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Abstract—A 1D analytical model of the metal-semiconductor contact is developed in the framework of
emission theory which exploits an improved description of the transmission probability. The usual WKB
approximation is substituted by an interpolation scheme where the eigensolutions of a given potential
barrier are expressed by Airy functions and then mapped to Gaussians in order to enable analytical
integration. The method is demonstrated for a parabolic barrier where the eigenfunctions are known and
direct comparison between the model and an “exact” reference is possible. Contact currents are given in
a fully analytical form and agree well with those from the reference model! over the whole range of doping
concentrations from Schottky to Ohmic. Boundary conditions for device simulation are derived by
merging the calculated emission current to the drift-diffusion current at a certain distance from the
metal-semiconductor interface. Experimental data of Ti on intermediately doped n-Si are used to compare
with the model and to discuss the influence of the most important parameters.
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Airy functions and their derivatives
numerical fit parameter

absolute energy [eV]

energy of the bulk conduction band
edge [eV]

Fermi energies of metal and semicon-
ductor, resp. [eV]

energy limit for Gaussian approxi-
mation [eV]

normalization energy [eV]

energy levels of maximum current
flow [eV]

generalized error function

error function

complementary error function
Fermi distribution functions of metal
and semiconductor, resp.

reduced Planck’s constant
imaginary part of Z

imaginary unit

current density [A cm~7]

partial current densities [A cm~?]
Boltzmann constant

momentum in metal and semicon-
ductor, resp.

effective electron masses in metal and
semiconductor, resp.

electron rest mass

electron density [cm~?]

effective density of states in conduc-
tion band [cm 7]

donor concentration {[cm~3}
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real part of Z
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absolute temperature [K]
transmission probability

coordinate of the first maximum of
the Airy function

parabolic cylinder functions and
their derivatives

values of U, V, U’, ¥’ at the end of
the space charge region

values of U, V, U’, V' at the
metal-semiconductor interface
external voltage [V]

normalized external voltage qU, ., /kT
x-component of the electron velocity
in metal and semiconductor, resp.
barrier width [cm]

extension of the physical contact [cm]
function of the action (35/2)*®
Gamma function

equals Y'~!

real number

normalized energy E (=E/E))
vacuum and semiconductor permit-
tivity, resp.

normalized conduction band edge in
the bulk (=E,/E;)

normalized energy E,,, (=Eg,/E;)
n(:rmalized energies E*, E, E;, EY,
E5

normalized Fermi energy of metal,
(=Exm/E;)

energy normalized by kT (=E/kT)
E, normalized by kT (=E_/kT)
angle between x-axis and momentum
vector in the metal and its limit
step function

arguments of the error functions
normalized x-components of the
momenta

normalization length [cm)]



Ap Debye length [cm]

U, electron mobility [cm?/V s]

V, Vinax equals sin(@), sin(@,,,)

&y normalized barrier width xg (=x5/4)

by barrier height [eV]

[ energetic distance between E. and
Exs [eV)

[ energy level of negligible spectral cur-
rent density [eV]

[ barrier height normalized by kT
(=Py/kT)

@, electron quasi Fermi potential [V]

'd electrostatic potential [V]

Y(x) wave function

1. INTRODUCTION

The metal-semiconductor interface is one of the most
challenging problems in the field of solid-state theory
and device physics. This is because of a variety of
physical effects, e.g. the influence of interface states
on barrier height[1,2], the effect of interfacial layers
(dipole, oxide or contamination)[3-6], inelastic scat-
tering events[7,8], recombination, trapping[9,10] and
trap-assisted tunneling{11), vertical and lateral poten-
tial fluctuations[12], barrier height fluctuations[13],
interface roughness[14], band-state mixing (making
the tunneling mass an uncertain quantity)[15], hot
carrier effects, realistic image forces, and some others
which make the theoretical modeling a complicated
task. Simplified contact models, e.g. suitable for
device simulation, have to neglect most of all these
effects.

A step towards a more physical model instead of
the commonly used boundary conditions for ideal
Ohmic contacts (neutrality, equilibrium) and ideal
rectifying (Schottky) contacts (thermionic emission
neglecting tunneling) was made recently by
Schroeder[16]. He developed the well established
formula of thermionic field emission (TFE) to an
analytical expression, using a simple WKB trans-
mission probability of the parabolic potential barrier
and separating the contact region (emission) from the
remaining device, where the current is governed by
drift-diffusion (Crowell and Sze[7], Chang and
Sze[12]). Supplemented by a proper boundary con-
dition for the Poisson equation such a model is able
to describe the transition from Schottky to Ohmic
contacts as the doping level increases. A shortage of
that treatment is the use of the WKB approximation
which breaks down if the de Broglie wavelength
becomes comparable to the barrier width (Ohmic
contact or strong reverse bias) and/or if the current
flows predominantly in the vicinity of the maximum
of the barrier (Schottky contact).

It is the aim of the paper to show that the WKB
approximation can be substituted by a better ap-
proach, which preserves the accuracy of an *“‘exact”
reference model over the entire doping range. The
“exact” reference model is chosen as follows:
parabolic potential barrier (constant doping level in
the barrier region, Schottky approximation, no image
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effect, no interfacial layer, etc.), independence of the
transmission probability on transverse momentum,
and constant effective mass for all energies above and
below the band edge of majority carriers. For such a
model the exact transmission coefficient is well
known, and derived results may be compared with
those of our analytical approach.

In the next section we recapitulate the 1D theory
of the metal-semiconductor contact and define the
basic quantities. Section 3 outlines the interpolation
method for the transmittance which removes the
drawbacks of the WK B approximation. Additionally,
the transmittance will be written in a form suitable
for analytical integration. The analytical model of the
contact current is derived in Section 4 and j¥ -charac-
teristics are compared with those from the “exact”
reference model there. In Section 5 Dirichlet bound-
ary conditions for device simulation are calculated. A
certain fraction of the barrier is defined as that region
where no Fermi level exists and which is shrinked to
the contact boundary in numerical simulation.
Matching the emission current to the drift-diffusion
current at the end of this region yields an explicit
expression for the boundary value of the quasi Fermi
potential. The theoretical results are compared with
data obtained from a Kelvin structure of titanium on
intermediately doped n-silicon in Section 6. We
discuss the effect of the most important physical
parameters there. Conclusions are given in the last
section.

