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Abstract

The tunneling characteristics of metal contacts on n-type CdTe and
p-type InAs have been measured. Both the forward and reverse bias éhar-
»acteristics on CdIé are in good agreement with the two-ban& modél for
: the'energy vs. complex momentum relationship. The presence of trapping
states increased the magnitude of the tunmeling current af low Qoltage
levels by providing a two-step transition. The slope of_thé‘forward
bias log J vs. V curves for tunneling through thé intermediate states
was reduced by a factor of 2 . The approximate density'apdvénergy of
the trapping states was calculated from the observed J-V charactéristics.
The E-k dispersion relation for InAs was also determined and found to be

in excellent agreement with the two-band model.
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Chapter I

Introduction

- A metal-semiconductor (Schottky barrier) is the rectifying/junction
formed by the_intimate contact of a metal and a semiconductor héving
.nonequél work funétionS’or electronegativities.(l) The device is domi-
nated by majority carrier current fiow, that is, electrons'for’n-type
and holes for p-type semiconductors. The current flow mechanism can be
by either thermionic or field emission. The thermionic emission models
postulated by Mott(z)”and Schottky(s) were successful in explaining the
behavior of early metal éémicondgctor junctions.. Later, in 1942,
Bethe(4) showed drastic departures from the currents predicted by the
thermionic emission models in barriers made on heavily doped silicon.

He attributed this discrepancy to tunneling through the barrier.:
Interest in a quantitative description of tunneling,was'rekindled

(5,6,7) showed that it was possible

in 1965 when Lewicki and co-workers
to aetermine energy dependence of the imaginary part of the electron
wave vector iﬁ the forbidden gap of an insulator or semiconductor by
measurements of tunneling current as a fun&tion of thickness and applied
voltage. Later in an elégant series of experiments Padovani and
Stratton(s) applied a similar technique to Schottky bérriers on GaAs, a
material which has subsequently been studied by other workers.(g’lo)
Since both the thickness of the depletion layer and the emergy of the
final state‘depend upon applied voltage, they were able to characterize

a considerable portion of the energy gap with a simple vpltage-current

measurement on a single sample.
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The study of other materials has been restricted somewhat by the

problems of obtaining the high carrier concentrations necessary for the

formation of narrow space charge regions with the Schottky barriers.

The present work deals in part with tunneling through barriers on n-type

ol? cm'3

CdTe in the carrier'concentration range 1.3 x 1017 0 6.0 x 1

18 ¢ 1019 en™3 used in the GaAs experiments. The

as cdmpared to the 10
low concentration reduces the magnitude of the forward bias tuﬁneling
current to a point where it is possible to observe tunnelingAfhrough the
forbidden gap only near the band edge. The results are honetheless use-
ful in that they givé a measure of the E-k dispersion relation near
the band edge and hence a measure of the effective mass of the light
electron or hole bands. Information about the E-k relation near mid-
gap was obtained by méasuring the re§erse bias tunneling characteristics
as a function of barrier energy. The results: of tunneling,experiments
on CdTe also indicate that the presence of trapping centers can play an
important role in the tunneling process. |

A second semiconduct;r, InAs, was selected because the barrier
energy on p-type material is nearly equal to the band gap, thereby
making the entire forbidden gap accessible. 1InAs has the further advan-
tage of having a narrow band gap and low effective mass charge carriers,
both of which are favorable for high tunneling current densities.
Thus, it was possible to experimentally determine the E-k dispersion
relation through almost the entire forbidden gap from the tunneling
J-V characteristics of Schottky barriers.

Some of the work reported here has been published under the fol-

lowing titles:
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"Energy-Momentum Relationship in InAs," G. H. Parker
and C. A. Mead, Phys. Rev. Letters 21, 605 (1968).
"The Effect of Trapping States on Tunneling in Metal-
Semiconductor Junctions,'" G. H. Parker and C. A. Mead,
Appl. Phys. Letters 14, 21 (1969).
"Tunneling in CdTe Schottky Barriers," G. H. Parker

and C. A. Mead, Phys. Rev. 184, 780 (1969).
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Chapter II

Theory

We shall first restrict ourselves to the low temperature J-V cﬁar-

acteristics of thin Schottky barriers, i.e. where the priméry éurrent
 mechanism is the quantum mechanical tunneling of electrons through the
barrier. When the diode is under forward bias at low temferaﬁures, the
tunneling occurs from the edge of the space charge region a£ the conduc-
tion band energy through the barrier into the metal. Under reverse bias
tunneling occurs from the metal to the conduction band in the semicon-
ductor. These two cases will be treated separately since in the forward
bias case both the region of the forbidden gap through which tunneling
takes place and the tunneling distance are functiomns of #oltage whereas
in the reverse bias case only the latter varies. ., :
II.1 ‘Forward J-V Characteristics

