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Abstract-Field emission and thermionic-field (T-F) emission are considered as the phenomena 
responsible for the excess currents observed both in the forward and reverse directions of Schottky 
barriers formed on highly doped semiconductors. Voltage-current characteristics are derived for 
field and thermionic-field emission in the forward and reverse regime. The temperatures and voltages 
where these phenomena are predominent for a given diode are discussed. Comparison with experi- 
mental results on GaAs and Si diodes shows good agreement between theory and experiments. 

R&umB--On considere l’emission a effet de champ et l’emission thermionique a effet de champ 
(emission T-F) comme les facteurs responsables pour les surintensites observees dans une barriere 
de Schottky polarisee en sens direct ou en sens inverse, lorsque cette barriere est formee sur un 
semi-conducteur fortement dope. Les caracteristiques courrant-tension sont etablies dans le cas 
de l’emission a effet de champ et de l’emission thermionique a effet de champ pour des polarisations 
directes et inverses. Les temperatures oh ces effets sont predominants pour une diode determinee 
sont discutees. Une comparaison avec des resultats experimentaux sur des diodes au silicium et 21 
l’arseniure de gallium montre une tres bonne correspondance entre la theorie et l’experience. 

Zusammenfassung-Feldemission und deren Kombination mit thermischer Emission (TF- 
Emission) sind verantwortlich fur den Zusatzstrom in der Vorwlrts- und Sperrichtung von 
Schottky-Ubergangen in hochdotierten Halbleitern. Strom-Spannungs-Charakteristiken fur 
Vorwarts- und Sperrichtung werden abgeleitet sowohl fiir Feldemission als such ffir TF-Emission. 
Es wird diskutiert bei welchen Temperaturen und Spannungen einer gegebenen Diode diese 
Erscheinungen vorherrschen. Theoretische und experimentelle Ergebnisse fur GaAs und Si stimmen 
gut miteinander iiberein. 

1. INTRODUCTION 

SEVERAL authors(l-5) have recently reported de- 
partures from the simple diode theory for the 
forward current characteristic of a metal semi- 
conductor contact. ATALLA and SOSHEA(3) have 
described their results, by analogy with the case 
of a p-n junction, in terms of a dimensionless 
parameter n; viz. the forward current is assumed 
proportional to exp(qF’/lnk2”) where 4 is the elec- 
tronic charge, F’ the applied voltage, k the Boltz- 
mann’s constant and T the absolute temperature. 
PADOVANI and SUMNER(~) have shown that, in the 
case of a contact between gold and low-doped 
gallium arsenide, the observed departures over a 
wide range of temperatures can be fitted by an 
expression of the form exp[qV/k(T+ To)] where 

TO is a parameter independent of the temperature 
and voltage. 

The diffusion theory for the forward I-V 
characteristic was reviewed and extended by 
MACDONALD(~) and STRATTON.@) Their results 
indicate that a value of n, independent of tempera- 
ture, equal to 1.06 is appropriate for junctions 
governed by the diffusion theory. 

As a further extension of rectifier theory we 
have derived the I-V characteristic of a metal 
semiconductor contact when the impurity con- 
centration in the semiconductor is sufficiently high 
so as to make field or thermionic-field emission 
the dominant factor. 

The forward and reverse current characteristic 
of a Schottky barrier will be presented first when 

695 



696 F. A. PADOVANI and R. STRATTON 

pure field emission dominates and second when semiconductor interface, E the dielectric constant 
thermionic-field emission dominates. The theoreti- of the semiconductor and 
cal results will then be compared with our experi- 
mental data showing that good agreement exists I = [24%-E+52)/Nq71/2 (2) 

over a wide range of temperatures. We conclude th 
by drawing some conclusions regarding the use 

e width of the space charge region in the semi- 

of a Schottky barrier as a hot electron emitter. 
conductor. Here EB is the potential energy of the 
top of the barrier with respect to the Fermi level 
of the metal, E is the potential energy associated 

