becomes important
to obtain a criterion to distinguish between the I,-T
characteristics for the two cases. Such a criterion
is provided by the fact that the half-width of the
I,-T curve associated with the discrete trap is
given by the relationship

Substituting (29) into (28) and integrating yields

(31)G(Et') = BNt(E t) .
Now, the rate of generation of electron-hole pairs
per unit volume through a discrete trap level at
energy E, and density N, is given by

G(E )
n( t}eo( t) N (E )' =e„(Et)+ep(Et) (32)

By a comparison of (31) and (32), it is seen that the
generation rate through distributed-trap levels is
equivalent to that of the discrete-trap case of ener-
gy E* and density N, (Et') given by

BNt(E*)[e„(E*)+ e&(E*)]
e„(E*)et,(E*) (33)

qe„(Et)e (E,)N, L
e„(E,)+e,(Et)

(34)

where N& and E, are the density and energy of the
traps through which generation takes place, L
is the width of the depletion layer, and the rate of
generation of carriers is related to the current by

J= COQ/(Co+ C~) . (35)

In the typical MOS device, the insulator capaci-
tance C0 is larger than the depletion-layer capaci-
tance C, in which case (35) reduces to

Thus in the following we will assume that the sys-
tern contains a single discrete-trap level at ener-
gy E, and density N, , and use the transformation
(33}when the results are applied to distributed
traps.

B. Formulation of Generation Current-Temperature
Characteristic

The rate of change in charge at the surface of
the semiconductor as a result of generation of elec-
tron-hole pairs in the depletion layer is given by

f= eg(e„+e~) . J—Qs. (35a)
Thus, the rate of generation of electron-hole pairs
through traps distributed throughout the band gap
per unit volume is given by

J is also equal to the rate of change of the charge
on the gate electrode Q~, where Q, is, from Gauss's
Law

(28) Qg = C 0(V~ —qN~ L /2e, —P,), (36)

Now, the function e„eg(e„+e~)peaks sharply at an
energy E* given by e„(E*)=e~(Et'), which, for v„
= v~, is at the midgap (that is, E"= ,'E~ ). Hence, —

provided N, (E) is not a strong function of energy,
that is, dN(E)/dE &N(E)/kT, the function e„e~/
(e„+e~) can be represented by the 5 function:

~ qC0N, L dL

From (34), (35), and (37) we have

(37)

where V~ is the applied voltage bias, N„ is the
donor density, &, is the permittivity of the semi-
conductor, and Q, is the metal-semiconductor
work function. Hence

e „et/(e „+e ~) =B5 (E —E t'), (29)

where B is the area of the 5 function, and given by
dL e„(Et)et(Et} e,Nt(Et)
dT e„(E,)+et,(Et) pCDNt

(38)
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where P is the rate at which the temperature is in-
creased. If e„(E,) =e~(E,) then the trap level is
positioned close to midgap, and (38) reduces to

e„(-.'E,)e~,(-.'E.)
dT 2PC pN~

(39}

On the other hand, if the trap level is in the upper
half of the band gap thene„»e~ or in the lower
half of the gap, e~» e„. Assuming the former to
be the case, (38) reduces to

dL eq, (Eq) e,NI(Eg) v~e, NI e gI,r
( )d T ~ONu (8L 0 Na

Hence, the functional dependence of (39) and (40)
on temperature are identical in form. Thus, we
need to solve only (4|)), from which the solution of
(39) may be deduced.