2, EMISSION CURRENT THROUGH A PARABOLIC
BARRIER

In the following we will discuss an n-type semicon-
ductor with a parabolic conduction band. Figure 1
defines some basic quantities: barrier height @,
barrier width xp = x,(U,,,), the two Fermi levels,
and the energetic distance @y between bulk quasi
Fermi level Eg g and conduction band edge E. in the
bulk of the semiconductor. The energy zero is chosen
such that E = Epy+ ®y+ qU,,, with the Fermi
level Eg ) in the metal. For the moment we assume
emission to occur in the whole barrier, i.e. between
x =0 and x =xgz. In Section 5 we will restrict
emission to a reasonable fraction of the barrier width.
Uspp €quals the “applied voltage” only for vanishing
bulk resistance. This causes severe problems if one

Fig. 1. Schematic band diagram of the metal-semicon-
ductor interface.
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wants to simulate more extended devices than a
Schottky diode with the physical contact model.
Neglecting collisions inside the barrier region,
transverse momentum and energy are conserved,
and the emission current through the metal-
semiconductor interface can be calculated from (Con-

ley et al[17)):
= _ijz_’ JdngvM,xy(kM.x9 ks.)

x[fulkm) —fs(ks)l, (D)

(x-direction perpendicular to the interface). In
eqn (1) the subscripts M and S refer to metal and
semiconductor, respectively. J denotes the trans-
mission probability and f the equilibrium distribution
function. The transmission probability is obtained
from the solutions of a 1D Schrddinger equation in
the barrier region and on both sides of the interface.
Therefore, both longitudinal momenta enter the
expression of 7 (ky,,ks,). However, the ks,-
dependence can be expressed with the help of the
conservation laws:

m, 2m, m,

K=ok, T, -kau(l —m—;). @
This relation clearly shows that due to the different
effective masses on both sides of the barrier,
explicitly depends on the transverse momentum, i.e.
J is a function of the two variables ky , and ky, . In
the following we will use the more convenient choice
E (total energy) and @ (angle between current axis
and vector ky).

For the evaluation of J(ky,,ky ) we need the
wave functions inside the barrier region, at least their
WKB forms. Therefore, the potential shape must be
given explicitly. Closed-form solutions of the
Schrédinger equation exist in the case of a parabolic
potential (uniform impurity density, Schottky ap-
proximation). We restrict ourselves to that case since
it defines an “exact” reference for the accuracy of the
analytical model. The method itself actually only
demands the wave functions to be known far from the
classical turning points as will be shown below, and
hence is not restricted to a parabolic shape.

With above assumptions the electrostatic energy in
the barrier region is given by (see Fig. 1):

Ex)= B+ 5L (x — x), @
D

where A, denotes the Debye Ilength Ap=
Ve ekT/q*Np. If eqn (3) is inserted into the

Schrédinger equation for the envelope wave function,
one obtains:

d2
[—d—éz+%§2—'<§:l'l/(€)=0, @

with the eigenvalue:

m .
Ki=€—¢ — mMe sin’ ©. 5

<
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In eqn (4) normalized quantities were introduced
and labeled by small greek letters: & = (xg — x)/4,
Ks =kS.x'l\/ Mo /Mg, Ky = Ky AMeg /My, € = E(E,,
and ¢, = E,/E;. The angle @ is measured between ky
and the current (x-) axis. Normalization length and
energy are defined by:

h 2).% 1/4 h 2
= E = .
A (4meﬂk T) T dmgA? ©)

E; corresponds to 2E,, in Refs [18-20] and to 2W, in
Ref. [16]. The effective mass m.s has to be distin-
guished from m_, since tunneling electrons can have
energies reaching from E, to Eg, + ®5. Therefore, a
model of the tunneling mass m4(¢) would be necess-
ary that describes mixing of valence band states (and
eventually metal states).

The differential equation (4) is solved by parabolic
cylinder functions U and V ([21], p. 686):

Y& =aU(-x5 O+ V(-x5.0. (D)

The matching conditions at x =0 and x = xg, i.e.
continuity of  and (1/m) dy /dx, yield for the trans-
mission probability[17] (see Appendix A):

8 Kk .,  ees
T (ky) =;K5 (Vo +ikg Vo) (Us, + iy Usy)
M

— U+ ikgUp) (Ve + ik Vi)l 7% (8)
with the abbreviations U,= U(—x3,0), Ug,=

U(—x3, &) and:

/m [meg
Ki= |—xg, Ky= [—€cosO. 9)
Mg LY

After some algebra the contact current density can be
written as:

= — 24, T? mdrm[—
/ M Lc exp(n — Nem) + 1

1 Ymax (1)
- vdv T (n,v),
exp(n — Ngm — ) + I:IL 1

(10)
with:
TMmv)=—— (11)
n.v) 1+g(n,v)
nl| [k
gn,v)= Z[(lti)(% U, — Us Vi)
Ks
xé ’ 7 \2
+<—)(U0 Vie— VoUg)
Km
1 ’ ’ r r \2
+ m (VoUl— UgViy)
+ruks(VoUgp — Uy th)z] (12)
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13)

Kn = /g’—:\/n(l - v/,

Ki= /;’:;\/[n(l—';—”:vZ)—m]/m (14)

Aw=gmsk?*/(2n*h%) effective Richardson constant
(15)

(n=E/kT, n.,=E/kT, n,=E/kT, v=sin@®,
# = qU,,n /kT). The derivation of eqn (11) with (12)
from eqn (8) can be found in Appendix A.

The fower limit of the energy integral follows from
the condition that the square root (14) must remain
real with the lowest value of v (v =0). It reflects the
inability of electrons to transit from or into forbidden
states of the semiconductor, i.e. the gap in the density
of states. The condition of a real x§ also restricts the
angular integration to:

[ m,
vmax(r')= m— 1 —"c/" (16)
M
This limit, which is generally small since

(E ~ E,) < Egpy, results from conservation of trans-
verse momentum. Whereas in the initial integral (1)
integration is symbolically over the entire k-space,
which can be interpreted as taking the second mo-
ment of the boundary condition for the Boltzmann
equation, conservation laws impose restrictions to the
velocity vector, when the electron changes from one
band structure to the other.

The magnitude of the parameter n, = E, /kT deter-
mines the predominant current mechanism—
thermionic emission (TE) if #,<1 (low doping,
Schottky contact), thermionic field emission (TFE) if
7:~ 1 (medium doping), and field emission (FE) if
n,> 1 (heavy doping, Ohmic contact).

