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A dipole-layer approach is presented, which leads to analytic solutions to the potential and the elec-
tronic transport at metal-semiconductor interfaces with arbitrary Schottky-barrier-height profiles. The
presence of inhomogeneities in the Schottky-barrier height is shown to lead to a coherent explanation of
many anomalies in the experimental results. These results suggest that the formation mechanism of the
Schottky barrier is locally nonuniform at common, polycrystalline, metal-semiconductor interfaces.

I. INTRODUCTION

The formation mechanism of the Schottky barrier (SB)
at metal-semiconductor (MS) interfaces is still an unset-
tled issue despite decades of intensive investigations.?
Presently, the most popular proposal of SB formation
seems to be Fermi-level (FL) pinning by electronic states
at the MS interface, such as metal-induced gap states
(MIGS’s) (Refs. 3 and 4) and defect-related states.’™’
According to the FL pinning proposals, the Schottky-
barrier height (SBH) of a MS system should be uniform.
However, recent experimental®™!! and theoretical'2™!*
results from high-quality, epitaxial MS interfaces suggest
that the SBH depends on the structure of the MS inter-
face. Such a dependence implies that the SBH of nonep-
itaxial MS interfaces may be inhomogeneous. Thus, the
question whether the SBH varies at MS interfaces has a
direct bearing on identifying the formation mechanism of
the SB. Recently, it was pointed out that experimental
data obtained from the vast majority of MS interfaces are
consistent with the presence of SBH inhomogeneity.'?
Hence, existing transport theories, such as the thermionic
emission theory and the diffusion theory, are inadequate
for a general description of the experimental results, be-
cause they are based on the assumption of a homogene-
ous SBH. In this paper, I present a general theory of
electron transport at nondegenerate MS interfaces with
arbitrary SBH distributions. Analytic solutions of the
potential and the electron transport are discussed in de-
tail and shown explicitly to give an excellent account of a
host of experimental observations. A brief summary of
the present work has already been published.!* Addition-
al proof for the present theory, based on numerical solu-
tions to Poisson’s equation, is presented elsewhere.!®

Homogeneity of the SBH has thus far been implicitly
assumed in the analyses of electrical data obtained from
SBH measurements. For example, the current-voltage
(I-¥) relationship of a SB junction has been described by
the thermionic emission theory as'

a

1(v,)=1I
Va)=1, nkpyT

exp —1

where ¢ is the electronic charge, kp is the Boltzmann
constant, T is the absolute temperature, ¥V, is the applied
bias, B=q /(kyT), and I is the saturation current, given
by

I,= A* AT?exp(—B®yp) , )

where A* is the Richardson constant and A is the area
of the diode. When the SB is homogeneous, ®p is the
SBH of the junction. The ideality factor, n in Eq. (1), is a
fit to the slope of an experimental (semilogarithmic) I-V
curve. It is clear that if formulas like Egs. (1) and (2) are
used to analyze any I-¥ data that have a semilogarithmic
relationship, a single parameter @, is obtained which is
then regarded as the SBH. However, the validity of Eq.
(2) depends on the homogeneity of the SBH. One notes
that the vast majority of experiments where Eq. (2) is ap-
plied contain no verification on the homogeneity of the
SBH.

Traditionally, electron transport at inhomogeneous MS
junctions has been treated by a parallel conduction mod-
el, namely, the current is assumed to be a sum of the
currents flowing in all the individual patches (I;), each
with its own area ( 4;) and SBH (®;):

I(V,)=31,=A*T [exp(BV,)—1]S exp(—Bd,) 4, .

(3)

Such a concept was so intuitively obvious that this model
had been applied many times!” before it was formally dis-
cussed by Ohdomari and Tu.!®* However, the parallel
conduction model'® is in significant error when the SBH
varies spatially on a scale less than, or comparable to, the
depletion region width. The error arises because Eq. (3)
fails to take into account the interaction between neigh-
boring patches with different SBH’s.!®?° For example,
the conduction path in front of a small patch with a low
SBH is pinched-off if surrounded by high-SBH patches.
“Pinch-off” is a terminology often used to describe the
operation of a field effect transistor. In the present con-
text, an area is said to be pinched-off if majority carriers
originating from outside the space charge region need to
go over a potential barrier, higher than the band-edge po-
sition at the MS interface, in order to reach the MS inter-
face. Potential pinch-off at inhomogeneous SB’s has thus
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far only been demonstrated numerically.!*?! It is im-
practical to solve the boundary-value problems for a large
number of parameters, which is necessary for a quantita-
tive explanation of routine experimental data. This paper
presents a simple approach which allows an accurate ana-
lytic description of the potential and the current flow for
an arbitrary SBH distribution.

II. POTENTIAL DISTRIBUTION
AT MS INTERFACES

A. The dipole-layer approach

When the SBH varies locally at a MS interface the po-
tential also varies from region to region. A nondegen-
erate semiconductor, occupying the space z=>0, is as-
sumed to be in contact with a metal at z <0. Without the
loss of generality, we may assume the semiconductor to
be uniformly n-type doped. All results discussed in the
present work also apply to p-type semiconductors, with
minor changes in the appropriate subscripts. The solu-
tion to such a boundary-value problem is usually ob-
tained by solving Poisson’s equation, with SBH contours
supplied as the boundary condition,

V(x,9,0)=®5(x,y) =04 +5(x,y) , (4)

where V is the potential of the conduction-band
minimum (CBM) of the semiconductor, referenced to the
FL of the metal, and & is the difference between the local
SBH and a “mean” SBH, ®$. In the present approach,
we treat the variation of the potential due to the presence
of the SBH inhomogeneity as a perturbation. It is obvi-
ous that the potential due to a dipole layer with a varying
dipole moment per area, 2¢€,6(x,y), should be used as the
perturbative term, since it satisfies the Laplace equation
and reproduces the desired boundary condition at the MS
interface. In other words, the potential in the depletion
region of the semiconductor (0 <z < W) is approximately
described by

2
V(x,p,2)=Vy, 1—iW +V,+V,
+f 8(x1,y1) z
27 22 (x,—x)2+(y, —p)* 7

Xdx,dy, , (5)

where ¥V, is the band bending corresponding to a MS
junction with a uniform SBH of @Y
(Viy =% —V,—V,), W, defined as (2¢,V,, /gNp)'"?, is
the depletion width, and V,, is the difference between the
FL and the CBM for neutral semiconductor
[V,=B 'In(Nc/Np)]. The first three terms on the
right-hand side of Eq. (5) represent the potential, within
the depletion approximation, due to a uniform SBH of
®%.! The last term is the variation of the potential due
to the presence of SBH inhomogeneity. Strictly speaking,
Eq. (5) is not an exact solution to Poisson’s equation be-
cause the change in the charge distribution near the edge
of the depletion region, due to the presence of the SBH

R. T. TUNG 45

inhomogeneity, has been ignored. However, for a rapidly
fluctuating SBH or for any isolated variation of the SBH
on a small lateral length scale, Eq. (5) gives a nearly per-
fect account of the potential close to the MS inter-
face. 1516

