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mechanism than the 6rst-stage coloration, ' it was
thought necessary to make a comparison of the two
crystals when irradiated without a 6lter. Accordingly,
the two specimens used in this investigation were given
a further irradiation without a 6lter for a period of
3 hours. At the end of this irradiation the large and
small crystals showed nonuniform coloration and optical
densities, logis(Iv/I), of 0.650 and 0.653, respectively.

e R. B. Gordon and A. S. Nowick, Phys. Rev. 101, 977 (1956);
A. S. Nowick, Phys. Rev. 111, 16 (1958), preceding paper.

These values are again in agreement to within the

experimental error.
In summary, the present investigation has been

unable to verify the result reported by Lin that the

F-center concentration in the alkali halides varies

directly with the percentage of cross-sectional area of

the crystal irradiated. On the contrary, it is shown that
the F-center concentration is independent of the frac-

tion of the crystal irradiated.
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Electroluminescence resulting from high-frequency excitation (&500 kc/sec), has been observed in
BaTi03, SrTi03, and associated materials. It is shown that the light emission is the result of a high rf 6eld
across a thin surface barrier. The eKciency of this emission is very low, and a tentative value of 10 % was
obtained. A model involving field emission from the metal electrode into the crystal surface layer is proposed
to explain the observed phenomena. The characteristics of this surface layer are relatively insensitive to
temperature, from at least —40'C to 300 C. The ratio of permittivity to thickness, &/I, was found to have
a value of &1.4X10~ cm ' for the BaTi03 surface layer.

INTRODUCTION

HERE have been many studies of electrolumi-
nescence (EL) reported in the literature. ' The

majority of these have been concerned with ZnS or
materials considered to have similar excitation and
emission mechanisms. However, "recombination" radi-
ation has been observed when semiconductors are biased
in the forward direction. '' More recently Newman4

reported visible light emitted from a reverse-biased
silicon p-I junction and proposed that it might result
from avalanche breakdown. This was confirmed and
extended by Chynoweth and McKay' who later found
a somewhat diGerent eGect which resulted from high-
field emission in silicon P-rt junctions. Recently the
author reported electroluminescence in BaTi03.'

The surface layer on BaTi03 has been studied by a
number of investigators. " Reported values of the

' For a summary of this work see, for instance, G. Destriau and
H. F. Ivey, Proc. Inst. Radio Engrs. 43, 1911 (1955).' K. Lehovec et a/. , Phys. Rev. 83, 603 (1951).

3 J. R. Haynes and H. B.Briggs, Phys. Rev. 86, 647 (1952).
4 R. Newman, Phys. Rev. 100, 700 (1955).
'A. G. Chynoweth and K. G. McKay, Phys. Rev. 102, 369

{1956}.
'A. G. Chynoweth and K. G. McKay, Phys. Rev. 106, 418

(1957).
7 G. G. Harman, Bull. Am. Phys. Soc. Ser. II, 1, 112 (1956).
e M. Anliker et a/. , Helv. Phys. Acta 27, 99 (1954).
' W. Kanzig, Phys. Rev. 98, 549 (1955).
M P. H. Fang, Bull. Am. Phys. Soc. Ser. II, I, 38 (1956).
"A. G. Chynoweth, Phys. Rev. 102, 705 (1956).
"W. J. Merz, J. Appl. Phys. 27, 938 (1956).

thickness and dielectric constant of the surface layer
have varied widely depending on the method of meas-
urement.

It is the purpose of this paper (1) to present experi-
mental data on electroluminescence from BaTi03 and
SrTiOs, (2) to establish the most probable mechanism
of this light emission, and (3) to use these data to
determine the ratio of the permittivity to thickness of
the surface layer. The experimental apparatus has been
described elsewhere. "Therefore, only recent modidca-
tions will be included in this paper.

