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It is an unfortunat e fact that th e tunnelin g techniqu e, whi ch has prove d incred ibl y s uccessful in th e 
stud y of s up erconductivit y, has giv e n little information about the normal state prope rti es of metals and 
se miconduc tors. It will be shown th at, in the d ete rmination of the s upercondu ctin g quas i- parti c le de nsi· 
t y of sta tes, it is the change in density indu ced by the onset of s upe rconductivity whi ch is meas ured 
rath er th an the tota l de ns ity. 

Returnin g to th e problem of normal materials, a revie w of the Ii mited ac hie ve ments and failures of 
tunn eling will be prese nted . This will in clude the influ ence of ba nd ed ges on tunne lin g in p -n. diodes and 
metal-se mi condu ctor co ntacts, the structures observed in tunne lin g into bis muth and th e negativ e 
res ults obtaine d in nicke l and palladium . The dominant effect ,,f the change in barri er s hape in most of 
these tunneling cha rac te ri s tics will be illustrated. 

Key words: Dens ity of states; phonons; se mi conductors; supe rconductivity; tunn eling. 

Many of the talks heard this week have outlined ex
perime ntal techniques which determine the density of 
electron states in metals and semiconductors over e ner
gy ranges which are typically 1-10 volts. I would like to 
discuss a technique which is much happier in the range 

~ ofl-l0 millivolts, is the only method which can measure 
the change in density of electron states induced by su
perconductivity, but which to date must be classed as 
a failure in the determination of band properties of nor
mal m etals. For semiconductors and semimetals, 
because of smaller energies and larger fractional 

revie w the experimental method. Two structures are 
commonly used, the metal-insulator-metal (M-I-M) 
junction , which relies on the oxide of the fir st metal to 
form the insulator, and the metal-semiconductor (M-S) 
contact which uses the depletion layer (Schottky barri
er) at the s urface of the semiconductor. In the M-I-M 
case it is generally hard to prepare suffi ciently smooth 
clean surfaces of bulk ~etal that oxidize in a controlled 
way so films have been used in all but a few cases. 
After evaporation of the first metal film (AI, Pb, Sn, Mg, 
for example), oxidation takes place by exposure to air, 
oxygen , or a glow discharge in oxygen , and the second 
film is then cross evaporated to complete the junction. 
Typical oxide thicknesses are 15-20 A. To make the 
M-S contact a semiconductor is cleaved in vacuum and 
covered with the metal very rapidly. The barrier is 
lower and - 100 A thick. In some materials, where a 
suitable Schottky barrier does not form at the surface 
(e.g. InAs) , a M-I-S structure can be made by oxidizing 
the semiconductor before e vaporation of the metal. 

), changes in electron density at band edges , the situation 
is a little better. Even in these materials, however, we 
can only say that density-of-s ta tes effec ts are observed 
and cannot generally deduce a density measurement 
from the experimental res ults. 

After those opening remarks, it will be obvious that 
.' most of yo u atte ndin g thi s confere nce should not be 

fa miliar with the tunneling technique so I will briefly 

* An invited paper presented at the 3d Materi als Research Sym
posium, Electronic Density a/States, November 3- 6, 1969, Gaithe rs
burg, Md . 

These three tunn eling structures are s hown in fi gure 
1, with the circ uit used to measure the current-voltage 
characteris ti c or, if greater detail is required, the 
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dynamic resistance (dV)/( dI) versus voltage. The figure 
also shows schematically the potential barrier (with typ
ical energies indicated) which separates the electrodes. 
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FIGURE 1. Schematics of three widely studied tunneling structures 
and the circuit used to measure their I·V characteristics. 

Considering the M-I-M junction as the most favorable 
case for studying metals, I would like to make a number 
of points regarding the theoretical possibilities of ob
serving band structure effects and the probable experi
mental difficulties. 

The tunneling current through a barrier of the type 
shown in figure 2 is given by [1], 

47Te J '" j=- L dExPa(E)Pb(E) P(Ex·) [feE) 
h -00 

k , 
-j(E-eV)J, (1) 

where piE) and Pb(E) are the density of states for a 
given transverse momentum kl and total energy E,j(E) 

FIGURE 2. The potential in an ideal trapezoidal barrier between 
metal electrodes. 

