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and y=m—x may be reduced, except for a scaling
factor, to an equation (with A4 as origin):

W=3(1+Wo)+3(1—W) cosr,

Wy being the value of W on the diagonal y=x. This
serves a good approximation for the other direction.
Along AP we have W,=5/6 and r=(l/x)cos™
X (12W—11), where [ is the length of AP. The rec-
tangular part (ratio of sides AN/AM=r) is then di-
vided into two regions by AP. If the rectangle is re-
duced to 1/7 along its longer side, we have a square and
can make an immediate application of Eq. (3b)."* Thus
the distribution function due to the rectangular part

1 The following scheme is somewhat better than that illustrated
in the text. By a simple test we find that the ratio 71/72=e¢ in the
neighborhood of 4 is equal to 4/5. This means that the contour
W==1 behaves not like a circle but rather like an ellipse. Hence
we reduce the rectangle to 1/e along the longer side before apply-
ing Egs. (1) and (3a). Of course, the numerical coefficients are no
longer equal to those of Eq. (3b), and they should be evaluated
with regards to the different values of &.
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may be found from

GW)=r{a(Fi +rors )+ b (Fifor’+71'Fo1)
-+ (721702I+72'1702)]+6 (7701?'701’+71027702') },

where @, b, ¢ are the numerical coefficients appearing
in Eq (3), and 77'1=71/T, To=\/§AM/l, No1= (ro/To)
- (1’1/7'), noz= (r0/70) —72.

The approximate frequency distributions G4 (W) and
the exact ones Ggz(W) of Bower and Rosenstock are
given in Table I and Fig. 2.

The extension of Eq. (1) to a three-dimensional case
is straight forward. For example, as shown in Fig. 1(b),
the surface of constant frequency below the first critical
point (low-frequency part) is approximated by

secf—1 secy—1
r(W0,0)=r1t+———-—(p—r1), p=ret——I(rs—rs),
secd— secy—1
where x=tan!(v2/2), and ¢ and ¢ are connected with
¢ by tand=secy and tany= (1/V2) tane. The result
of applying our method to three-dimensional cases
will appear later.
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The decay of the light emitted from several electroluminescent phosphors excited by periodically repeated
voltage pulses of from 40 to 2500 microseconds duration has been determined. The slopes of the decay
curves after each individual pulse excitation become steeper as the pulse duration decreases. The heights of
the luminescence peaks excited at the leading and trailing edges of the pulses also depend on the pulse time.
The results are interpreted as confirming previous conclusions about the influence of polarization charges.
Numerical evaluation yields the correct order of magnitude for the “critical time” needed for the accumula-

tion of polarization charges.

INTRODUCTION

XCITATION of electroluminescence by square
wave fields produces luminescence peaks at field
reversals, each peak being followed by a decay of light
output.>? For the green emission band of a Sylvania
electroluminescent panel, it was found that this elec-
troluminescence decay is faster than the “natural” decay
obtained after steady weak ultraviolet excitation. In
the blue band of this panel, however, it is slower than
the corresponding natural decay. These and other
* Based on a dissertation submitted by one of the authors (S.N.)
to the University of Maryland in partial fulfillment of the re-

quirements for the degree of Doctor of Philosophy.

1S, Nudelman and F. Matossi, J. Electrochem. Soc. 101, 546
(1954). .

2Zalm, Diemer, and Klasens, Philips Research Repts. 9, 81
(1954).

results obtained with nonsinusoidal fields were inter-
preted as being caused by the action of polarization
charges that pile up near the surface and reduce the
effective field.!

In order to further test this assumption, phosphors
were excited by voltage pulses whose duration could
be made sufficiently short so that polarization charges
would not accumulate. Furthermore, an attempt will
be made to apply the experimental results to recent
theories of polarization effects in semiconductors.?