EXPERIMENTAL RESULTS

(a) General Observations

EI. has been observed from barium titanate, stron-
tium titanate, and associated materials, when they were
excited with rf voltages. The optimum output was
achieved when the electrodes were applied in a concentric
configuration as previously described. " This arrange-
ment produced a high field around the small center
electrode. All of the light was observed to originate from
this region, apparently coming from the electrode-
crystal interface. Most of the light was emitted with
uniform intensity around the perimeter, or at times
over the entire area of the small electrode. However,
there were generally a few tiny spots that were more
intense than the surrounding emission.

"G.G. Harman, Rev. Sci. Instr. 28, 127 (1957).
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The light intensity is low and the brightest emission
thus far obtained is visible only in a darkened room.
The intensity associated with most of the following
measurements could be seen only after dark-accom-
modating the eyes and was studied with the aid of a
low-noise photomultiplier.

The EL is dependent on the electrode material and
to some extent on the method of application. Fired-on
silver (750'C) gives extremely poor results, probably
because it diGuses into the crystal surface layer. Air-

drying silver paint, however, is reasonably good. The
EL resulting from this electrode is somewhat erratic
due to the crudeness and irregularity of its contact with
the crystal surface. The optimum electrode consists of
indium-gallium" which is rubbed on the acid-cleaned
and alcohol-dried crystal surface. This electrode results
in stable light emission and has been used over the
range of —40'C to 300'C. Another satisfactory elec-
trode consists of evaporated silver, soldered with
indium. In general, evaporated metals are useful only
when they have been soldered with indium or similar
materials. The reason for this is not apparent, particu-
larly since the EL characteristics are primarily those
of the evaporated film. The electrodes that produce the
best EL results also appear to be reasonably ohmic
when used on conductive BaTi03.' The problem of
contacts could well become an investigation unto itself,
the EL being used as a convenient means of determining
the electrode characteristics.

The present EL measurements have been made with
high-frequency excitation (&500 kc/sec) and low aver-
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FIG. 1. Integrated light emission from BaTi03 at constant
voltage es temperature in the vicinity of the Curie point, frequency
= 10 Mc/sec. Heating due to dielectric loss causes some error near
the Curie point.

"S.S. Flashen and L. G. Van Uitert, J. Appl. Phys. 27, 190
(195').

's G. G. Harman, Phys Rev. 106, 135.8 (1957).

age field strengths ((1000v/cm). There is another EL
effect at low frequencies (&50 kc/sec) and high fields
()1000 v/cm). This effect, which almost disappears at
the Curie point, is most pronounced with symmetrical
electrodes and is a function of the switching-current
spikes. It will be reported later. "
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Fro. 2. The capacity and the El threshold voltage vs temperature,
for a BaTi03 crystal, frequency= 10 Mc/sec.

surface layer with a low permittivity which remains
approximately constant in this temperature range.
When the bulk dielectric constant increases, more of
the total rf voltage appears across the surface layer and
the EL increases according to Eq. (1). The equivalent
circuit for the system consists of three capacitors in
series as discussed by Chynoweth. "The rf impedances
are low, so that the dc shunt resistances of the barrier
zones and the body may be neglected. Calculations
based on this simple model are in good agreement with
the increase in the EL at the Curie point, shown in
Flg. 1.

Strontium titanate has no crystallographic transition
in the temperature region shown in Fig. 3 and thus
displayed a continual decrease of EL with increasing
temperature, corresponding to the decrease in bulk
permittivity. At 300'C the dc resistance of the sample

"G.G. Harman and R. L. Raybold (to be published).
"The voltage threshold of electroluminescence is here defined

as the applied crystal voltage, at a given frequency, that results
in the minimum reproducible current output from a selected 1P21
photomultiplier. This current is in the order of 10 ' to 10 ' amp
and is held constant during a given experiment.

(b) Temperature Characteristics

Figure 1 shows the change in capacitance and in light
emission intensity (as recorded by a photomultiplier)
vs temperature at constant rf voltage, for a single-
crystal of BaTi03. Figure 2 gives the voltage required
to produce the threshold of EL"at the O'C and 120'C
transitions. The EL persists far above the Curie point,
to at least 300'C, and thus is not a direct manifestation
of ferroelectricity in the bulk crystal.