The approximate solution of (40) is readily shown
(see Appendix} to be given by

voN cN kTc s t g@t~~~ (41)

where Lp represents the width of the depletion layer
when the reverse voltage bias is increased by V~
at the low temperature. The equivalent solution
for the case of trap levels at the midgap is given
by

bottom of the conduction band; the same values of
trap density and cross sections are used in each
case. The small peak occurring at low tempera-
tures is the emission I-T characteristic correspond-
ing to the discrete trap. The emission I-T char-
acteristic appears at lower temperature than the
generation peak because the activation energy as-
sociated with the former is simply E;E, , whereas
the limiting activation energy associated with the
generation process is the energy of the trap E,.
Thus, the closer the trap moves to midgap, the
smaller the temperature difference between the
two peaks [cf. Figs. 5(a) and 5(b)]. When the dis-
crete trap is at midgap [Fig. 5(c)] or below [Fig.
5(d}] one cannot distinguish between the emission
and the generation I-T curves since, in this case,
the activation energy associated with each process
is the same. When the discrete trap is displaced
below midgap the generation I-T curve shifts back to
hi, gher temperatures. This is because the limiting
@ctivation energy for this generation process is
now E,-EI (&EI); thus, for example, the genera-
tion I-T curve for a trap level that is 0. 3 eV above
the top of the valence band will peak at the same
temperature as that for a trap level positioned

V3

vo'~N„K, Nt kT -s~]2
2

2CpNq P Et (42)

Substituting (40) and (41) into (37) yields

~, kT2N
(=qA=qeq()(, ))q,A(qq — ' ' eq(s, )),

(43)
where I is the current and 2 represents the area
of the device. Similarly, for the special case in
which the energy level of the traps is at midgap,
the generation current is given by

1
qN)Aep(z E e, kT N (g

(eV)
I

Jei

(eV)
I

E - Et= 0.3 eV

V3& V&

O.4 08'
(b)

E Et 04 eV

I II I I

Q,5" 3000.4

(c)
E -E&-0.55 eV

390 ( K)

Jg

350 ('K)

Jg

When the trays are distributed throughout the band
gap, generation takes place through traps at the
midgap, as argued in Sec. VA. Thus, using (33},
(39), and (42) in (37), the resultant expression for
the generation current is given by

qNI(E~)AeI(2E~)
2

(eV) 0 3 Q.4 0.5"

I q I q I II

(eV) 0.3 0.4

(d)

E —E&= Qq8 eV

250 300 ( K)

Jg

('K ) c

x J — ' ' e -E . 45e, kT'NI(E~)
2PC pNq

E-Et(eV) 03 OI4 OD 250 300( K)

VI. COMPUTED CHARACTERISTICS

The family of large peaks shown in Fig. 5(a) are
the theoretical generation I-T curves (43) obtained
for different values of V& for a discrete trapping
level positioned in energy E;E,= 0. 3 eV below the

FIG. 5. (a) Theoretical I-T curves using different
values of Vz for a discrete trap 0.3 eV below the edge
of the conduction band. Theoretical I-T curves for
discrete trap levels with energies (b) Oq 4 eV, (c) 0. 55 eV
(midgap), (dj greater than 0.55 eV below the edge of the
conduction band. (e) Theoretical I-T curves for the
case of distributed traps in the band gap.
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0. 3 eV below the bottom of the conduction band

[cf. Figs. 5(a) and 5(d)].
Figure 5(e) illustrates the I T-characteristics

for distributed traps. The I-T characteristic oc-
curring at the lower temperatures [Fig. 5(e)] cor-
responds to the emission process, generation cur-
rents in this temperature range being negligibly
small, and is thus a direct reflection of the trap
distribution (cf. Fig. 4). The large peak cor-
responds to generation through traps at midgap,
and was discussed in Sec. V.