Often a simplified ansatz with a transmission prob-
ability depending only on E,[22] or kg,[23] is used,
and the k-space integration is performed over the
Brillioun zone of the semiconductor instead of the
Fermi sphere of the metal:

. R
j= g f s ok (ks )

x fdzkl[fm(km) ~fsGks)] (17)

In this case one obtains after changing to energy
variables:

j= ~ACT2J~ dnxg—(ﬂx)
’I

e

@ 1
X dn
L * [exp(rlx +11.—fem) + 1

1
exp(f, + 1, — e —u) + 1]'

(18)
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Introducing the variables £ and v as before, this
transforms to:

K
j=—-24.T*| dppf ——M88 —
/ Lc i [CXP(U = fem)+1

1
- exp(n —npm —u) + l:|

x fvm“m y vI (1 —vY)], 19)
0

with v, (n) = /1 — n./n. Here the dependence of 7
on n and v is of the special form 5(1 — v2), which
agrees with the general expression of the transmission
probability equations (11)(15) only if: (a) m, = my,;
or (b) 7(n,v) = 7 (n,0).

Case (a) follows immediately from (14) and (15). In
case (b) the v-integration becomes trivial and yields
identical current densities (10) and (19). The ad hoc
ansatz J = J (E,) has the advantage of avoiding a
numerical double integral, because the 7, -integration
in (18) is straightforward, but it requires modifi-
cations in the general expression of 7 (11).

Since the aim of the paper is twofold: replacing the
WKB approximation by a better approach and
deriving an analytical expression of the contact current
suitable for device simulation, it seems to be most
feasible to set my /m, to unity in (14), or, which has the
same effect, to set v = 0 (y = »,) in order to enable an
approximate analytical integration. This is justified by
the above mentioned fact that conservation of trans-
verse momentum only permits small angles between
momentum vector ky and x-axis. In particular, the
approximation J (5, v) = J (5, 0) does not affect the
results of the next section, where the WKB approxi-
mation is replaced by an interpolation scheme.

With this modification of the transmission prob-
ability (11) we can use eqn (8) as the starting point
of the further calculation. Analytical integration in
Section 4 demands also an approximation for the
Fermi functions. We choose:

- &0 (x)+ O(—x). (20)

1
exp(x) +1

With this simplification the 7, -integral can be solved
and eqn (18) turns into:

Jj= —ACTZJ dn I (n + nem, 0)
N — NF.M

X {@ M. —ngm)e™"+ O(npm — 1) e "O ()
+(1=mO(=n)] - O@y) e~

= O(—P)e "0 —u)

+ (=1 +w)@@w—m)}, en

where 7 is given by eqns (11)(15). We have changed
the meaning of the integration variable # for conven-
ience: n =#,— 1Ny, ie. the energy zero for the
variable n now is given by the metal Fermi level.
Equation (21) will be considered as “exact’” reference
model in this paper. The term “exact” only applies
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ppl =

to the usage of the transmission probability in terms
of the eigenfunctions of the potential barrier.

The well-known TE current formula follows im-
mediately, if J is replaced by the step function
O(n — Pg/kT):

P
jre= = AT exp(—k—;>u —exp)l.  (22)

3. INTERPOLATION SCHEME FOR THE
TRANSMISSION PROBABILITY

In this section we derive a simplified expression of
the transmission probability (1, 0) suitable for ana-
lytical integration. It is the aim to substitute the WKB
approximation by a better approach which essentially
preserves the accuracy of eqn (11) (restriction to the
case v = 0 is only for convenience in this section). The
proposed interpolation scheme uses the asymptotic
forms of the parabolic cylinder functions which read,
e.g. in the case of U, ([21], p. 690):

VTG +xd)

appr
U&= g — I
je=s below top
sin(% + |Sl> above top’ 23)
where S denotes the action integral:
1 (¢
S=§I dé /€ — k. (24)
2xs

The corresponding expressions for VP, U2, and
VP are listed in Appendix B. These asymptotic
forms agree with the WKB wave functions up to a
prefactor. They approach U, V,,, etc. for energies
much smaller or much larger than the barrier height,
respectively, but they diverge at the top of the barrier.

Figure 2 compares 7" (x, 0) (with UM, V¥, etc.)
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against 7 (), 0) (using the exact solutions). Due to the
breakdown of the WKB approximation the trans-
mission probability drops off to zero at the top of the
barrier (x5 = &g/2).

The correct shape of (1, 0) can be reproduced, if
a function is used which yields the same asymptotic
limits, but interpolates over the divergency. Such a
function is represented in the case of U,, by:

pai o @V G+ ) CISSAIEST?). (25)

s 2 1/4
s
If S is imaginary (above top), the real root of (—1)'7
has to be used, i.e. —1. For a triangular barrier a
similar function can be obtained in a straightforward
way, if a transformation of the Schrodinger equation
from £ to the new variable S(¢) is performed (as first
done by Fowler and Nordheim[24]; see also the book
of Moll[25]). It is easy to prove that U£: has exactly the
limits of eqn (23) and that it turns into the finite value:

2\ 1 5%.
(Eé) F<§-+:r>AKOL (26)

where U diverges. The maximum deviation of U}
from U,, at the top of the barrier is of the order of
0.2% only. The same holds for the other functions in
T (n, 0), which are substituted according to V — Bi,
U’ - Ai’, and V' — Bi’. Full expressions are given in
Appendix B. After these substitutions, the function
g(n,0) in the denominator of the transmittance can
be written as:

201 + Mg, 0) = 21 [ +nea)| Y] [me
e lop —nl My

x {Rez[ei‘"/ DAI(Y e~

lim U= (Q2n)"
xg—{p/2

+ 2 [ Ai(Y e-fﬂ"m)]}
mc

lgs—nl  [my
(n +neml Y1V m,

x {”’ Re’[eDAi/(Y ¢~

Meg
+ Im¥[e ““PAi(Y e“"z"/3’)]} 7N
with
Y = (38" (28)
In deriving eqn (27) the ratio I' (3 + x2/2)/T G + x%/2)
was approximated with the help of Stirling’s formula
by |kg| without any visible influence on the trans-
mission probability. The origin of n is again
nem- Furthermore, with eqns (3), (5) and (6) we
substituted:
§8 . _9s—(1—"em)
_ Ks =—
4 L7
with @p = &y /kT.