2. GENERAL ASSUMPTIONS 

Examination of the existing literature shows that 
field emission and thermionic-field emission calcu- 
lations readily lead to analytically untractable 
expressions. Thus, for the sake of mathematical 
simplicity, a simple potential barrier shape will 
be assumed. The semiconductor will be assumed 
to have an impurity concentration, N, independent 
of temperature and image force correction to the 
barrier shape will be neglected. For the case of 
field emission into vacuum the image force leads 
to correction factors in the transmission probabili- 
ties which increase their magnitude but leave their 
dependence on the field sensibly unaffected over 
the field range studied. Similarly we believe that 
for the Schottky barriers, neglect of the image 
force correction will result in a barrier height, 
deduced from the I-V characteristic, less than 
the unmodified actual barrier height. Also, the 
high energy tail of the derived emitted electron 
energy distribution will be overestimated near the 
top of the barrier. 

We will also assume that the contribution of 
the free electrons to the total space charge density 
is negligible. MACDONALD(~) has shown that this 
effect is small for non-degenerate material. 
GOODMAN and PERKINS@) have derived the in- 
fluence of this effect on the capacitance of barriers 
made on degenerate semiconductors and proved 
it to be quite important. In consequence it appears 
that this assumption might be more drastic in our 
case since, as we will see later on, the present 
calculations apply more especially to the case of 
highly doped semiconductors. 

Under such assumptions, the potential energy, 
B, of the barrier as measured with respect to the 
energy of the bottom of the conduction band in 
the bulk of the material is given by(s) 

@ = N42(~-1)2/2~, (1) 

where x is the distance measured from the metal 

with an applied bias v-between the metal and the 
semiconductor and (2 is the energy of the Fermi 
level of the semiconductor measured with respect 
to the bottom of its conduction band. 

3. FORWARD VOLTAGE-CURRENT 
CHARACTERISTIC 

For sufficiently thin barriers the major contribu- 
tion to the forward I-V characteristic is due to 
electrons tunnelling directly from the conduction 
band of the semiconductor into the metal. 

First, we restrict ourselves to low temperatures 
where the only contribution to the current arises 
from electrons tunnelling from the bottom of the 
conduction band. Next, the calculation is extended 
to an intermediate temperature range where most 
of the electrons tunnel at an energy Em above 
the conduction band (see Fig. 1) smaller than the 

FIG. 1. Electron potential energy diagram of a forward 
biased Schottky barrier. 

energy EB of the top of the barrier. At even higher 
temperatures, the main contribution to the current 
comes from electrons emitted over the top of the 
barrier. This is the well-known thermionic emis- 
sion case and the pertinent I-V characteristic can 
be found in the literature.@) 
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Low temperature range around the Fermi level and can be expressed asol) 

The I-V relationship for field emission at low 
temperature through an arbitrary potential barrier 
shape was derived by STRATTON and can be 
expressed as 

j1 = $&J&j - &I j: (*:;2)1/2 
Xl 

A exp - bl rclkT $2 
J= sin(rclkT)P -exP(--QVI (3) 1 

s 

dx 
(c1kT)2 

2 (@-_2)s/s 
where P’ is the applied bias and 21 

A = hm*q(kT)z/k3 (4) 

is the classical Richardson constant for the semi- 
conductor under study.(l2) The parameters bl and 
cl, introduced by MURPHY and GooD,(~@ are the 
first two terms of the Taylor expansion for the 
exponent of the transparency of the barrier around 
the Fermi level and can be expressed as 

$2 

(5) 

and 

X2 

For a Schottky barrier, the constants bl, cl andfi 
can be easily evaluated and the resulting expres- 
sions are 

bl = (&--E)/Eoo (10) 

~1 = [log{4(& - E)/52>]/2Eoo (II) 

fi = $Eoo~z. (12) 

In these expressions Eoo is an energy given by 

&Jo = 2@/2<]1’2/cL (13) 

For sufficiently large biases, so that clV $ 1, the 
I-V characteristic can be written as 

cl = &a 
s 

((D-&)-1/adx. (6) J = J8 exp(E/Em) (14) 

51 where 

J8 = 
2lrAEo0 exp( - En/Eoo) 

kT[log(Z(y))] sin[g log(z(F))] * 

--- 

The limits x1 and xs of these integrals are the 
classical turning points and the constant a is given 

bY 
a = 2(2m*)li2@. (7) 

Equation (3) was derived by considering only the 
first two terms of the Taylor expansion. In conse- 
quence, this I-V characteristic will only be valid 
for temperatures such that@@ 

1 -clkT > kT(2fi)1/2. (8) 

In this inequality fi represents the third term of 
the Taylor expansion of the barrier transparency 

A plot of the logarithm of the current as a function 
of the applied bias will yield a straight line of slope 
q/Eoo, independent of temperature. At a given bias 
the saturation current depends on temperature as 
rrclkT/sin(rclkT). 