The dramatic rise in EL at the Curie point can be
explained by assuming that the light is emitted from a
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had decreased to a few hundred thousand ohms. EL was
observed upon application of a reverse dc bias."The
light was emitted primarily from tiny spots distributed
uniformly over the area of the small electrode. At this
temperature there was a front to back resistance ratio
of about 15 to 1 and the EL threshold was 20 volts.
A long time-constant was associated with this recti6-
cation and the barrier required 20 or 30 seconds to
build up. There was no EL at the moment of application
of the reverse bias. Subsequently the EL increased and
reached a peak slightly before the current stabilized at
its minimum value. Only a negligible amount of EL was
observed when voltage was applied in the forward
direction. These observations are indicative of the
avalanche breakdown mechanism as described by
Chynoweth and McKay. ' Similar dc tests were per-
formed on BaTi03 with similar results. Unfortunately
the high-temperature dc-induced EL was never intense
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FIG. 4. Integrated light emission at constant voltage vs frequency,
for a BaTi03 single crystal at room temperature.
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the same reason that it does at the Curie point. Stron-
tium titanate does not show any EL peaks as the
frequency is increased, but instead shows a continuous
rise. This is primarily due to the increase in the value
of b in Eq. (1) below.

The voltage dependence of EL intensity was meas-
ured at various frequencies. Neither the usual expo-
nential-type EL equations' nor the similar Fowler-
Nordheim equation "rectified" these data. Except for
the very-low-intensity region, the best approximation is
obtained with the following relation:
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FIG. 3. Integrated light emission at constant voltage vs tempera-
ture, for a single crystal of SrTiO&, frecluency =30 Mc/sec.

enough for a spectral emission test, so this characteristic
could not be compared with the rf induced emission.
No dc-induced EL has been observed at room tem-
perature, even with very high voltages.

(c) Frequency and Voltage Characteristics

Measurements of the permittivity as a function of
frequency, on single crystals of BaTi03, show peaks
when various piezoelectric modes are excited. Light
emission from these crystals, as a function of frequency,
also displays such resonances (Fig. 4). Measurements of

Q indicate increased capacitance and loss at the major
peaks. Thus the EL increases at these resonances for

As described in reference 13, the electrodes are placed con-
centrically on the sample so that the large outside contact has
an area about 10 times that of the small center contact. If the
electrodes are rectifying with respect to the semiconductor or
insulator to which they are applied, it is well known that an asym-
metrical geometry will result in a forward and a reverse direction
to dc, whose polarity is determined by the sign of the carriers in
the same manner as for a point-contact diode.

where I is the EL intensity, u and b are constants, and V
is the peak applied voltage. Values of b range from
about four to six. There appear to be many complicating
factors in the voltage characteristics. For example both
a and b are dependent on the electrode material. Data,
shown on a log-log plot, are given for BaTi03 and SrTi03
in Fig. 5. Curves 2 and 8 demonstrate the eGect of
changing the bulk dielectric constant. The measured
threshold voltage is definitely lowered as more of the
total voltage is applied across the surface barrier. Some
heating eGects are apparent at higher voltages in
Curve A, but the exponent is the same as that for
Curve B. Curves C and D show that the exponent, b,
changes with frequency. In general, all measurements
were made at very low intensity in order to best
isolate a particular variable. For instance, the EL
threshold voltage changes very slowly with frequency
but the frequency dependence is greatly magni6ed when
the measurement is made at high intensities.

(d) X-Ray and Other Irradiation Tests

Most electroluminescent materials can be excited
with energetic electrons, x-rays, and appropriate ultra-



violet radiation. In order to determine the present
mechanism of EL, the latter two tests were performed.

