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Steady-state and non-steady-state current flow in thin-film Al-CeF3-Al samples~
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An experimental study of steady-state and non-steady-state current-voltage characteristics of thin-film Al-
CeF3-Al samples is presented. At high temperatures where steady-state conditions prevail, the I- V
characteristics are observed to be independent of the insulator thickness, and to obey the relationship
log»I ~ V'". At low temperatures, where non-steady-state conditions prevail, the I- V characteristics are no
longer uniquely determined, but rather depend on the voltage V„applied during cooling. Furthermore,
negative currents are observed to flow in the system when V & Vd, and positive currents for V & V„; no
current flows in the system when V = V„. In a11 cases it is found that the conduction process is bulk limited,
and the I- V characteristic is characterized by log»I ~ V'". The results are interpreted in terms of Schottky
barriers existing at the metal-insulator interfaces. Excellent correlation is obtained between the steady-state
and the non-steady-state theory and experiment. The trap parameters used in generating the theoretical
characteristics are consistent with those obtained from previous thermal and isothermal dielectric relaxation
current studies. In view of these studies it is concluded that steady-state uniform-field concepts cannot be
generally applied to the analysis of the experimental data on metal-insulator-metal systems, and that any
previous analysis of data that has involved such concepts should be viewed with caution.

I. INTRODUCTION

It is often observed in thin-film metal-insulator-
metal (MIM) systems that the current is an ex-
ponential function of the applied voltage, and it ap-
pears to have been almost an article of faith to as-
sume that the system is in the steady state and to
use uniform-field concepts when analyzing the data.
By uniform-field concepts we mean that the field
is assumed to be uniform throughout the insulator
before and after the voltage is applied to the sys-
tem, as shown in Fig. 1. Hence, the field through-
out the insulator is usually assumed to be zero
under zero-bias condition, and to be equal to V/I.
when a voltage V is applied to the system, where
I. is the insulator thickness. Basically, what this
means is that any possible interactions between the
metal electrodes and the defect insulator are ig-
nored, yet insulators containing high trap densities
or high ion concentrations can give rise to pro-
nounced Schottky barriers at the metal-insulator
interface. The data of Stuart and Hartman et
al. , ' obtained from SiQ films with Al and Au elec-
trodes, have been interpreted in terms of Schottky-
barrier effects. The existence of Schottky barriers
at the interfaces of MIM systems has been con-
firmed experimentally by ac, stimulated dielec-
tric relaxation currents ' (SDRC), and isothermal
dielectric relaxation current measurements '
(IDRC).

We show that uniform-field concepts are not ap-
plicable to MIM systems containing Schottky bar-
riers. Consequently, neither the conventional

I~ exp[(2P/kT) (V/L) ], (2)

apply to such systems. In Eqs. (1) and (2), k is
Boltzmann's constant,

P = (c'/4«)'",
where q is the unit electronic charge, and & is the
permittivity of the insulator. Furthermore, re-
cent SDRC and IDRC theoretical' ~ and experi-
mental studies ' have clearly shown that non-
steady-state processes often dominate steady-state
processes, particularly at low temperatures. We
will show here that these phenomena have a strik-
ing effect on the I-V characteristics.

II. PHYSICAL PRINCIPLES

When a voltage V~ is applied to an MIM system
containing Schottky barriers, immediately there-
after the applied voltage is uniformly distributed
throughout the insulator ]Fig. 2[a(ii)]]; and the
system is in the nonsteady state. In this case, the
field E,. in the interior is given by E,. = V~/I. . Vl-
timately, the system will decay to the steady state
illustrated by the energy diagram in Fig. 2[a(iii)].
In the steady state, most of the applied voltage is
dropped across the reverse-biased (cathodic)
Schottky barrier, and the remainder across the

Schottky characteristics for electrode-limited
current flow

r~ exp[(P/nr) (V/I. )'~'] (1)

or the Poole-Frenkel characteristics for bulk-
limited current flow
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FIG. l. Energy diagram
for an idealized MIM sys-
tem illustrating the uni-
form-field concept: (a)
represents zero-bias con-
dition and (b) represents
voltage bias condition.
Note that the field in the
insulator is V/I

interior (neutral region) of the insulator and the
forward-biased (anodic) Schottky barrier. Further-
more, the cathodic depletion region increases in
size (from A to A, ) as a result of the system relax-
ing to the steady state.