The most interesting form of SBH inhomogeneity is
the presence of small regions with a low SBH, ®% —A,
embedded in an interface with an otherwise uniform high
SBH, ®9%. The most convenient geometries to consider
for the low-SBH regions are small circular patches and
narrow semi-infinite strips, as shown schematically in
Fig. 1. Numerical simulations have previously been per-
formed for both geometries.!*?"?> For a low-SBH circu-
lar patch with radius R, which is small compared with
W, the potential at any point (p,z), may be written down
using Eq. (5). Along the z axis (p=0), the potential has
an analytic form,
2

—Z | +v,+V,

V(0,2)=Vy, |1

z

YN | ———
(22+R(2))1/2

(6)

The excellent agreement between the potential obtained
with the present dipole-layer approach and that obtained
from solving Poisson’s equation is shown in Fig. 2. Note
that there are no fitting parameters for the curves drawn
in Fig. 2. Details of the numerical simulations, using a
program called PADRE (which produced the data shown
in Fig. 2), are presented elsewhere.'® For a large A, or a
small R, the potential in front of the patch is obviously
pinched-off. One notes that if the potential has a positive
slope at small z, then it will go through a maximum be-
fore descending at large z to the value for a neutral semi-
conductor. Thus, the condition for pinch-off is obtained
by differentiating Eq. (9) with respect to z and setting the
derivative positive:

A > 2R,
Veb w

7

The condition set by (7) shows that potential pinch-off is

z
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FIG. 1. Geometries and coordinates of examples used in the
present work. (a) Circular patch, (b) narrow strip.
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FIG. 2. Potential of the CBM, referenced to the FL, in front
of a low-SBH circular patch. Circles represent a numerical
solution (Ref. 16) to Poisson’s equation. The solid curve is cal-
culated from the analytical expression for a dipole layer, i.e.,
Eq. (6). The dashed curve is from the point-dipole approxima-
tion, Eq. (10).

most prominent when the semiconductor doping level is
low. In Fig. 3, the potential close to the low-SBH patch
is plotted to show that the smaller R is, the easier it is
for pinch-off to occur. The dependence of the potential
on the applied bias, illustrated in Fig. 4, has a very
significant impact on transport properties at inhomo-
geneities SB junctions. The potential barrier between the
semiconductor and the metal increases with forward bias.
As will be discussed, this dependence of the potential on
applied bias is the key to understanding a host of “anom-
alous” phenomena in I-V measurements. To first order,
the potential does not depend on temperature.

For a semi-infinite strip of low-SBH, with a width of
L,, the CBM potential in the space-charge region may be
written down as [see coordinates shown in Fig. 1(b)]

2
Vix,y,2)=Vy |1—= | +V,+V,
A | Ixl+Ler2
— —tan _—
T V4
|x|—Lgy/2
4By [ 02 8)
o z

The excellent agreement between the potential predicted
by Eq. (8) and that obtained by numerically solving
Poisson’s equation has already been demonstrated.!>1®
Lateral cross sections of the potential are shown in Fig. 5
to give a three-dimensional view of the potential contour
near the saddle point. As before, the condition for
pinch-off may be obtained:

A mLg
—_— > .
Voo 2W

9)

The validity of Eqgs. (6)—(9) has been demonstrated exten-
sively by recent numerical simulations.'®
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FIG. 3. CBM potentials along the z axis, calculated with Eq.
(6), illustrating the influence of the radius of a low-SBH patch
on potential pinch-off.

B. Point-dipole approximation

The approach described in the previous section gives a
very accurate account of the electric potential in the pres-
ence of SBH inhomogeneity. When the dimension of low
SBH patches or strips is small compared with the de-
pletion length, one may further simplify the potential by
replacing the spatially extended dipole patch or strip with
a point dipole or a dipole line. Such a simplification gives
a good approximation to the potential except very close
to the patch or strip. This approach is quite adequate for
an estimation of the expected I-V behavior from an inho-
mogeneous SBH distribution, because, as will be dis-
cussed, the most relevant potential for electron transport
is that near the saddle point, some distance away from
the MS interface.

For a circular patch with radius R, the total dipole
moment is 26, A7R 3. The potential around the patch, ex-
cept near the core of the dipole, is given by

0.6
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FIG. 4. The variation of potential with the applied bias for a
low-SBH circular patch. Note that the saddle-point potential
slowly rises with forward bias and slowly decreases with reverse
bias.
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FIG. 5. CBM potential in front of a narrow low-SBH strip
placed at x =0. Different slices of the potential, taken at
different vertical distances (z) from the MS interface, illustrate
the phenomenon of potential pinch-off.

2

Vi DzW?
+V,+V,~

(p2+22)3/2 ’ (10)

z
V s —V 1__
(ps2) =V %

where I' is a dimensionless quantity that measures the
“strength” of a given patch and is defined by

s AR}
2V W2

_ ARj
47 Vt2>b

) (11

where =¢,/(gNp). As shown in Fig. 2, the point-
dipole approximation, Eq. (10), adequately describes the
potential around the saddle point. The agreement is best
when A is large and when Ry << W. One notes that the
present expression is not limited to low-SBH patches with
a circular geometry, as I' may be defined for any small
patch with an irregular shape and/or a varying SBH by
an integral:

8(xy,y,)dx dy, . (11a)

—1
3__
o 41y Vi?;b fpatch

Because the point-dipole approximation lumps the effect
of a dipole patch with a finite size into a point source, it
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errs on slightly overestimating the depth of the potential
“valley” at the saddle point and slightly underestimating
the valley width.

When pinch-off occurs, the location of the saddle
point, at (0,z,), may be obtained by differentiating Eq.
(10) along the z axis and setting the derivative to zero.
When I' << 1, z,, is found to be, approximately,

zo=WT , (12)
and the saddle-point potential is
VR =V (0,20) = Vi (1—30)+V,+V, . (13)

This represents the minimum potential barrier separating
the low-SBH patch from the neutral semiconductor.

The dipole layer due to a semi-infinite strip with a
width L, may be approximated by a ‘‘dipole line” with
an infinitesimal width. The dipole momeni per unit
length is 2e,AL, and the potential may be written down
as follows:

g 2V, Q2 Wz
+V,+V,— _).cﬂz_-.f-zT

z

vV Vs =V, 1—— N 14
(x,9,2)=Vy W (14)

where () is a dimensionless quantity that measures the
strength of the strip, defined in Table I. Using pro-
cedures similar to those described above, the location and
the potential of the saddle point may also be found for
the strip geometry (Table I).

III. ELECTRON TRANSPORT

A. An isolated region with a low SBH

With a knowledge of the electric potential around the
saddle point, the current flowing to and from a low-SBH
patch may now be evaluated. However, it should be
recognized that the current transport over even a homo-
geneous SB is not yet fully understood. Experimental re-
sults tend to agree more closely with predictions of the
thermionic emission theory than the diffusion theory.
Note that existing theories have regarded the emission
process as occurring at the highest point of the potential
barrier. In the case of a (uniform) SBH that is lowered by

TABLE 1. Electron transport at an isolated low-SBH region with a local SBH of ®% —A, surrounded by regions with a SBH of

.