High-intensity x-rays (500 r at 50 kv max) were used
on several specimens each of SrTi03, BaTi03, Ti02, and
KNb03. No luminescence was observed above the back-
ground created by x-rays scattered into the photo-
multiplier (in contrast, the luminescent intensity from
a ZnS crystal was several orders of magnitude above
this background). Barium titanate and SrTiOs were
intensely irradiated with various wavelengths of ultra-
violet and visible light, but no luminescence was ob-
served. This irradiation did not result in any inter-
action with the EL. The above experiments eliminate
the probability of an impact-type mechanism, such as
that of ZnS.

)'o

L
ED

—lo

E
O
O

CO
C3

0
n'y

4J

I
I

Ia
/a

I

I
I

I
I

I
I

I
I

I

I
I D

I
I

I
/ a

t
I
I

/
BaTiO Single Crystal
SrTiO& Single Crystal

Ia

IO
5 20

VOLTS(RMS)

I

40
l

80

Fzo. 5. Integrated light output es voltage for a SaTi03 and a
SrTi03 single crystal, In-Ga electrodes. Curve A, SaTi03 at the
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(e) Emission Spectra and Efficiency

The EL emission spectra have been recorded for
most materials studied. Measurements were made with
a modified Bausch and Lomb 250-mm, f/4. 4, grating
monochromator. A specially selected low-noise 1P21
photomultiplier was employed so that in general no
cooling was necessary to detect the weak light emission.
It became evident that significantly different spectral
emissions resulted from different electrode materials.
This spectral dependence was strikingly demonstrated
by one experiment in which the light was observed with
the dark-accommodated eye. The small electrode on a
SrTi03 single crystal was made of evaporated silver
soldered with indium. The light that was emitted around

the perimeter of this electrode was yellow, except in one
spot where it appeared greenish. Later, a microscopic
examination of the electrode revealed that indium had
Rowed over the edge of the silver in this spot.

A comparison of the spectral emission from a pure
BaTi03 ceramic sample, " taken with two diferent
electrodes, is given in Fig. 6. The emission was measured
from a special mount that collected the light which
"leaked out" around the edges of the small electrode.
The optical absorption edge of the crystal is about
4000 A (3.1 ev). At longer wavelengths internal reflec-
tions contributed somewhat to the total light collected,
but on the short-wavelength side the only contribution
was from the light that directly "leaked out. " Photon
emission, with the In-Ga electrode, was observed con-
tinuously to 3000 A (4.1 ev) which was the limit of the
photomultiplier. This is considerably beyond the optical
absorption edge of the crystal) Curve 2 of Fig. 6 is a
typical emission spectrum for SrTiO with In-Ga elec-
trodes. The spectral emission from KNb03 and Ti02
resembles that of BaTi03. The spectra are identical for
ceramics and single crystals.

The differences in spectral emission with different
electrodes can hardly be ascribed to "doping" of the
surface layer since silver, as air drying paint, can be
removed with solvent and replaced with In-Ga. The
spectrum then changes as shown in Fig. 6, Curves 8
and C. No heat was applied during the process and
there were no residual e6ects of the removed electrode,
as Diemer found for ZnS."

The measured voltage threshold of KL was generally
related to the work function of the electrode. This
voltage was twice as high for platinum as for indium.
The threshold voltages for intermediate work function
materials, such as silver, nickel, etc., were within those
voltage limits but were not as nicely distributed. The
important thing is that diBerent metals gave repro-
ducibly different thresholds.

The efficiency of the EL was measured in the mega-
cycle frequency region. Power input was calculated,
using the voltage measured at the crystal holder and
the Q of the crystal. The light emission power was
measured with the calibrated monochromator-photo-
multiplier combination. Unfortunately this combination
could not be used for measurements of wavelengths

longer than about 6500A, so the total e%ciency is

probably higher than reported below, depending on the
amount of red and infrared actually emitted. A value
of eKciency for BaTiOs of 10 ' to 10 '% was obtained.
This value is somewhat increased above the Curie
temperature of BaTi03 and also for SrTi03 at room
temperature, because of the reduced dielectric loss.
These values are similar to those obtained for avalanche
breakdown in silicon. '

' W. S. Clabaugh et a/. , J. Research Natl. Bur. Standards 56,
289 (1956).