is the usual Fermi distribution andEx the total electron 
energy perpendicular to the barrier. The tunneling 
probability P(Ex) has the form 

where d is the barrier thickness and [<t>(x,v)-ExJ is the 
barrier potential at position x when a voltage V is ap
plied. The pre-exponential factor A describes the <: 
frequency with which an electron arrives at the barrier 
interface and its exact form determines whether one ex
pects to observe density of states effects at all. In the 
W.K.B. approximation, which makes the metal-barrier 
interface properties vary slowly compared to the 
electron wavelength [l J , A is proportional to ';:: 
II [pu(E)Pb(E) J so that the current in (1) is independent 
of electron density of states. The other extreme limit, 
with the metal-barrier interface absolutely sharp, gives 
a complicated prefactor A which does not exactly can
cel the density terms in eq (1) [1 ,2J so some density of I 
states effect in tunneling might be expected. However, '\ 
as the interface properties can never be known in this I 

detail, a serious interpretation of any such observation 
would be impossible. Rather than looking for results of 
the slow energy variation of pre) within a band, a more 
likely experiment is to look for effects of band edges, 
where the number of final available states for the tun
neling electron changes more abruptly. It is generally J 
felt that band edges can be observed in tunneling as 
long as an appreciable fractional change in total elec
tron density is produced by the new band. As we will 
see later, this usually happens at convenient energies 
only in semiconductors. Duke [3J has also pointed out 
that an increased tunneling probability into the new .( 
band will enhance the magnitude of the current onset 
near the band edge. 

Apart from the theoretical question of the exact na
ture of the metal-insulator interface and its role in 
producing density of states effects, there are a number J 
of serious experimental problems which lead me to I 
question whether these effects could be observed in 
metals. These problems can be illustrated by reference 
to figure 3. First, typical barrier heights in oxides are 
~ 2 volts, which is a small energy compared to inter
esting band structure in most metals. For an applied 
bias> CPI!, electrons from the Fermi level (a,t A for t. 

example) tunnel into the conduction band of the insula
tor rather than into the second electrode. Second, the 
tunneling probability is much greater for electrons at B 
than for those at C, which enter the second metal just 
above the Fermi level. In figure 3b, for example, where 
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we ass um e CPII= CP/.= 2V, the transmission probability 
a t B is ~ JO -~, whereas at C it is ~ 10- 16 • Thus the 
c hance of probing band edges far below the Fermi level 
in th e left metal seems re mote, as practically none of the 

( a.) (6) 

- S t 
2v 

FIGURE 3. Figure (a) shows the possible injection oj electrons into 
the conduction band oj the insulator (Fowler Nordheim tunneling). 

Figure (b) shows two possible tunneling paths into the second 
electrode. 

current , flows from these le vels. The possibility of 
probin g band edges above the Fermi level (at B in the 
right metal for example) raises the third problem, 
namely that the curre nt·voltage characteristi c of the 
junction is dominated very s trongly by the changes in 
barrier shape. Typical results obtained by Fisher and 
Giaever [4] are s how n in fi gure 4. At low voltages the 
junction s are ohmic (small deviations are observable 
only in detailed conductance plots) but from 0.2 to 1.4 V 
the current depends almost exponentially on voltage. 
Thi s strong c urren t dependence is purely the result of 
the barrier becoming lower (for electrons leaving the 
F ermi level) as the voltage increases. Thus any small 
changes in current (or conductance) due to band edges, 
superimposed on thi s exponential behavior, will be ex
tremely hard to observe. There are also other di fficulties 
which one has t o consider in man y tunnelin g experi
ments. If evaporated metal film s are used it is unu sual 
for these to have the properties of single crys tals or 
even clean polycrystals. Even more critical are the 
surface pro perties of th e film s, as tunnelin g be twee n 
normal metals is se nsiti ve to the material onl y within a 
scree nin g le ngth of the s urface . As thi s s urface is in 
contact with (or diffused into) the insulating oxide the 
chance of it havi ng bulk properties seems remote. 

After this very pessimistic survey of why tunneling 
is not the right technique for the study of density of 
states effect in metals , let me review a number of ex
periments where band edges at leas t are observed, or 
affect the tunneling characteris ti c noticeably. 

tIIlLLIVOlTS 

(a) 

10 

1.0 

.01 '---"".2~-~.4~--:.6~--:.e<---7I.'x--"""'---f'.4 
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FIGU RE 4. I-V characteristics reported by Fisher and Giaever [4] . (a) 
At low voltages, the current through thin oxide films is proportional 

to voltage and to film area. Curves shown areJor five fil ms with areas 
in the proportions 5:4:3:2:1 as indicated. (b) At higher voltages, the 

current increases exponentially with voltage . 