For the particular case of a Schottky barrier 
condition (8) becomes 

kT < [(~Eoo&-~‘~+ (2Eoo)-l log(4E&)]-1. (16) 

Intermediate temperature range 
Let us now assume that most of the emitted 

electrons tunnel at an energy Em smaller than the 
energy EB of the top of the barrier, but higher 
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than the Fermi level energy. Such a case was 
studiedus) for a potential barrier of arbitrary 
shape. The I-V relationship could be expressed as 

112 

X [1+ erf(Emfm1/2)]. (17) 

The constants bnL, cm and fm are now the Taylor 
expansion coefficients for the exponent of the 
transparency of the barrier around a particular 
energy Em, the position of the peak of the energy 
distribution of the emitted electrons. This energy 
Enl will be such that 

c,kT = 1. (18) 

It can also be shown that the energy distribution 
of the emitted electrons is a Gaussian distribution 
with half-width(r4) 

A = (log 2)1’s&-l’s. (19) 

Examination of equation (17) together with the 
expression for the constants bm, c, and fm reveals 
that the behaviour of the I-V characteristic will 
be entirely dominated by the exponential factor. 
Evaluation of the exponent reveals that 

&+(Em/kT)= (EB-E+&)/Eo (26) 

where 

E. = Eoo coth(Eoo/kT). (27) 

It is again convenient to express the current in 
term of a saturation current times a voltage depen- 
dent term in the following way 

J = JS exp(E/Eo). (28) 

Neglecting the error function term, the saturation 
current can be expressed as 

Js = 
Ad’2Eool’2(EB- E+[2)1’2 

kT cosh(Eoo/kT) 

As in the preceeding case these results are only (2 EB+~z 

valid in a certain temperature range given by the 
x exp E- ---&-- 

1 
. (29) 

two conditions 

clkT > 1 (20) 
A plot of the logarithm of the current as a function 
of the applied bias will thus yield a straight line 

D&J < lie (21) of slope q/Es. This slope depends on temperature 
as indicated by equation (27). A normalized plot 
of such a dependence is shown on Fig. 2. 

The above results are only valid in a range of 
temperatures, given by inequalities (20) and (21). 
Using equation (11) it is easy to show that the 
lower temperature limit is such that 

where D(Em) is the transparency of the barrier at 
the energy E,.(13) 

The constants bnl, cm and fm are given by 
expressions analogous to equations (5), (6) and (9) 
where the Fermi energy 5s has been replaced by 
the energv E, and can readilv be evaIuated in the 

._.I 

case of a Schottky barrier. Their values are kT > 2Eoo{log[‘+(EB- E)/[23}-1. (30) 

b, = & 
L 
(EB-E+&)~'~ 

Using for L)(E,) the expression given by STRAT- 
TON,~~) one finds that the upper temperature limit 
[c.f. relation (21)] is given by the condition 

x (EB-E+&--_Em)1’2 - $1 (22) cosh2(Eoo/kT)/sinh3(Eoo/kT) < 2(Es+&-- E)/3Eoo. 

1 (En-E+E)“Z+(EB-E+t-E,)“” 

I 

(31) 
c,=--log 

Eoo j&ll” The half-width of the electron distribution will 
be given by 

(23) 
fm = cosh2(Eoo/kT)/4Eoo(EB-E+t2). (24) 

A = 2(log 2)%oo 1’2(Eg- E+&)1’2/~osh(Eoo/kT). 