METHOD

Repeated voltage pulses were obtained from two pulse
generators and then amplified. The first generator

3J. R. McDonald, Phys. Rev. 92, 4 (1953); R. J. Friauf, J.
Chem. Phys. 22, 1329 (1954).
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produced wide pulses whose duration could be varied
down to about 109, of the period (e.g., 500 usec at
200 cps), with a rise time of about 150 usec. The second
generator provided pulses 40 to 75 usec wide. Pulses
appreciably shorter than 40 usec could not be used
since the finite rise time interfered. The pulse repetition
rate was usually maintained at 200 cps. The potential
differences applied were between 300 and 1000 volts.

The light output was observed with a photomulti-
plier in connection with a direct-coupled oscilloscope.
Appropriate filters! separated the green and blue emission
bands.

The phosphors were used as powdered material em-
bedded in a plastic (parlodium) and subjected to the
field in cells of the type described previously.* Different
kinds of electroluminescent phosphors were investigated.
The results obtained are similar for all of them. Details
will, therefore, be reported only for the green Sylvania
phosphors, which were studied most extensively in the
form of Sylvania Panelecent Lamps and as phosphors
made according to the method given by Homer et al.’
The results were essentially independent of the voltage
and also independent of whether the pulses were applied
unilaterally or by reversing the direction of the field.

RESULTS

Figure 1 shows a selection of oscillograms for the
Sylvania phosphors. The difference between the curves
for the blue and the green band is quite obvious. The
results obtained with the wide pulses have already been
reported.! The oscillograms for the narrow pulses
readily show that the decay has become faster.

A so-called “blue” Sylvania panel with a considerably
slower blue natural decay (509 of initial value in about
10 msec) than that of the green Sylvania Lamp (509,

\

F1c. 1. Oscillograms of
luminescence of a Green
Sylvania Lamp excited by
electric field pulses. (A) Blue
luminescence: (a) 1250, (b)
500, (¢c) 75, (d) 40 usec
pulse width. (B) Green lu- ©
minescence: (a) 1000, (b)
500, (c) 75, (d) 40 usec
pulse width. — — — — Shape
of voltage pulse. The oscil-
lograms show the lumines-
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4 F. Matossi and S. Nudelman, Phys Rev. 89, 660 (1953).

5 Homer, Rulon, and Butler, J. Electrochem. Soc. 100, 566
(1953). Details about the phosphors used are described in S.
Nudelman’s thesis, University of Maryland, 1955 (unpublished).
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F16. 2. Decay curves for green Sylvania phosphor. (A) Blue
luminescence: (a)-(e) electroluminescence decays for different
pulse widths, (f) natural decay. (B) Green luminescence: (a)
natural decay, (b)-(e) electroluminescence decays. The decay
curves show the decay of intensity after the second peak of Fig.
1. The origin of the time scale is the time of the maximum of the
luminescence peak.
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in about § msec) showed, in the blue region, a pattern
resembling the “green’ patterns of Fig. 1.

Quantitative details are shown in Fig. 2. With de-
creasing pulse width, the blue decay becomes more and
more rapid, and approaches the natural one shown in
curve f of Fig. 2(A). The green decay [Fig. 2(B)] also
becomes steeper with shorter excitation times and,
therefore, deviates in the direction away from the
natural decay. With respect to the decay curves, all
phosphors behaved qualitatively alike although the
natural decays varied appreciably, particularly in the
green band.

DISCUSSION

The oscillograms obtained with the wide pulses can
be interpreted by considering the decay times of the
natural decays and the efficiency of excitation.! That
indeed the natural decay times are controlling factors
could be seen from the behavior of the blue Sylvania
panel, which yielded patterns like those of Fig. 1(B)
because of similar decay times.