The time t„required for the system to relax
from the nonsteady state to the steady state depends
upon the emission probability e„of electrons from
the trap l.evels to the conduction band of the insu-
lator, which probability is a strong function of tem-
perature. For a discrete trap level

t„=e„'=v 'exp[(E, E, + &—E,)/ur], (4)

where p is the attempt-to-escape frequency, E, is
the zero-fiefd trap depth, and b E, is the Poole-
Frenkel reduction of the trap depth

d Eq ——2PE,~s, (6)
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ardson-Schottky) current can be expressed in the
form

Z» =W+Z'e~[- (yp —~y)/ar], (6)

where A~ is Richardson's constant (120 A/cms),
Pp is the ideal cathodic interfacial barrier height

(see Fig. 2), and &P is the Schottky (image-effect)
lowering of the barrier. In the case of an MIM sys-

(6)

where

Io ——qX, A p, E&,

where I',. is the field in the interior of the insulator.
If the sample is first cooled to a low temperature,

or the trap depth is deep enough that e„«&, i.e. ,
t„»1, and then the voltage is applied, the device
will be in the non-steady-state condition depicted
by Figs. 2[a-c(ii)]. In this case, the non-steady-
state current is bulk limited and given by~3

inac =fp exp[ (Et 2&+l )/&~] ~

Lq Vd

qV

(t)) Vd ) V

qV

qV

qV

qV

q is the uriit of electronic charge, N, is the effec-
tive density of state in the conduction band, A is
the sample area, and p. is the electron mobility.
Thus, since in this case, E, = V/I, , Eq. (6) has the
same form as Eq. (2) and thus may be misinter-
preted as being due to steady- state conduction in
an MIM system with rieutxal contacts (Fig. 1)„

At sufficiently high temperatures, such that
e„»1, and t„«1, the system relaxes quickly to
the steady state, and the current is dominated by
electron Qow across the cathodic interface. %hen
this situation prevails the conduction process is
electrode limited (i.e. , thickness independent). In
general, the steady-state-electrode-limited (Rich-

(~) V& V
d

FIG. 2. Energy diagram for an MIM system contain-
ing interfacial Schottky barriers under various voltage
bias: [a(i) ], [b(i)], and [c(i)] are steady-state diagrams
for initial voltage bias of zero, V& and V&, respectively.
[a(ii)), [b(ii)], and [c(ii) ] are non-steady-state diagrams
immediately after voltage bias is changed from initial
conditions (i) to a value V volts. [a(iii)], [b(iii)], and
[c(iii) j represent steady-state conditions corresponding
to the V volts. Note that the field E& in the interior of
the insulator under non-steady-state conditions (ii) is

I V- V& l /I-, as will be apparent from simple geometric
considerations.
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IV. ac MEASUREMENTS
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FIG. 3. Capacitance vs inverse thickness at two dif-
ferent temperatures. Inset illustrates the equivalent
circuit for the sample.

tern containing Schottky barriers and a discrete
trap level, b, Q is given by~

p~ 1/2

Il, = [(2qN, /e) (&/+ V)]'".
Hence

&P = [(V+ &P)q'N, /8m'e']"',

(8)

(10)

where N, is the trap density and &g is the differ-
ence in the energies (eV) of the work functions of
the electrode and insulator.

The current was measured using a Keithley
(610C) electrometer and the temperature of the
sample was measured with a copper-Constantan
thermocouple located next to the sample under
study. The measurements were carried out with
the sample enclosed in Dewar evacuated to 10 3

III. EXPERIMENTAL TECHNIQUE

A. Sample fabrication

The samples were fabricated on a glass substrate
by the vacuum deposition of sueeessive layers of
aluminum, cerous fluoride (CeF~), and aluminum.
The deposition was made at a pressure of less than
10 ~ Torr. The first electrode was deposited in
the form of a strip 4. 5 cm long and 8 in. wide.
The cerous fluoride was then deposited at a rate of
about 8 Asec . Finally, the counter electrodes
were deposited perpendicular to the lower elec-
trode in the form of strips 8 in. wide and 1.5 cm
long so as to produce ten Al-CeF, -Al capacitors
on the substrate. The devices were completed
without breaking the vacuum at any time. The
thickness of the electrodes was about 1000 A, and
the thickness of the CeF, ranged locally in steps
from 600 to 2000 A on the substrate. The active
area of the samples was 0. 1 em~.

B. Electrical measurements

Figure 3 illustrates the capacitance as a function
of inverse thickness. Curve a was obtained at
400 K and it is seen thai the capacitance is essen-
tially independent of thickness. Curve b wa, s ob-
tained at 100 'K, and in this case the capacitance
is seen to be inversely proportional to thickness.

