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A study of photo-induced tunnel currents in Al-Al,0;-Au diode structures is presented. It includes
measurements of both spectral dependence and voltage dependence. The experimental results obtained can be
accounted for by an analysis based on the trapezoidal model for the oxide barrier shape. The data suggest that

hot-electron attenuation in the Al,O; layer is insignificant.

I. INTRODUCTION

Tunnel diodes, constructed of two metals sepa-
rated by a thin (<100 A) insulating film, have been
the subject of intensive studies, both theoretical
and experimental, Much of this work has been
prompted by the suggestion of Mead! in 1961 that
such structures can serve as cold-electron emit-
ters. It consisted of studies of curren’c-vol’cagez
and internal photoemission®™® characteristics and
of dark®™*2 and photo-induced®®~!* emission of elec-
trons into a vacuum, Photo-induced tunnel cur-
rents (PITC), resulting from the tunneling of photo-
generated hot electrons through the insulating bar-
rier, appeared as tails in the long-wavelength
range of the internal photoemission spectra, 8 and
have usually been neglected. In the present work,
this very range is studied in detail, both experi-
mentally and theoretically. The type of diode cho-
sen for investigation was Al-Al,Oz-Au, ‘which is
relatively simple to produce and has been most ex-
tensively studied by others, 2

II. EXPERIMENTAL

The tunnel diodes were produced by the follow-
ing procedure. A strip of aluminum about 3000 A
thick was evaporated on a microscope slide, It
was then anodically oxidized in a water solution of
3-wt.% ammonium tartrate (pH 5.5) with a con-
stant current of about 100 pA, Various oxide thick-
nesses in the range 40-120 A can be obtained by
varying the voltage between the electrodes., To
prevent breakdown at the edges, ! the edges were
covered by two strips of Al,O; about 2000 A thick,
obtained by evaporation of aluminum in an oxygen
ambient at 9x10™ Torr. A strip of gold was then
evaporated on top (thickness 200-500 A). The ox-
ide thickness was determined by measuring the di-
ode capacitance assuming a relative dielectric con-
stant of k=4,

Current-voltage characteristics of the (PITC)
were obtained by illuminating the aluminum elec-
trode with chopped light from a 2-W Spectra-Phys-
ics argon laser through the gold electrode (which
is sufficiently thin to be practically transparent).
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The current was measured on a series resistor
with a P, A, R. HR-8 lock-in amplifier. The spec-
tral response of the PITC could be measured only
at zero voltage. The optical setup consisted of a
150-W iodine-quartz lamp and a Jarell-Ash double
monochromator. The rate at which the diode elec-
trodes were charged during illumination was mea-
sured by a Cary Model-31 vibrating-reed electrom-
eter, The output signal was further amplified by

a type-155 Keithley microvoltmeter and recorded
on a Honeywell recorder. The optical transmis-
sion of the gold layer was measured by a Beckman
DK spectrophotometer,

III. THEORETICAL CONSIDERATIONS

PITC will be analyzed in terms of the trape-
zoidal model for the barrier shape illustrated in
Figs. 1(a) and 1(b), together with a number of sim-
plifying assumptions. We restrict ourselves to ex-
citation of hot electrons in the aluminum metal
only; excitation of hot electrons in gold has been
found to be much less significant.® We further as-
sume that in the aluminum metal all allowed ener-
gy -conserving transitions are of equal probability,
As a result of optical excitation, a new energy dis-
tribution function for electrons f *(E) is established
at the Al-Al,O; interface. It would be a reasonable
approximation to assume that the distribution func-
tion is reduced by a fraction 6 in the energy range
Ep —hv< E <Ep and augmented by the same amount
in the range Ep < E < Ep +hv, as illustrated in Fig.
1(c). The parameter 6 is taken to be directly pro-
portional to the light intensity F. The net current
density J that tunnels from the aluminum electrode
to the counter electrode is given by!®
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Here E_,,= Ep + hv is the maximum electron energy
in the aluminum electrode, E, is the x component
of the electron energy (x being the direction per-
pendicular to the diode surface), D(E,) is the tun-
neling probability for an electron having an energy
component E,, m is the effective mass of electrons
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FIG. 1. Illustration of the model used for analyzing
PITC: (a) hv< ¢y; (b) ¢p1<hv< ¢,, the electron transport
process consists, in this range, of diffusion into the
conduction band of Al,03 and then tunneling into the
counter electrode; (c) the new distribution function of
f* (E) at the Al-Al,0; interface assumed to be established
by illumination at photon energy kv.