The inspection of the oscillograms of Fig. 1 shows
that the first peak, excited by the leading edge of the
pulse, has practically disappeared at the very narrow
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pulses. This is readily understandable since this peak
needs time to grow to its normal height, as can be seen
from the oscillograms for the wide pulses. The second
peak, however, which corresponds to the trailing edge,
should be fully developed. But in the blue band, the
second increment of intensity is nevertheless smaller
for narrow pulses than for the wide ones. We can under-
stand this on the basis of the behavior of the polarization
charges, which need time to pile up near the surface.
If they do not have sufficient time to do so, they do
not contribute fully to the effective field when the
applied field is removed or reversed, and this leads to
a smaller increment at the second field reversal. This
begins to happen for pulse widths smaller than the
“critical time” of about 700 usec, which, therefore,
will be interpreted as the time necessary for piling up
the polarization charges. In addition, the finite, albeit
small natural decay time of the blue band may, for
such small pulse widths, not be large enough for the
blue centers to be refilled between field reversals in
sufficient numbers. This would also tend to decrease
the intensity increment at the second field reversal
since a smaller number of centers is available for
excitation.

The second peak of the green luminescence is ex-
pected! to reach the same height as the first as long as
the first peak can be developed to its normal height.
This is true for the frequencies around 100 cps. But
there are deviations at other frequencies. At higher fre-
quencies, the second peak is a little higher, as in Fig.
1(Bb); at lower frequencies, it is a little smaller. This
detail is not yet understood.

The green decay time is controlled by the emptying
of traps filled during excitation (phosphorescence
decay). It can readily be assumed that field excitation
will not fill as many traps as ultraviolet excitation, and
that the number of traps filled will also decrease with
decreasing pulse width. Therefore, the electrolumines-
cence decay will be faster than the natural decay and
will become still faster with decreasing pulse width.

The decay of the blue luminescence [Fig. 2(A)] is
assumed to be intimately connected with the decay
of the internal field since the blue emission band, pre-
sumedly, does not involve transitions to or from the
conduction band or traps. Thus the exciting field and
not the filling of traps is the main controlling factor
for the blue luminescence of phosphors like the green
Sylvania phosphors. In the next section, this relation
between electroluminescence decay and field decay
shall be discussed in a semiquantitative manner.

DECAY OF THE INTERNAL FIELD

The internal field can be determined from Poisson’s
equation

OE/dx=B(p—n), B=4me/e, 1)

if the charge distribution is known. (Here e is the dielec-

tric constant and « is the space coordinate in the direc-
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tion of the field.) This distribution may be obtained
from the equations?

dp/ dt=—uE(dp/dx)—uBp(p—n)
+Do%*p/ 9x*+k(co*— pn),

In/ dt=pE(dn/dx)+ubn(p—n)
+Do*n/ 9524k (co*— pn),

where p and » are the numbers of holes (or empty
centers) and free electrons, respectively; u is the
mobility, D is the diffusion coefficient, both of which
are assumed to be equal for holes and electrons, which of
course is an approximation only (but other assumptions
lead to similar results); E is the field; « is a transition
probability, and ¢ is the number of unexcited centers;
the relation u/D=e¢/kT will be assumed to be valid.
These equations adequately describe the influence
of polarization charges on capacitance effects in semi-
conductors,® and they could also be utilized, with the
addition of a term accounting for periodic excitation
by a sinusoidal field, for the interpretation of polariza-
tion effects on electroluminescence brightness waves.®
For the purpose of the present paper, we furthermore

assume
d(p+n)/9x=0, (3a)

which is approximately true in the case of sinusoidal
fields, as can be inferred from the solutions given by
Friauf and McDonald.? A more restrictive assumption is

d(p+n)dt=0, (3b)

so that p-4n=2n=const. This is not rigorously true,
but we may safely assume that a loss of electrons and
holes because of recombination may be neglected near
the surface and for times short with respect to the dura-
tion of the green luminescence, which is controlled by
such recombinations, and which is, as is known from
the observation of the green natural decay, much longer
than the blue decay time.

For =0 and x=L (L=thickness of phosphor
particle) at {=0, we assume p=2n,, #=0 and n=2n,,
p=0, respectively. The situation described by the
above conditions corresponds to polarization charges
piled up at the surfaces by the external field. These
space charges extend into the interior of the particle
with a distribution determined by Eq. (2). If the
external field is removed, the charge distribution
changes in time according to

d(p—n)/0t=D&(p—n)/0x*—2ufns(p—n).  (4)
Because of the assumptions (3), the considerations
will be restricted to one surface (x=0) only. The
result is
E=28no exp(—pDt){1+cosh[ (C—p):L]}/
X(C—p)tsinh[(C—p)iL], (5)
where C=2ufno/D, p=const.
8 F. Matossi, Phys. Rev. 98, 434 (1955).
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The influence of the amount of polarization charges
is expressed by the dependence on #o. The decay of the
intensity can be related to the decay of the field by
taking into account the field dependence of the in-
tensity, which can be described, with sufficient accuracy,
by the empirically well established relation!"”