These results offer striking evidence for the ex-
istence of Schottky barriers at the metal-insulator
interfaces. ' 4 Briefly, the results can be ex-
plained in terms of the proposed equivalent circuit
shown ln the inset of Flg. 3. The t%'o capacitors
C~ represent the capacitance of the Schottky bar-
riers being assumed to be perfectly blocking. C,
and Rb represent the capacitance and resistance of
the neutral bulk (interior) of the insulator, respec-
tively; Rb ma,y be expressed in the form Rb
=Ra e~&~~r, where P, is the activation energy of the
insulator interior. At low temperature Rb is very
l.arge. Hence, the capacitance of the system is
simply the series capacitance of the two Sehottky-
barrier capacitances and the bulk capacitance or
simply the geometric capacitance which, of course,
is inversely proportional to sample thickness, as
observed. At high temperatures Rb is low a,nd es-
sentially shunts C,. Thus, the capacitance is now

simply the series capacitance of the two Schottky
barriers. Since the widths of the Schottky barriers
are constant in samples prepared under identical
conditions, then ihe capacitance is independent of
the sample thickness.

From the low-temperature characteristic we ob-
tain the dielectric constant to be 9.5, and using
this value in conjunction with the high-temperature
data we obtain the thickness of the Schottky barriers
to be approximately 60 A.

V. ISOTHERMAL I- V CHARACTERISTICS

A. Steady-state results

In order to obtain the steady-state I-V charac-
teristics, the voltage was applied to the sample at
high temperature (2=320'K and e„»1), so that it
quickly relaxed to the steady state (Fig. 2[a (iii)]j.

Figure 4 illustrates the steady-state I-V curve
plotted as log, oI vs V and log, oIvs (0.8+ V)' '.
These characteristics were found to be essentially
independent of the insulator thickness. These data
conform to the relationship 5

logioI~ (0, 8+ V)

A similar relationship has been observed recently
by Caserta and Serva. ' Relation equation (12) is
consistent with Eq. (8); that is the current can be
expressed in the form
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J» =Dexp(1/kT)([(0. 8+ V)Cj' ' —1.5) A/cm,
(13)

where D=7&&106A/cm and C=2. 1&&10 eV .
From an inspection of Eqs. (8), (11), and (13),

we deduce directly that 4g =0.8 eV and $0 =1.5 eV.
From the value of C in Eq. (13) we compute N,
=5&&10~9 cm 3, which is in reasonable agreement
with previous DRC data. ' Since T =329 'K, we
have A* = D/T 2 = 88 A/c m2 K~ and in excellent
agreement with practical values. ~'~ Also, the
actual barrier height $0 —AP for V= 1.5 V is com-
puted to be 1.0 eV, which is in excellent agreement
with previous SDRC measurements. In view of the
above results, we conclude that Schottky barriers
exist in the electrode-insulator interface.
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B. Non-steady-state results

Non-steady-state measurements were made by
first applying a voltage V„at high temperature, so
that the sample relaxed quickly to the steady state.
The sample was then cooled to a predetermined
constant low temperature To with V„still applied,
and at that temperature the I- V characteristics
w'ere generated. The results of this procedure are
shown in Figs. 5 and 6, which illustrate the non-
steady-state I- V characteristics for several values
of V~ at TO=240 'K (Fig. 5) and TO=225 K (Fig. 8).

—10 q, 15 )

6, 17)

FIG. 5. Family of non-steady-state I-V character-
istics for T =240 K with V& as a parameter. Theoretical
curves for Kqs. (16} and (17) are for V@=4.5 V.

The interesting features of the characteristics
shown in Figs. 5 and 8 are (a) the I Vcharacte-r-
istics are not uniquely defined, but depend upon V„
the initial voltage; (b) for V& V~ a negative current
flows in the sample, i.e. , the direction of the cur-
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FIG. 4. Steady-state log[p I vs V and log)p I-vs-(0. 8
+V)~ characteristics for T =320 K. Insulator thickness
is 1800 A.

FIG. 6. Family of non-steady-state I-V characteristics
for T =225'K with Vz as a parameter. Theoretical curves
for Eqs. (16) and (17) are for V~=4. 5 V.
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fsnRc = - fo exp[- (E~- 2&&~")/&11

and

EsD„c=loexp[- (E, —2PE', ~3)/kT], V~& V,

(14)

where E;= I V, —V l/L.
Equations (14) and (15) are shown plotted as

dashed curves in Figs. 5 and 6 using E, =0.68 eV
as computed from previous SDHC measurements.
For V~4. 5 V, the correlation is very good and
clearly shows the non-steady- state-bulk-limited
nature of the I-V characteristics, which is to be

rent flow is in the opposite direction to the conven-
tional current flow; (c) the current is rem for
V= V„when V~ &4 V, and the I-V curves for vari-
ous V~ are essentially parallel; and (d) for V~&5 V
the I-V characteristics are essentially identical,
i.e. , independent of V~.

