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Energy distributions of electrons emitted from the semiconductor into the metal and
in the opposite direction are considered. Numerical computations for metal-n type silicon
system are carried out. The influence of the donor impurity concentration, applied voltage
and 'temperature on the distribution are examined. Particular attention is given to the case
of heavily doped semiconductor. Results of the numerical computations are presented graphi-
cally in the form of the dependence of the normalized electron flux emitted from the semi-
conductor into the metal and vice versa as a function of the electron energy.

1. Introduction

Metal-semiconductor (M-S) systems made on lightly doped semiconductors have
been extensively studied and thermionic emission has been established as the mechanism
of current flow. In this case the potential barrier at the contact interface is so wide that
the only way the electrons can reach from the semiconductor into the metal is by emission
over the barrier.

The tunneling probability increases with semiconductor doping since the depletion
region width decreases, which makes the potential barrier thinner and easer to tunnel

through.
The useful characteristic energy Eyo is defined as [1]
qh N 1/2 N 1/2
Eop = —( ) = 1.85-10‘“(——) eV o 6)}
4n\me) m.e,

where g is the electronic charge, % is Planck’s constant, N the impurity concentration in
units of cm~3, m, is the tunneling effective mass measured in units of the free electron
mass mo(m* = mm,) and &, is the static dielectric constant measured in units of the

free space permittivity &q(e, = &, &).
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The ratio kT/Ey, is a measure of the relative importance of the thermionic process
in relation to the tunneling process [2, 3].
1. In the low doping range where kT/Ey, > 1, thermionic emission (TE) of electrons
over the barrier becomes dominant (Fig. 1a).
2. As the semiconductor doping increases (Fig. 1b) the barrier becomes thinner and
exited electrons with sufficient thermal energy tunnel through the midsection of the energy
J(E)
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Fig. 1. Energy band diagrams of metal-n type semiconductor contacts under forward bias voltage:

a) lightly doped semiconductor (TE emission), b) heavily doped semiconductor (TFE emission), ¢) very

heavily doped semiconductor FE emission). J(E) represents the energy distribution of the electrons
emitted from the semiconductor into the metal
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barrier from the metal to the semiconductor. This current density is referred to as ther-
mionic field emission (TFE). In this case the thermionic and tunneling processes are
comparable (KT/Eyo =~ 1).

3. When the semiconductor is very heavily doped, or at very low temperatures
(KT|Eyo < 1), the current is carried by electrons tunneling from the Fermi level in the
semiconductor into the metal (Fig. Ic). This process is called field-emission (FE).

In this paper, the energy distribution of electrons during the current flow in the M—§
barrier is considered. The influence of the donor impurity concentration, applied voltage
and temperature on the distribution are numerically examined for a metal-n type silicon
system. Results of the numerical computations presented graphically concern the TE,
TFE and FE cases help in understanding the current flow processes in the M—$ system.

In Ref. [12] an analysis of a similar distribution in the metal-insulator-metal system
is made.

2. Carrier transport equation

The energy band diagram of a metal-semiconductor barrier under equilibrium
conditions is shown in Fig. 2, where &, is the M—S barrier height, V, is the built-in
potential, A¢ is the barrier lowering due to image force, Egy, and Ejy, are the Fermi energy
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Fig. 2. Band diagrams of metal-z type semiconductor contact under: a) direct bias voltage, b) reverse
bias voltage -

of the metal and the semiconductor respectively, w is the depletion region with, V, is the
applied voltage. Fig. 2a shows the forward and Fig. 2b the reverse biased M —S barriers.

A general expression for the electron current density J flowing from the semicon-
ductor into the metal or from the metal into the semiconductor is given by

o0

= | J(EQdE, = f J1(E)dE,+ I Jo(EL)dE; @
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where E, is a measure of the energy associated with the motion of the electron normal
to the S—M interface, gV, is the barrier maximum level. The energies are measured from
the band edge in the semiconductor as shown in Fig. 2. The first term od equation (2)
represents the contribution from tunneling (TFE and FE), and the second term i$ the
thermionic component (TE). The products J,(E,) dE, or J,(E;)dE, represent the net
current density contributed from electrons with energies associated with the motion
pormal to the junction, placed between E, and E,-+dE, or E; and E,+dE,, where E; > gV,
Functions J,(E,) and J,(E;) are given by

JW(EDE, = P(E,, m")N(E,)dE, (Ga)
JNEL)AE, = Py(E,, m)N(E,)dE, (3b)

where N(E,)dE, represents the net flux density of electrons with energies between E, and
E,+dE,, P(E., m¥) is the transmission coefficient of the barrier, P,(Ey, m*) is the
transmission coefficient for the electrons that have energy E, greater than the barrier
maximum gV,
Transmission coefficient for tunnel emission is given by
Pl(Ex3 m*. = [1+€Xp Q(Ex9 M*)]Ml (4)
where

O(E,, m) = —— MV(x)—Ex dx )
where g¥(x) is a barrier energy profile similar to that shown in Fig. 2 and x, and x; are,
respectively the small and large roots of g¥(x) —E, = 0. P,(E,, m*) is the transmission coef-
ficient if tunneling occurs in the interval between the classical turning points x; and x,.
The transmission coefficient P,(E;, m*) for thermionic emission is not unity. We can use
Kemble’s approximation [4].