29
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Equation (27) also shows that the assumption of a
tunneling mass m; different from the bulk effective
mass m, introduces an essential complication. In
order to keep the expressions short, we now restrict
ourselves to the simplest model for mq:

Mg(€) =m, 30)

Equation (27) then can be written in the compact
form:

+ 15l Y
201+ e, 0 = 20 [T
nl
' IAI(Y e 1(211/3))'2
2 / los — 1| /’"M
7: ——————————— —
M+ e YN m,

x |AI(Y e~ @), 31)

We note that Y is positive below the top of the barrier
(S real) and negative above (S imaginary).

To derive an analytical formula of the contact
current, the mathematical form of the transmittance
has to be further simplified. Therefore, it is desirable
to substitute the Airy functions. The first maximum
of the Airy function Ai(z) with a real argument ¢ is
located at #, = —1.0187929(7) which corresponds to
a certain energy level above the maximum of the
barrier. From the bottom of the barrier up to that
point it is possible to replace the Airy function by a
Gaussian. Figure 3(a) shows how this is done: the
center of the Gaussian is placed at ¢, and two points
are used to fix the shape of the Gaussian. The first
point is ¢ =0 which corresponds to the top of the
barrier and ensures a good agreement in the TE
regime, the second point is fixed by fitting the attenu-
ation constant such that best agreement is achieved in
the TFE and FE regimes. Therefore, we replace [see

Fig. 3@)}:
Ai(t) > Ai(0) et~ 20, (32)

For the transmittance we need the absolute value of
Ai with the complex argument Y exp(i(2w/3)), i.e.

|AI(Y e~ = 1 /AI(Y) + Bi(Y). (33)
Applying (32) to that case yields:
[AI(Y e~ | - Ai(0) V2T~ 20, (34)

i.e. (34) includes a corresponding approximation to
Bi as well. Figure 3(b) shows the accuracy of (34). The
fit of the attenuation parameter b was found to be
unique for all doping concentrations. Best agreement
with the exact transmission probability was obtained
for b =0.38. The effect of a variation of b will be
discussed in Section 4.

The Gaussian approximation results in a further
simplification of the function g in the denominator of
the transmittance:

ANDREAS SCHENK

g(n + N, 0) = 2w A% (0) 77 ~20)

(n +nem)l Y| +nFM)IY|
mM
+ fmy [ lps—nl
m, N\ (n +nem)l Y|
x 4b*(Y? + Yz0+zg)]. (35)

This approximation may be used up to an energy 7.,
given by the condition Y(n,,,,) = t,. The energy 7.,
can be determined analyticaly if Y (n) is developed up
to first order in # around the top of the barrier,

resulting in:
é 2/3
"mx=¢8+<7a ").ltol'

Note again, that n is measured from #gy. The
derivation of (36) is given in Appendix C. For
energies larger than n,, the WKB form of g is
sufficient:

(36)

1 [m. [n+n
gwxs(M + MM, 0) =5 KL
2N my\ 1 —op
1 M [N — @8
Y — N > Npax- (37)
2N m N\ +1pm

Appendix D contains the derivation of the last

0.6
04t

0.2

ft)

0.0

02

0'4 o 'l L L ] L 4 7

10

f(t)

————

Fig. 3. (a) Approximation of the Airy function Ai(r) (solid
curve) by a Gaussian (dashed curve). ¢, denotes the position
of the first maximum of the Airy function. The point ¢ =0
corresponds to the barrier maximum, where both curves
coincide. The fit is tuned by the attenuation parameter b.
(b) The same fit for the function [Ai(t) + Bi%(1)]"%/2.
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Fig. 4. Comparison of the transmission probabilities using
parabolic cylinder functions (solid curve) and the Gaussian
approximation (dashed curve), which is used up to an
energy E_ ... For higher energies the WKB form is used.
Parameters: b = 0.38, for other parameters see Fig. 2.

equation. In Fig. 4 we show 79" [eqns (35) and
(37)] in comparison with Z(n, 0) (using the exact
solutions). Now, the dip at ¢ is removed and only
a small error occurs well above the top of the barrier.
This error has practically no effect on the current in
the TFE and FE regimes and only litte effect in the
TE regime. A further advantage of 4% is that in
this form an approximate analytical integration be-
comes possible.

4. ANALYTICAL MODEL OF THE CONTACT CURRENT

To enable analytical integration with the
distribution function model (20) the transmission
probability 7 (n + 5y, 0) has to be transformed into
a Gaussian with respect to the energy 5. Therefore,
Y(n) must be linearized in n at the energy level of
maximum current density. The major failure in the
analytical model of the contact current results from
the inability for finding a satisfactory analytical ex-
pression of that energy level. Furthermore, such an
expression depends on the particular case, i.c. on the
sign of the applied voltage and if the semiconductor
is degenerate or not (see Ref. [18]). The various parts
of the integrand in the current integral yield different
approximations for the level of maximum of these
parts [compare eqn (21)]. In any case, they have to be
borrowed from the WKB approach. Thus, instead of
T (N + ngm,0) we must use exp[—2S(y)] to find a
solution of:

an e ¥f(n)=0, (3%)
where f(n) is one of the various terms in the braces
of eqn (21). Inserting the action S of the parabolic
barrier, this gives the implicit relation:

n—@s=0—Nem—Ps )tanh’[% —; 1nf(n)]-
n
(39
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From the last equation one can derive the following
energy levels that approximately describe the pos-
itions of the current density maxima of the different
terms in eqn (21):

Nt =M — ea +(PB_(’Ic“"IF,M)
cosh2<ﬂ>
2
Nem) and term ~ @(Py)

ny =max(0,7*) term~ @ (nem —1.)O (1)

Al(\/fps +em — N+ \/‘PB)

Nem — Hc

term ~ @ (n. —

ny = —3ln

term ~ @ (nzm — 1.)O (—1n)

n{ = max(u, n*) term ~ @(—&y)O (n — )

ni=u+n; term~ @(—By)O(u —n). (40)
After linearizing Y (5) at these levels:
Y(n)= Y(ﬂ)+—ﬁ 41
with
Y=Y ") = -/ YY)
v ln_l(\/‘PB +em— N+ \/<PB - ’I>’ 42)
Vi em— 1.

where #j denotes one of the energy levels (40) (with
the origin 5y ), the transmittance can be written
in Gaussian form for all energies in the range

[Uc - nF,M 3 ’1max]:
2 eb[)'('f) — ]2

1+ g +nem.0)

n—a :
- Y(f) — » = Ymax -
XCXP[ b{rm(ﬁ)+ ) to}] nsn
43)