These results can be readily explained on the
basis that Sehottky barriers and non-steady-state
conditions exist in the sample as follows: on the
application of the voltage at high temperature, the
system relaxes to the steady state as shown by
group (i) energy diagrams in Figs. 2(a)-2(c). Now,
provided the voltage is held constant during cooling,
the system will be in the steady state at low tem-
peratures. If, however, the voltage is deviated
from V„[see group (ii) of Figs. 2(a)-(c)] after the
sample is cooled, a non-steady-state current flow
will be induced in the system. Provided that the
temperature is sufficiently low so that e„«1
(t„»1), then the non-steady-state current will be
essentially constant in time. ~~ Thus, an I-V char-
acteri stic measured at low temperatures, although
apparently steady state is, in fact, nonsteady state
in nature.

For V& V„ the energy diagra, m for the non-steady-
state condition will be as shown in Fig. 2[b(ii)]. In
this case, it will be noted that the field in the in-
terior of the insulator, which is equal to (V- V~)/I, ,
is such as to drive electrons in the interior from
the anode towards the cathode. In other words, re-
ducing the voltage below V„causes negative cur-
rents to flow, as is observed. For V& V„, the
field in the interior is now such as to drive the
electrons in the interior from the cathode to the
anode; that is, a conventional non-steady-state cur-
rent flows in the system in this case. Because
the non-steady-state currents are considerably
greater than the steady-state currents, it requires
that the voltage only be decreased slightly below

V~, to induce a negative non-steady-state current
capable of neutralizing the conventional current
flowing over the cathodic barrier. What this means
is that for V just slightly less than V„(V= V~), the
current in the system is zero, as is observed. The
above statements are summarized by the following
equations [cf. Eq. (6)]:

V& V~, V„& V~,

I„„,= I, exp(- [Z, —2P(F', )'"]/ur],
V& V~, Vq& V~,

(16)

where E', =
I Vr- V l/L. Equations (16) and (17),

which are independent of V„, are shown plotted in
Figs. 5 and 6.

From the above arguments, it will be evident
that manifestation of the onset of the electrode-
limited-to-bulk-limited transition is when the con-
dition for zero current in the sample begins to
deviate from V= V„. Hence, from Figs. 5 and 6,
the onset of this transition occurs approximately
at about 4. 5 V, which value is in good agreement
with that obtained from SDRC studies.

VI. CONCLUSIONS

This study illustrates the profound effects of
Schottky barriers on the electrical properties of
Al-CeF3-Al samples. It has been shown that at
high temperatures a steady-state electrode-limited
conduction process prevails from which the ideal
cathodic interfacial ba,rrier height has been deter-
mined to be approximately 1.5 eV, and the trap
density to be 5&&10'9 cm ', which values are in good
agreement with previous SDRC, 9 INC, and ae'9
studies.

At low temperatures, a non-steady-state bulk-
limited conduction process prevails and, conse-
quently, the I-V characteristic is not uniquely de-
termined but is a function of voltage applied to the
sample during cooling. Furthermore, for voltages
V~~ 4. 5 V there is an electrode-limited transition
in the conduction process.

contrasted with the electrode-limited nature of the
steady-state characteristics.

The reason that the characteristics become in-
dependent of V„»4 V is explained as follows: the
discussion given above assumes that the cathodic
contact is blocking at all values of V„. However,
it has been shown in previous studies on similar
samples that above a certain threshold voltage V~,
the conduction process undergoes an electrode-
limited to bulk-limited transition. What this means
as far as we are concerned here, is that for volt-
ages above V~, only a small fraction of the applied
voltage in excess of V~ appears across the cathodic
barrier, the majority being absorbed by the interi-
or of the insulator. Clearly then, since the maxi-
mum voltage that can be maintained across the
cathodic barrier is approximately V~, it follows
from the previous reasoning tha, t for V„&V~ the
current will cease to flow in the device when V= V~.
The above statement is summarized in the follow-
ing equations:

f„,=-f,e~- [E, —2P(Z,')'"]/nr],
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The correlation between steady-state and non-
steady-state theory and experiment is excellent.
Consequently, it is concluded that steady-state-
uniform-field concepts are not applicable to the
case in hand. We would also add that in view of the

evidence presented here any previous analysis of
the experimental data obtained from MIM systems
that have been carried out assuming steady-state
uniform-field concepts should be viewed with cau-
tion.
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