As seen in Fig. 1 the potential energy, E , of the barrier as meas-

ured with respect to the energy at the bottom of the conduction band in

the bulk of the material is given by(ll)
E = Nq(2-x)%/2¢ | (1)
where N is the impurity concentration in the semiconductor, q is the

charge on the electron, x is the distance measured from the metal, ¢

is the permittivity of the semiconductor and



Eig«-:l_. ‘ El‘ect-ron potential energy diagram of a Schottky barrier.



g = [2e(¢B-v+é) /Nq]l’2 (2)

is the width qf the space charge layer in the semiconductor. ‘Here éB
is the barriervenergy and ‘E is the semiconductor Fermi energy from the
-condﬁction band edge, both given in electron volts.

In order to calculate the tunneling current, we must assuﬁela spe-
cific energy-momentum relationship for the electrons in the forbidden
gap. The solution to Schrodinger's equation for the motion of electroms

in a periodic potential using the '"nearly free electron" approximation

results in the following expression(lz)
1
9 21 %E '
E=;5Egi‘«§ Eg-——;;—'g' (3)
n ,

- where E is the energy measured from the conduction band minimum, Eg
is the band gap of the semiconductor, f is Planck's constant, énd m*
the effective mass of the electron. k is the wave vector which is real
in the conduction and valence bands, zero at the band edges, and ima-
ginary in the forbidden gap, as shown in Fig. 2. This idealized solu-
tion requires.equél values for the effective mass of the charge carriers
in the conduction and valence bands. In many low band gap semiconduc-
tors, the effective masses of the light conduction and valence bands

are nearly equal and this solution in fact does represent a realistic

approximation.(lo’13) For small values of k ; i. e. near'the conduc~-

tion band, Eq. 3 reduces to
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Fig. 2. Electron energy, E , versus wave vector, k .



E = * (4)

The expression presented in Eq. 3 is commonly referred to as the two-
band model and.the_éxpression in Eq. 4 the parabolic model.r Fiéure 2
-illuétrates the E-k relationship described by the two equations.

We can now proceed to calculate the form of the tunneiing>current.
For forward bias voltage greater than a few kT/q , the elecfron current
is given by :

- [o]
-2 fkdx .
J=Je (5)

 where Jm is a slowly varying function of voltage and temperature.(ll)

In the case of large forward bias, (i. e. when the applied,voltage‘
_approaches the barrier potential) tunneling occurs through only a small
portion of the forbidden gap near the band edge. The parabolic. model

given by Eq. 4 should be valid in this region. Incorporation of the
x dependence of the energy as given in Eq. 1 results in the following
expression for the current:

-s (¢ -V'|'-E) / .
J=3e o'B - (6)

where
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The pre-exponential term, Jm » depends on the width in energy of
the electron distribution of the tunneling current. In order to cal-
culate Jm , we must consider the fqllowing'three cases:
~a) kT/q < 1/so < E
The first condition represents a degenerate semiconducﬁor Qhere the
.energy width of the &egenéracy, & , 1is greater than the change in
energy, 1/so , necessary to reduce the tunneling probability By» /e .
Thus, the tunneling takes place from the Fermi energy wi;h a‘width
limited by 1/so . Millea et al.(10) have carried out the detailed
calculation for this case. Their result is
* mC, kT

3 =24
m ZﬂszCi 51n(ﬂClkT)

(6a)

where

b) 1/so > & > kT/q
In the second case the degeneracy energy is smaller than 1/so and

therefore is the limiting energy in the supply function. Based on

(15)

arguments used to derive Richardson's Constant, the pre-exponential
term becomes
*g 2 E 2
! - - o
I ®° = A (60)
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c) 1/s, > kT/q |
Finally in the case where the semiconductor is either non degen-
erate or the degeneracy is less than kT, the supply function is limited

by kT and

*
Jo=A="0 (kT) 2 ‘ (6c)
27h :

For the particular cases to be considered in this wqu,ﬁwe en-
counter all three of these cases and must select the appropriate one
depending on the temperature and Fermi énergy.(ls) The egpoqential de~
pendence is the same in each case.*

At low forward bias the tunneling will occur through a larger por-
tion of the forbidden gap and some deviation from the parébolié model
would be expected. By repeating the calculation using thé,two.band

