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Theory of electrical characteristics for metai-oxide-insuiator Schottky
barrier and metai-insulator-metal structures
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The metal-insulator or metal-amorphous semiconductor blocking contact is still not well
understood. Here, the intimate metal-insulator and metal-oxide-insulator contact are
discussed. Further, the steady-state characteristics of metal-oxide-insulator-metal structures
are also discussed. Oxide is an insulator with wider energy band gap (about 50 A thick). A
uniform energetic distribution of impurities is considered in addition to impurities at a single
energy level inside the surface charge region at the oxide-insulator interface. Analytical
expressions are presented for electrical potential, field, thickness of the depletion region,
capacitance, and charge accumulated in the surface charge region. The electrical
characteristics are compared with reference to relative densities of two types of impurities. In F
is proportional to the square root of applied potential if energetically distributed impurities are
relatively important. However, distribution of the electrical potential is quite complicated. In

general energetically distributed impurities can considerably change the electrical

characteristics of these structures.

L INTRODUCTION

The metal-semiconductor {MS) interface has played an
important role in many technological developments.'™
However, a full understanding of the physics behind the ori-
gin and electrical properties of the Schottky barriers is not
yet properly understood from a theoretical point of view in
spite of many works,**® even for crystalline materials. The
metal-insulator contact, particularily that of amorphous ma-
terial, is an even more complicated problem because of the
uncertainty of the nature and distribution of impurities at
contact. Recently many authors®'? have discussed the met-
al-amorphous-silicon contact because of its technological
importance.

Electrical conduction through metal-insulator-metal
(MIM) siructures has been the subject of intensive theoreti-
cal and experimental investigation in the last three dec-
ades.>"' In very thin insulating films ( <50 A), tunneling
from metal to metal is a predominant charge conduction
mechanism.'® In cases of thick films ( > 1 #m), bulk proper-
ties of insulators are definitely more important. The charge
conduction mechanisms in blocking contact MIM struc-
tures with intermediate insulator thicknesses { 1000 Atol
pm) are still uncertain, while this range of insulator thick-
ness is technologically the most important.

A large number of classical’®"’ and quantum'® me-
chanical models bave been proposed for Schottky barriers.
The most classical is the one propeosed by Schottky in 1939,
which is based on a perfect contact between the metal and
semiconductor leading to Fermi-level alignment and band
bending to nentralize the charge transfer. In this model, do-
nor-type impurities at a single energy level are considered.*

The localized impurities are distributed throughout an
amorphous material.'* The importance of surface states and
energetically distributed impurities af interface in MIS or
MS Schottky barriers are well recognized.” However, most
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of the recent work is on either formation of the Schottky
barrier and relation of barrier height to these impurity distri-
butions,*>'® or on the determination of energetic distribution
of these impurities in amorphous materials,>? particularly
amorphous silicon through the capacitance-voltage relation-
ship. Mostly numerical calculations are done to obtain ener-
gy distribution of these impurities. Tarasenwicz and Sa-
lama® discussed the theory of the surface depietion region
for a semiconductor with linearly graded impurities at a sin-
gle energy level, which is important for ion-implanted de-
vices.

The importance of energeticaily distributed impurities
on variations of electrical field and potential within the de-
pletion region and on electrical characteristics of metal-insu-
lator-metal structures with blocking contacts is not dis-
cussed in detail; particularly, no analytical approach is
made. For detailed discussion of steady and nonsteady-state
electrical characteristics of MIM structures, impurities at a
single energy level are usually considered.*?'~** In the pres-
ent paper we discuss the effects of energeticaily distributed
impurities on electrical characteristics of Schottky barriers
and MIM structures. We found that impurities can consider-
ably change the electrical characteristics of these structures.

. METAL-SEMICONDUCTOR CONTACYT

Schottky*'® considered a uniform positive charge den-
sity in the depletion region and intimate metal-semiconduc-
tor contact. When the external contact potential ( V, ) equals
zero, the general shapes of energy-band levels are as shown
inFig. 1(a). £, is the energy of the bottom of the conduction
band, E,is the Fermi energy. ¢, is an internal built-in poten-
tial on the barrier and is equal to the difference of metal and
insulator work functions (4, = ¢, — ¥,). #, is the energy
barrier for metal elecirodes. The thickness of the depletion
layer {A,) is given by
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A= (2kégthy /TN, ()

where X is the dielectric constant, &, is the permittivity of
free space, and gl is the positive charge density in the deple-
tion.