g~~ N „Nk
(46)

when E, & 2E~, or

A. Determination of Trap Energy and Carrier Lifetime

For temperatures such that the second term
within the large parentheses of (43) is much less
than I Q, that is, the rising portion of the I,-T curve,
a plot of log, I vs 1/T is a straight line, the slope
of which is —E,/k, thus providing the energy of the
trap The. intercept provides the quantity ,' qLON„—A~

where v( vo„N, ) is the so-called carrier lifetime.
A crosscheck on the trap energy and carrier

lifetime is provided by the maximum in the I,-T
characteristic. The temperature at which the
maximum in the I~-T characteristic occurs is de-
termined by taking the derivative of the current
with respect to temperature and equating it to zero
yielding

dicate the presence of a significant density of traps
in the semiconductor of the devices used for the
experiments. Inthese cases the experimental tech-
nique is as follows: First, the device is forward
biased, in order to fill the traps, and then cooled
in this condition so that the traps are still full at
the low temperature. The device is then reverse
biased, and the temperature increased uniformly.
The resulting I-T curve provides the trap distribu-
tion in the upper half of the band gap. It should be
noted that the non-steady-state current is observed
provided that the reverse current which flows
through the device as a result of the voltage bias
is negligible in comparison with the emission cur-
rent. For the case of the Schottky diode, the bar-
rier height should be greater than one-half the
band gap if traps in the upper half are to be ex-
amined. It is also noted that unlike the generation
I-T curve for the MOS structure, which manifests
a peak, that of the P-n junction and the Schottky
diode increases montonically with temperature,
for a discrete trap, according to

I qALN~e. (Eci)eo(Eii)
(E0 1)+ e p(E t 1)

A. Practical Limitations

At the starting temperature Tp, a trap, of, say,
energy Ep, that satisfies the condition

e„&10

that is,
2UO„&~N, N) kT

(47) (E,—Eo) & kT lnlOOvo„N„

when E, & &E~. Thus, (46) or (4V), as the case may
be, provides a crosscheck for E, and N, .

B. Significance of Area Under Curve

It should be noted that the functional form of the
generation I-T curve is the same for all trap levels.
Furthermore, the area under the curve corre-
sponds to the net increase in the charge on the gate
due to the increase in the reverse voltage bias
under steady-state conditions, that is,

j ~IdT=COVs, (46)
TQ

where T& is the temperature at which the genera-
tion current ceases to flow. Hence (46) provides
a means for determining the oxide capacitance.

VII. DISCUSSION

The discussions presented so far have been
centered around the MOS structure. Nevertheless,
the theory for the non-steady-state emission cur-
rent is equally applicable to other structures, for
example, the p-n junction and the Schottky diode.
Experimental I-T curves have been obtained"
using reverse-biased p-n junctions, amd they in-

has a relatively high emission probability for elec-
trons. %hat this means is that the technique is
limited to traps positioned deeper than E —Ep be-
low the bottom of the conduction band, since those
positioned closer to the conduction-band edge can
discharge quickly by isothermal emission when the
MOS capacitor is reverse biased. Thus, at liq-
uid-nitrogen temper'ature assuming o„= 10 " cm
v -= 10' cm sec ' and N, =—5. 4 x 10"T' ' cm ' the
technique can be applied only to traps more than
about 0. 19 eV below the bottom of the conduction
band. However, at liquid-helium temperature
where kT —0. 0036 eV, the trap distribution can be
probed to within about 0. 01 eV of the bottom of the
conduction band.

B. Temperature below 20 ' K—Effect of Donor Centers

Starting the heating process at temperatures be-
low about 20 K requires special consideration.
The majority of the donor centers at such tempera-
tures are deionized, which means that since there
are very few free electrons in the semiconductor
it is not possible to charge the traps at low tem-
peratures by positively biasing the semiconductor.
Hence, the& must be charged by positively biasing
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the semiconductor at higher temperatures and then
cooling the device to the desired low temperatures
with the bias applied; as a consequence of the bias-
ing conditions described above, all the donors in the
semiconductor will be filled at the low temperature.