1. Metal-Semiconductor Contacts 

In a heavily doped n-type semiconductor the Fermi 
energy is relatively small « 100 mY) and the depletion 
layer formed at the surface is thin enough to permit tun· 
neling. Unfortunately the barrier height is rather low 
and barrier thi ckness varies with bias, leading to a 
strong dependence of conductance on voltage. 
Nevertheless, the calculation of Conley et ai. [5] pre· 
di cts that the minimum conductance occurs when the 
bottom of the band crosses the Fermi level of the metal 
(fig. 5). This has been observed in the experiments of 
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FIGURE 5. Metal·semiconductor contact with bais applied to 
produce a minimum in conductance. 

Steinrisser et ai. [6], as shown in figure 6. The barrier 
parameters were determined independently and the 
agreement between calculated and experimental con
ductances is orders of magnitude better than in most 
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FIGURE 6. Calculation and measurement of conductance in M·S 
contacts by Steinrisser et al. [6]. Comparison between three 

experimentally measured conductance curves on n = 7.5 X IOl s/cm3 Sb
doped Ge [solid lines (a), (c), and (d)] at 4.2 K and the calculated 

conductance [dashed line (b)] fOT a ~arrier height Vb = 0.63 eV 
obtainedfrom capac.itance measurements. The most commonly 

observed conductance curves were similar to (c), whereas (a) and (d) 
represent the high· and the low-conductance extreme~. The contact 

metal is Pb and the contact area is 2.5 ± 0.5 X 10 - 4 cm2 • Structure 
associated with the superconducting energy gap has been omitted. The 

Fermi degeneracy JJ-F = 25 mV has been indicated. 

tunneling systems. The density of states in the 
semiconductor band was assumed constant in this cal
culation. The general aim of this type of experiment has 
been to obtain such a satisfactory agreement with the 
calculated conductance rather than to determine a den-
sity of states variation. Uncertainty in the energy de
pendence of the barrier parameters would make such 
a determination exceedingly difficult . 

-( 

A second band structure effect, observed in Au-Ge 
surface barrier contacts by Conley and Tieman [7], is _, 
the onset of tunneling into the k=0 conduction band 
minimum, roughly 150 mV above the Fermi level. The 
influence of the band edge is rather dramatic in this 
case, as shown in figure 7, and a decrease of resistance 
by at least a factor of 10 is observed within ~ 10 m V of 
the edge. Note that the band edge is marked by a -< 
decrease in resistance, or increase in conductance. 

.154 V ------tI 

SAMPLE 1084 
Au ON Gt/Sb 
T=4.2"K. 

O~~~ __ ~~ __ +-~ __ ~~~~ 
-25 0 ~25 

Va APPLIED BIAS (VOlTS) 

FIGURE 7. Tunneling resistance of a A u·Ge surface barrier contact, 
measured by Conley and Tiemann [7] . The onset of transitions to the 

zone-centered (f") conduction band in Ge observed in the incremental 
resistance dv/di at an applied bias Va = - 0.124 V. Note that that 

threshold is 0.154 V from the maximum, a value which corresponds to 
the interband L - r 2 separation. 

2. Metal-lnsulator .. Semiconductor Junctions 

In order to investigate tunneling into semiconductors 
to higher voltages, or study those materials which do 
not form surface barrier contacts, an oxide can be 
grown on the surface before evaporation of the metal. 
Alternatively, for semiconductors which can be 
evaporated, junctions of the type aluminum·aluminum 
oxide·semiconductor have been fabricated. The current 
calculated by Chang et at. [8] for such a structure, on 
a degenerate p·type semiconductor, is shown in figure 
8. The current is a maximum at the top of the valence 
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band and a minimum at the bottom of the conduction 
band. At higher voltages it is interesting to see that pro· 
perties of the insulator, namely the increased tunneling 
probability at voltages corres ponding to the heights cpu 
and CP/~ , dominate the characteris ti c. Experiments on a 
number of different III-V and II-VI semiconductors 
have confi rmed this type of behavior except that the 

VOLTS 

current minimum is not so s harp as the calculated one, 
as shown in figure 8 for SnTe. 

The observation of interface states and impurity 
bands has also been reported from tunneling studi es. 
The left-hand plots of fi gure 9 show the condu c tance 
results, obtained by Gray [9], for two M-I-S structures 
with different boron doping levels in silicon. 
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F IGURE: 8. Calculation and measurement oj current in metal-insulator·semiconductor junctions by Chang et al. [8J. (aj Theoretical 

current·voltage characteristics Jor a M ·1·5 junction. The semiconductor is degenerate p type and the conduction band oj the ins ulator 
provides the tunneling barrier. (6j Current-voltage characteristics Jor A I-A I,O,-SnTe junctions at 4.2 K. Three sets oj curves are shown 
corresponding to samples with various oxide thickness. 