~model we find that

| ) ¢B_V+£ 3/2
J=J exp{5 s E - ———1 -1 o (7
: m 30 g R
g
and
: - 2
by V+E

dlogJd _ __ _.B
dv s so 1 E

By examining the expression for the slope of the log J vs. V curves, we

can see that the correction to the slope derived from the parabolic

*
For the case of degenerate semiconductors, Conley and Mahan

(14) have
shown that the £ in Eq. 6 must be %E . :
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model is small for large forward bias.
For the general case of an unknown E-k dispersion relation, the

current can be expressed as

= Tn xR \/kf (8)

and from there we can go no further. However, given the tunneling J-V
characteristics of a Schottky barrier, the energy-momentum dispersion

relation can be determined directly. Differentiating Eq. 8 we find

dlogd _ _[ZE__k | o
v \[1;; /o—VE. | (9

and solving for k2

K = 5L (g -v4e) (ﬂg—% L ae

Determination of the E~k dispersion relation in thin films of AIN from
the tunnelinng-V characteristics was proposed and carried out by
Lewicki and co-workers(5f6’7’) in 1965. Padovani and St:atton(s) then
extended the‘techhi4ue to Schottky barriers in a series of experiments
on CaAs,

We have thus far treated only the low temperature case where a
delta function of carriers at the conduction band minimum is a good
approximation to the tunneling distribution. qu practical reasons
most of the measurements in the present work were made at 77°K and on

-3

semiconductors in the‘1017 cm - carrier concentration range.  This
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combination of temperature and carrier concentration means that we must
consider the thermal energy distribution of all of the carriers imping-
ing on the barrier, integrated over the tunheling probability at those
»energies.

Padovani -and St:atth(ll) have shown that for values of s, @p-
‘proaéhing q/kT the folldwing correction to the exponent is neces-

sary

d log J _ q 1 ' : ‘
av s tanh(k,l. .. (11)

Since we are not far from the parabolic case the same correction can be
applied to the two band calculation. Thus, for the two-band model the

slope of the log J vs. V curve is given by

d log J _ q 1 : :
v s tanh (kT - v . »» (12)

where s is the bias voltage dependent slope defined by Eq. 7.

I1.2 Effect of Tfapping States

We will now consider the effect of trapping levelé on the forwérd
bias tunmneling current. Since the tunneling probability is dependent
on the width of the space charge region, this probability becomes quite
small as the carrier concentration in the semigonductor is reduced.
However, states in the forbidden gap can act as intermediate states and

increase the tunmeling probability under certain conditions.(le) The
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situation can be analyzed in’a manner analogous to that for recombina-
tion and generation through intermediate centers.(18’19’20)

Let us consider the following two~step process. In the forward
direction, (1) the electron tunnels from the semiconductor conductioﬁ
band to the state and then (2) from the state to the metal. If‘the con-
vpentfation of states is ‘Nt and f is the probability of occupation
oflthe state by an electron then the number of unoccupied Staﬁés‘is

given by Nt(l-f). Thus, from Fermi's Golden Rule the ratesbfor the two

processes are given by

x . ¢ .
| - (13)
1 Cth(l-.f) exp (-2 kdx
. x
o : v

, %,
9 Cthf exp —2[ kdx
X

and C, are slowly varying functions of the

=
]

and

o
]

where the factors Cl
voltage, etc. The exponential represents the tunngling probability for
each step. ' The limits on the integrals represent the transition steps
as shown in Fig. 3.

Under steady state conditions, f will adjust itself until ghe' two

rates are equal. Thus %1
C Cth exp -2{ f kdx +
X
o)

%2
f kdx }
X

R, =R, = 2 L | (14)

12 o 21 : %2 ‘
Cl exp{ —ZI kdx}a,c»zexp{ -Zj kdx} B
X xl

o

1
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(@ .  (b)

LOG J

Fig. 3. - Electron tunneling in the forward direction a) with and b)
without an intermediate area. The J-V characteristics for
each process are shown in c). ‘ '
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Equation 14 represents a peaked function of x, which, provided C and

1 1

C2 are not too different, attains its maximum value when
X, Xy
exp{ —2f kdx} = exp{ —2[ kdx} (15)
RS %o ' L
if there are statesbavaileble at the optimum value of Xy the rate for
the complete transition will be proportional to the peak value of Eq. 14
which is just the square root of the expression for single step tunnel—

in
& X

R«exp{_f

X
o

2
kdx} ' o (16)

The number of traps and their distribution in energy will determine.
the magnitude and range over which Eq. 16 is valid. If states are avail-
able over a range of energies, we can repeat Fhe procedure used iﬁ the
preceding section and show that for the parabolic model the cyrrent is

now of the form
J « exp {— EA so(¢B—V+£)} ‘ 17

The slope of the log J vs. V curves has been reduced to % 5,
This analogous situation occurs in p-n junctions at low biases for the
case of recombination via intermediate states in the space charge re-
gibn. There the states change the slope of the log J vs. V curve from

q/kT to q/2kT .