(32) 
We can then evaluate the energy Em by combining 
equations (18) and (23). The result is 

We are now in a position to compare the experi- 
mental results with the field or thermionic-field 

Em = (EB-E+&)/cosh’(Eoo/kT). (25) emission equations developed in this section. 
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Comparison with experimental results 
Prior to a detailed analysis of the experimental 

results, we will consider the orders of magnitude 
of some of the parameters introduced so far. This 
will enable us to evaluate, for a given semiconduc- 
tor, the range of impurity concentrations and 
temperatures where thermionic-field emission 
dominates. We will limit our discussion to gold 
n-type gallium arsenide contacts for which most 
of our experimental work was done. Identical 
conclusions can be drawn for any combination of 
metal and semiconductor of either type provided 
that appropriate effective mass, barrier height and 
Fermi energy are chosen. 
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FIG. 2. Normal plot of energy EO as a function of reduced 
temperature. 

Let us first consider the upper temperature limit 
given by relation (31). It is more convenient to 
discuss it in terms of the maximum bias that can 
be applied to the junction without making the 
potential barrier too transparent. This condition 
is obtained by rewriting equation (31) in terms of 
the applied bias E 

3 coshs(E,,o/KT) 
E< Es+&--zoo 

sinhs(Ees/kT) * 
(33) 

Such a relation is represented in Fig. 3 for a 
barrier height of 0.95 eV typical of gold on gallium 
arsenide. For a value of EOO equal to 15 meV one 
should observe thermionic-field emission over the 
whole practical range of temperatures. This value 
of Eeo corresponds to a donor concentration of 
approximately 5 x 1017 atoms cm3 for n-type 
gallium arsenide [equation (13)]. 

I 

EW) 

n 
0 IO 20 30 40 

kT/q (meV) 

FIG. 3. Maximum forward bias for thermionic-field 
emission as a function of temperature for different values 

of the parameter Eoo. 

These results were verified by studying the I-V 
characteristic of a Schottky barrier made by 
evaporation of 1000 A of gold on bulk n-type 
gallium arsenide with an impurity concentration 
of 5 x 1017 atoms/ems. Details of the measuring 
techniques have been discussed elsewhere.(l) A 
typical set of experimental I-V characteristics is 
shown on Fig. 4. The linear dependence of the 
logarithm of the current on the applied bias occurs 
at all temperatures. 

The energy Eo for each temperature can be 
determined by measuring the slope of the charac- 
teristic. Figure 5 is a plot of Es as a function of 
the temperature together with the predicted curve 
given by equation (27). The value EOO was com- 
puted for an effective mass of 7 x 10~sm, and a 
carrier concentration of 6.5 x 1017 atoms/cm3 ob- 
tained from capacitance measurements (see Fig. 6). 

Since the fit obtained in this way between the 
observed value of EO and the computed value is 
very good we conclude that the forward current 
of this Schottky barrier is mostly due to thermionic- 
field emission. 

Capacitance measurements for this particular 
diode shown in Fig. 6 for three temperatures, lead 
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to an extrapolated barrier height of about 1 a10 eV 
at 0°K. Examination of equation (29) for the 
saturation current reveals that a plot of the 
logarithm of .is cosh(Eoo/kT)/T vs. l/Es should be 

0 0.2 0.4 06 0.8 IO 1.2 

"VOLTS 

FIG. 4. Forward I-V characteristic of a gold-gallium 
arsenide Schottky barrier. 

1 I I 

01 
0 IO 20 30 40 

kT/q (meV) 

FIG. 5. Experimental values of EO as a function of 
temperature for the diode shown on Fig. 4. The solid 

Thus for high concentration materials, conduc- 
tion properties of a Schottky barrier are dominated 
by thermionic-field emission. In this process 

line represents the theoretical temperature dependence. electrons are emitted with a gaussian energy 

a straight line of slope Es+&. Such a plot for the 
diode under study is shown in Fig. 7 and leads 
to a barrier height of 1.15 eV in good agreement 
with the value obtained from capacitance measure- 
ments. 
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I:rc. 6. l/C” vs. I’ plot for the gold-gallium tirsenide 
diode. 
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distribution centred at an energy lower than the 
energy of the top of the barrier. To illustrate this, 
a plot of the emitted electron energy distribution 
for several applied biases is shown on Fig. 8 for 
room temperature operation and on Fig. 9 for 
liquid nitrogen operation. 

an intermediate temperature range where the peak 
of the emitted electrons energy distribution occurs 
at an energy Em intermediate between the top of 
the barrier and the Fermi level of the metal. We 
will not here consider even higher temperatures 
where the conduction is controlled by reduction 
of the barrier height by image force correction. 
The appropriate characteristics for such a mechan- 
ism can be found in the literature.@) 

I.’ r- 

10-10 10-g 10-e 10-7 IO.6 10-5 I64 163 

ARBITRARY UNITS 

FIG. 8. Emitted electron energy distribution at room 
temperature for a diode similar to the one studied 

experimentally. 