T+ MmO

To allow analytical integration for energies larger
than n,,, too, the transmittance is approximated
there by (see eqn (37) and Appendix D):

. /Tm
)

N> Mmax -

With eqns (43) and (44) the contact current can be
calculated without any further approximations. The
final result reads (omitting details of the lengthy but
straightforward calculation):

T+ Nemo

m.Nem

(44

J=JitHir +ir + i+ i, (45)
with

Jt=—jom )@ M. —nem)
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—_ 9(¢N) ew]e—n" +3n+am+t)

X Erf[‘g(nc —Nems +)’ ‘9("max9 n +)]
(46)

JiT=—ibM)Oem — n ) e * i)
x Erf[8(0, 7 ), 3(max>s 117 )] (47)
4= +jo(n$)O (— Py e +u+ srlnd
x Erf[8(u, 7%), 8 (Nmax,» n3)]  (48)

_ L .
Ji = —jhm1)O Mgy — nc) €172")

% {[1 + h’('\l;_l_))hh 9,0, ”2_):'

x Erf[3,(nc — ems 17 ), 910, 17)]

+ W(_”QI_'B (e—sf(O,ni) — es?(nc—nr‘m-n{))}

Jb

49
= +jo(nD)O (—By) eSiatrd
d
x {[1 fu+ ——W(:'/zg'"‘ 80, r,g)]
X Erf[‘gl (”c —NEM> "g)’ 31 (u, ”g)]
+ M (e—sf(u. 9 _ e\‘ﬁ(m "'IF,Mv'Ig))} (50)
Jnb
24, T/ %
. mc B u
h=- = (1 —¢)
(l + m Hiax — wB)
NV m NEM
N ———
2 —_
+? Hmax — @B € Mmax > (51)
n
where
AT?
oy = AT/ @lns )

VB + g +1ep, O]

The energies n*, 51, 1%, n; and n¢ are the quantities
defined in (40), the function g(n + ng.\, 0) is given by
eqn (35) and y(n) by eqn (42). Erf(x, y) denotes the
generalized error function Erf(x, y) = erf(y) — erf(x),
and erfc(x) the complementary error function
erfe(x) = Erf(x, o0) ([21], p. 297). The action S reads
explicitly:

SM) =/ 0s+ e — /05— 11 — (1 + Mg — 1)

N 1n(‘/ @p+ Nem — N+ /Pn — n) 53)
Vi +Nem — e
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Two new functions were introduced for convenience:

3, m)= m 2 2
x {'ll =M+ nym)Y (1) — 5] +y‘%} (54)
Iy (1)l

(i, 1) =9y, m) — (55)

2/b

To complete the list of quantities we repeat that:
Ne="em+ Pn/kT +u
Mmax = @ — Lo[N3 (@5 + Nem — 1)

_Vra [Ny

= kT | me,¢,
1, = A" 1(0) = —1.0187929(7)
Ai(0) = 0.3550280(5)

A, =120.155( 2 JAK 2 em 2
my

Richardson constant
b=10.38.

We should note that the analytical model (45)
describes the contact current through a parabolic
barrier for the whole range of doping concentrations
(from Schottky to Ohmic) and for the whole range of
external voltages (from strong reverse to strong for-
ward bias). Therefore, the appearance of different
terms is natural. All terms have a similar structure
and each term contains an error function as the most
complicated ingredient. For the case of a Schottky
contact (low doping, TE regime) only the terms j; and
jt 4 ji are essential, in the TFE regime the import-
ant terms are j* and j;, whereas for an Ohmic
contact (FE regime) only j; (reverse bias) and j§ + j$
(forward bias) contribute considerably to the total
current density.

In Fig. § the analytical model (45) is compared with
the “exact” reference model (21), where the transmit-
tance is expressed by parabolic cylinder functions and
the energy integral is performed numerically. We used
typical parameters for an Al-contact on n-type silicon
varying the donor concentration from 10" cm~3 to
10 cm 3. &y was calculated with Fermi statistics.
The agreement is excellent over the whole range, i.e.
over 14 orders of magnitude in the current density.
One observes the typical change from a rectifying
behaviour to an almost linear behaviour as the
doping level is increased.

Both current densities are compared in more detail
in Fig. 6, where their ratio is plotted over the whole
doping range for —2 and +0.2 V bias, respectively.
The maximum relative error is about 40% and
sharply peaked at a particular doping concentration.
Here the energy level of maximum current density
crosses the metal Fermi level, and the statistics
changes from Boltzmann to total degeneracy accord-
ing to the simplified model (20). Note that the
disagreement is mainly caused by the analytical
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integration and not by the approximation for the
transmittance. Leaving one numerical integration
would not only allow for Fermi statistics, but also
practically reproduce the curves of the “exact” refer-
ence model.

As already mentioned, the agreement was
achieved with an unique numerical fit parameter
b =0.38 in the approximate mapping of the Airy
function to a Gaussian. The sensitivity of the ana-
lytical j¥ -characteristics to that parameter is demon-
strated in Fig. 7 where we chose the intermediate
case Np = 10" cm 3. Increasing the parameter b de-
creases the reverse current, but not very pro-
nounced. The sensitivity of the results to b depends
on the doping concentration—in the TE regime the

2e-06 T : r .
o
e N°=10“cm"
< 10-06 | 1
2
g 0
[]
: J
£ -1e-06} .
g v
3
_29_06 A A A 'l
-20 -16 -1.2 -08 -04 0.0
20-05 : ’ r v
o
'E ND=10"cm'° I
é:-” 1e-05 | -
2
2 0
3 i
- —————
$  -16-05f _..—= 1
£ L2
3
_29_05 A A I A
-20 -16 -1.2 -08 -04 0.0
3e+04 v v v v
o
£ 20004 |  Np=10"cm”
<
= 1e+04 |
2
2  0e+00
§ -1e+04 4
s /
s -20+04 P/ b
0o
_39 +°4 N N A A i
-20-16 -1.2 -0.8 -04 0.0 0.4

Voltage (V)
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influence is negligible, whereas it is largest in the FE
regime.

In order to prove if the interpolation method may be
extended to other barrier shapes, we acted as if we did
not know the exact eigenfunctions of the parabolic
potential but only the WKB solutions. Proceeding
with them in the same manner as described above in
detail leads to the same final expressions. This is
because of the close relationship between asymptotic
forms and WKB wave functions and due to the fact
that the unknown normalization constants of the latter
cancel out in the expression of the transmittance.
Therefore, the interpolation scheme is not restricted to
the parabolic barrier, although its accuracy can not be
proved directly for more complicated problems.