* This result is clearly independent of the detailed nature of E-k
relationship.
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For the present ﬁork on CdTe we have calculated the J-V charac-

= (21)
g = 1.4,

and m/me = 0.11 .(21) Figure 4 shows the results of the

teristics as predicted by the two-band model with E
€ = 10.7,(21)
calculation plotted as log J vs. =(¢-V+E) .

_II.3 Reverse-J-V_Characteristics

| For the reverse bias tunneling case, the electrons tunnel primarily
from near the Fermi energy in the metal to the conduction ban& of the
semiconductor as shown in Fig. 5. Unlike the forward bias cése,where
there are no electrons available below the conduction band energy,
states in the metal Below the Fermi energy are filled and can contribute

(11)

to the current. Like Padovani and Stratton wé will make the simplifying
assumption that the electric field is nearly constant over the space

charge region through which the electron tunneling takes place. Also

we will define the electron energy to be zereo when it reaéhes the con-

~ duction band edge. Thus, the electron energy as a function of distance

from the metal is given by
€= ¢0;-E x | - (18)

where E, 1is the maximum electric field in the space charge region.
Differentiating and substituting Eq. 1 for the maximum electric

field, we find

29N i

gg= - € D(¢B+€'V) | | . | (19)

and hence the tunneling current is given by
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10-4

10~6

| 1
/4 ///
a Np=7.0x10"7 /s
b 30x107 //" /
c 1.0 x 107 e
| N v
—— 4.2 K / / -
—_— 77 K |
/] -
7 /]
/4 [ -
4 /
% / ]
/ Y _
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4 / A
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/ —
7 /
// |
7/ / ]
P ' //- 1 ]
0.4 03 0.2 0.1 0
-(pg—-V +¢&)

Fig. 4. Theoretical tunneling characteristics for a forward biased
Schottky barrier based on the two-band model given by Eq. 7.
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Fig. 5. Reverse bias electron tunneling from the metal to the semi-
conductor for two different barrier energies, shaw1ng the dlfferent
range of k involved in the two cases.
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® 0

J = Js ff(g)dg exp { - sdg k(E) a€

o)

(20)

where qu)_ is the electron distributlon in the metal. Using the

supply function of Murphy and Good,(zz) Eq. 20 can be written in the

form ‘
3_ {6, +E-v) exp 2 ‘/ £ L k@a&} (21)
8 ( B ) ’ quD ’ ¢B "{-V‘ q{ )

where

* 3,
=n__ (9
Js 2 (ﬁ 5,

‘Equation 21 is in agreement with that presented by Padovani and

(11)

Stratton for the low temperature case.”

In the forward bias case, it is possible to differentiate the log
J vs. V curve and obtain the E-k relation directly, because the range
of k depends upon the applied voltage. However, in revgrse bias, the
range of k is essentially independent of applied voltage; and, by

differentiating the reverse bias log J vs. V curves, one can determine

only the integral over k as follows:

*For the carrier concentrations in the present work these expres31ons
are valid at 77°K.
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d log J

m (¢B+£-v> o
‘/qu fk@)dé’ . (22)
‘}¢ +e=V ‘
' 1

: , J
Ihus, for any given barrier energy a plot of log ¢B+E—V vs. B+ =

will yield a straight line whose slope depends on carrier concentration,

barrier energy, and the k integral. By varying the barrier energy
(through the use of different metal barriers), one can determine the

variation of the integral over k and compare the results with theo-

retical models.
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Chapter III

Experimental Results in CdTe Schottky Barriers

I1I.1 Sample Preparation

The CdTe crystals cleave readily on the {110 crystal planeé,
thereby making it péséiblé'to obtain large flat surface areas. Surfaces
obtained in this manner are, of course, free of contaminanté introduced
by chemical cleaning procedures. It is also possible to cleave the
crystal in an evaporating stream of metal in a vacuum thereby further
reducing the possibility of surface contaminants.

