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slowly or even stored at 95 °K for 8 or 16 hours 12. 

The ordering of this small part of the ice seems to 

be an almost spontaneous occurrence as the tempe­

rature is lowered to about 120 °K. A lowering of 

the activation energy for the movement of the defects 

in the neighbourhood of the dopant molecule could 

be the cause. It would mean that the area around 

a foreign molecule is quickly reorientated as the 

temperature readies the transition temperature but 

that the mechanism then changes to a much slower 

procedure of reorienting the ice by the migration of 

the defects in the undisturbed crystal. It seems that

in all the experiments so far the time required to 

reach more than only a few percent of order in the 

ice is far longer than the time normally available 

for these physical experiments.

Conclusion

Ice seems to possess a transition temperature near 

120 K at which it would become ordered during 

cooling if one would wait long enough. Doping the 

crystal catalyses the transition by lowering the acti­

vation energy for the mobility of the various defects 

in the neighbourhood of the dopant molecule.
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Non-destructive electric breakdown through mylar films is associated with emission of an 
intense light flash. Within an active volume of about 4Xl(T8cm3, L >  109 photons are generated 
during a current pulse. L is proportional to the number of transported charge carriers (electrons) 
and independent from sample thickness. The emission spectrum is a superposition of ordinary mylar 
fluorescence centered at 370 nm and impurity bands at longer wavelengths. Interpretation is given 
in terms of acceleration of injected electrons within the positive cathodic spacecharge zone giving 
rise to both impact excitation and ionization, predominantly involving guest molecules.

Introduction

Since the discovery of electroluminescence in in­

organic semiconductors and insulators1 many 

papers have appeared reporting on the observation 

of the effect also with organic materials. B e r n a n o s e  

et al. 2 among others 3 have shown that organic scin­

tillators, when embedded in a thin polymer matrix, 

can be excited in the same way by a periodic 

electric field as inorganic phosphors. Later on, 

however, S h o r t  and H e r c u l e s  4 were able to de­

monstrate that in most cases the observed emission

* To whom requests for reprints should be addressed: 
Sonderdruckanforderungen an Prof. Dr. H. B ä ssler , Phy­
sikalisch-Chemisches Institut der Universität Marburg, 
D-3550 Marburg (Lahn), Biegenstr. 12.

1 G. D e s t r ia u , J. Chim. Phys. 33, 587 [1936].

bands can be identified with the second positive 

series of nitrogen, which is the spectrum obtained 

from the positive column of discharge tubes con­

taining air or N2 at low pressure. Thus the effect of 

organic electroluminescence could be traced back to 

spurious glow discharge taking place within micro­

cavities of the matrix which contain small amounts 

of N2 encapsulated during sample preparation.

In general the absence of electroluminescence — the 

term should not be confused with recombination radia­

tion emitted as a result of annihilation of a thermaliz- 

ed electron-hole pair — in organic materials is a re-

2 A. B e r n a n o s e ,  M. C o n t e ,  and P. V o u a u x ,  J. Chim. Phys.
50, 64 [1953].

3 M. D e r v e n iz a ,  Nature 200, 558 [1963].

4 G. D. S h o r t  and D. M. H e r c u le s ,  J. Amer. Chem. Soc.

87, 1439 [1965].
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suit of the extremely small bandwidth of the highest 

valence and lowest conduction band which does not 

allow electron or hole acceleration. This is a con­

sequence of weak intermolecular coupling in these 

substances. Therefore R ie h l  5 was not able to detect 

“true” electroluminescence in anthracene single 

crystals. Carrier acceleration required for impact 

excitation to take place is only possible if electron 

states in upper conduction bands can be populated 

which are much wider and possibly overlap. P o p e  

et al. 6 have interpreted the observation of fluores­

cence emission from crystalline anthracene under 

high field action in terms of electron injection from 

the contact into the second conduction band which 

is separated from the lowest conduction band by an 

energy gap of 0.6 eV 7.

The purpose of the present paper is to demon­

strate that in thin mylar films electron acceleration 

is possible at electric fields exceeding 5 MV cm-1. 

Light emission observed in connection with non­

destructive breakdown occurring at these field 

strengths8’9 is used as a probe. Emission partly 

originates from unspecified impurities. From the 

magnitude of the effect, however, glow-discharge 

within microcavities can be disregarded as the main 

source for light production.

Experimental

Commercial mylar (polyethyleneterephthalate) -films 
of the thicknesses 4, 6, 10 and 20 [i were used for the 
investigation. Informative measurements were carried 
out with polystyrene films. The experimental setup was 
essentially the same as described previously8. The 
sample was placed between a tinoxid-coated glass 
anode and a cathode which usually consisted of a 
polished stainless steel ball, but which eventually was 
replaced by a small droplet of silver paste or an 
evaporated gold dot without effecting the results. The 
sample holder was mounted in a vacuum chamber with 
a glass window operated at a pressure ^  10~5 Torr. 
Measurements at 77 °K could be performed after at­
taching the sample holder to a cold finger. Usually 
the sample was allowed to outgas several days before 
measurements were taken.