When the external contact potential equals ¥V, the
shape of Fermi energy in the depletion layer is uncertain and
is normaly not drawn.*>** As the surface states at the metal-
semiconductor interface are in intimate contact with metal
states, we expect that those states which are below the metal
Fermi level continue to remain filled up. Thus the expected
Fermi level in the insulator is as shown in Fig. 1(b). This
means that during the semiconductor {insulator in case of
MIM structures) relaxation, the elecirons flow from the
bulk impurity states in region AB of Fig. 1{b) and thus
growth of the cathodic depletion region takes place. The
positive charge density in the depletion region does not
change significantly with applied contact potential even in
case of energetically distributed impurities. The thickness of
the depletion layer [A(V,) 1, considering uniform positive
charge density (g4, }, is given by

/i( Vc) = (2K€0q!/c/qug)”29 (2)

where g¥, = (9V + ¥y} Vex is the external contact po-
tential.

Energy-band levels for metal-insulator-semiconductor
structures for an applied contact potential equal to zero and
¥, are shown in Figs. 2{a) and 2(b), respectively. At con-
tact potential V,, the Fermi energy in relation to E, comes
down and therefore some of the states which were filled up at
V. = 0 are now empty. This means that the positive charge
density in the depletion region increases with the applied
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FIG. !. Energy-band levels at blocking metal-semiconductor (also metal-
insulator) contact (a3) before applying contact potential, and (b) after ap-
plying an external contact potential.
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FIG. 2. Energy-band levels at blocking metal-oxide-semiconductor (also
metal-oxide-insulator) contact (a) before applying potential, and (b) after
applying an external contact potential.

@

contact potential and the charges that flow in the semicon-
ductor during its relaxation may come from the energetical-
ly distributed states. Thus the relative increase in the deple-
tion region is less in comparison to intimate Schottkly
contact and the energetically distributed impurities are more
important. There are many recent studies”?® on structures
close to the metal-semiconductor interface. In general, we
can say that an anomalous region exists at or within 1000 A
of the surface, particularly for amorphous materials. Gener-
ally a thin insulating layer is considered to be present
between metal and semiconductor.>™*’ In the so-called

chottky barrier, this layer is very thin (=10 A), so that
surface states at the insulator-semiconductor interface are in
intimate contact with the metal.'” These contacts are made
by cleaving the semiconductor surface in an ultrahigh vacu-
um so as to create a fresh surface and then immediately evap-
orating the metal. In many cases, particularly of amorphous
semiconductors or insulators, the thickness of this insulating
layer {we denote this layer as an oxide layer in MIM struc-
tures) can be of the order of 50 A and thus interface states
are no longer in intimate contact with metal states through
tunneling. Thus we can have, in fact, metal-insulator-semi-
conductor contact. In metal-insulator-metal structures we
may have metal-oxide-insulator contacts instead of intimate
metal-insulator contacts, where oxide is an insulator of
wider energy band gap. In this case our structure is metal-
oxide-insulator-oxide-metal. As the anode is forward biased
and offers very little resistance to current, we continue to
consider it as intirnate insulator-metal contact. As such our
structure is metal-oxide-insulator-metal (MOIM) as shown
in Fig. 3.
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FIG. 3. Metal-oxide-insulator-metal structure.

Many authors®** have discussed capacitance versus ap-

pited potential characteristics of metal-amorphous semicon-
ductor contact (particularly amorphous silicon) to know
impurity distribution in semiconductors. They considered
guasi-Fermi level to be flat throughout the depletion region,
which appears to be an incorrect assumption for intimate
metal-semiconductor contact. We think that this assump-
tion is valid only for metal-insulator-semiconductor-type
structures with an insulator thickness of the order of 50 A or
more. This assumption needs more discussion.”® However, if
the Fermi level is flat throughout the depletion layer for an
applied potential even for intimate metai-insulator contacts
we still can use the results here except that, in thiscase, ¥V is
ZETo.