PZ(EJIC7 m*) = I_Pl(EJn m*) (6)
where E. = 2qV,,~E,, Thus the transmission coefficient at an energy AE above the top

of the image force lowered barrier equals one minus the transmission coefficient at an

energy AE below the top of that barrier.
The quantity N(E,), commonly referred to as supply function, in the case of an electron
flowing in the semiconductor-metal direction, is given by [14]:

AT ( Eps—E.\] Eps—E.—qV,
NE) ==~ )Lm [1+exp (—FZT)_ ~In L1+exp< 5T — =1 ﬂ} )

and in the case of the metal-semiconductor direction, given by [13}]:

AT F Epy—E,\] B Epy—E,—qV,
N(Ex)=7{ln[1+exp(_%‘> —~In 1+exp< 2 — = “>]}

for E, > Epy ®)
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and

AT Epy—E,
N(E,) = Tln |:1+exp (_F_I;lc—?_):l for E, < Epy 8)

where 4 and 4* are the Richardson constants for metal and for semiconductor respectively

kT N, )
[1]. Eps can be obtained from the relation ¥, = —1In ¥ where gV, is the energy
q

difference between the conduction band edge and the Fermi level in the bulk of the semi-
conductor, N, is the conduction band effective density of states. At high concentrations,
the Fermi energy position can be obtained more exactly for example from the paper [9].

In the present work the quantities Jy(E,) and J,(E;) (Eqs (3a) and (3b)) will be sepa-
rately calculated for various doping concentrations, applied voltages and temperatures
as a function of energies E, . In the calculation of J and J,, the main difficulties lie in evalu-
ation of the transmission coefficient Pj.

3. Barrier height in the M—S system

The barrier heights in the M—S system are, in general, determined by both the metal
work function and the surface states. When a metal makes intimate contact with a semi-
conductor, the Fermi levels in the two materials must be coincident, so the Fermi level
in the semiconductor is lowered by an amount equal to the difference between the two
work functions. This potential difference ¢@,,—q(p,—V,) is called the contact potential,
where q®, is the electron affinity. The barrier height ¢g&,, which must surmount electrons
travelling from metal to semiconductor (neglecting the Schottky lowering g4 ¢), is given by

The Schottky lowering as a result of the image force and the electric field is given
by [4,5]:
1 q 3/4 . (V N)1/4
— /4 _ .10~ b

where V,, is the barrier height that must surmount electrons trawelling from semiconductor
to metal if the Schottky lowering is neglected.

3 We consider a semiconductor with acceptor surface states whose density is very large.
As a result, the barrier height is determined by the property of the semiconductor surface,
is independent of the metal work function and is given by

q¢bn = Eg_q(PO (11)

where E, is the band gap and ¢, is the energy difference between the Fermi level and the
valence-band edge at the surface before the M—S contact is formed. This specifies the
level below which all surface states must be filled for charge neutrality at the surface [6].
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Equations (9) and (11) are the two limiting cases obtained from a more complicated
equation given by Sze (7). This equation can be approximately reduced to the following
form:

Dy, = 1D, + ¢, (12

c¢; and ¢, can be determined experimentally: i. e. for n-type Si ¢; = 0.27+0.05 and ¢, =
= —(0.55+0.22)V, for CdS ¢; = 0.38+0.16 and ¢, = —(1.240.77) V.

The barrier height which must surmount electrons travelling from semiconductor to
metal, lowered by the Schottky effect, is given by:

Vi = Vo= Ao (13)
where
Vo = @p— V.=V, (14)

V, < @, if the metal is positive, and for sufficiently high opposite polarization ,V, > &,,.

4. Barrier shape in the M—S system

1. Schottky lowering neglected. Fig. 2 shows the potential barrier shape in the
M-S system. It can be shown [8] that solving of the Poisson’s equation for this problem
gives a barrier shape of the following form

V = Ty (15)
or
o) = 5 (15)

where y = x/w is the normalized distance, x being the distance from the point in the bulk
semiconductor where depletion region ends (Figure 2),

\/ 2% (16)
w =
qgN

is the barrier region width, and v(y) == V/V, is the normalized potential in the barrier
region.