A special fixture was constructed to cleave the crystal in a
vacuum and cover it with a metal mask. The mask was spring loaded such
that it covered the crystal immediately upon cleaving. The enfire pro-
cedure was carried out in an ion pumped vacuum system at 1077 Torr.

Alternatively the CdTe may be cleaved in air and then imﬁediately
placed in a vacuum system. This technique alloﬁs selection of the best
cleaved surfaces. Typical diodes were 1072 cm diameter. The only dif-
ferences bétweén the vacuum cleaved and the air cleaved samples were
slightly higher values for the barrier energy on the latter (as deter-
mined from capacitance vs. voltage measurements) which seemed to have
no effect on the slope of the log J vs. V curves. The.effect did, |
however, correlate with corresponding decreases in the Jo , Or zero
bias intercept, obtained by extrapolation of the log J vé. V curves.
All of the'samples used in the reverse bias tunneling measurements
were vacuum cleaved to insure an intimate metal-semiconductor contéct;

Back contact to the samples consisted of In-Ag solder which was
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alloyed prior to cleaving. The crystals were cut from two different
_CdTe ingots which subsequently led to different observed characteris-
tics. Metals of different electronegativities were evapofated to pro-
duce a range of barrier energies. The results are given in Table I with
their corresponding barrier energy as measured from capacitance v&ltage
- chéracteristiés on the vacuﬁm cleaved samples. The J-V characteristics
ofbthe completed diodes were measured at room temperature both in the
forwérd and reverse directions. Also the carrier concentration and dif—
jfusion potential were determined from (capaCitance)—,2 vVS. vbltage blots.
" The error in ND was estimated to be +10%, resulting mainly from the un-—
certainty in the area of the sample. The diodes were then iﬁmérsed in
liquid nitrogen and the measurements repeated. A special ﬁrobe assembly
was constructed to permit measurements at 4.2°k by lowering the éample
into a storage dewarvfilled with liquid helium? The slope of the (éapa—
c:itamce)'-2 vs. voltage curve fof any given sample remained»unchanged
b(ﬁithin 5%) at all three temperatures.
III.2 ‘Forward J-V Characteristics

The room temperature J-V characteristics followed the usual diode

equation:

3= {eqv"/nktr_l} ' | | (23)

where the parameter n(23) took on a value of 1l.1. The use of several
different metals‘for the Schottky barriers produced a range of barrier
energies which permitted the consistency of the results to be checked.
Figure 6 shows capacitance-voltage data on material of the same carrier

concentration for three metals. The forward log J-V characteristics
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Table I
Metal ¢ (Cap)
Al - .35 .02 eV
Mg .40
In - ' .50
N | .53
Cu ‘ .57
Ag ‘ .65
Pd . .65
Au 7 .69

Table I. The barrier energy of various metals on n-type CdTe as deter-

mined from (capacitance)m2 vs. voltage plots.
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for these samples ﬁaken at 77° K are illustrated in Fig. 7. The curves
have the same slope but are displayed by exactly the difference in
barrier energies as expected from Fig. 6. The slope of these curves
changed very little at 4.2° K thereby giving assurance that the observed
current is indeed the result of electron tunneling through the bérrier.
A selection of samples cuf'from different portions of an ingot of CdTe
proyided a range of carrier concentrations. According to Eé. 6, varia-
tions in carrier concentration should be reflected in the.slope of the
 low temperature log J vs. V curves. Figure 8 illustrates the tunneling
characteristics of Schottky barriers of the same energy fo; several
carrier concentration levels in the CdTe. The log J vs. V curves ex-
hibit two distinct regimes, whose slopes differ by a factor of 2. The
upper regime is in agreement with the calculation based on the fa:a-
bolic model given by Eq. 6 whereas the lower:regime is attributable to
tunneling of electrons via an intermediate state (Eq. 17). |

‘A second'group of diodes was similarly fabricated from a different
ingot of C€dTe and the above procedure repeated. The J-V characteristics
as illustrated in Fig. 9 now show only a single regime which correlates
with the intermediate state tunneling calculation (Eq. 17). These re-
sults were not\surprising in view of the fact that this particular ingot
was prepared in such a manner that it was expected to have a high den-
sity of shallow trapping centers.