HL FORMULATION

We are considering a metal-oxide-insulator contact at
interface. The thickness of the oxide layer is about 50 A, so
that oxide-insulator states are no longer in contact with met-
al states. The oxide layer is considered to be free from any
kind of electrical charge. This means that the electrical field
is constant throughout the oxide layer. If the oxide layer
thickness is very small in comparison to the depletion layer
thickness, the potential fail across the oxide layer is small
and can be neglected. This is normally the case when the
effective density of tmpurity states in the depletion layer is
less than 10'%/cm?.

The impurity states are distributed throughout in prokhi-
bited energy bands in an amorphous insulator. Apart from
this we have energetically distributed surface states at the
oxide-insulator interface. Joining these two types of impuri-
ties, the impurity density per eV at energy € at distance x
from the interface is given by

N(ex)=A, + B, exp( — x/R}, (3)

where 4, B, and R are constants and depend on the meth-
od of fabricaticn of the device. The influence of a spatially
nonhomogeneous trap distribution on the electrical charac-
teristics has been discussed by Kao and Hwang® and more
recently by Rybicki and Chybicki.?®

In order to study the essential effects of the energetically
distributed impurities, we consider R> x, that is, impurity
density is independent of x in the depletion region. Further,
we are considering the case when impurities are uniformly
distributed throughout the prohibited energy band. Thus
N(e,x) is constant. We denote it by N,. Apart from energeti-
cally distributed impurities, we are considering N, impuri-
ties/cm” at an energy level £, which is considered to be coin-
ciding with the Fermi level. These impurities can be doped
impurities. _

As the contact is blocking, we consider that in the re-
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verse-biased steady state, almost the whole of the applied
potential appears across the contact. The total contact po-
tential (¥.) sthus ¥V, + V, , — ¥, where ¥, is (¢,,,/g).
V., is the potential on the oxide layer, and in the charge-free
oxide layer is given by ¥V, = L, X E,,. L, 15 the thickness
of the oxide layer, and £, is the electric field in the oxide
layer, which is equal to the electric field at the oxide-insula-

tor contact [ E_ (0} ]. Thus
Vc = Vap + Vbi - LoxEc (O) (4)
If the contact potential at distance x from the oxide-
insulator interface is ¥(x}, the total positive charge density
at this point is
We are considering that contact potential ¥(x)is — ¥V, at
x = Gand Gat x = W, where W is the thickness of the deple-
tion layer and ¢q is the magnitude of the electronic charge. In

reverse-biased contact, ¥{x) is negative so that both types of
impurities are creating a positive charge.

V. CALCULATIONS

The distribution of electric potential and field is ob-
tained through the solution of Poisson’s equation, which in
the present case is

d*v

o= ]éa [N, — gNV(x)].
Integrating Eq. (6) with the boundary conditions {i) for
x=0,Vis — V,and (i1} for x = w, vand electrical field (E)
are zero, we get

(6)

% N ALy ad )
where

K, = ¢’Ny/Ke,
and

K, =qgN,/Ke,

Integrating Eq. (7} with the boundary conditions and using
v, = — v, that is v, gives the magnitude of the reversed bi-
ased potential, we get

(8)

KV +KG)

v, = &[ccsh(cosh”
K, K,

—Ex)- 1)
(%)
Equation {9) gives the variation of the contact potential in-
side the depletion layer in terms of the total contact potential
on the depletion region (¥, ) considering ¥, =0, forx = W,
the thickness of the depletion layer is given as

W= 1//K, cosh™ '[ (K\V. + K,)}/K,]. (10)
Using this result, Eq. (9) simplifies to
V, = (Ky/K ) {cosh{Vk, (W —x)} — 1} (11)

Differentiating Eq. (11} with respect to x, the magni-
tude of the electrical field in terms of ¥ or ¥, is given by

av. . -
E) = -2 oK gmnlvEaw—nl a2
= K,
H. M. Gupta and M. B. Morais 178



W is related to ¥, through Eq. {10). The clectrical field at
the oxide-insulator interface (x = 0) is