Geometry

Circular patch

Semi-infinite strip

Radius=R,
y=3(AR}/4)'"

Dimension

Region parameter
Space-charge parameter
Saddle-point position
Effective area

(p=0,z=TW)

=(4/3)mApT

Effective SBH D=Dy — 3V,

=% —y (Vi /m)'"

Ideality factor n=1+T

:1_+_,y7]*l/3Vl;)2/3 /3

C=(RIA/2WV )3

Ag=47y /3B) 0/ Vi, )?"?

Width=L,, length=_Lg, >>L,
0=2V2LyA/m)'"?
Q=(L,A27WV )2

(0,y,z=QW)
A= ( TfﬂB)l/z(n/Vbb )3/8Lstrip /2
:\/ﬂQADLs[rip

Pg=DF —4QVy,
=0 —a( Vi /m)'"*
n=1+Q
=1+on V' /4
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image force, thermionic emission occurs within the semi-
conductor and not directly at the MS interface. Such a
theory obviously can be applied to the present situation
with little modification. In the thermionic emission
theory, the majority-carrier quasi-Fermi level is assumed
to be uniform throughout the semiconductor, and the
flux of electrons (holes) over a potential barrier of ®
(referenced to the majority-carrier quasi-Fermi level) is

J= f:qudn = A*T?exp(—BP) . (15)

In principle, electron transport across real MS interfaces
depends on the band structures and may be both system
specific and even region specific. In the present discus-
sion, band effects will be ignored and a unique
Richardson’s constant is assumed to be applicable to all
areas of the MS interface. For an inhomogeneous SB, the
® in Eq. (15) may be identified as the local (laterally vary-
ing) CBM potential minus V,. Ignoring the contribution
from minority carrier, the total current is a sum of the
current density J over the area. We shall first consider
the case of a low-SBH patch, the potential of which is
given by Eq. (10). The lateral distribution of potential
around the saddle point may be expanded in a power
series with respect to the radial coordinate p:

3 2
Vip,zg)=Vpch =P ... (16)
PsZo saddle 43}\%1.\

for small p and z, =T W, where A, is the Debye length of
the semiconductor, A, =(7/B)!"2. One may neglect the
higher-order terms and assume the potential at the saddle
point to have a parabolic form. The total current at a SB
junction at any bias may be thought of as consisting of
two components, one flowing in the forward direction
and one flowing in the reverse direction. Applying the
thermionic emission theory, the current flowing in the
forward direction over the barrier may be integrated:

Ifycn=~ A*T?exp(—BV, —BVy, +3BTV,,)

2
@ __3p"
X fp:OCXP 23T 2mpdp
I o . BYv?
= A*T 25 |exp —B<I>B+_1/3
9BV b n
Xexp(BV,), (17)

where v is a constant related to the patch characteristics,
defined in Table I. One notes that y is a true parameter
of the MS interface inhomogeneity, while I" is a parame-
ter that depends on the doping level of the semiconduc-
tor, the applied bias, and even the temperature, slightly.
I' is a useful parameter because it is dimensionless and it
measures the effect of SBH inhomogeneity on the space-
charge region. The reverse current exactly balances the
forward current at zero bias. Therefore, the net current
may be written as follows:

13513
e | 4Ty o BYVi
I =~ A*T exp |— By +—7
patch QB V12,§3 p B B 1’1 /3
X[exp(BV,)—1]. (18)

A comparison of Eq. (18) with the usual expression for
junction current from the thermionic emission theory,
Eqgs. (1) and (2), shows that a low-SBH patch may be con-
sidered as having an effective SBH, @4, and an effective
area, A, as defined in Table I. The effective SBH is
simply the potential at the saddle point. Since Vi, de-
creases linearly with V,, the applied bias voltage affects
the current through both the usual exponential factor
and the variation of ®.; with V,,. With an increasing
forward bias, the @4 increases slowly (cf. Fig. 4). This
dependence of the potential barrier on the applied bias
leads to an ideality factor that is greater than 1.
Differentiating the logarithm of the forward-biased-
current with respect to applied voltage shows that the
ideality factor is

dIn(I)

av,

1
~1+T=14+—TLt—r . (19)
39! 3p2

n=p

Because I' increases slowly as the applied forward bias in-
creases, there is a slight curvature to such a component
of the current. Equation (19) and Table I show that the
lower @ of a patch is, the larger is its ideality factor.
The ideality factor and the effective SBH do not have an
explicit dependence on temperature. As the doping level
increases (7 decreases), ®.; decreases and the ideality
factor increases. The current density near the saddle
point is much larger than the average current density.
The Ohmic effect for a small low-SBH patch may be ap-
proximated by a spreading resistance for a disc?® with an
area equal to A.. Parameters governing the current
flowing to a low-SBH strip, estimated using procedures
similar to those described for a circular patch, are sum-
marized in Table I. The validity of the expressions for
electron transport, Table I, has been demonstrated re-
cently by numerical simulations.'®

B. SB diodes consisting of many low-SBH regions

The equations derived in the present work show that
the current flowing across an inhomogeneous SB is
indeed expressible in a sum similar to that shown in Eq.
(3). However, the individual ®; and A4; should be re-
placed by their “effective” counterparts, ®.¢; and 4.4,
respectively. Thus, the total junction current is a sum of
currents flowing in each individual region,

1(V,)=A*T*[exp(BV,)— 113 Augexp(—BD;) .

(20)
Note that the difference between Egs. (20) and (3) is that
Aq,;’s and @4 ;’s depend on the applied bias, while 4,’s
and ®;’s in Eq. (3) do not. Only when the low-SBH re-
gions are not pinched-off does one revert to the parallel
conduction model.!® Since patches and/or strips with
low effective SBH’s strongly affect the current transport
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through a SB, the observed I-V behavior from a diode de-
pends very much on the distribution of SBH’s within the
diode. The total current of an inhomogeneous SB diode
may exhibit a variety of interesting behaviors. In this
section, the expected behavior of the junction current
from an inhomogeneous SB diode will be illustrated by
way of examples.

1. Sharply distributed low-SBH patches and/or strips

When a low density of patches ¢, with almost identi-
cal y’s (y =v,) are present in a SBH diode, the junction
current is described by a small number of parameters.
Low-SBH patches are assumed to be well separated from
one another, hence the current flowing in each individual
patch is not affected by the presence of other patches.
Such an approach is analogous to a dilute solution treat-
ment.?* The total current flowing in the SB may be writ-
ten down as

I o= AA*T*xp(—BPS)[exp(BV,)—1]

37’0th,1<3
,,,1/3

4c, 77772/37’0
9BV’

X |1+

| e

A similar expression may be obtained for the current
flowing in a diode which contains low-SBH strips.

The total junction current is made up of two com-
ponents, one of which is that characteristic of a diode
with a SBH of ®$ and an area of 4, represented by the
numeral 1 in the second line of Eq. (21). The other is
governed by the saddle-point potential,
@ —yoVi3n~ 13, of the low-SBH patches. Depending
on parameters such as the doping level, y,, and ¢, the
diode current predicted by Eq. (21) may show a variety of
behaviors. For example, a set of I-V characteristics, cal-
culated for a SB diode that includes a single low-SBH
patch, is shown in Fig. 6. At high temperatures, the
junction current is dominated by thermionic emitted
transport over the uniform SBH and displays near unity
ideality factor. At low temperatures, the exponential
term on the second line of Eq. (21) becomes much larger
than 1, and the low-SBH patches dominate at small bias
and the ideality factor is larger than 1. As mentioned
earlier, the current density near a low-SBH patch may be
orders of magnitude higher than the average current den-
sity and the Ohmic effect may be significant even at
moderate forward bias. This is the reason for plateaulike
sections in the I-V characteristic, as shown in Fig. 6. The
two components of current may be deconvoluted at low
temperatures.