G. Diemer, Philips Research Repts. 10, 194 (1955).
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FIG. 6. Spectral
emission character-
istics. (A) SrTi03
single crystal, In-Ga
electrodes; (8)
BaTi03 ceramic,
In-Ga electrodes;
(C) same ceramic
sample as in (8),
silver electrodes. The
dotted lines indicate
uncertainty due to
the large correction
factor for the photo-
multiplier, m o n o-
chromator combina-
tion. The curves are
normalized at 2.0/
ev.
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(f) Influence of the Ambient Atmosphere
on the EL

The KL from BaTi03 was found to be similar in a
vacuum to that found in dry air at atmospheric pressure.
This ruled out the possibility of a gas discharge pro-
ducing some or all of the light.

In order to establish definitely that the light emission
was a surface-state phenomenon, as indicated by the
previously mentioned observations, the EL was studied
un er various ambient atmospheres. A nickel pressure-
contact was employed in order to allow gas diffusion
under t e electrode. The techniques were sim 1 tml ar 0

ose used by Anderson. "Both dry oxygen and helium
were similar to dry air and produced no chan e in KL.
The KL the threshold voltage for SrTi03 was raised from

c ange ln

25 v rms at 30 Mc/sec in dry oxygen to 50 v rms in
water vapor saturated oxygen. This effect was com-
pletely reversible. Dry ammonia was tested and resulted
in an even greater threshold increase. However, this
was not reversible. These results indicate that the KL is
primarily a surface phenomenon since the gases could
not diGuse into the body of the crystal at room tem-
perature during a one-hour exposure. In addition,
volume KL in an insulator should be dependent on the
field strength and not on a slight change in the electrode
or crystal surface. For instance, ZnS type materials
emit light in strong ac fields without contacting th
e ectrode at all, and this has never been observed in
the titanates.
"J. R. Anderson et a/. , J. Appl. Phys. 26, 1387 (1955).

TABLE I. Various materials tested for high-frequency induced
electroluminescence (relative to SrTi03).

Material

BaTiOs

KNb03

Single crystal
(s.c.) or
ceramic

s.c. and cer.

s.c.

Voltage necessary
to produce EL
threshold at 30

Mc/sec, relative
to SrTi03

Lower

Somewhat higher

Comments

Weak room temp.
dc EL noted (simi-
lar to 300'C EL in
SrTiOg)

CaTi03

PBZr03

Ti02

cer.

cer.

About the same

About the same

s.c. and cer. Much higher

ZnS

Rochelle salts

KDP
ADP
GASH
KCl: Tl

si

s.c.

s.c '
s.c.
s.c.
s.c.
s c

s,c.

Higher at this
frequency

~

~

~
No EL observed
at highest voltage
available ( 100 v
rms at 30 Mc/sec)

Dc avalanche break-
down was measured
with an unformed
metal point-contact
(20 v)

(g) EL of Some Associated Comyounds

Many compounds, in addition to those described
above, were tested for high-frequency induced KL.
A list of these is shown in Table I, where the KL
threshold voltages are qualitatively presented relative
to the threshold voltage of SrTi03. The voltage required
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to produce the threshold of EL in SrTi03 is about
20 v—30 v at 30 Mc/sec and varies somewhat with
contact configuration and the type of electrode em-

ployed. It can be assumed that other high permittivity
compounds, particularly in the ABO3 class, will electro-
luminesce similarly under high-frequency rf excitation.

Impurities that did not significantly influence the
conductivity of BaTi03, such as small percentages of
iron or silver, did not affect the KL emission spectrum
or intensity. No differences have been observed for
crystals made in diferent laboratories. However, tri-
valent and other elements that decreased the resistivity
to a few hundred ohm-cm" changed the nature of the
KL, apparently resulting in weak "recombination radi-
ation, " generally in the red or yellow spectral region.
No fine structure was observed, as has been reported
for cathodoluminescent emission in samarium-doped
BaTi03."