E (0) = (Ky/Vk; )sinh(Vie, W). (13)
The potential fall across the oxide layer is thus
Voo = Loy (ka/k ysinh (VE | W), (14)

The value of E, (x) for a given ¥, is obtained by solving
Eas. (4), (10}, (12), and (13) simuitanecusly.
The electrical charge (@) inside the depletion region is

Q::f p(x)dxzf g{ N, 4 gN, ¥V, )dx.
4 (4]

Using Eqg. (11) for ¥, and integrating, we finally get

O = (gN,/Vk,)sinh(k, #). (15)
Through Eqs. (13) and (15}, it is easy to see that
g = Ke B, (D). (16)

This is in accordance with Poisson’s equation. The capaci-
tance of the depletion region can be calculated through

dg _ dg 4V,

- = . (17)
dv,, dv. dv,,

V. DISCUSSION

First we consider two special cases:

(i} When energetically distributed impurities are not
very important, that is, gN, V. €N, (or k¥, <k,}: In this
case we consider cosh x = 1 + x2/2 and sinh x =x. Thus

kV. +k 2k, V. N2
cosh™ 1(——1——(————%) :cosh“l(l +=if—1— Vc)%( 1e ) .

ka K, k,
(18}
Substituting this value in Eqgs. (10) and (13), we get
W= (2V./k,)"? = (2Ke,V,/gN 3 "* (19}
and
E.(0) = (2gN,V,/Key) % (20}

These are the same results as in intimate Schottky bar-
rier with the only difference that now V_ is related to ¥,
through Eq. (4). In thiscase W as well as £, (0) are propor-
tional to ¥ /%, If the contact current ([) is given through the
Schottky effect that isin f« £, (0)'/?, and effective trap den-
sity (gN,V, + N,) in the depletion region is less than 10'%/
cm?, then In J will be propostional to ¥ " or (¥, + ¥, )%
The capacitance in this case is given by

C= (2N, Ke/V,}'?, (213

or capacitance is inversely proportional to ¥V!? or
(V + Vi) V2

(i) When energetically distributed impurities are pre-
dominant, that is, gN, V. >N, (cr K, ¥V, > K, ): In this case,
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we can consider
cosh ™ Y(x) = In(2x). Thus

cosh x = sinh x=¢*/2 or

W= (1/Jk)In(2k, V. /ky) (22)
and

E. D) = (ko/Nh YRV IRy =RV, {23)
or

E(0) = [Vh/OG + L VRNV + V). (24)

In this case £, (0) is proportional to (¥, + ¥;). Ifthe cur-
rent in steady state is through Schottky effect, then
Infa(V, + V) or VI2HV, > V) Ask V. /k> 1,
therefore In{24, ¥, /k,) changes very slowly with ¥, or V.
Thus the width of the depletion region is almost constant.

The charge inside the depletion region in this case is
given by [¢*ke,N,)' 2V, 1. Thus the capacitance of the de-
pletion region is

C = (ke No)' P [ 1 + Lo (PN/keg) 217, (25)

i.e, capacitance is almost constant as
L, (PN key) 2 <1,

For the purpose of illustration of the variation of efectri-
cal potential and field, etc., with energetically distributed
impurities, we consider the case in which ¥, = 3 10" im-
purities/cm’ and N, varies between 10" to 10%° impurities/
cm’ eV. The dielectric constant is considered to be 11.7. The
thickness of the oxide layer is taken to be 50 A.

in Fig. 4, we plot the variation of electrical potential
within the depletion region for various values of ¥V, In Figs.
4(a), 4(1), 4(c), 4(d), and 4(e), we consider ¥, = 10'°,
10", 108, 10%%, and 10°° impurities/eV cm’, respectively. In
Fig. 5, we have plotted the variation of potential in the deple-
tion region for various values of ¥,, considering ¥, =3 V.
We observe that for comparatively low values of gN, ¥, the
potential is distributed over comparatively long distances for
higher values of applied potential and ¥ is proportional to
x* as in the Schottky barrier. For comparatively higher val-
aes of g, V., the potentials is distributed over almost the
same distances for various applied potentials.