In Sec. VII A it was noted that by cooling the
semiconductor to liquid-helium temperature (Tp

= 4. 2 'K) the trap distribution may be examined to
within about 0.01 eV of the bottom of the conduc-
tion band. Since donor ionization energies in
silicon are typically 0.04-0. 06 eV, the above ob-
servation means that the properties of the donor
states can be investigated using the thermal tech-
nique. To illustrate this point, consider Fig. 6(a)
which shows the energy diagram after the device
is negatively biased at the starting low tempera-
ture. In this case, the field is uniform through-
out the semiconductor and remains so, since the
donor centers cannot readily release their elec-
trons. However, during the heating process the
donor centers release their electrons and the de-
vice relaxes to the deep-depletion mode [see Fig.
6(b)]. Hence, on the emission I-T curve associ-
ated with the distributed traps in the band gap will

-Vg

(a)

-Yg

be superimposed the I-T curve associated with

the release of charge from the donor centers
during the formation of the depletion region, as
shown in Fig. 7. This donor I-T peak will, of
course, have all the characteristic features of
a discrete trap level (Sec. IVB), namely, the

maximum of the peak will occur at a temperture
given by

E, E,—= T [l.92x 10 'log„(v/p)

+ 3. 2x 10 4] —0. 0155, (50)

and the half-width of the peak will be given by (26).
Furthermore, the area under the donor peak will
be equal to PN„X~, where X„ is the width of the semi-
conductor in the deep-depletion region for the re-
verse voltage bias on the semiconductor. Hence
the greater the negative voltage bias on the semi-
conductor, the higher will be the donor peak.

C. MOS Structures having Semiconductors with High Trap
Densities

In the above sections we have been concerned
with device grade semiconductors in which the den-
sity of traps are sufficiently low so that the effect
of trapped charge can be ignored when compared
with that due to the donor ions. In this section we
will assume that the reverse is true, that is, we
will consider the effect of a high trap density such
that N, »N„. In particular, let us consider a semi-
conductor with a trap density N, = 10' cm '

(N,
= 10'4 cm ') at a discrete energy level in the upper
haU of the band gap. Furthermore, let us assume
that traps in the upper half of the band gap are
acceptor type while those below midgap are donor
type. Then, for the case of an n-type semiconduc-
tor, it can be shown by using Shockley-Read statis-
tics that essentially all the donor electrons exist
in the traps; thus the position of the Fermi level
is given by

E, —Er = k T in(N, /N~), (51)

-Vg

metal
(c)

oxide

semiconductor

FIG. 6. (a) Energy-band diagram of the MOS structure
at temperatures below 20'K. (b) As the temperature is
increased the donor centers release the trapped elec-
trons. (c) At temperatures above 20'K the donor cen-
ters have been inonized and the semiconductor is in the
deep-depletion mode.

as shown in Fig. 8(a). For simplicity, we assume
that the energy bands are initially flat throughout
when the device is short circuited. Now, let us
suppose that a reverse voltage bias is applied at
low temperatures. Hence the energy bands are as
shown in Fig. 8(b), since at the low temperatures
the traps cannot readily release their electrons so
that the semiconductor behaves as an ideal insulator
because the system is compensated. However, as
the temperature is increased, the electrons are
released and a non-steady-state emission current
is observed to flow, and I-T characteristics given
by (24) result. A deep-depletion space-charge
region [Fig. 8(c)] thus forms as a result of the re-
lease of the trapped electrons. The space-charge
density is constant and equal to qN„and the width
of the depletion region d is given by
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called carrier lifetime in the semiconductor can be
derived from the generation I-T curve.

APPENDIX A: RELATION BETWEEN EMISSION CURRENT
AND TRAP DENSITY IN MOS STRUCTURE

If L denotes the width of the depletion layer from
which electrons are emitted, then the rate of in-
crease in the effective charge at the silicon-oxide
interface Q„ is given by

Q„= (A/L) f qe„e 'N, xdx, (Al)
0 20

Temperature ( K )

FIG. 7. Typical I,-T curve to be expected from the
emission of electrons from donor centers.