3. p-n Diodes 

The I-V characteristi c of the Esaki diode [10] is a 
clear observation of the influence of band edges on tun
neling but recently this system has received little atten
tion , probably because the barrier profile is difficult to 
measure. It is also difficult in this case to decide how 
much of the junction current is due to tunneling. 

An interesting effect which has been observed in p-n 
diodes is the influence of Landau levels on the tunnel
ing conductance_ This was first reported by Chynoweth 
et al. [11] for InSb diodes and ex tensive studies of Ge 
diodes have been made by Bernard et al . [1 2]_ Re
ce ntly Landau levels in InAs have been meas ured by 
Tsui [13] in an M-I-S structure. Because only one elec
trode is a semiconductor the latter results are s impler 
to interpret. 

4. Metal-Insulator-Metal Junctions 

This type of tunneling structure is usually comprised 

of aluminum-aluminum oxide-second electrode of 
semimetal or metaL Considerable effort by various 
groups has gone into trying to observe the band edges 

in bismuth. Tunneling structures at low energies « 50 

m V) have been reported by Esaki et al. [14] but these 
results have not been re produced elsewhere [15] . At 

hi gher voltages the characteristics for polycrys talline 
films were first re ported by Hauser and Testardi [16]. 
In figure 10 we show the good agree ment be tween their 

results and those of Sawatari and Arai [17]. However, 
the exact position of the bands which give rise to this 
structure is diffi c ult to determine from the tunneling 
characteri stic_ 
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FIGURE 9. Observation of impurity levels in tunneling by Gray [91. (a) de conductance versus bias showing the effect of a boron-impurity band 
at two different doping levels. The conductance of the more heavily doped sa mple is reduced x l 00 for comparison. (b) Detailed de con
ductance near an impurity band (0.19 V). This sample was cleaved in air before mounting in the vacuum jar. 
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FIGURE 10. Tunneling conductance f or A l-[-polycrys taLLine Bi , as determined by Hauser and Testardi [/6] (left figure) and Sawatari 
and Arai [17] (right figure). (a) insert: dV/dI vs V f or an AI-A I,O,-Bijunction. Bottom curve, adsorp tion as afunction of energy. The 
dashed Li ne shows the contribut ion f rom free carriers. (b) d1/dV vs V (so lid line) and background curve (dashed line); curve of (d1/dV) 
(dI/d V)bky vs V. (+ V corresponds to Bi positive.) (c) Conductance-voltage curoe in the voltage rang~ - 1.4 -+ 2.3 Vat 77 K. The 
sample is different from that of (a) and (b). 
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The conductance characteri sti cs of M-I-M junctions 
generally show considerable structure at voltages < 1 
vo lt , most of whi c h is due to excitation processes in the 
in sulator (oxide)_ These excitation interactions of the 

[ tunneling electron are with organic impuritie s in the 
oxide [18], phonons of the oxide [18,19] or phonons of 
the s urfaces of the metal electrodes [l9J- In a numbe r 
of junctions, (AI-I-Ni , AI-I-NiPd alloys [20] and single 
crystal Cr-I-Pb [21]) there are additional effects which 
are not yet understood_ However, it would be unwise to 
ascribe these to density of states variations without 
much more de tailed experimental work as the barrier 
properties are, as usual, practically unknown_ 

5. Metal-Insulator-Superconductor 

There are two main reaso ns why tunneling into su
perconductors has been so successful. Firs t, the impor
tant paramete r is the normalized de nsity of states, 
whi ch is the conduc tance versus voltage with the 
second electrode supercondu cting divided by the con
ductance with it normal. Thus it is not necessary to be 
able to calculate, or even unders tand, the normal s tate 
characteristic, as long as it is entirely due to tunneling. 
The barrier para me ters, which are exceptionally dif
fi cult to determine, can rem ain as unknowns as long as 
they do not change whe n the electrode beco mes super
conducting. As far as we know, the only change might 
be in the position of the excitation processes, but these 
are fortun ately we ak compared with the superconduct
ing effects. The second adva ntage of the superconduc t
ing measure ment is that we can determine essentially 
bulk properties of the superconductor , whereas all nor
mal state measurements probe the interface and sur-

- face properties of the normal electrode. As thi s 
technique has been discussed in numerous publica

ti ons [22 ] , no more detail will be given in thi s text. 
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