In Fig. 6 we plot the variation of electrical charge re-
leased in dielectric relaxation () with applied potential for
various values of N;,. For low values of gV, V. the electrical
charge is nearly proportional to V)%, while for higher values
it is proportional to V. In Fig. 7 we give the variation of
capacitance with applied potential. For low values of g, ¥,

generally

capacitance is inversely proportional to “v[ 573;, while for
higher values it is almost constant.

In Fig. 8 we plot the variation of electrical field within
the depletion region for an applied potential equalto 3 V. In
Fig. 9 we give the variation of £, (0) with applied potential
for various values of N, In case of low gV, V., E,(0) is pro-
portional to V7%, while for higher values it is proportional to
V., InFig. 10 we plot the variation of thickness of the deple-
tion layer (W) with ¥, . For lower values of g,V , Wis
proportional to ¥!/?, while for higher vaiues, it increases

H. M. Gupta and M. B. Morais 179
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FIG. 4. Variation of electrical potential inside the depletion region for sev-
eral values of contact potential { ¥, ). N, is 10'%, 10", 10'8, 10", and 107/

eV e’ in (a), (b), {c}, (d), and (e), respectively

very slowly and can be considered as constant. These are the
same results that we obtained analytically.

In conclusion, we can say that when energetically dis-
tributed impurities are less important than impurities at a

FIG. 5. Variation of electrical po-
tential inside the depletion region
for several values of N, ¥, is3 V.
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FIG. 9. Variation of electric field at x = 0 with applied potential for several
values of V.

single level, that is, gV, V. € N, the final results are more or
iess the same as in an intimate Schottky barrier. The poten-
tial fall across the oxide region is very small in comparison to
the potential fall across the depletion layer (except when
N,>10%/cm?) and the same results can be used. For N, »
10'%/cm® we can stil} use the results, except that we need to
use ¥, instead of ¥, ,. For higher values of ¢N,V,, the final
results change significantly. In Table I we compare charac-
teristics in two cases.

The capacitance of the metal-insulator contact is occa-
sionally considered®!™* to be constant without considering
details of the Schottky barrier. The capacitance of the con-
tact can be counsidered constant only if energetically distrib-
uted impurities are more important in the depletion region.

In MIM structures, characteristics are sometimes con-
sidered® ! to be contact limited (Schottky effect) if In [ is
proportional to ¥ /2. As per Schottky effect, In 7 is propor-
tional to £,(C)"/2. This means that the field is considered
uniform throughout the insulator. This is only possible when

TABLE 1. Comparison of electrical characteristics of the Schottky barrier.

-r
[
=

-5

THICKNESS OF DEPLETION REGION {10 cm)
5
3

e
w
i

10

(o)

¥ T
o] 3.0 2.0 3.0

v@p'i- Vb% {Voit}

FIG. 10. Variation of the thickness of the depletion region with applied
potential for several values of N,

space-charge effects are not present.®® In blocking contacts,
most of the applied potential appears across the contact and
we have a space-charge region. The space-charge effects are
important and the electrical field cannot be uniform
throughout the insulator. However, if energetically distrib-
uted impurities are more important, we still can have
E (0} = V,, and thus In [ is proporticnal to ¥}/% In this
case distribution of potential is quite complicated and is not
uniform. For low density of energetically distributed impuri-
ties, we must have In 7« ¥'1’* in blocking contacts.

The nonsteady-state characteristics of some metal-insu-
lator-metal structures can be explained better by considering
constant capacitance of the space-charge region.*” In the
present model, the capacitance turns cut to be almost con-
stant, when energetically distributed impurities are more im-
portant.

No. Characteristics NV, <N, NoF.» N,

1 Thickaness of the Wa yl? Woln{2gN,V./N,)
depletion region

2 Increase in charge Qu (V2 Vi Qu ¥,
in depletion region (@)

3 Capacitance of Cay ' Cis constant
depletion region

4 Electrical field at E(0)yaVi? E (O aV, or (V,, +¥,;)
x=0

5 nfvs ¥, Infoc 4 ¥ or (V,, + V)72
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The results presented here are useful for interpreting the
electrical characteristics of MIM structures (particularly
those of amorphous material} correctly and o have a better
understanding of metal-insulator-metal blocking coniacts.
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