The electrical circuit is shown in Fig. 1. A negative 
potential V could be applied to the cathode by a high 
voltage power supply. A 1011 Q loading resistor was

chosen in order to ensure a time constant of about 10 s 
for the loading circuit. This proved to be necessary 
to controll charge flow during breakdown 8. It has been 
shown that as long as the capacitance C8 + Cp is of the 
order ^  100 pF nondestructive breakdown occurs if V 
exceeds a critical value. It causes a voltage drop AV 
across the sample. Usually AV/V = 0.1 . ..  0.5, depend­
ing on capacitance and slightly on sample thickness. 
AV was measured with a static voltmeter. The trans­
ported charge AQ= (Cp-f Cs) AV = /  i df was recorded 
in a ballistic way utilizing a Tektronix 502 A double 
beam oscilloscope. (The actual duration of the break­
down pulse is 5 . . . 100 ns depending on Cp + Cs and 
therefore much shorter than the time constant R0s Cos 
~ 5 x  10-5 s of the oscilloscope.)

D.C.

Fig. 1. Electrical Circuit. D.C. is the high voltage power 
supply, Re the loading resistor (1011 Q ) , Rs the sample re­
sistance, Cs the sample capacitance (typically 1 pF), Cp the 
cable capacitance of about 100 pF parallel to Cs , R0s and 
Cos oscilloscope input resistance and capacitance. V is the 

electrostatic voltmeter.

The integral intensity f  I dt of the light pulse emit­
ted during the breakdown event was recorded with a 
RCA 6655 photomultiplier which was connected to the 
second channel of the oscilloscope. For measurements 
of the decay time of I(t) the time constant of the cir­
cuit was reduced by means of a 1 kß resistor parallel 
to the input resistance of the oscilloscope. Schott inter­
ference filters were used for crude spectral analysis of 
the emitted light.

For purpose of comparison also the emission spec­
trum of a mylar film under optical excitation was in­
vestigated. The sample was excited with the 302 nm 
line of a mercury high pressure lamp, spectrally iso­
lated by a Beckman grating monochromator.

Results

When the electric field across the sample reaches 

a critical value Ft , typically 3 MV cm-1, non­

destructive breakdown accurs, i. e. the sample resi­

stivity decreases abruptly by many orders of magni-

5 N. R ie h l , Ann. Physik [6], 20, 93 [1957].
6 M. Sa n o , M. Pope, and H. K a l l m a n n , J. Chem. Phys. 43, 

2920 [1965].
7 H. B ä ssler , N. R ie h l , and G. V a u b e l , Mol. Cryst. 9, 249

[1968],

8 N. R ie h l , H . B ässler , S. H u n k l in g e r , W. S p a n n r in g , 

and G. V a u b e l , Z. Angew. Physik 27, 261 [1969].
9 H . B ä ssler , N. R ie h l , and W. Sp a n n r in g , Z. Angew. Phy­

sik 27, 321 [1969].
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tude and attains its original value after 100 ns or 

less. A subsequent breakdown can be initiated after 

the field has reached a value F2 = Ft + 6F2 . In gene­

ral the rc-th breakdown occurs at Fn = Fn-1 + dFn . 

6Fn approaches zero for n>10. For n = 2, ÖFJ 

Fn 0.1. The time delay between subsequent break­

down events is determined by the time constant of 

the loading circuit. The amount of charge AQn trans­

ported through the film increases with n and satura­

tes for n>10: AQn>io ^  2AQt . The electrostatic 

energy dissipated in the sample is AEn = VnCAVn = 

VnAQn , where Vn = Fnd, d denoting the sample 

thickness. Hence AEn/AQn = Vn . In other words, the 

energy dissipated in the film by a fixed amount of 

charge increases with the critical external break­

down field. Absolute values for AVn are subject to 

considerable statistical fluctuations.

The essential observation which the present com­

munication reports on is that non-destructive break­

down is accompanied by emission of a relatively 

intense light flash. Figure 2 shows that the inte-

Fig. 2. Emission intensity normalized to the number of trans­
ported electrons as a function of the breakdown number. 
Curve a was taken with a neutral density filter, curve b with 
a 420 nm and curve c with an 548 nm interference filter (half­
width of the filters about 15 nm). Values of curve a denoted 
by crosses refer to an experiment, in which the ordinary glass 
anode was replaced by a tinoxide-coated glass covered with a 

500 A evaporated silica layer.

grated intensity Ln~ § In(t)dt is proportional to the 

transported charge AQn . It therefore decreases with 

AEn: (Ln/AEn) ~ (1/Vn). The existence of a linear 

relationship between Ln and the number of trans­

ported charge carriers rather than their energy be­

comes even more evident by comparing Ln for films

of various thicknesses. Since AQn is independent of 

d 8, Ln/AQn must also be independent of d as long 

as only the number of carriers is important.