I'=constE? exp(—b/E), (6)
from which
o=dInl/dt=—pD(2+b/E). @)

In order to apply Eq. (7) to the observations, some
numerical estimates are necessary. Since the observed
slopes are constant over a substantial time range, it
must be assumed that E is nearly constant over the
same time range, or that pD! is sufficiently small. This
time range is in the order of 1 msec, which leads to the
condition pD<K10? sec™!. On the other hand, pD should
not be much smaller than 100 sec™! since otherwise
the decay should be expected to extend to times larger
than 1/100 sec. Further reasonable numerical assump-
tions (7¢=210"7 cm—3, e.g.) give the order of magnitude
of C as C=210" cm™2. Equation (5) is a useful expression
for E only if C> p. This condition can be satisfied, and it
may even be assumed C >>p, if D is not too small, say
D >>10~1 cm?/sec. Experimental values for D, are, how-
ever, not known.

Applying these numerical estimates, we obtain for
the ratio of the slopes for two different amounts of
polarization charges,

0’1/0'2=E2(2E1+b)/E1(2E2+b), (8)

where E « n¢t. For very high fields (E>>0), o1/0.=1;
for very small fields,

01/02=Es/E1= (no2/n01)*. (8a)

This ratio is larger than unity if 7> 0. Therefore,
the slope increases with decreasing amount of polariza-
tion charges. It can be shown that the qualitative aspect
of this result is not changed by less stringent
approximations.

It is possible to utilize Egs. (8) for a numerical
evaluation, if it is assumed that the increase of polariza-
tion charges near the surface follows an exponential
law like

no=no 1—exp(—at)], ©
7 G. Destriau, Phil. Mag. 38, 700 (1947). Other empirical

relations, except pure power laws, would not alter the general
conclusions.
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TaBLE I. Slopes of blue decay.

Pulse width (usec) 50 75
—o (103 sec™)

500 1250 2500 natural
0.836 0.836 0.735 0.634 0.565 1.02

which is equivalent, in our approximation, to
E=FE[1—exp(—at) ]t

From the observed slopes of the blue band, which are
given in Table I, the time constant @ can be computed.

From o500/02500 and Eq. (8a), we obtain a=1.87X10°
sec™L. Furthermore, 01250 can be calculated as o1250=0.60.
The calculated slopes for the very narrow pulses come
out much too high, indicating that the natural decay
interferes and prevents the observation of the influence
of the field decay.

Since, in the experiments, the applied voltage was
320 volts and b could be determined as =<500 volts
(from the field dependence of intensity), Eq. (8)
should have been used instead of Eq. (8a). But then the
initial value of E near the surface must be known, which
is certainly larger than the average field given by the
applied voltage. Under these circumstances, @ becomes
smaller but the order of magnitude is retained. For
E=2(E)y, we would obtain a=1.3X 105 sec™.

The values obtained for ¢ have the correct order of
magnitude if we identify 1/a with the “critical time”
of 700 usec mentioned in the previous section. The value
of @ varies somewhat with the selection of the slopes
used for the calculation. In part, this variation is the
result, of course, of the approximations in the formulas
and to the limitations of the experiment, and in part to
the disturbing influence of the natural decay.

The qualitative agreement with the observations
(steeper slopes with decreasing amount of polarization
charges) and the correct order of magnitude of the
numerical evaluation may be considered as sufficient
indication that the consideration of moving and diffusing
polarization charges according to Egs. (1) and (2)
together with Eq. (9) gives an adequate description of
the behavior of the internal field.
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