Eme;~y3;/~;y”:; 
10-10 10-g 10-8 10‘7 10.6 I65 I64 I63 

ARBITRARY UNITS 

FIG. 9. Emitted electron energy distribution at liquid 
nitrogen temperature for a diode similar to the one 

studied experimentally. 

4. REVERSE I-V CHARACTERISTIC 

We now consider a reverse bias applied to the 
barrier. This will increase the field in the junction 
and thus increase the probability for an electron 
to tunnel from the metal into the semiconductor. 
If field emission and thermionic-field emission are 
the dominant forward conduction mechanisms, 
they will also be the dominant mechanisms for the 
reverse characteristic. 

We will proceed in the same way as for the 
forward characteristic and divide the temperature 
range in two parts. First we consider low tempera- 
tures where most of the electrons originate from 
the Fermi level of the metal. Second we consider 

Low temperature range 

The I-V characteristic will again be given by 
equation (3). The constants bl, cl andfl can again 
be evaluated using equations (S), (6) and (9) with 
the proper turning points and energies. Figure 10 

'E',h ,-FF EMISSION 

0 xmX2 I 
FIG. 10. Electron potential energy diagram of a reverse 

biased Schottky barrier. 

shows an energy diagram of a Schottky barrier 
under reverse bias conditions and indicates the 
significance of the different energies involved. 
Under these conditions 

bl = & EB1’2(EB--E)1’2+E 

(EB-- E)1’2+ E&2 
x log 

(-E)1’2 I 
(34) 

(EB- E)1’2+ E&2 
Cl = &l% 

(-E)1’2 
(35) 

j-1 = -pooE. (36) 

In these three expressions Eoo is the constant 
defined by equation (13). 
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Since the expressions for the constants bl and cl Using equation (18) we can now derive I& as a 

are not very tractable we make certain additional function of the various parameters. After some 

approximations to obtain expressions that can manipulations the result turns out to be 

easily be checked experimentally. For example, 

for reverse biases such that -E > Eg, the con- EB + E sinhs(Ess/kT) 

stants bl and cl can be approximated by the E, = 51+ 
coshs(E,,,$T) 

- (45) 

expressions 

bl = 2EBs’2/3Eoo(EB- E)1’2 (37) Once more examination of equation (11) together 

~1 = EB~‘~/E~~(EB- E) 112 
with the expressions for the constants bm, c,,~ and 

. (38) fm reveals that the behaviour of the I-V character- 
The resulting I-V characteristic is then istic is entirely dominated by the exponential factor. 

J= 
AnEoo exp[ - 2E$2/3Eoo(EB - E)l’s] 

KT[EB/(EB- E)]l’s sin{nkT[EB/(EB- E)]1’2/Eoo> 
(39)’ 

where A is now the Richardson constant for the 
metal. In the limit of zero temperature, this 

expression further reduces to 

2Ee3p2 
exp - - 

3&@~- E+ . 

Equation (40) shows that a plot of the logarithm 
of J/(EB -E) as a function of (EB -E)1’2 should 

yield a straight line of slope -2E~~‘~/3Ees. 
The maximum temperature for which equation 

(39) is applicable is given by condition (8) where 
cl andfl have been replaced by the values obtained 
from equations (38) and (36). The result is 

kT < {Eoo-~[EB/(EB-E)]~‘~+(-$EooE)~‘~}-~. 