The wide range of energy over which tunneling occurred via inter-
mediate states can be attributed to thermal broadening of the peak of
Eq. 14 at 77° K. The diode J-V characteristics began to exhibit struc-

ture when the samples were cooled to near liquid helium temperatures,
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109 | T T 1 I
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Fig. 7. Tunneling J-V characteristics of Au, Cu, Al Schottky barriers:
on. n CdTe illustrating the shift resulting from their dlfferent
barrier energies. :
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10° | l
T=77°K
B Pd-"n" CdTe -
102} -

Fig. 8. Forward bias J-V characteristics of Pd Schottky barriers on
‘n~type CdTe samples of several carrier concentrations. The upper slopes
correspond to the simple tunneling theory (Eq.6) while the lower
slopes correspond to tunneling through an intermediate state (Eq.17).



~28=-

o |
10 I I T | I

T =77°K
Cu_llnll CdTe

152k v | —

Fig. 9. Tunneling J-V characteristics of Cu Schottky barriers on ‘
n-type CdTe samples of different carrier concentrations.
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thus confirming that trapping states are responsible for the observed
" behavior. Figure 10 shows a typical characteristic taken at 77° K and
* 10° K.

The dual slope behavior which was observed in these tunneling meas-
urements is analogous to that observed in the forward J-V charactéris-

(18) There

tics of p-n junction diodes in silicon and gallium arsenide.
the dual slope is attributable to the recombination in the sﬁace>charge
region at small applied bias and to minority carrier injec;ion“at larger
forward bias.

We believe that the effect of traps on tunneling have not been
identified before because in most tunneling measurements large carrier
concentrations are used to obtain high tunneling probabilities. Thus,
the magnitude of the single tunneling step current would be greafer
than that expected for tumneling through intermediate states. However,
in barriers on low carrier concentration materials excess currénts‘are
frequently observed and have not been understood.(24) In these later
cases tunneling through traps may be involved.

The possibility of an edge effect contribution to the observed J-V
characteristics was investigated in two ways. First, dots'pf two dif-
ferent areas were eVaporated onto two opposing freshly cleaved crystal
faces. The current at any given voltage was directly proportional to
the area while the slope of the log J vs. V curve remained the same.
Second, 0.02 cm diameter dots of aluminum were evaporated onto a
cleaved crystal. Then after méasuring the J-V characteristics, 0.04 cm

diameter dots of gold were evaporated, centered over the aluminum dots.

The J-V characteristics of these new structures showed no change in the
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100 ~ I I
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Eig.olo.. Tunneling J-V characteristics showing the effects of traps at
77° K and at 10° K. The theoretical magnitude of the tunneling cur-
rent is also shown. '
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range of interest. Sihce the Al-CdTe barrier energy is .35 volts and‘
the Au-CdTe barrier energy is .69 volts, the current to be expected from
a gold barrier is many orders of magnitude below that observed on the
aluminum barrier. Thus, we can conclude that the perimeter of the metal

dots does not make a noticeable contribution to the J-V characteristics.

The limited range of forward bias voltage (or energy)\over Which
the tunneling current is unambiguously observed in the preseht diodes
does not enable us to distinguish between the parabolic and the two-
band E-k dispersion relation. Thus, we have taken the tupneling log
J-V curves as straight lines which are characteristic of the parabolic
model. The slopes of these straight lines are presented in Fig. 1l as
a function of carrier concentration for the diodes exhibiting‘both one
and two regimes. Curve A represents the computed value of s, as a
function of carrier concentration and is thus the slope of tﬁe 1qg J vs.
v curves for the parabolic model neglecting thermal effects. Curve B
represents the slope as computed from the two-band model and evaluated
at ¢B+ £-V = 0.150 volts; a typical bias condition at which the slope
-would be measured. Curves C and D have included the temperature depen-
dence at 77° K for the two models as expressed in Eqs. 11 and 12.

Curve E shows the case of tunneling via an intermediete state and is
plotted as so/2 vs. 1/N1’/2 . Good agreement between the observed and
calculated slopes is obtained in all cases.

To this point we have concerned ourselves primarily with the ex-
ponent or slope ef the log J-V curves. For‘completeness, the pre-ex-

ponential terms of Eq. 6 have been evaluated for the diode characterized

v
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Slope of the forward bias log J-V tunneling curves as a

function of carrier concentration. Experimental points are

taken from curves such as Figs. 7, 8, and 9.

a)
b)

d)

e)

theoretical curve based on parabolic band model af 4,29 K,

two-band model at 4.2° K and evaluated at

(¢B—V+g) = ,150 vV ,

parabolic model at 77° K . _

two-band model at 77° K, (9p~V+E) = 0.150 V .

parabolic model for tunneling via an intermgdiate state
at 77° K . Theoretical curves were computed from the

(21)

published value of the effective mass and contain

no adjustable parameters.
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in Fig. 10. The theoretical magnitude of the currents has been computed
at the two points indicated. Excellent agreement is obtained within the
uncertainty in the values for barrier energy and carrier concentration
used in the calculation.