When ¢, and/or ¥, are large, the junction current may
be dominated by the low-SBH patches at all practical bias
and temperature ranges. Calculated I-V traces of such a
diode, as shown in Fig. 7, display a slight curvature that
originates from the dependence of @4 on Vy, (cf. Table
I). As a consequence of this curvature, the ideality factor
and the saturation current deduced from any I-V trace
depend on the bias range for which the linear fit is made.
If a narrow constant bias range is used, the deduced ideal-
ity factors do not have a strong dependence on tempera-
ture. However, experimental I-V data are usually record-
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FIG. 6. Calculated forward current-voltage characteristics
from a SB diode with an area of 4X107% cm? and a
temperature-independent ®% of 0.65V, which contains a low-
SBH patch with a ¥ of 8X107* *cm?/3. To calculate the
series resistance and the spreading resistance, the semiconduc-
tor is assumed to be a 100-um-thick layer of n-type Si, 1X 10
cm ™3 doped.

ed, and therefore analyzed, within a fixed current range.
When the calculated I-V traces of Fig 7 are analyzed
within a narrow constant current range, as indicated by
the dotted lines, the ideality factor is found to vary with
temperature. Figures 6 and 7 are just two examples of
the many different I-V behaviors that may be expected
from low-SBH patch(es) with a single y.

T T T T T T T
10-2|_ Y=1.6x10"%cm2/3 y173

1074

1078

Forward Current (A )
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FIG. 7. I-V traces, calculated with Eq. (21), of a Si SB diode
that contains a large number of low-SBH patches with a unique
y. ®3=0.8 V, y,=1.6X10"* cm??V!/3 and N,=1Xx10"
cm 3. The SBH distribution is assumed to be independent of
temperature. Series resistance, which is included in the calcula-
tion, has a negligible effect on the I-V characteristic. Ideality

factors are deduced in a current range of 1X107°-3X 10" * A.
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2. Broad distribution of SBH variation

At a real MS interface, SBH variations are likely to
occur in a variety of shapes and spatial frequencies. Con-
sider the case of a SB diode with a constant SBH, <I>°B,
everywhere at the MS interface except at a few isolated
small patches that have a lower SBH. One may imagine
that there are an equal number of patches and/or strips
present with higher-than-average SBH’s to make the
overall average of the SBH unchanged at ®$. The
patches and/or strips with a higher-than-average SBH
contribute little to electron transport, and may be ig-
nored in the present analysis. With the assumption of a
statistical distribution of the patch or strip characteris-
tics, it may be shown (see the Appendix) that the total
junction current is approximately given by

Tota = A* AT?exp(—BO} ) exp(BV,)—1]
X[1+f (Viy Jexp(BxVEy)] 5 (22)

where the constants § and « and the slowly varying func-
tion f are defined in Table II.

The current in Eq. (22) is made up of two components:
one being the current over the entire diode, which has a
uniform SBH of @9, the other being an additional
current due to the presence of the low-SBH patches
and/or strips. The combined effect of all the low-SBH re-
gions is as if there were a big low-SBH region in the diode
with an effective area of ( 4f) and an effective SBH of

® =% — BV, . (23)

Even though the effective SBH of each individual patch is
roughly temperature independent, put together they may
be represented by a temperature-dependent effective
SBH. This leads to some very interesting temperature
dependences of the junction current. Examples of I-V
traces, calculated with Eq. (22), are shown in Fig. 8 for a
diode whose total current is dominated by low-SBH
patches. The ideality factors of the I-V traces have a
much stronger dependence on temperature than those
from diodes with a sharp distribution of patches (Fig. 7)
because of their explicit dependence on temperature:

Ry~ 1+HEBKVE D . (24)

However, it may be seen that the dependence of the
overall ideality factor on bias (<« ¥ !”* in the patch
geometry) is much weaker than that observed for each in-
dividual patch [ « V;2/3, cf. Eq. (19)]. Within a range of

TABLE II. Parameters for electron transport at an inhomo-
geneous SB with a broad distribution of SBH’s.

Parameter Patch Strip
2
£ 3 7
af g %
K w27 29172
B, Vi) 8c,atmy'” czWU%/z‘/Bﬂl/sLstrip
s 2% 1.46V}(®
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FIG. 8. I-V traces, calculated with Eq. (22), of an inhomo-
geneous Si SB diode with the following parameters:
Np=1x10'" cm’, ¢,=6x10° cm*?V'”, and 3=0.8 V.
Ideality factors and saturation currents are deduced in a current
range of 1 X107°-1X 10" *A.

a few decades of the current, the curvature of the I-V
trace is hardly noticeable, as illustrated in Fig. 8. Within
one given SB diode, the variation of SBH may occur in
more than one possible form of SBH inhomogeneity. To
further generalize, one may consider the exponent § in
Eq. (22) to be a measure of the geometry of the SBH vari-
ation, which may be empirically determined by fitting the
functional form of the experimentally observed currents.

IV, SBH ANOMALIES EXPLAINED
BY SBH INHOMOGENEITY

Experimentally observed behaviors from real SB’s
often show considerable departures from that expected of
ideal MS interfaces."?>26 As will be shown, all of the
common nonideal, or anomalous, phenomena may be ex-
plained by SBH inhomogeneity. It is also pointed out
that existing explanations of these anomalies, mostly
based on interface states, are not consistent with all the
experimental results.