2. The Schottky lowering included. The lowering of the metal work function
by an amount A as a result of the image force and the electric field, is called the Schottky
effect. This effect changes the parabolic one-dimentional potential distribution defined
by equation (15) to the following equation [4]:

q .
V= Vy — —
by. 16me(w—x)
which, in normalized form, becomes
Vo

o(y) = y*— 17)

1—-y
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where

AT 3/2 N
o =i\/_]\f( q) _ 3441074 YV (18)

16m\ 2 \&,Vy (CAA

In equation (17) not only the doping concentration but also the applied voltage are in-
cluded because V, depends on V, (Eq. 14).

5. Evaluation of classical turning points

The values of classical turning points x; and x,, i. e. the intersection points of the
barrier with the tunneling level E,, were needed in the computation of the transmission
coefficient P,(E,) (Eq. 4).

1. Schottky lowering neglected. In this case, the normalized intersection points can
be obtained from (15°). The normalized tunneling level is E./V, = v. Two intersection
points can be obtained from the equation v()) = y2, i. e. yo; = \/E and yq, = 1.

2. Schottky lowering included. Equation (17) is a cubic equation in y. The appropri-
ate solution for normalized intersection points is given by:

1 2a ——
W= 3 + ?\/1+30 cos (60°+ %)

L0 =
A= + 5\/1-}-30 cos <b60°— %) (19)

where ¢ is the smallest positive angle which satisfies the equation

9p—1+13.50,

cos @ = — -
YT T 3

a=1,b=1ifcos ¢ >0, and a= —1, b=0 if cos ¢ < 0.
3. Schottky lowering included — approximate expressions. If in Eq. (17) we put
vo/(1—y) = vo/(1— /v) and v(y) = v one of the intersection points becomes

_.\/ v )
Yy = U+1—\/z—) 20)

and if we put y> =1 we obtain the second intersection point:

Yo

ya=1- @n

i—-v’

Formulation (20) and (21) does not apply in the top barrier region. To find the position y,,
of the barrier maximum, d[v(y)]/dy of equation (17) is equated to zero. The root of the



368
cubic equation nearest to and less than unity gives
2 0o
VY = 5 cos | 60"+ 3 +1 where cosa = 1—6.750,.

The approximate solution of the cubic equation has the following form:

P N O (2)
m 2'

From (22) and (17) we obtain the normalized maximum barrier height

S v
U = 1232 fo5+ 50 (23)
and the barrier lowering:
Ao — 1
Prip (1—v)V; = 2°% {Jvo V- EUoVb- (24)

It can be shown from (24) and (18) that the first term of the right-hand-side of equa-
tion (24) coincides with expression (10). The second term of equation (24) my be neglected
in the case of low concentrations, but not for heavy concentrations.

6. The transmission coefficient

Normalization of gV(x), E, and x in equation (4) gives:
- y2 q
8V, m & _ o
Pyv) = | 1+exp| —2— [ Vo) —vdy)| (25)
hN ;
1

y2 = S
The integral [ = § \/ v()—v dy can be evaluated through numerical analysis by substi--

tuting appropriatz1 quantities from equations (19) and (17). It is difficult to express [ in
closed forms. We shall, however, find approximate analytic expressions for I If the Schottky
effect is included the integrating area can be divided into two parts: (¥, ¥s) and (¥, ¥2)
(Fig. 3). Then the integration concerns the dashed part of the parabolic barrier which is
very close to the real barrier. It is clear that

i jl Vo) =0 dy+(0n—1) (72~ ¥3).
¥y

Vo

Substituting in I the approximate expressions v(y) =% ¥ = /v, yo=1- =7

¥s = /v, and integrating
P,(v) » [1+€2]7" (26)
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where

o0 - 2 [Tl (1 o )ty Vet Ye)

" 8V, [m'ew, U
P,(0) = exp| — i N 1-v4— 3

and if v — v,, P,(v) = 0.5.
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Fig. 3. Potential barrier shape in metal-n type semiconductor contact

7. Energy distribution of electrons contributing to the current in the M —S system

The energy distribution of electrons which contribute to the current can be
obtained from the calculation of the “tunnel current” function J,(E,) (Eq. (3a))
and of the “thermionic current” function J,(E,) (Eq. (3b)). The “tunnel current” and
“thermionic current” functions can be found by substituting N(E,) form (7), P,(E,) from
(26) and P,(E;) from (6). Equations (3a) and (3b) can be used for various M—S§ systems.
To obtain a physical picture for the energy distribution of the electrons flowing in the
M-8 interface an n-type silicon-metal structure was chosen.