Table 1 shows that this indeed is observed. Im­

plicitly these results contain the information that 

the light output does not depend on the time interval 

between subsequent breakdown events. Thus no 

chemical regeneration process can be involved.

Table 1. Light output at various film thicknesses.

d (/*) Fx (MV/cm) Ln (rel. units) Ln/AQn (rel. units)

4 3.6 1.0 2.3

6 3.1 1.3 2.4

10 2.9 0.9 2.1

20 2.5 1.2 2.5

Fig. 3 compares the emission spectra of mylar 

obtained under electrical and optical excitation con­

ditions. Apparently the spectra are identical in the 

range 350 to 450 nm, where the emission properties

Fig. 3. Electroluminescence spectrum of mylar. The dashed 
curve was taken with a 10 [A, film doped with naphthalene. 
For X <C 460 nm no difference between the doped and the un­
doped film is detectable.------- : Mylar emission spec­

trum under optical excitation.

are dominated by the carbonyl group of the ethy- 

leneterephthalate monomer unit. However, the elec­

troluminescence spectrum extends to longer wave­

lengths. This is a common feature of this type of 

emission spectra and is indicative of impurity emis­

sion. The conclusion that emission in the spectral 

regions / <  450 and >  450 nm originates from dif­

ferent species is supported by decay time studies: 

For /i>450nm the decay time of the light pulse is

2 fis at roomtemperature and 3 /us at 77 °K. At 

370 nm, where the short wavelength band has
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its maximum, only an upper limit of 5 X 10~7s can 

be given. The short wavelength emission can there­

fore be attributed to a transition from the lowest 

excited n n* singlet state of the monomer unit to the 

ground state.

With polystyrene films only impurity emission is 

detectable for A >  350 nm. Its spectrum differs from 

mylar impurity emission.

In one series of experiments the mylar film was 

doped with naphthalene by embedding the sample 

into molten naphthalene (T =100°C) for one day. 

Assuming a diffusion coefficient for the naphthalene 

molecule of the order 10 of 10~12 cm2 s_1, a doping 

“depth” of 3 f.i can be estimated. In this case eva­

cuation of the breakdown chamber had to be ac­

complished within a short time (about 15min) in 

order to minimize diffusion of naphthalene out of 

the film during the experiment. Although the experi­

mental conditions, i. e. concentration and spatial 

distribution of the dopant, were not well defined in 

this set of experiments, it nevertheless came out 

clearly that the emission intensity of the doped film 

was increased by a factor of 3 to 6 near I  = 470nm 

and that the decay time in this portion of the spec­

trum was drastically enhanced. Since the 0 — 0 

transition of the naphthalene phosphorescence is 

centred at 467 nm, the additional emission near 

470 nm is most likely to be attributed to radiative 

7 ’1 - > 5 0 decay in the naphthalene guest molecules.

The total number of photons emitted per break­

down event can be estimated from the multiplier 

current taking into account the spectral sensitivity 

of the multiplier, the intensity distribution of the 

emission spectrum, and the geometric conditions. 

For undoped mylar films L1 = 3 x l0 9 quanta per 

pulse is obtained. The uncertainly is at least a factor 

of 2. Losses caused by total reflexion of the emitted 

light at the film surface are neglected. Comparing 

this figure with the number of transported electrons 

A Q je  ̂ 4 x  10u per pulse gives the total electro­

luminescence quantum yield r]e\ttot = e Ln/AQn ^  

10~2. The quantum yield for emission in the spec­

tral range 350 to 450 nm equals (2U) r}e\, tot • Nume­

rically the quantum efficiency measured under opti­

cal excitation conditions is about the same: ̂ opt~ 10~2 

emitted photons per absorbed photon.

10 J. N. S h e r w o o d , Crystal Growth 839 [1967].

Two mechanisms for generation of excited states 

during non-destructive breakdown can be envisaged:

(1) Recombination between electrons injected from 

the cathode and holes trapped in the polymer film;

(2) Charge acceleration within the film leading to 

impact excitation. The latter mechanism subdivides 

into two groups: (2 a) Electron avalanche forma­

tion within the bulk of the polymer film and (2 b) 

glow discharge within microcavities.

Process (1) must be considered since it has been 

shown8 that the occurrance of non-destructive 

breakdown is due to cold-emission of electrons from 

the cathode under the combined action of the ex­

ternal field and the field of a positive cathodic space- 

charge layer. In the initial breakdown stage the 

spacecharge field amounts to Fsc «=; 2 x 106 V cm-1 

which according of n = e e0 Fsc is equivalent to an 

area density of rc = 3 x l0 12 holes per cm2. There­

fore TV »  109 trapped holes are stored in the break­

down channel which has an area ^  4x  10-4 cm2. 