(41) 

Intermediate temperature runge 
The constants bm, cm and fnL can be evaluated 

by using equations (5), (6) and (9) with the 
appropriate turning points and energies. The result 

is 

b m= 
Eoo 1 (Em - E - h) 

- log 
(EB-E)~‘~+(EB+&--E~)~‘~ (42) 

(E,-E-f#‘2 1 

Gn = 
‘“B-E~~~‘~~;;,~~,~“‘“~ (43) 

fm = - aEoo[E- E,/coshs(Eoo/kT)]. (44) 

_~ ~_.. 

Evaluation of the exponent shows that 

where 

t.’ = Eo:oo[Eo:oo/kT) - tanh(Ess/kT)]-1 (47) 

and 

E. = Eoo coth(Eoo/kT). (48) 

The I-V relationship can thus be expressed as 

J = Js exp - (E/E’) (49) 

where, neglecting the error function term, the 

saturation current is given by 

Bu 112 J 
s 

cosh2(Eoo/kT) 

xexp (50) 

These expressions cannot be checked experi- 
mentally as easily as in the forward conduction 
case. The only result that can be easily checked is 
the exponential dependence of the current on 
applied bias. The slope of this plot will depend on 
temperature as indicated by equation (47). A 
normalized plot of the temperature dependence 
for the energy E’ is shown on Fig. 11. 

The above results are only valid as long as 
conditions (20) and (21) are fulfilled. Condition (20) 
will give the limit between the field emission case 
and the thermionic-field emission case. It can be 
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easily seen that in the reverse case conditions (20) at a given temperature the applied biases corres- 
and (8) give almost the same limit. Figure 12 ponding to thermionic-field emission and field 
shows a plot of l/cl vs. the applied bias B for emission. 
several values of &a which allows one to determine Condition (21) will give the upper temperature 

limit or the minimum bias to apply to the diode 
in order to observe thermionic-field emission. 

0 I 2 3 

kT/Eoo 

FIG. 11. Normal plot of energy E’ as a function of 
reduced temperature. 

Using for D(Em) the expression given by STRAT- 
TON, one finds that the minimum bias to be 
applied is such that 

3&s coshs(&/kT) 
-E > Eg+- 

2 sinhs( Em//z T) . 
(51) 

Figure 13 shows a plot of this relation for a barrier 
height of 0.95 eV typical of a gold-gallium arsenide 
barrier and for several values of EOO. Using this 
plot, one can find at a given temperature the range 
of bias for which thermionic-field emission occurs. 

Finally, the half-width of the emitted electrons 
distribution will be given by 

A = 2(log 2)1’sEoo 1’2[ - E+ EB/cosh2(Eos/kT)]1’2. 

(52) 

Comparison with experimental results 
Examination of Fig. 12 reveals that both regimes 

can be present at a given temperature depending 
on the applied bias. This is clearly evidenced on 

Esv 

FIG. 12. l/cl vs. applied bias E plot for several values of 
the parameter &a and showing for a temperature T the 

regions of field and thermionic-field emission. 

3 
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Fig. 14 where the reverse I-V characteristic of the 
gold-gallium arsenide diode described above is 
plotted at various temperatures. 

For low reverse biases, where thermionic-field 
emission is predominant, the I-V characteristic is 
exponential. By measuring the slope of this 

3 

EM’) 

2 

0' 
I I I I 

0 IO 20 30 40 

kT/q (meV1 

FIG. 13. WIinimum reverse bias for thermionic-field 
emission as a function of temperature for different 

values of the parameter &a. 

s I 2 3 4 5 6 

-“VOLTS 

FIG. 14. Reverse I-V characteristic of a gold-gallium 
arsenide Schottky harrier. 

and R. STRATTON 

characteristic, the value of energy E’ at each 
temperature can be determined. Plotting this 
energy E’ as a function of kT/q (Fig. 15) shows 
good agreement between theory and experiment. 

kT/q(mtVl 

FIG. 15. Experimental values of E’ as a function of 
temperature for the diode shown on Fig. 14. The solid 
line represents the theoretical temperature dependence. 

Examination of equation (50) reveals that a plot 
of log{[l,cosh(Eoo/kT)]/T} vs. l/E0 should yield a 
straight line of slope equal to the barrier height. A 
value of 1 *OS eV can be deduced in this way for 
the barrier height of this gold-gallium arsenide 
diode (Fig. 16). Figure 17 shows the energy 
distribution of the electrons emitted from the 
metal into the semiconductor as a function of the 
applied bias for a temperature of 140°C. 