(52)

where (IF), is the surface potential.
As the temperature is further increased, the

generation of electron-hole pairs through the trap
level begins and a generation current begins to
flow. Simultaneously, the width of the space-charge
layer decreases because of the presence of the
generated free holes at the interface, which causes
the device to go from the deep-depletion mode to
the equilibrium inversion mode. When the device
reaches the equilibrium inversion mode the cur-
rent ceases to flow. Thus, the over-all nonsteady
I-T characteristic curves for MOS structures using
semiconductors with high trap densities are simi-
lar to those obtained when device grade semicon-
ductor is used. From the emission I-T curve the
energy level E& and cross section of the trap can
be obtained. The value of E, can be checked by
using the generation I-T curve as discussed in
Sec. VI A. In addition, the trap density may be
determined by using (46) or (47) provided that both

E, and the cross section of the traps are known.

which on integrating gives
e

Q„= —,
' qe„e "N, LA. (A2)

Q„= ,'qN, (E,„)LA—B5(E-E«). (A3)

Now, the charge on the gate Q, is related to the
effective charge at the silicon-oxide interface by

semiconductor 1 'f meta i

oxide

It can be shown that e „e ' can be represented by
a 5 function B5(E—E,*„)at an energy level E,*„de-
fined by TP ' fz'[e„(E,*„)/T]dT= 1. The position of
E,„below the bottom of the conduction band is
linearly dependent on time according to

E,-E,„=(pt+ Ts) [1.92x10 log~o(v/'p)

+ 3. 2 x 10 ] —0.0155.

Thus, (A2) simplifies to

VIII. CONCLUSIONS

The non-steady-state statistics for traps in the
depletion layer of semiconductors have been de-
rived and have been used to obtain the non-steady-
state emission and generation I-T curves for the
MOS structure. R has been shown that the I,-T
characteristic obtained is a result of the release
of electrons from traps in the upper half of the
band gap, and, furthermore, is a direct image of
the energy distribution of the traps. The activa-
tion energy of a discrete trap level obtained from
the log, oI, -vs-l/T plot was shown to be related to
the temperatures at which the peaks in the emission
I-T curve and the generation I-T curve occurred,
thus providing a means for cross checking the re-
sults. In addition, it has been shown that the so-

Et

E

Et

(c)

FIG, 8. Energy-band diagrams of the MOS structure
illustrating (a) the equilibrium condition, (b) the non-
steady-state mode at the initial low temperatures, and

(c) the deep-depletion mode illustrating the generation
process.
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LQ„=Q,[L (e,/e, )x,], (A4)

where L and xr represent the widths of the deple-
tion layer and the insulator, respectively, and a,
and EI are the relative permittivities of the semi-
conductor and insulator. Using the relations C~
= c,/L and Co=a@/xz, (A4) can be rewritten in the
form

Q~ = [Co/(Cu+ Co)] @n ~ (A5)

Thus taking the derivative of (A5) with respect to
time, and substituting (AS) into the result gives the
following expression for the current in the external
circuit:

or

dL vP 6a+t e Et/kg
dT PCoftIa

(81)

-zt/kid T
V EN
PCo&~ ro

Consider the integral

Je st&rdT

(82)

(82)

e-x e"
J —,(1+ 1/x)dx= —~, (84)

Using the substitution x=E,/kT and integrating by
parts we obtain

I, = [aqLAN, (E,„)]
it+ 0

xp[1.92x10 log~o(v/p)+3. 2x10 ]. (A6)

APPENDIX 8: WIDTH OF DEPLETION REGION AS A
FUNCI'ION OF TEMPERATURE

The equation that describes the dependence of
the depletion width (I.) (through which carriers are
generated) on temperature is given by (40):

or, after substitution

dT — e +t/kT
e

I
~~

T e I t I
kT~

E Et

For AT «E„which is normally the case,

Bt/kgdT erat/kTAT

Et

Substituting (86) into (82) yields
2

v~csNt A' T
C'oÃaE

(85)

(86)

(8&)
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