in the metals, e is the electronic charge, 7 is
Planck’s constant, and f¥(E) and f,(E) are the en-
ergy distribution functions at the aluminum and
gold metal -insulator interfaces, respectively.
With the above assumptions for the distribution
function f(E), Eq. (1) reduces to

Ef+hvy
J=ﬂ;§”—‘59<f D(E,) (Ep + hv - E,)dE,
Ep =hv

EF
-2

D(E,) (Ep —E,,)dE,) . (2)
EF-hv

We consider three frequency ranges: long wave-
lengths (hv< ¢4), intermediate wavelengths (¢, <hv
<¢3), and short wavelengths (hv> ¢,).

A. Long-wavelength range 7v< ¢,

Following Simmons, 1"1® we write
D(E,)~ exp[- A(Er + ¢ - E,)], @3)
where
A= (47S/h) (2m*)*/?
and
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¢ =(1/48) fsz o (x)dx .
S1

Here, ¢(x) is the potential barrier at distance x
from the aluminum electrode measured from the
Fermi energy, S; and S, denote the points where
an electron having an energy component E, starts
and ends the tunneling process (see Fig. 1), and
m* is the electron effective mass in the oxide lay-
er. The tunneling length As=s, - s, is, in this re-
gion, just the oxide thickness S,

Calculation of the first integral in (2) yields

Ep+hy — .
f exp[- A(Ep +¢ - E,)"/?](Ep + hv - E,) dE,
e ,

Fhv

s -

=-2] e™[y*+(v-9)]ydy, @)
(0 +hv) )

where y=(Ep + ¢ — E,)* % After integration, one

obtains

2 -Ay[ s, 3® 6y 6
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In a similar way, we obtain for the second integral

4 03 392 68 —(1 ot/2
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A typical value for A (with $=304) is 2.5 x10’
erg™/? while y varies in a range of about (1-2)
x107%erg!/%, Thus, the product Ay varies in the
range of about 25-50, Because of the factor ¢™*,
we can thus neglect the values of the functions at
the limits except at the upper limit of the first in-
tegral, In this limit the term containing y® cancels
with the last term and one has to a good approxi-
mation

Jae'e—(z%gl;z(a—hv)

(5-nntl/2

(3+apl/2 :

xexp (—i;r[i @Em0)Y3 (3 —hv)“z> , for hv<¢, .
(5)

For the assumed trapezoidal barrier shape ¢ =3
X(¢y+¢2), one thus obtains

e(m/m*)

J = e—ms'g——(¢1+¢a ~2hv)
*x1/2
xexp(ﬂ—sﬂh—wﬁ% - 2hv)1/2) , for hv< ¢, .

©)

This expression describes the photon-energy de-
pendence of the PITC under zero-bias conditions.
The voltage dependence of the PITC can be obtained
from (6) by substituting ¢,F eV for ¢,, where the
minus and plus signs correspond to the forward
(Al electrode negative) and reverse (Al electrode
positive) polarity, respectively. In the forward



12 PHOTO-INDUCED TUNNEL CURRENTS IN Al-Al,045-Au..

polarity, this is valid only for voltages in the range
0=V<(py—-hv)/e.

B. Intermediate-wavelength range ¢, <hvo,

We assume here that electrons generated at the
J
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surface and having an energy component E, larger
than ¢, diffuse into the conduction band of the oxide
without any scattering or energy loss [see Fig.
1(b)]. Such electrons have a shorter tunneling
length so that

exp[-A(Ep +3 ¢, +3¢2 ~E)'/?], 0<E,<Ep+¢,

D(E,)=

exp (—A (Er + ¢ _Ex)3/2> ,

V2 ¢

where A¢ = ¢ — ¢y, Substituting (7) into (2) and
making similar approximations to those leading to
(6), one obtains

Ju g D0%elm/m¥)
=7 9nhS¥ (¢, - hv)

*1/2
_ Xexp(—%(¢z—hv)3/z>, for ¢y <hv<o, .
(8)

Asin the case of (6), the voltage dependence in this
range will be given by substituting for ¢, in (8) the
expression ¢,F eV, The minus and plus sign cor-
respond to the forward and reverse polarity, re-
spectively, In the forward polarity, this is valid
only for voltages in the range 0=V < (¢, —hv)/e.