I/E0 (eve’) 

FIG. 16. Reverse saturation current data vs. 1 IEO. 
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Pure field emission is more difficult to demon- 
strate on this particular diode since for the particu- 
lar parameters of this diode and the temperatures 

0.3 - 

0.2 - 

0.1 - 

0 II II II 

10-5 10-4 10-3 10-2 16’ I 

ARBITRARY UNITS 

FIG. 17. Emitted electron energy distribution at 140°C 
for the diode studied experimentally. 

studied, equation (39) rather than equation (40) 
applies. For equation (40) to be a good approxima- 
tion Ees must be increased and the temperature 
lowered. We used a diode made on n-type silicon 
with an impurity concentration of 8 x 101s atoms/ 
cm3 resulting in a value of Es0 of 29 meV. Forward 
and reverse characteristics, measured between 353 
and 77”K, are shown in Figs. 18 and 21. 

The plot of Es (gradient of the logarithm of the 
forward current vs. the applied bias) vs. H’Iq for 
this diode is shown in Fig. 19 together with the 
theoretical curve. A plot (Fig. 20) for the saturation 
current similar to Fig. 7 indicates a barrier height 
of 0.77 eV in good agreement with the value 
deduced from capacitance measurements. 

The plot of the logarithm of I/(EB-E) vs. 
(Eg-E)--1’2 for the reverse characteristic at 77°K 
is shown in Fig. 22 and clearly exhibits a linear 
dependence over several orders of magnitude. A 
measure of the slope of the linear region gives a 
barrier height of 0.79 eV in good agreement with 
the value deduced from the forward characteristic. 

5. CONCLUSIONS 

The description of the slope of the forward 
characteristic for a Schottky barrier in terms of a 
dimensionless parameter n does not give the correct 
temperature dependence. The use of this parameter 
is only proper in the case of a p-n junction to 
describe the influence of space charge recombina- 
tion effects.(ls) The analysis of Schottky barrier 

data should be made over a wide range of tempera- 
tures and plots like the ones shown on Figs. 5 and 
18 should be compared with theory. Only then can 
the conduction mechanism responsible for the 
observed characteristic be determined and barrier 
height evaluated. Our study has shown that in the 
case of Schottky barriers made on highly doped 

0 0.2 0.4 @6 0.6 I.0 

“VOLTS 

FIG. 18. Forward I-V characteristic of a gold-silicon 
Schottky barrier. 

material (5 x 101s atoms/cm3 and above, for gallium 
arsenide) field emission and thermionic-field 
emission are the dominant conduction mechanism 
and that both the reverse and the forward charac- 
teristic can be fully explained in this way. 

Departures observed(l) in the I-V characteristic 
of Schottky barriers made on more lightly doped 
(1015 atoms/ems) n-type gallium arsenide cannot 
be explained in this way. We do not at the present 
time have any explanation for the observed excess 
temperature TO in this case. 
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FIG. 19. Experimental values of Ea as a function of 
temperature for the silicon diode. The solid line repre- 

sents the theoretical temperature dependence. 

FIG. 20. Saturation current data for the silicon diode 
as a function of l/Es. 

These results have an important bearing in the 
design of a metal base transistor. In such a struc- 
ture, a Schottky barrier is used as a hot electron 
emitter into the metal. Electrons are assumed to 
be emitted with energy equal to the barrier height 
and transmission through a thin metal base region 

Fro. 21. Reverse I-V characteristic of a sold-silicon 
Schottky barrier. - 

t 
0 0.5 

(0.79-E jt/5 ev-t:2 

FIG. 22. Logarithm of IlEn - E vs. (EB - E)-‘12 at liquid 
nitrogen temperature for the silicon diode. 

are collected by a similar barrier. To reduce field 
emission and thermionic-field emission and thereby 
improve the emitter efficiency, the emitter diode 
should be made on a semiconductor with an 
impurity concentration as low as possible. Alter- 
natively the collector barrier will have to be 
sufficiently low to collect electrons emitted around 
the energy Em. 
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