A. Leakages and edge-related currents

Experimentally observed I-V curves have frequently
been analyzed?” and shown to be comprised of two or
more components of current. At small biases, the for-
ward current is sometimes dominated by a ‘‘soft,” or
“leaky,” component that leads to both a curvature in the
I-V curve and tangential slopes corresponding to ideality
factors much in excess of 1. As bias increases, the I-V re-
lationship becomes semilogarithmic with an ideality fac-
tor not far from unity, e.g., low-temperature traces shown
in Fig. 6. It is customary to attribute the linear portion
of the I-V curve to the main conduction mechanism, e.g.,
thermionic emission over the SB, and the leakage current
at low biases to a different mechanism. Generation and
recombination in the space-charge region,?® interface
states,? and edge-related conduction®®3! are the mecha-
nisms most frequently thought to lead to the leakage
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currents. As has been pointed out,’? the attribution of
leakage current to interface states? is not consistent with
experimentally observed I-V characteristics. Because
edge-related currents scale with the peripheral length of
the diode, and not with the area of the diode, they may be
unambiguously identified by using diodes with different
sizes.’*** Edge-related currents are often thought to be
due to a larger electric field at the diode edges, which
leads to increased tunneling and/or increased generation
or recombination.”® However, detailed analysis often
showed that edge-related currents have ideality factors
similar to,%° or smaller than,**3* those associated with the
center portions of the diodes. These observations indi-
cate that edge-related currents should not be indiscrim-
inately attributed to the generation-recombination pro-
cess. When the leakage current is not clearly related to
edges, the generation-recombination process is still the
_explanation most commonly invoked. However, the fact
that leakage currents were observed to be clearly dom-
inating in some diodes and completely missing in other
diodes on the same sample*® seems inconsistent with the
explanation based on generation-recombination centers.
The present work shows that experimentally observed
leakage currents are consistent with SBH inhomogeneity.
The presence of a few large low-SBH regions (with their
large y’s and, hence, large ideality factors) in the SB
diode can certainly lead to the appearance of a leaky
component in the junction current, as illustrated in Fig.
6. The small slope of this current (high ideality factor)
and effects due to series resistance limit the predomi-
nance of this leakage component to small forward biases.
Because of a lower effective SBH, the presence of even a
single low-SBH region can lead to the appearance of leak-
age current. Experimentally observed diode-to-diode
variations of the leakage current are in much better
agreement with isolated ‘“leakage spots” due to low local
SBH than with a distribution of recombination centers in
the space-charge region. The existence of a current com-
ponent that is proportional to the perimeter of the diode
is also in good agreement with SBH inhomogeneity. A
low-SBH patch is less effectively pinched-off when it is
situated in close proximity (on the order of the depletion
width) to the edge than when it is in the central portion
of a diode, as has been clearly demonstrated by computer
simulations.'® When a SB diode contains a uniform dis-
tribution of low-SBH patches, the number of patches that
are found near the edges is proportional to the perimeter.
Depending on the exact nature of the inhomogeneity, the
edge-related current may have an ideality factor that is
either larger or smaller than that associated with the pla-
nar part of the diode. Clearly, leakage and edge-related
currents are all consistent with SBH inhomogeneity.

B. Greater-than-unity ideality factors

Experimentally observed I-V characteristics are almost
always semilogarithmic, in agreement with the thermion-
ic emission theory. However, the slopes of such traces
often differ from the theoretical predictions, which neces-
sitated the inclusion of the empirical ideality factor®® in
the description of the junction current, Eq. (1). An ideali-
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ty factor greater than 1 has no direct explanation within
the thermionic emission theory, and is generally attribut-
ed to a SBH that is bias dependent. Image force lower-
ing,3® generation-recombination, interface states,”3® and
thermionic field emission (TFE) (Ref. 39) have all been
discussed as possible mechanisms that could lead to a
greater-than-unity ideality factor. Since the image-force
lowering and the TFE may be calculated and the
generation-recombination contribution can be dis-
tinguished experimentally, the maximum ideality factor
due to these mechanisms may be accurately estimated.
Observed ideality factors often far exceed these estimates,
prompting the proposal that interface states are a main
origin of greater-than-unity ideality factors.

There are two entirely different proposals to explain
the nonideal behavior based on interface states: the
interface-layer (the tunnel MIS diode) approach®’ and the
intimate MIGS  (negative-charge)  approach.’®%
Greater-than-unity ideality factors are not necessarily as-
sociated with an interface layer because they are often ob-
served at annealed, intimate, MS interfaces. Generally
speaking, the interpretation based on an interface layer is
not consistent with both the bias dependence and the
work-function dependence of the SBH’s, as already point-
ed out.*! At intimate SB interfaces, the upward bending
of the semiconductor bands near the MS interface due to
the spatial extension of the (negative) charge is the mech-
anism by which ideality factors are explained with the in-
terface states models.’®*’ However, since the short-range
band bending is independent of the semiconductor dop-
ing type, it may be used to explain only the ideality factor
on one type of semiconductor. Experimental results
show large ideality factors on both n- and p-type semi-
conductors, in disagreement with the negative-charge
mechanism. In addition, the ideality factors are often
found to vary significantly with processing, or from diode
to diode on the same sample, while the SBH’s are essen-
tially the same. These results are difficult to explain with
interface states, because the interface states are assumed
to decide both the magnitude of the SBH and the ideality
factor of a SB diode.

The bias dependence of the effective SBH’s (saddle-
point potentials) of inhomogeneous SB’s can explain all
the observed behavior of the ideality factor. Since the
currents of SB diodes are often dominated by low-SBH
patches, greater-than-unity ideality factors are routinely
observed. When the doping level increases (7 decreases),
the @4 of a low-SBH patch with a fixed ¥ decreases and
its ideality factor increases, in good agreement with ex-
perimental observations. The diode-to-diode variation of
the ideality factor and the dependence on processing are
also consistent with variations in the distribution of local
SBH in the diodes under study. High-quality single-
crystal silicide-Si interfaces usually display ideality fac-
tors very close to unity>? because of the homogeneity of
the interface structure and the SBH. Deliberate intro-
duction of SBH inhomogeneity has been shown to lead to
large ideality factors.!! Since the ideality factor is simply
a manifestation of the SBH uniformity, it is not surpris-
ing that it may be improved by improving the uniformity
of the layer, which presumably also leads to a more uni-
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form interface structure.*> Nor should one find it odd
that the ideality factor is the largest when the layer is the
most nonuniform.*’ Since the vast majority of polycrys-
talline MS interfaces display ideality factors significantly
greater than 1, the SBH’s of most MS interfaces are likely
inhomogeneous.

C. The T, anomaly

Many different temperature dependences of the ideality
factor have been observed experimentally. Most fre-
quently, the ideality factor of a diode increases when the
sample temperature is lowered. At many MS interfaces,
the deduced SBH and ideality factors are found to vary
with the measurement temperature in a fashion generally
known as the “T, anomaly.”*** Such a phenomenon
has been observed from all types of SB’s, on elemental
semiconductors®® and compound semiconductors***®
alike. A diode is said to display the T effect if its junc-
tion current may be expressed as

q®p
kg(T +T,)

Itotal =A% 4 Tzexp

qV.

a

’p(T+Tg) |

X |exp , (25)

where T is a constant. Demonstration of the T, effect is
usually accomplished by plotting nky T (the inverse slope
of an I-V curve) against kzT and observing a straight
line, with a slope of unity, which does not extrapolate
through the origin, as line 3 of Fig. 9. Concurrently, by
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FIG. 9. Plot of inverse slope (¥,) vs kp T /g, showing the five
basic categories of the temperature dependence of the ideality
factor. Line 1 is an ideal SB that follows the prediction of ther-
mionic emission theory. Line 2 shows a temperature-
independent, greater-than-unity ideality factor. Line 3 displays
the T effect. Lines 4 and S represent the behaviors when con-
duction is dominated by TFE and FE, respectively. [Replotted
from A. N. Saxena (Ref. 45).]
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changing the abscissa of the Richardson plot from 1/7 to
1/nT, a straight line should be observed in cases display-
ing the T;; anomaly. Until recently, the T, anomaly has
been ascribed to an exponential distribution of the densi-
ty of interface states.*”*®* However, such a model de-
pends on the presence of an interface layer,* and hence is
not consistent with the observation of the T\, anomaly at
intimate MS contacts.*>>® The facts that the measured
T, varies significantly among similarly fabricated
diodes’! and that T, may be locally varying in a large
diode? suggest that the T,, anomaly is not directly relat-
ed to the formation mechanism of the SBH.