To calculate the energy distribution (3a) and (3b) we use the pertinent Richardson
constant [10] A*, and dynamic dielectric constant [7]. In silicon the tuneling effective
mass is a function of temperature and of doping concentration. For dopings lower than
5.10'7 cm-3, the mass m* is essentially the same as that of 5.10'7 em=3. For higher dopings,
however, m* increases with the doping. To calculate the energy distribution we use the
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tunneling effective mass from [11], and assume that the barrier height of the Si-metal
system equals 0.8 eV (for Si—Au diodes).

The results of calculation of the energy distribution of electrons which contribute
to the current in the M —Si system polarized in the forward and reverse directions are
presented graphically. This distribution is showed schematically in Fig. 1 as J(E). In Figs4a,
b, ¢ the doping concentration, applied voltage and temperature are used as parameters.
Five doping concentrations (106, 1017, 108, 10'°, 10?° cm~3) were considered at various
temperatures and applied voltage conditions. The vertical lines between leters M and S
represent a one-dimensional M—~S barrier lowered by the Schottky effect (from
0.5 to 0.8eV above the metal Fermi level). The curves at the lefi- hand-side of
the barrier represent the energy distributions of electrons flowing in the forward direc-
tion, and those to the right — in the reverse direction. In Figs 4a, b, ¢, the Fermi levels
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Fig. 4. Energy distribution of the electrons emitted from the metal into the semiconductor and viceversa

as a function of the concentration, temperature and applied voltage. Vertical lines are one dimensional

barriers. Right and left-hand-side normalized distribution curves concern reverse and direct polarized
M-Si system respectively, a) V= +103V, b) V,= +0.1V, ¢) ¥V, = +04V

in the metal and in the semiconductor are marked for the case when the M —S system is
polarized in the forward direction (Ep, is higher than Egy by gV,). The Fermi level of a
semiconductor polarized in the reverse direction is not shown in Figs 4a, b, c. Eg, in this
case is lower than Egpy, by gV, (Fig. 2b).

The results of the energy distribution calculations presented in Figs 4a, b, ¢ concern
the tunneling range. The distribution in this case becomes a strong function of doping,
temperature and applied voltage. This distribution is peaked at a certain energy E,,. In the
thermionic emission range E,, coincides with g¥,, both in the forward and reverse direc-
tions. In the tunneling range E, becomes a strong function of doping, temperature and
applied voltage.

From Egs (3a) and (3b) the rectification ratio can be evaluated by computing the
quantity

_I(E)
JAED |Ee=Enm
Of course n is not a well known rectification ratio of the M —S§ system, because neither
Ji(E,) nor J, (E,) represent the current flowing in this system.

@7

8. Summary

Examination of Figs 4a, b, ¢ and the values of n (Eq. 27) reveals the following fea-
tures of the energy distribution of eiectrons emitted from the semiconductor into the metal

and from the metal into the semiconductor:
1. Ionized impurity concentration. As concentration increases, the depletion

width decreases, which in turn causes the transmission coefficient for tunneling to increase.
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If the barrier is thin enough, tunnelling dominates the carrier transport process, as can
be seen in Figs 4a, b, c. The energy level E,, at which the energy distribution function is
peaked decreases as the concentration increases until it reaches the semiconductor Fermi
level in the direct-polarized M —S barrier and the metal Fermi level in the reverse-polar-
ized barrier.

The current densities of both polarization directions becomes comparable with each
other in the high conceniration region, even at fairly high voltages.

The distribution curve is broader in the TFE region that in TE or FE regions.

2. Applied voltage. As the voltage applied to the M—S system increases, the
barrier width and height become smaller, which in turn causes both the direct and the
reverse current density to increase. The current densities of both polarization directions
become comparable with each ather at a voltage which is very low in the low concentra-
tion region and at higher voltages as the concentration increases. As the applied voltage
increases the distribution curve in the direct polarization case becomes thinner and in the
reverse polarization case-broader.

3. Temperature. For higher temperatures more carriers are excited above the Fermi
Jevel. Both the direct and the reverse current density increase. As the temperature decreases
the distribution curves at high and low concentration regions (< 10*® cm~2 and > 10'° cm—3)
become narrower. The current which flows through the barrier becomes more mono-
energetic. The energy level E,, becomes lower as the temperature decreases. For 100°K
E, < qV,, already at about 10'7 cm~3, and reaches the Fermi level of the metal at about
101% cm~3. It can be seen from Figs 4a, b, ¢ that for temperatures above 100°K and concen-
trations below 1017 cm~2 the TE process is a dominant one. For doping concentrations
above 1017 cm~3 the TEF process becomes dominant. The FE process dominates for low
temperatures and high concentrations only.

The results of the calculation of the energy distribution of the electrons which contrib-
ute to the current in the M —S system presented in Figs 4a, b, ¢ cover the practical ranges
of doping, applied voltage and temperature. These results are believed to be useful in
reaching a better understanding of electrical processes in M —S interfaces of many semicon-
ductors devices.
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