49-06 T L\ Y T

20-06

0.03 T v T Y
0.02 |
0.01
0
-0.01
-0.02

-0.03 "
-2.0 -1

6 -12 -08 -0.4 0.0

10407 [rrrmrmrmrmrmpmremrrree
N,=10"cm™

-16+07 ¢

-20407 1

-3e+07 A
-2.0 -1

6-12-08 -04 00 04
Voltage (V)

Fig. 5. Calculated j¥-characteristics of an Al/n-Si contact for various donor concentrations. Solid curves:
exact transmission probability and numerical integration, dashed curves: fully analytical model. Par-
ameters: Egy = 11.7eV, my = m,, m.=0.258m, ({(111)-silicon), &5 =0.7eV, b =0.38.
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Fig. 6. Ratio of the calculated current densities jouc: fanaiy:.

at Uy, = —2.0V (solid curve) and U,y = +0.2'V (dashed

curve) as a function of the donor concentration. For
parameters see Fig. 5.

5. BOUNDARY CONDITIONS FOR DEVICE SIMULATION

The analytical model of the current through a
parabolic barrier (45) can be used to set up boundary
conditions for device simulation. We will consider
here the drift-diffusion approach, where the
unknowns are the electrostatic potential and the
carrier densities (or the quasi Fermi levels, respect-
ively). The region of the physical contact may be
defined as that region, where transport is governed by
emission and not by drift-diffusion. Here, a Fermi
level is not defined. In the previous sections the whole
space-charge layer was considered as such a region.
In the case of low doping concentrations the barrier
width becomes large and can cover a considerable
fraction of the device. Therefore, we restrict the
emission region now to a certain part of the space-
charge layer. This part may be determined by the
maximum of the spectral current density[26] or,
following an idea of Schroeder{23], an energy &; is
defined where the spectral density of the emission
current has dropped off to a small fraction of its
maximum value. The corresponding coordinate x
then may be considered as the “boundary” for the
drift-diffusion simulator, as illustrated in Fig. 8.

Feasible boundary conditions can only be derived
under simplifying assumptions. If we assume that a

0.03 ey
002 | [— b=037 ]
——— b=0.38
001 [ |- b=0.39 y
0

-0.01
-0.02

-0.03 4 4 . 4
-20 -16 -1.2 -08 -04 0.0
Voltage (V)

Fig. 7. Influence of the fit parameter b on the jV/-character-
istic for Np = 10" cm~3. For other parameters see Fig. 5.

Current Density (Acm %)
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Xp %

Fig. 8. Illustration of the energies & and —qg,(x7) at the
reverse-biased contact. x; denotes the extension of the
contact region for device simulation.

degenerate semiconductor produces ideal Ohmic
contacts, ¢; is given by E.— Ep, and it cannot
become smaller. Then, we have only to care about the
partial current densities j*, j;, and j;. For j* a
reasonable value of @; is easily found from the
condition:

exp[— 9% (pr,n )] =¢’, (56)

where @1 = @1/kT and é denotes a number. If, e.g
& =3, the spectral current density has dropped off to
e~ at the energy level @;. The left-hand side of (56)
is the Gaussian factor under the integral of the
current density, and we used the function 3 (54) for
convenience. Equation (56) has the explicit solution:

+
orn*) = %ﬁ’— BO.n+V3L 6D
For j one obtains ¢ = ¢1(n ™), whereas no explicit
expression is available in the case of j;. Since the
contribution of j; exceeds that of j; as the doping
level and the reverse bias are increased, a formula of
¢y for the total current, i.e. including all the different
partial current densities and reflecting the falling-off
of the leading term of the integrand to e %, would be
desirable but cannot be found analytically. Instead,
we use eqn (57), but limit ¢ by the value for an ideal
Ohmic contact:

or = max[n. — ngm, @r( Ml (58)

The effect of eqn (58) for the higher doping concen-
trations (above 10! cm~? in the case of silicon) is an
overestimation of & and hence of x;, which, on the
other hand, only means that ¢ is effectively larger for
these heavy doping cases. Note, that x; is only a
reasonable value for the transition from emission to
the drift-diffusion mechanism of transport and
depends on the choice of 6. The influence of that
choice and, therefore, of the relation for @ [eqn (58)]
on numerical device simulation will be discussed
elsewhere[27].

In Fig. 9 we plotted &; against the voltage for 6 =3
and the parameters of an Al-contact on n-type silicon
varying the donor concentration from 10 cm=? to
10® cm 3, In the TE regime &1 is only slightly smaller
than the barrier height for all voltages. That limits the
contact region to a small fraction of the barrier width.
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With rising doping level & increases, and the contact
comprises a growing part of the barrier. At a certain
voltage @®; reaches the limit E,— Egy, then the
whole barrier defines the physical contact. As
discussed above the slope of the curves for
Np=(10%-10)cm~3 is actually smaller (more
voltage drop over the barrier) than predicted by the
approximation (58). However, it should be men-
tioned again that the overestimation of the matching
point x; is equivalent to the choice of a larger 4,
which itself is somewhat arbitrary.

Now, we derive a Dirichlet condition for the quasi
Fermi level ¢, at the boundary x; by matching the
emission current to the drift-diffusion current there:

. do,

J=—apmn-g= .
This is analogous to the treatment of Crowell and
Sze[7] who matched the drift-diffusion current to a
surface recombination current at the top of the
barrier, and of Chang and Sze[12] who considered
this matching at the maximum of the spectral current
density. We again assume that degenerate semicon-
ductors produce ideal Ohmic contacts and concen-
trate on the nondegenerate case. Then, the electron
density can be expressed by Boltzmann statistics and
eqn (59) can be integrated between x; and x, if we
further assume that the current density remains
constant in that region (generation-recombination
neglected):

A jeﬂc—’lF.M n i
TN \[5 Im erfli/ @1 = (1 = r))

=exp(u) — exp(:-g%}—()i)) (60)

where j is the emission current given by eqn (45) and
erf(x) the error function ([21], p. 297). We are pre-
pared now to write down the boundary conditions for

the electrostatic potential ¥ and the electron quasi
Fermi potential ¢,:

1
¥(xg)=—=&y,
q

(59

(61)

@, (8V)

' A I I

-2.0-1.6-1.2-0.8-0.40.0 0.4 0.8
Voltage (V)

Fig. 9. Energy &, defining the contact region, as function
of applied voltage for different doping levels. Parameter:
6 =3, for other parameters see Fig. 5.