SBH inhomogeneities offer an excellent explanation of
the T, anomaly. As the temperature is lowered, the
current of an inhomogeneous SB displays two trends, ei-
ther of which can lead to the T, effect. First, as shown in
Fig. 7, an increase in the bias results in an increase in the
measured ideality factor. Secondly, the current of a ran-
dom SB diode that contains low-SBH regions with a dis-
tribution of y’s is described by Eq. (22), which, as shown
in the Appendix, may be expressed phenomenologically
in a form identical to Eq. (25). Therefore, when the tem-
perature is lowered, the junction current is dominated by
fewer low-SBH regions with lower effective SBH’s and
larger ideality factors. As an example, the inverse slope,
in an I-V simulation, of a SB diode with low-SBH patches
of just two distinct y’s is plotted in Fig. 10 to illustrate
the origin of the T, mystery. The empirical constant T,
which depends on how the ideality factor is evaluated ex-
perimentally, is related to the doping level and the distri-
bution of the SBH (e.g., see the Appendix). Since the
fluctuation of SBH likely varies for different diodes, the
inconsistency of the apparent T,’s (Refs. 51 and 52) and
the doping dependence®? are all naturally explained.

D. Other temperature dependences
of the ideality factor

It is usually assumed that a study of the dependence of
the ideality factor on temperature can reveal the conduc-
tion mechanism of a particular SB diode. The T,
phenomenon is only one (line 3) of the five distinct tem-
perature dependences according to the original categori-
zation by Saxena,* shown in Fig. 9. A temperature-
independent, large ideality factor (line 2) has often been
observed experimentally, as has a dependence (line 4) that
is usually attributed to a domination of the conduction
mechanism by TFE.** However, temperature depen-
dences similar to line 4 have often been observed under
experimental conditions where tunneling should be negli-
gible.* The ideality factor of an inhomogeneous SB
diode with a wide distribution of low-SBH patches may
increase at a rate even faster than the T, effect when the
temperature is lowered. This effect is significantly
magnified when series resistance influences the current
flowing in the low-SBH patches. For example, calculated
I-V curves from a composite SBH diode, under condi-
tions where the series resistance effect is significant, are
shown in Fig. 11(a). The composition of the total current
is explicitly illustrated for two selected temperatures.
The evaluated ideality factors are shown in Fig. 11(b),
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which qualitatively reproduces the behavior usually attri-
buted to the TFE mechanism. Thus, even though tunnel-
ing should dominate the electron conduction at heavily
doped MS junctions, TFE is not necessarily the conduc-
tion mechanism whenever a dependence like that in Fig.
11(b) is observed. The temperature dependence of the
ideality factor, by itself, does not provide a determination
of the conduction mechanism.

Many temperature dependences of the ideality factor
have been experimentally observed, and are all consistent
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FIG. 10. I-V characteristics, calculated with Eq. (20), of an
inhomogeneous SB diode, with a ®}3=0.8 V and an area of
4X107% cm? Low-SBH patches with y’s of 3.2X107*
cm?/3V!/3 (X 800) and 2.2 X 10™* cm?/3 V!/3 ( X 800 000) are in-
cluded. Ideality factors and saturation currents are deduced in
a current range of 3X1077-3X107¢ A. (a) Inverse slope plot,
(b) regular and modified Richardson plot of the saturation
current. The semiconductor is Si with an N, of 1X 10" cm™>.
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with SBH inhomogeneity.'®* When ®.4’s are low, only a

small change in the bias is needed when the temperature
is varied (in order) to maintain a constant current level.
Therefore, a temperature-independent, greater-than-unity
ideality factor, frequently observed at SB diodes with
small SBH’s,*® is consistent with a SB diode whose
current transport is dominated by low-SBH regions. A

I I | I I
_o| eee Total Current
107"~ .+ High SBH -
| v1 =4.0x107* i
Y2 = 3.5x107%
1074 y5 =3.0x107* -
Y4 = 2.5x107*

; T vs = 2.0x107¢ T

put -6

s 10 —

E

3 -

O

= 8

© 107

g

]

w -
10—10 —
10-12 | | | ]

0.0 0.1 0.2 0.3 04 0.5 0.6
Forward Bias (V)
40 T T L T T T 7T "%
5 different v's
30} =
e

—~ - o, -
E o
£ o .-
@ 201 o 7 -
0 0 °
(7] -
3 | °t s i}
3] .
> -
E ;.

10} -

- (b) T
ol L | ] | 1 | 1
0 10 20 30 40
kgT (meV)

FIG. 11. I-V characteristics of an inhomogeneous Si SB

diode (N, =1X10'® cm™?) with a &3 of 0.7 V and an area of
4X107% cm? The following low-SBH patches are included:
y=4X10"* (X1), 3.5X107% (X20), 3X10™* (X400),
2.5X107% (X 8000), and 2X 10~* cm?* V'3 (X 160 000). Ideal-
ity factors and saturation currents are deduced in a current
range of 3X107°-3X107* A. (a) Breakdown of the total
current into individual components for two different tempera-
tures, (b) inverse slope of the total current. The displayed tem-
perature dependence of the ideality factor is similar to that usu-
ally ascribed in TFE.
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decrease of the ideality factor with cooling®’ is consistent
with the presence of general SBH inhomogeneity about
some mean SBH and, in addition, a small number of
low-SBH regions that are large enough that they are not
pinched-off, as demonstrated by recent simulations.!®
Frequently, the ideality factor of a SB diode is found to
follow different behaviors at different temperature
ranges,” i.e., switching between lines of Fig. 9. As the
example of Fig. 6 shows, the junction current may be
dominated by different components at different tempera-
tures, leading to apparent switchovers between different
dependences. Discussions in the last three sections show
that the entire spectrum of widely different behaviors of
the ideality factor can all be explained with SBH inhomo-
geneities.

E. “Soft” reverse characteristics

It is a universal observation that the current from any
SB diode never truly saturates at large reverse bias.
These *“‘soft” reverse characteristics are observed even
when the utmost care is taken to eliminate possible effects
due to edges of the diode.’! A linear relationship is often
observed by plotting the logarithm of the current against
Vise 285657 in agreement with the functional dependence
of the proposed image-force SBH lowering mechanism.
However, the observed slopes from such plots often far
exceed that predicted by the image-force mechanism
alone.?®*%%7 Andrews and Lepselter’® proposed that, in
addition to SBH lowering due to image-force, 8P,
there is a SBH lowering which is proportional to E
the electric field, i.e.,

max?
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This additional SBH lowering is thought to arise from the
upward bending of the semiconductor band due to
MIGS’s (the negative charge model).>* In Eq. (26), the
constant « is thought to be related to the density and
depth of the interface states.” Experimental results in
agreement with the prediction of this model have been
observed in many studies.’®* % However, even though
the functional form of many experimental reverse
currents may be explained by this model, other conse-
quences of this model have not been born out by experi-
ments. For example, it is not clear why very different a’s
are found for similar MS interfaces. Also, the proposed
mechanism of SBH lowering is completely absent in some
diodes.’® As already discussed, the negative-charge
mechanism allows SBH lowering for only one type of
semiconductor. Experimental results®®® indicated that
the soft SB characteristics for many metals and/or sili-
cides occurred with similar magnitudes on both n- and p-
type semiconductors. Therefore, experimentally ob-
served reverse characteristics at intimate MS interfaces
are not entirely consistent with interface states.