We have concluded that trapping states are re5ponsib1e7for\the ob-
served departures frém theory. It is possible to determine the énergy
logation of these centers for the particular junction'charéctefized in
Fig. 10. The J-V characteristic at 10° K indicates a peak at

$p-V+E=.22 eV . From Eq. 15 we know that at the peak

xl ' X, A ' o
f kdx = f kdx (24)
xo , x1

Since we are close to the conduction band, the parabolic model for the

dispersion relation is adequate. Thus :
‘

E_ 05-VHE - o
f s-odE = f sodE - (25)
o Et '

and
E, = %(0,-V+E) | (26)

or 0.11 eV for the present case.

Next we wish to estimate the density of traps neéded to account
for the tunneling behavior presented in Fig. 10. At the transition be-
tween the upper and lower slope the tunneling currents for the two step

and one step process are equal. We can estimate the spatial thickness,
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Ax , of the layer of traps acting as intermediate states by the distance
necessary to reduce the tunneling probability by 1/e . At the transi-
tion point Ax -:--1‘%= 36 8 . Since the two currents are equal, the total
cross sectional area of the participating states must equal the ratio

of their respective tunneling probabilities or:

oN s ' -
E-t- exp { - '5-0- (¢B—V+£)} = exp { —so(¢B—V+£)} | . (27

where o is the capture cross section and N. the density of traps.
Evaluating Eq. 27 at‘“¢B-V+£ = ,22 V using a capture cross section of
50 22 , we find a trap density of 1.5 x 1015 cm™3 . This density is
(25)

typical of those normally encountered in II-VI Compounds.

" III.3 Reverse J-V Characteristics

In the case of the forward bias characteristics, a change in bar-

‘ rier energy merely moved the log J vs. V curves horizontallylon the vol=-
tage axis. However, under reverse bias in addition to being displaced
horizontally the slope also changes. Figure 12 shows four log J-V
curves for diodes of different barrier energies. On CdTe having an-N

of 3.6 x 107 em™3 from Eq. 22, we see that if we plot

J 1
B =

the result should be a straight line. The slope of the curves will then
give a value for the integral of k over the energy range from the bar-
rier energy to the conduction band. Data taken from Fig. 12 have been

replotted in this manner in Fig. 13.
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T=77°K
Np=3.6x%10'7

10 A 1 1 ] | |
-1.0 -2.0 ‘ -3.0
Vv

Fig. 12. Reverse bias tunneling characteristics of four Schottky
barriers of different barrier emergies on n CdTe.
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Fig. 13. A Fowler-Nordheim type plot of the data of Fig. 12 showing
systematic variation of slope with barrier energy. The point a
represents the theoretical magnitude predicted by Eq. 22.
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We have inclﬁded the theoretical value of J/(¢B—V) on Fig, 13 for
the Al barrier evaluated at (¢B—V) = 1 V using Eq. 22 where the integral
over k was evaluated based on the two-band model. The error bars
again represent the uncertainties in barrier energy and carrier concén—
tration. The other curves were similarly compared and all found to
_égree within these error 1imits. Figure 14 then shows the integral of
k vs. barrier energy inferred from'the slopes of these curves. We
haQe plotted for compariéon the theoretical values for tﬁe parabolic
and two-band model with. N = 3.6 x 1017 cm3 . The experiﬁental points
are also normalized to this value of carrier concentration. Five to ten
samples were fabricated with each of the metals indicated an& the data
points which are plotted represent the average wvalue of those measured.
' The error bars indicate the deviation and are the result of the uncer-
tainty in the measurement of barrier energy and carrier cdncentfafion
by the capacitance-voltage techniques described earlier. These data
‘clearly indicate that the E-k dispersion relafion in the forbidden gap
in CdTe is in good agreement with the two-band model. 'Several samples

were also measured at 4.2°K and the results were in agreement with

those obtéined at 77°K.
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Chapter IV

Experimental Results in InAs Schottky Barriers

- InAs samples were prepared by two techniques:
(a) Crystals were cleaved in air quickly placed on a metal mask
in a Véc-Ion systeﬁ.v The chamber was evacuated to approximately 1077
Torr and metal dots evaporated on the cleaved surface throﬁgh’the mask,
The typical sample was exposed to air less than 30 sec prior'to pump-
down.