C. Short-wavelength range hv > ¢,

If we neglect, as before, attenuation by scatter-
ing or through other energy-loss mechanisms,
electrons in this range can diffuse through the oxide
conduction band all the way to the gold electrode.
Under these conditions it is reasonable to take for
D(E,) the value of unity so that the zero-bias photo-
current can be approximated by

Ep+hy
Jzei"—’g_e-[ (Ep +hv —E,)dE,
R Jep+es
2
=2 0w 60°, tor k> gy . ©

This is the well-known Fowler relation!® for elec-
tron photoemission, As in the cases of (6) and (8),
the voitage dependence of the photocurrent is given
by substituting for ¢, in (9) the expression ¢,F eV,
The minus and plus signs correspond to the forward
and reverse polarity, respectively. In the forward
polarity this is limited to voltages in the range
0=V=A¢/e. (A further reduction of the barrier is
limited by ¢,, the value of the barrier at the Al-
Al,O; interface,) In the reverse polarity, the volt-
ages should be restricted to the range 0=V < (hv

- ¢3)/e.

IV. RESULTS AND DISCUSSION

Measurements of PITC were carried out on di-
odes of different oxide thicknesses. The oxide

M

Ep+¢y<E,<Ep+hv,

thickness was determined from capacitance mea-
surements, assuming a relative dielectric constant
k=4. The potential barriers ¢; and ¢, were de-
termined from breaks that show up in the (dark)
I-V characteristics, These breaks correspond to
the voltages ¢,/e and ¢,/e (for the aluminum elec-
trode positive and negative, respectively), above
which electrons start to tunnel into the conduction
band of the oxide rather than directly into the coun-
ter electrode. The values so determined are ¢,
=2,0 and ¢,=4.35 eV, which are similar to those
obtained by others, such as by Pollack and Morris?
from similar I-V measurements (1.9 and 3,9 eV)
and by Musatov®® from internal photoemission mea-
surements (1.5 and 4.0 eV).

In principle, the results obtained could be due to
hole tunneling, This possibility, however, can be
immediately ruled out by the fact that the band gap
of ALO, is 8.3 eV.2® The average barrier for hole
tunneling would then be 2, 0 eV higher than that for
electrons, and hole tunneling would be negligible
compared to electron tunneling. This is indicated
by the model in Fig, 1 by setting the valence band
infinitely deep.

We consider first the spectral dependence of the
PITC under zero-bias conditions. Equation (8) sug-
gests that the logarithm of the product 1(¢p, - 2v),
where 7(=J/eF) is the PITC quantum yield (elec-
trons per incident photon) should vary linearly with
(¢ —hv)*’/2, Results of PITC, obtained with a di-
ode 45 A thick are plotted accordingly in Fig. 2.

In determining the yield 7, the (measured) optical
transmission of the gold layer was taken into ac-
count, The colinearity of the points in the figure
shows that this dependence is indeed satisfied over
more than three orders-of-magnitude variation in
n. The values of Sm**/2 and 6/F, can be esti-
mated from the slope of the straight line in Fig, 2
and its intersection at the ordinate (¢, —2v=0), re-
spectively. The values so derived are Sm*1/2
=(2.2£0.3)x10"# g!/2cm and 6/F~10™! cm®sec.
Taking into account the uncertainty in the determi-
nation of the diode thickness S (due to the uncertain-
ty in k), one obtains for m* a value of about 0,05-
0. 2 of the free-electron mass,

The spectral dependence of the PITC with non-
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FIG. 2. Semilog plot of the product quantum yield
X (¢y—hv) vs (¢y —hv)¥? obtained for a diode with a
45-A~thick layer of Al,O3.

zero-bias voltage could not be measured because
of the noise introduced by the dark current. How-
ever, by using a powerful laser beam with a fixed
wavelength, the voltage dependence of the PITC
could be measured.