0.8
04

-q@,(x;) (eV)

-2.0-1.6-1.2-0.8-040.0 0.4 08

Voltage (V)

Fig. 10. Electron Fermi energy —qo, at the boundary x; as
function of applied voltage for different doping levels. For
parameters see Fig. 5.

kT
(Pn(xT) = - Uappl - 7 111[1 - ﬂ(Uappl)exp(_u)]s

(62)

with
x Im erf(i\/ @1 — (1. — Mem)) (63)
Apj e R

kT /2[or — (M. — e m)lta N

The last approximation involves a negligible error
only. It is based on the asymptotic behavior ([21], p.
298):

x2

Jrx
for large x. Only for large arguments of erf in (63),
i.e. for reverse biases (. <ngy) deviations from a
straight line occur in Fig. 10. In all other cases
B(Uyppn) remains negligibly small.

Figure 10 shows the slope of the quasi Fermi level
under the same conditions as for &;. The
Caughey-Thomas model[28] was used for the mobil-
ity. Under forward bias there is almost no deviation
from qU,,, at the boundary, i.c. only a negligible
voltage drop between x; and x in agreement with
previous studies (e.g. [26]). Under reverse bias this
voltage drop is largest for the lightly doped material
and goes to zero as xp approaches xg for the
degenerately doped silicon.

Both boundary conditions depend on the
parameter “U,,,"" which equals the “applied voltage”
for the considered example of a simple Schottky
diode with negligible series resistance. Devices which
are subject to numerical simulation give rise to the
complicated problem that under operating conditions
the Fermi level it tilted at the boundary of the
space-charge layer and the amount of dropped

Im erf(ix) —»

(65)
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Fig. 11. Comparison of the analytical model with a measured I(V)-characteristic of Ti/n-Si with

Np =(1.8-2.2) x 10 cm~® and Area=3.4 x 10~ 7cm? (dots). Theoretical curves are based on the

parameter set: m, = 0.19m,, Py = 0.50 eV, my = my, and Ep, = 11.7 eV. (a) Variation of the doping level,

(b) variation of the tunneling mass with Np = 1.9 x 10'® cm~3, (c) variation of the barrier height with

Np=17x10%cm~3, (d) effect of a change in the metal Fermi energy and effective mass with
Np=19x10%cm—>.

voltage, applied at some contacts of the device, is on
principle unknown there. This problem will be
considered elsewhere[27].

The corresponding boundary condition for holes
can be obtained if for the hole injection current the
rate of diffusion into the semiconductor bulk as in a
pn-junction is used[S]. This will not be discussed in
detail here.

6. COMPARISON WITH EXPERIMENT

The I(V)-characteristics of a titanium contact on
intermediately doped silicon is used to test the model
and to discuss the effect of the most important
physical parameters on the fitf. A flat doping profile
in (100)-silicon was obtained by implanting
phosphorus with a dose of 1.83 x 10'4cm~? and a
subsequent high temperature annealing at 1100°C for
160 min in pure nitrogen. The surface donor concen-
tration was determined by SIMS measurements and
process simulationt to be (1.8-2.2) x 10¥cm—3.

1The author is grateful to Dr W. Grabinski (ABB semicon-
ductors, Baden-Dittwil) for providing the experimental
data.

1The author wishes to thank Dr Th. Feudel (ETH, Ziirich)
for discussions on the process and for providing the
process simulation data.

Contact windows were opened by reactive ion
etching. Finally, a Kelvin structure was formed to
avoid the voltage drop over a series resistance.

Figure 11 shows a comparison of the data and
eqn (45). Remarkable deviations occur both for low
reverse bias and forward bias. The reasons may be
manifold, but most likely a recombination current is
superimposed resulting from deep levels due to the
processing (reactive ion etching). Hence, the “break-
down” branch is more suitable for a comparison with
the model.

There are five physical parameters in the analytical
model that characterize the metal-semiconductor
contact: the doping concentration Ny, effective (tun-
neling) mass m,, barrier height &, effective mass
on the metal side my, and the metal Fermi energy
Egy. A reasonable fit is obtained using the set
Np=19x10%cm™3, m, =0.19m, ({100>-oriented
material was used for the contacts), @y = 0.50 eV[29),
my=m,, and Epy=117e¢V. In Fig. 11(a) the
doping concentration was varied from 1.7 to
1.9 x 10'® cm™* showing its strong influence on the
tunneling current. The best fit is achieved with a value
between (1.8-1.9) x 10'® cm~* which agrees well with
the measured range. A similar impact on the charac-
teristics results from a change of the tunneling mass
[Fig. 11(b)]. As the main tunneling path moves down
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with rising reverse bias, mixing-in of valence states
(or even metal states) might reduce the effective
electron mass. Lowering the barrier height
[Fig. 11(c)] increases both the forward and reverse
currents. Barrier height reduction is likely from
several reasons, e.g. occupation of interface states or
image forces. Although the observed discrepancy at
forward bias could be removed with a reduction
to P =0.44eV which exactly corresponds to the
image-force lowering at U,,, =0V, the fit of the
reverse branch then would require a far too low
doping level or too large tunneling mass. Figure
11(d) shows the effect if the two metal parameters
my and Epy, are changed drastically. Since the
expression for the transmittance depends only
weakly on both quantities, the /(V)-characteristics
are not much affected.