Due to the limited range of available reverse bias, a re-
liable determination of the functional form of the current
of any particular SB diode is difficult. In addition, the re-
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verse currents of different diodes often show different be-
haviors. Therefore, even though Eq. (26) may account
for the observed reverse current of some diodes, it is by
no means the only lowering mechanism that may explain
the experimental data. Any SBH-lowering mechanism
that varies with the reverse bias more rapidly than V}/*
could lead to a satisfactory fit with the experimentally ob-
served reverse currents. Presently, the reverse charac-
teristics of an inhomogeneous SB are shown to depend
critically on the actual variation of the SBH. From Eqgs.
(21) and (22), SBH lowerings proportional to the J and 2
powers of Vy, are all possible. At an inhomogeneous
diode, the image-force-lowering mechanism may still ap-
ply to the high-SBH regions, but it does not apply to
low-SBH regions that are already pinched-off. In Fig. 12,
typical reverse currents from an inhomogeneous SB,
which contains a distribution of low-SBH patches, are
shown to give an excellent explanation of the experimen-
tally observed reverse currents. At very large biases,
currents based on SBH inhomogeneity fit the experimen-
tal data better than even the theoretical curves of An-
drews and Lepselter.”® The wide range of behaviors of re-
verse currents experimentally observed from various SB’s
suggests that the problem is complicated and that each
specific diode may have its own individuality. Such a
scenario is in complete accord with SBH inhomogeneity

and is not easily reconciled with the interface state mod-
o] 40.58

F. Dependence of SBH on measurement technique

The SBH measured by the I-V technique, ¥, ,, often
decreases with increasing doping level, while the SBH
measured by the C-¥V method, ®,., remains constant.
Frequently, the SBH’s depend on the technique of mea-
surement, namely, ®._,, sometimes significantly exceeds
&, , and the SBH derived from PR techniques, ®pg.%
Identical to the proposed explanations of the ideality fac-
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FIG. 12. Reverse characteristics (circles) of a ZrSi, Schottky
diode experimentally observed by Andrews and Lepselter (Ref.
58). Solid lines are calculated currents of an inhomogeneous SB
diode, which has a ®% of 0.56 V and contains low-SBH patches
with y’s of 5.6 X 107° cm?®/* V!/3 and 4X 10™° cm?/* V!/3,
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tor, lowering of the SBH by image-force, interface states,
and TFE have frequently been invoked to explain the
doping-level dependence of ®; ,’s.3®%? While SBH inves-
tigations, especially those where the doping dependence
of the SBH has been studied, have generally concentrated
on n-type semiconductors, it is known that SBH lower-
ings on p-type semiconductors also routinely exceed that
predicted by image force alone. Thus, it is clear that the
observed doping dependence of moderately doped, inti-
mate, SB contacts may not be attributed to interface
states as previously thought. Rather, it is in agreement
with the presence of SBH inhomogeneities.!” 563765
Current transport at inhomogeneous SB’s is dominated
by low-SBH patches, leading to the deduction by I-V and
PR techniques of apparent SBH’s that are lower than the
arithmetic average of the entire diode. Since, under usual
circumstances, the C-V technique yields an average SBH
for the whole diode,'* the experimentally observed depen-
dence of SBH on the technique of measurement is in good
agreement with SBH inhomogeneity.

V. DISCUSSIONS

A. The issue of SBH inhomogeneity

It was clear, from the earliest SBH experiments on,
that phenomena occurring at MS interface were always
more complicated than the proposed theories and mecha-
nisms could explain. Departures from theoretical predic-
tions were observed more frequently than “ideal” behav-
ior. These inconsistencies in experimental results are sug-
gestive of interface electronic properties that are more
complicated than the simple models that have thus far
been proposed. Experimental results show that the
chemical and physical properties of MS interfaces often
vary with the material system, with differences in pro-
cessing, or even from region to region on the same sam-
ple. In the light of the diversity of observed SBH behav-
iors, it is amazing that most SB investigations do not al-
low for the possibility that the SBH within one diode may
vary. A priori there is no more reason to assume the SBH
to be homogeneous than there is to assume that it is inho-
mogeneous. One may even argue that it makes more
sense to start the treatment of SB junctions with a general
theory of arbitrary SBH distribution than it is to immedi-
ately assume a uniform SBH. After all, a theory of inho-
mogeneous SB’s may be easily applied to treat the homo-
geneous SB’s as a special case, and, as we have seen,
electron-transport theories of homogeneous SB’s cannot
be simply extended to treat inhomogeneous SB’s. It
should be kept in mind that the customary assumption of
SBH inhomogeneity originates from convenience, rather
than through scientific deduction.

Recently, the importance of understanding the SBH in-
homogeneity issue is becoming increasingly apparent.
Pioneering works in this area by Ohdomari, Freeouf, Bik-
baev, Werner, and their colleagues have lead to a qualita-
tive understanding of some behaviors from inhomogene-
ous SB’s. For example, the important phenomenon of
potential pinch-off has been numerically demonstrated by
Freeouf et al.!® in two dimensions and by Bastys et al.?!
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in three dimensions. However, the coarse voltage steps
and the effects due to series resistance have blurred the
dependence of ideality factor on the dimension of the
low-SBH strip or patch in previous calculations.!>?!
Therefore, the connection between a large ideality factor
and SBH inhomogeneities were not noted in these numer-
ical studies.!®?! Without this connection, it was not ob-
vious that SBH inhomogeneity is an issue that is relevant
to the vast majority of SB’s. A recent treatment® of this
relationship did not address the lateral length scale of the
inhomogeneity, and, as a result, failed to identify the true
mechanism of the bias dependence of the SBH, namely,
potential pinch-off. The present theory allows an analyti-
cal treatment of the potential and the electron transport
at SB’s with arbitrary SBH distributions. From a com-
parison of the simple expressions presently derived with
experimental results reported in the literature, it is
demonstrated that the vast majority of MS interfaces
have inhomogeneous SBH’s. Existing theories of electron
transport, based on a uniform SBH, are not adequate for
the interpretation of most experimental data, and should
be replaced by the present general theory. The validity of
the analytical expressions derived in this work has al-
ready been clearly demonstrated by a comparison with
numerical solutions'® and a comparison with experimen-
tal results obtained from diodes with known inhomo-
geneity.!!

Direct evidence for inhomogeneity in the SBH’s has
been recognized.®” Recently, exciting prospects of study-
ing SBH variations on an atomic scale were offered by the
invention of ballistic electron emission microscopy
(BEEM).%®® However, since electrons have to reach the
neutral semiconductor, the resolution of BEEM is limited
by potential pinch-off in a fashion similar to any other I-
V study, as recently pointed out.!>!! From the present
discussion, it is clear that SBH inhomogeneity is a
widespread phenomenon that affects the majority of SB’s.
The experimental data discussed in this work that
demonstrate the presence of SBH inhomogeneities tend
to be obtained on lightly doped semiconductors, which
typically have a depletion region width on the order of
100-1000 nm. The observed potential pinch-off suggests
that the length scale with which the SBH varies at such a
MS interface is typically less than 100 nm. From the
magnitude of the observed effects, it may be deduced that
the local SBH may be modulating by as much as one-half
the band gap for some of the diodes.