In Fig. 3, the square root of the quantum yield
is plotted against applied voltage for light of photon
energies 2,41 and 2,71 eV (circles and triangles,
respectively). The measurements were carried
out with dc voltages and chopped light, they were
limited to a rather narrow voltage range (1.5-3 V),
At voltages below ~ 1.5 V or above ~3 V, the sig-
nal-to-noise ratio was poor so that the results
were unreliable. Both curves show sections of
linear dependence which correspond to the Fowler
relation expected for voltages in the range A¢/e
>V >(¢,~hv)/e. The curve for hv=2.41 eV tends
to saturate for voltages above 3 V; this may in-
dicate the onset of the regime for which V>A¢/e.
The intersection of the Fowler plot with the abscis-
sa yields, according to Eq. (9), the value of (¢,
—-hv)/e. The results from Fig, 3 are 2,1 and 2.0
V for the photon energies 2,41 and 2,71 eV, re-
spectively., Two different values, 4.5 and 4.7 eV,
are thus derived for ¢,, both being in reasonable
agreement with the value of 4, 35 eV deduced from
I-V characteristics in the dark, From the slope of
the Fowler plot, one derives for §/F a value of the
order of 102 cm®sec, which is in reasonable
agreement with the value obtained from the spec-
tral dependence (Fig. 2). The same order can be

derived from data reported by Shepard® of internal
photoemission measurements in Al-Al,0,-Al struc-
tures having a similar Al,O; thickness. In his
case, the photon-energy dependence rather than
the voltage dependence was measured.

The value expected for §/F can be estimated
from data on the optical properties of aluminum,
It can be expressed by 8/F=07(1 ~7)=(a/n)1(1 - %),
where o is the cross section for photogeneration of
hot electrons in aluminum, 7 is the mean free time
of a photoexcited electron, « is the light absorp-
tion coefficient, # is the volume concentration of
electrons in aluminum, and 7 is the reflectivity of
the Al-Al,O; interface. The actual reflectivity of
the aluminum layer in the diode structure under
study is probably very small. This is because the
light comes from the gold side, and the two metal
electrodes, which have comparable reflectivities,
are separated by an Al,O; layer which is very thin
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FIG. 3. Square rootof quantum yield of photo-induced
tunnel current as function of applied voltage (aluminum
negative) at two different wavelengths. Measurements

carried out with dc voltage and chopped light. Oxide

thickness of 45 A.



compared to the light wavelength, In any case, by
setting =0 in the above expression, one obtains
an upper-limit estimate for §/F. For o and n we
take the values® 2x10° cm™ and 2x10% cm™, re-
spectively, while 7 is estimated as 10 sec, The
latter estimate is based on an electron mean free
path® of 100 A and a Fermi velocity of 10® cm/sec.
Using these values we obtain §/F~ 107! cm?sec, in
excellent agreement with the values obtained from
the PITC data. In other words, the measured
PITC are the maximum photocurrents expected.

V. CONCLUSION

A simple analysis based on the trapezoidal model
for the oxide barrier shape was developed to de-
scribe photo-induced tunnel currents in metal-insu-
lator-metal (MIM) structures. The good fit be-
tween theory and experiment indicates that the sim-
plifying assumptions made in the analysis constitute

12 PHOTO-INDUCED TUNNEL CURRENTS IN Al-Al,05-Au...

3457

reasonably good approximations. The fit also jus-
tifies the neglect of electron scattering in the ALO,
conduction band. This point is controversial in the
literature. In some cases strong scattering in
Al,O; is reported, 31%15 while in others”?® the re-
sults suggest that hot-electron attenuation in the
AL, layer is insignificant. It appears that neither
variations in the oxide thickness® nor the existence
of an n-type transition region in the Al-AlLQ, inter-
face? plays any detectable role in reducing the pre-
exponentlal term in Eq. (8), as probably does hap-
pen in the case of dark currents. PITC measure-
ments thus provide an excellent tool for the inves-
tigation of MIM structures.
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