(b) Crystals were cleaved in vacuum in an evaporating stream of
metal. After completion of the evaporation, the samples weré removed
from the vacuum, masked with either black wax (for single dots) or
photoresist (for guard-ring structures) and the remaining metai etched
away .

No systematic differences were found between samples foﬁmed‘by the
two techniques. A summdry of the sample charaeteristics,are given in
Table II. Typical forward current-voltage curves taken with the samples
immersed in liquid nitrogen are shown in Fig. 15.

Although in principle a semiconductor may be characterized over a
substantial energy range by tunneling measurements on a single sample,
in practice the range of accurate data obtained is 1iﬁited at very low
‘current levels by leakage and at high forward bias by series résistance.
For this reason it is necessary to use material of high carrier concen-
tration (and hence large tunneling current) for measurements at low
biases. With material of somewhat lower concentrations, the tunneling

current is reduced and éonsiderably higher forward bias may be applied
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before the current level rises to the point where resistive drop becoﬁes
important. Since the InAs surface is highly n-type,(24) the effects of
surface leakage at low current levels are more severe than with GaAs.
This effect and room-temperature blackbody radiation made the data un-
usable below approximately 1074 A/cm2 even in the better semples.

The dependence ef the imaginary part of the wave vector k on
energy E was determined from the measured current I at‘apﬁlied for-
" ward voltage V by Eq. 10. Results of this procedure are shown in
Fig. 16.

On samples 2-5, the barrier energy ¢B and earrier cqncentration
N were determined from 77° K capacitance vs. reverse bias voltage
using a dielectric constant e of 12.6.

On sample 1 the barrier energy was taken to be the voltage at the
current minimum plus the band gap (24) (0.43 ev at 77° K);(27) Since
the low impedance of this sample precluded measurements of cepacitance
vs..voltage, the carrier concentration was adjusted to bring the k
values into agreement with those of the other samples in the region of
overlap. This procedure gave a concentration of 6 X 1017cm73, in good
agreement with Hall measurements supplied by the manufacturer (given
as 7 x 1017 cm_B)a

The solid curve in Fig. 16 is Franz's symmetrical two-band expres-
sion given by Eq. 4 assuming an effeetive mass m of 0.02 times the
mass of the free electron. The reported values for the conduction and
valence band are 0.02 and 0.025, respectively.(21)

We have also compared the magnitude of the currents with those

predicted by Eq. 6 for the case of degenerate semiconductors. As shown
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in Fig. 15 at the‘current minimum, sample 1 is in excellent agreement
with theoretical prediction. Since the tunneling path comprises the
entire forbidden gap at the minimum, the theoretical values for both an
effective mass of 0.02 and 0.025 are presented. The magnitude qf the
current in samples 2 and 3 using the data of Table II was, howeﬁer; over
_én ordef of magnitﬁdé lower than that calculated. Such a discrepancy
could be accounted for by a 0.04 eV érror in barrier energy., The meas-
uréd value of 0.38 was détermined by capacitance-voltage techniques and
because of its low energy could not be verified by photorésPQnse‘meas-
urements. As indicated earlier the variations in barrier emergy do not
change the slope of the forward 1og J-V characteristics. Hoﬁever, a
higher barrier energy would have the effect of shifting the theoretical
- J-V characteristics into agreement with those‘observed and shifting the
corresponding points in Fig. 16 downward morein agreement with the

0.025 effective mass at the valence band.
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Chapter V

Conclusion

The experimental results presented for CdTe are in excellent agree-
~ ment With theoretiéal predictions for electron tunneling cﬁrreﬁts
thrbugh the region of the forbidden gap near the conduction band edge.
The reverse characteristics indicated a departure from thé pérabolic
model near midgap and, in fact, presented strong evidence for the two-
band model. The'magnitudes of the tunneling currents for both forward
and reverse biases were also found to be in good agreement with theoret-
ical predictions. We have shown in CdTe that trapping states can act
" as intermediate states to greatly increase the tunneling probability
and reduce the slope of the log J-V curves by a factor of two under the
proper conditions. It was also possible to ecalculate the energy level
of the traps involved in the intermediate state case and to:obtain an
estimate of their density. Finally in InAs, by virtue of its unique
nature, the E-k dispersion relation for nearly the entire forbidden gap
was mapped out. The experimental results are in:excellent égreement
with the two-band model.

Thus, we haﬁe shown in this work the apprOpriatgness of the exist-
ing theoretical models which will thereby permit the use of Schottky
barrier tunneling characteristics as a powerful tool in the study of

semiconductors.
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