B. Interface states, Fermi-level pinning, and SB models

The validity of the present theory is independent of the
formation mechanism of the SBH and the origin of SBH
inhomogeneity. However, experimentally observed SBH
inhomogeneities have certain implications on SB theories.
For example, a homogeneous pinning of the FL, assumed
in existing interface-states models,>~> is not consistent
with the present result. There is no question that
interface-specific gap states are present at MS interfaces.
However, there is little evidence to suggest that they lead
to the formation of the SB in the fashion proposed by ex-
isting models.>”> It has been a common practice for
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SBH investigators to attribute changes in the electronic
properties of the MS interface to changes in (laterally
uniform) interface-state distributions. The present work
and discussions elsewhere’? show that such an ascription
of a host of anomalous SBH behaviors to interface states
is unfounded. Clearly, the large fluctuation of the local
SBH can only be explained by formation mechanisms
that are dependent on the local specifics of the MS inter-
face. In other words, proposed formation mechanisms,
such as defects,® MIGS,* effective work function,® and
chemical reactivity,’® need to be broadened to address the
issue of SBH inhomogeneity. Of course, the proposal of a
structure-dependent interface dipole® already explains
SBH inhomogeneities very well.

In the light of the present evidence for SBH inhomo-
geneities in polycrystalline SB diodes, the very approach
of concentrating only on the magnitudes of the experi-
mental SBH’s, in order to assess the validity of a SB
theory, seems inappropriate. If a MS interface has an in-
homogeneous SBH, then the SBH experimentally ob-
tained from this interface is just an averaged value of
some weighted distribution of different FL positions.
Such an average does not necessarily have any physical
significance. The true formation mechanism of the SB
seems to be the one that determines the local FL position
based on the local specifics of the MS interface. Due to
the wide range of possible SBH distributions, it is not al-
ways possible to deconvolute the experimental results to
obtain a complete profile of any given inhomogeneous
MS interface. One has the additional difficulty that the
present classical treatment breaks down in the presence
of a rapidly varying field. It thus appears that the local
SB mechanism is best studied in homogeneous MS sys-
tems. As mentioned earlier, recent results obtained from
high-quality, epitaxial MS interfaces®!®»!107! guggest
that the formation of the SB depends on local specifics,
such as the structure, of the MS interface.

VI. CONCLUSIONS

A simple approach to determine the potential and the
current transport at MS interfaces with arbitrary SBH
distributions is described. It is shown that, under usual
experimental conditions, internal interactions among re-
gions of different local SBH’s cannot be neglected.
Analytical expressions derived in the present work form
the basis for understanding a host of experimental phe-
nomena that presently have no, or only empirical, ex-
planations. Specifically, it is shown that leakages, edge-
related currents, greater-than-unity ideality factors, T
and other dependences of the ideality factor on tempera-
ture, soft reverse characteristics, and the dependence of
the SBH on the measurement technique are all natural re-
sults of SBH inhomogeneity. This discovery suggests
that the existence of SBH inhomogeneity is a much more
common phenomenon than presently realized. Further-
more, it suggests that the mechanism responsible for SB
formation depends on the local specifics of the MS inter-
face.
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APPENDIX: SB DIODES WITH A DISTRIBUTION
OF LOW-SBH REGIONS

1. Electron-transport equations

The density of patches with their parameter ¢ lying be-
tween ¥ and Yy +dy is N(y)dy, and is assumed to have
one-half of a Gaussian distribution:

N(y) Ve, r’ 0
= — - 2 > b
4 \/ﬂ'olexP 202 4
(A1)
N(y)=0, y<0,

where o is the standard deviation and c, is the total den-
sity of patches. As before, low-SBH patches are assumed
to be well separated from each other and hence do not in-
teract with each other. Therefore, the total current at
any given bias may be obtained by an integration over all
the patches:

Tt = A A*T2exp(— DY) exp(BV,)—1]
« 40irC9'? B2ovi(
1/3 2/3
9Vbb 217

BoVi?
X [1+erf W +17. (A2)

For usual values of temperature, doping level, etc., the
numerical value of the error function is essentially 1.
Therefore, a simple form of the junction current is ar-
rived at:

L= A4* AT?exp(—BDy ) exp(BV,)—1]
X[1+ (B, Vi Jexp(BkVE,)] ,

where the function f, which varies slowly compared to
the exponential function, and the constants « and £ are
defined in Table II.

If a SB diode contains a random distribution of low-
SBH strips, the junction may be evaluated using similar
procedures. For the strip geometry, it turns out that the
mathematics is simpler if a T distribution is assumed, i.e.,

2c2\/Z>

W)=——————r€ex
1.23(203)4 P

(A3)

2

- (A4)
2035

for w >0, where c, is the total density of strips and 1.23 is
the numerical value of I'(3). It may be shown that the
total current is also expressible in a form identical to Eq.
(A3), albeit with a set of differently defined parameters
(Table II).

2. Temperature dependence
of forward currents

In an actual SBH experiment, the forward current is
fitted, over some finite range of forward bias, to the ther-
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mionic emission theory with the form shown in Eq. (1).
For a current described by Eq.(A3), the ideality factor is

n=1+BexVEy ', (AS)
and the saturation current is
In(I,)=In( 4 A*T*f)—BDY +B*KEVy, Viy !
+BK(1=EVE, , (A6)

where ¥V, is the band bending at the measurement bias,
and V,; is the built-in potential (band bending at zero
bias). The weakly varying function f has been treated as
a constant in such an analysis.

In the presence of SBH inhomogeneity, the deduced
ideality factor and SBH obviously depend on the mea-
surement temperature and on the choice of bias range in
the analysis. If a constant bias range is used
(Vo =Vyot3kg T /q), it may be shown that the current is
given by the following phenomenological expression

I, = A** AT%xp ¥ -
kg(T+Ty)
Va
X |exp —-—q————,— -1], (A7)
kg(T+Ty)

where the constant Ty is ExVj, 'q/kp, the effective
Richardson constant 4** is A*f, and the apparent
SBH, 9, is

R.T. TUNG 45

@' =% +£xVEy 'In(No/Np) -

For simplicity, the dependence of the semiconductor
band gap on temperature has been ignored, and the FL
position at the MS interface has been assumed to be in-
dependent of temperature.

Frequently, I-V traces at different temperatures are ob-
tained and analyzed at a constant current range. Such an
experimental condition may be approximated by assum-
ing the band bending, ¥V, used in evaluating the ideality
factor to depend on the temperature in the following
fashion:

BVyo=Cp ,

where C is a constant. It may be shown that the total
current may also be approximately expressed in the phe-
nomenological form of Eq. (A7) for a narrow range of
current. However, the constant T takes the form

Ty= qéx(2—¢&)
Viioks

and the apparent SBH, @', is given by

D'= Y —B' ¥V (CF(1—£)DG

(A8)

b

Nc

+B'"%C§ 'In

b

where V3 , is the band bending chosen for the analysis at
a medium temperature.
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