7. CONCLUSIONS

Based on the concept of thermionic field emission
a 1D analytical model of the metal-semiconductor
contact was developed by-passing the WKB ap-
proximation. This was done by interpolating ana-
lytically between the asymptotic forms of the
eigenfunctions of the parabolic potential and map-
ping the interpolation functions approximately to
Gaussians. The resulting transmittance of the
parabolic barrier was shown to be in remarkable
agreement with the exact one. The method has the
potential for an application to more complicated
barrier shapes. Using a simplified carrier statistics
model and expressing the transmittance by an inte-
grable function (a Gaussian with respect to the
energy) enabled the contact current to be calculated
analytically. The final form contains error functions
as most complicated ingredients and is therefore
suitable for an implementation in device simulation
programs to model boundary conditions for non-
ideal contacts. It has been demonstrated that Dirich-
let boundary conditions can be derived both for the
electrostatic potential and the quasi Fermi level
under certain assumptions. Therefore, a contact
region was defined as that part of the barrier where
tunneling gives a noticable contribution to the emis-
sion current. The local value of the quasi Fermi level
at the inner boundary of that region was found by
matching the drift-diffusion current to the TFE
current there. In device simulation such a balancing
is done numerically. A complicated problem arises
from the fact that the input model for the barrier
contains the potential value at the boundary of the
space-charge zone, which is not accessible locally in
numerical simulation because of the series resistance
of the device. Simplifying assumptions can yield a
way out, but further work is necessary to tackle this
problem.
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APPENDIX A

Transmission Probability for a Parabolic Barrier

The matching conditions for the wave functions (wave
supposed to be incoming from the metal side):

¥, (x) = 4 e*™* + B e~*M* metal (A1)
¥n(x) =aly+ BV, barrier (A2)
Y (x) = C e*s*  semiconductor bulk (A3)
at £ =&5 (x =0) and £ =0 (x = xp) read:
A+B=aU,+pV, (A%
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l . . 1 ’ ’
m—M(:kMA — ikyB) = —lm—m(aUh+ﬂV¢_) (A3)

aUy+ BV, = C s (A6)

1
"2 (@Us; + V) = Ciks s A7
since m.g(xy) = m,. The transmission probability is defined
as:

T (ks ky) =—— " ——=—73"—. (A8)
Resolving the system (A4)-(A7) and inserting the ampli-
tudes gives:
K ., . .

S (Vo + ixs Vo) (Upg + ik ig' Uy)
Km

—(Us+ ikgUp) (Vg + ik Vil 72, (A9)
which is eqn (8), _Here we have used the Wronskian
UyVo— VoUp=1/2/m ([21], p. 687) and the definition of the
normalized momenta x§ = ks, 4, Ky = Ky Amg/my. If the
absolute square in (A9) is evaluated, the mixed terms are
reordered, and again the Wronskian of the parabolic cylin-
der functions is used, we end up with:

2
1 +g(7€5, KM)

n K,
8lxs, k) = 2 [:('_bf)( VoUg,— Ug Vln)z
Ks

8
T (xs5 k) =;

T (K5, k) = (Al10)

o
+ (—5)(00 Vie— VoUsY
KM

1
+ (—?)(V(, U—UiVe)

KM Ks,

+ x5 (Vo Uy — Uy Vh){l. (Al1)

APPENDIX B

Asymptotic Forms and Interpolation Functions

The asymptotic formulae of the parabolic cylinder functions
Ugp= U(—xg, $s), V= V(T’C%’ &e), Up= U'(~«3, &),
and ¥, = V'(—x3, &) are given by ([21], p. 690):

— JTG+xd)

T @2m) MR — a3

%e"sn for &g > 2K
x sin(z + |Sl> for &y < 2xg’ (B1)
— 2|§£ —dxd|-
* e rEd
et for &y > 2K
x cos(% + |S|) for & < 2k, (B2
Upesr = ¥ 2 57 LG +x3)
O 202m) e — 4k
jes for &y > 2Kg
x cos<‘—7i+ ISI) for &y < 2xg’ (B3)
| léz‘ - 4,‘%'”4

" enyn T+ xD)
for &p > 2K

es
x {m.(%ﬂm) for & <26 B9
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with

1 (%
S=§f déJE? —axi. (BS)
2xs
The prime denotes the derivative with respect to the second
argument. The interpolating functions with the same asymp-

totic behavior read:

1/4 1 2
_@"/rG+xd GISN" Ai(GSP),

UCAni - % 1/4 (B6)
D
2 —1/4
Q)4 E—B —x}
b=y GSVBEST. B
2 S
/4 [ 2
U= @52——— VIGHED oy5p-1s ai@sp),  (B8)
-
2 1/4
Qn)H s _ xl
fi= ew=s QIS BI'@SPY).  (BY)
2 s
APPENDIX C

Energy Limit for Gaussian Approximation

Taylor expansion of the action S({y) in the vicinity of
n = @y in the range 2xg > £, yields:

4 2 32
S(Es) zﬁ;(% - xé) , D
hence, the function Y becomes:
2\
Y(S)~ ({—) (T - x§> (C2)
B

there. The energy limit is given by the maximum of the
Gaussian (32), i.e. by Y(S) =1, = —|¢|. This leads to:

52 é 23
€max — € = TB (‘ig) |t0|'

Changing to the energy variable # (measured from ngy,), we

get:
G
Nnax = P+ (3’) niltel

= g+ (M — M + 08) 170 |-

3

(&)

(€5)

APPENDIX D

WKB Approximation for the Range 1 > 1y,

The WKB form of the transmission probability, valid for
energies much larger than the maximum of the barrier, is
most easily obtained from eqn (31) inserting the asymptotic
representations of the Airy functions for large negative
arguments ([21], p. 448):

Ai(=Y) —» n-12y -1 sin<§ Y+ %) (1)

A(=Y) > —n~"2¥ " cos 2¥¥2 4 ;)’ (D2)
Bi(—Y) » n~ 2y cosf 1Y 4 %) (D3)

Bi(— ¥) » 'YW sin<§ Y32 4 %) (D4)



|D analytical model of the metal-semiconductor contact

Then we get:
JAI(Y e~ =1 /AX(Y) + BiXY) — jn ~ Y|4,
(D3)
JAI(Y e~y = 3 /AIH(Y) + BI(Y) — in~ A1
(D6)

Inserting into eqn (31) yields immediately (37). The limit
n — oo of J turns out to be:

2
1<\/?C \/’—";),
1+ —+ [—
2\ my, m,

which actually tends to 1, since the effective masses have to
approach the free electron mass for n — 0. The latter effect
has not been modeled in the present paper, consequently the

70
T +1em, 00—

(b7

1647

limit (D7) expresses quantum reflection at the boundary of
two media with different effective masses.

For the purpose of analytical integration the WKB form
VKB has to be approximated in the vicinity of n,,,.
Therefore, we write VKB as:

g
1)

(D8)

An integrable approximation is obtained, if n is neglected
compared 10 Mg (because Nmax < Mp. M Can be assumed) and
n is replaced by . in the denominator (because F VKB j
only important for the lowly doped contacts, where conm-
butions to the current originate from a range of a few kT
above the top of the barrier only).

- +
TVEB(@ + s 0) = (" M)

1
< M m.(n +nm)