DISCUSSION

(a) Proposed Mechanism of Light Emission

The failure of high-intensity x-rays and ultraviolet
light to excite luminescence, and of the latter to in-
fluence the EL intensity in these materials, rules out
the possibility of an activator system of the ZnS type.
There is no typical recombination radiation'" emission
pattern around the optical absorption edge; in fact the
emission generally shows a decrease in that region.

The EL processes that can best account for the
continuous radiation observed at energies considerably
above the optical absorption edge are the avalanche
breakdown' or the field emission' mechanisms; visual
observations indicate a mixture of these. Both of these
require a thin barrier region in which a high electric
field must exist. In the case of an insulator excited by rf,
the barrier must be dielectric in nature (i.e., permittivity
of the barrier((permittivity of the bulk). Evidence for
this was shown by the measurements at the Curie
point.

The dependence of the KL threshold voltage on the
type of metallic electrode can be explained by assuming
Geld emission from the electrode into the crystal surface
layer. The origin of the KL in the surface layer was
further demonstrated by the significant influence of the
ambient atmosphere on the KL threshold voltage.

The following model is proposed to account for the
observed phenomena. Barium titanate contains a small
number of oxygen vacancies. These centers should
serve as electron traps and would be ionized by the
high rf fields that exist in the electrode-crystal interface
region. The resulting free electrons would then be
accelerated suKciently to produce energetic electron-
hole pairs by collision. The remaining ionized centers
would be isolated point charges. When located within

a few atomic diameters of the surface, these charges

~ P. W. Haaijman et al. , German patent No. 929 350."Keichi Oshima et al. , J. Chem. Phys. 24, 903 (1956).

would produce field emission from the electrode, as
proposed by Geller. '4 These additional electrons would
continue the "pair" production process. Intraband and
interband radiative transitions would produce the ob-
served light in the manner described by Chynoweth
and McKay." Some of the initial electrons, then,
would be supplied by the electrode (on the negative
cycle) and other electrons would come from the material
itself, depending upon the concentration of oxygen
vacancies in the surface layer. The lifetime of the free
electrons is perturbed by the rapid polarity change of
the rf field. It is possible, considering the extremely low
efficiency of EL, that some of the light results from
electrons that receive additional energy from the Geld

on successive cycles, or are at least left in the conduction
band and can be accelerated over the next entire half
cycle. This efrect should become more apparent as the
frequency is increased and explains why the threshold
voltage decreases somewhat with increasing frequency.
Another factor would be introduced by the magnitude
and direction of the space-charge potential in the surface
layer. Since BaTi03 is an insulator, the field-emitted
electrons would have to return to the electrode in order
to maintain electrical neutrality of the material. On the
average, this should occur during the second half of the
ac cycle in which they were emitted.

The point charges near the crystal surface and the
surface properties of the electrode would be influenced

by the ambient atmosphere, this would account for
the effect of the atmosphere on the EL, as observed.
Electrodes with lower effective work functions should
result in lower observable EL voltage thresholds. It is
not obvious why the spectral emission should depend
on the electrodes. However, the contact potential would

change with the electrodes and this could inhuence the
band structure within the thin surface layer.

(b) Surface Layer Characteristics

Isolated (nonoverlapping) point charges, as required
for the above model, are not probable in a medium of
high permittivity such as e 200, suggested by Kanzig'
for the BaTi03 surface layer. Merz, "however, assumed
a dielectric constant of 5 for the surface layer and
this value would meet the requirements of the proposed
model.

In order to determine the characteristics of the
barrier layer, a BaTi03 single crystal (0.04 cm thick)
was cut into a cylindrical geometry with an S. S. White
Industrial Airbrasive Unit. The outside diameter was
0.5 cm and the diameter of the hole through the center
was 0.075 cm. Both the inside and outside surfaces were
coated with In-Ga as the electrodes. The measured
capacity was 20 ppf, thus the bulk permittivity e2 2000.
The observed threshold voltage was 18 v peak at 30
Mc/sec. The following assumptions were made in order
to analyz'e this data: (1) C2 is the body (or bulk)

'4 M. Geller, Phys. Rev. 101, 1685 (1956).
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capacity and it is computed as that of a cylindrical
capacitor (fringing may be neglected due to the ex-
tremely high permittivity of BaTiOs). The capacity of
the inner barrier Cj and that of the outer, C3, are com-
puted as Rat plate capacitors with C3——EC», from the
geometry. (2) Assuming that the threshold for electron-
hole "pair production, "E„, is slightly under twice the
energy gap" or 5 ev, it is evident that this is about the
minimum amount of the total voltage that can be
applied across the barrier in order to produce enough
light for a practical measurement. The following
definitions will be used: e~=permittivity of the barrier;
R= ratio Cs/Cr, 1.= thickness of the barrier; a= diam-
eter of small electrode; E~——measured threshold voltage.

For the impedances we have, according to these
assumptions:

Xcs——(1/R) Xcr,

E
Xcr& (Xcs+Xcs).

ET—Ey

Substituting and solving for er/L, we obtain

(2)

(3)

(Er E„)R E—r ( 2es—l (E& Er) 2es—
L, E~R (a 1nR) E„

(4)
a 1nR

and er/I. &7.4X10' cm ' for BaTiOs. Since a per-
mittivity of 5 is about the lowest reasonable value
(equal to the optical dielectric constant), the barrier
thickness is 10 ' cm or larger.

This thickness would be decreased if E~ were sig-
nificantly lower (not very probable) or if the space
charge potential of the surface layer is about 1 or 2 v.
Then E„in the equations would be replaced by E~ minus
the space charge, assuming that they are additive on
one-half of the cycle. Considering the large change in
characteristics from the bulk to the surface layer, a
space charge potential of 2 v is reasonable. Computed
on this basis er/1. & 1.4X 10' cm '; with the permittivity
of the barrier layer taken to be 5. A barrier thickness of
3.5X10 ' cm is obtained which is in agreement with
Chynoweth. " Using the value e& =5 rather than, for

P. A. Wolff, Phys. Rev. 95, 1415 (1954). This threshold, E„,
is dificult to ascertain in any material, and no known measure-
ments of this type have been made on the surface layer of BaTi03.
However, the simplest momentum considerations would indicate
a value of at least 1.5 times the gap width and the present material
is surely more complex than that. In the absence of any informa-
tion on the band structure of the surface layer we assume the
value E„=5 ev, which is consistent with work done on other
materials.

instance, e&=200 is justi6ed since the latter results in
1.&1.4X10 ' cm. However, work on crystals of about
this thickness (see Merz" or Chynoweth, "for example)
does not indicate surface layer domination of the
characteristics.

The treatment has also been applied to SrTi03.
Using the above conditions, with ~2=300, Ep=30 v
peak, a=0.095 cm, R=6.1; er/1. &3.3X10' cm ' for a
single-crystal cylindrical specimen. This implies that
the surface layer is about 4 times as wide as that region
for BaTi03.

Measurements made on several BaTi03 and SrTi03
crystals have resulted in a factor of 2 spread in the
er/1. ratio of each material. It is not known whether
this spread is due to an actual difference in surface
properties or inaccuracies in the measurements. The
latter is most probable since the measured threshold
voltage is slightly dependent on the crystal thickness,
which does not appear in Eq. (4). The low value for the
dielectric constant of the surface layer appears reason-
able when one considers that to obtain a significant
fraction of the applied voltage across a very thin di-
electric barrier, its permittivity must be considerably
less than that of the bulk material.

As indicated in Table I, no EL has been observed
from the 0—H bond type ferroelectrics at room tem-
perature. This could be for one or more of the following
reasons: (1) they possess no significant surface layer;
(2) any surface layer that they do possess has a dielectric
constant very near that of the base material; (3) light
could be emitted in spectral regions not detectable with
available equipment; (4) the band structure of these
materials is such as to reduce the already low proba-
bility for a radiative transition. There is some experi-
mental evidence on KH~PO4 to support the first."
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