This is less than the average number of emitted 

photons per event. Hence it is obvious, that carrier 

recombination cannot account for the observed 

light emission. The unimportance of recombination 

between electrons and holes injected from the 

counterelectrode is demonstrated by the failure to 

influence light emission by covering the anode by a 

500 Ä evaporated silica layer which blocks hole in­

jection completely (see Fig. 2).

Glow discharge involving N2 molecules as the 

predominant source for light production can also 

be disregarded on numerical grounds. Assuming a 

thickness of 1 ju for the cathodic high field zone, a 

volume density 7VPh = 5 x l0 16 photons emitted per 

cm3 and event follows for the spectral region in 

which intrinsic mylar emission prevails. Within the 

framework of the glow-discharge concept host emis­

sion is caused by reabsorption of light emitted by 

excited gas molecules, particularly N2+, in the dis­

charge cavities. Since the fluorescence efficiency of 

mylar t]opt is 10-2, 5 x 1018 N2+ molecules per cm3 

are necessary to explain the observed emission inten­

sity. This is only a factor of 4 less than the mole- 

lular density of N2 at atmospheric pressure and 

roomtemperature, apparently an unreasonable result.

The inapplicability of the glowdischarge concept 

is further demonstrated by comparing the present 

results with literature data on electroluminescence

Interpretation
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of mylar at lower than breakdown fields. Extra- 

poplation of the intensity versus field curve reported 

by Hartm ann  and Arm strong  n , which could be 

explained on the basis of the glow discharge hypothe­

sis and which therefore represent an upper limit for 

glow discharge radiation, to breakdown conditions 

yields emission intensities which are 4 to 5 orders 

of magnitude lower than the presently observed 

ones.

Therefore we conclude that the results reported 

herein can only be explained in satisfactory manner 

by assuming electron acceleration within the lattice of 

the polymer film itself. The fact that about 30 percent 

of the observed emission originates from impurities 

which do not — or at least with much lower effi­

ciency — emit under optical excitation is not in con­

flict with this interpretation, since (1) hot electrons 

are predominantly scattered inelastically at impurity 

sites and (2) their energy distribution function will 

certainly have its maximum at an energy below the 

mylar singlet excitation energy which is about 

3.5 eV. This is supported by the observation of the 

phosphorescence of naphthalene molecules embed­

ded in the mylar host. It is known that the triplet 

state is effectively excited by electron impact. The 

fact that despite the low phosphorescence quantum 

yield guest phosphorescence is almost as intense as 

singlet emission from mylar demonstrates the domi­

nating influence of impurities with lower lying opti­

cal levels on electroluminescence lla.

It is easy to show that the hot-electron model is in 

accordance with the finding that the number of 

emitted photons is proportional to the number of 

transported charge carriers rather than to their total 

electrostatic energy. It further confirms the inter­

pretation of nondestructive breakdown previously 

presented 9. As already mentioned, previous electric 

experiments have supported the existence of a posi­

tive cathodic spacecharge region, the 'thickness of 

which is independent of the sample thickness. Since 

the electron acceleration probability rises super- 

linearily with the electric field, the impact excitation

11 W . A. H a r t m a n  and H . L. A r m s t r o n g , J . A pp l. Phys. 38,

2393 [1967],

probability aexc will have its maximum value near 

the cathode. Thus light production is most ef­

fective within a cathodic zone a <  d, being the 

sample thickness. This explains the independence of 

the emission intensity from the sample thickness. 

The observation of identical breakdown character­

istics with varying d necessarily implies that the 

potential distribution within this spacecharge layer 

is also independent from the actual sample thickness. 

Therefore a fixed number of injected electrons will 

deposit a fixed amount of energy to the spacecharge 

zone, which partly is convertible into optical excita­

tion energy. The major and of course thickness 

dependent part of the total electrostatic energy of 

the electrons is converted into heat in the low-field 

bulk portion of the sample. Thus the proportionality 

Ln ~ AQn is a consequence of the hot electron 

model.

Previously 3 observations have led to the assump­

tion of impact ionization during non-destructive 

breakdown8 (1) The cross-section for electron-hole 

recombination is much smaller than estimated under 

strong scattering conditions12; (2) the spacecharge 

field increases during the initial breakdown step;

(3) the electron mobility is typical for hot electrons. 

The observation of impact excitation represents a 

crucial confirmation of the electron avalanche model 

since it is inevitably coupled with the occurrance 

of impact ionization.

A numerical estimate yields reasonable figures 

for the excitation probability a that an electron on 

its way to the anode creates an optically excited 

state: aopt-Uv ~  1 for excitation of the mylar mono­

mer unit and aopti jmp ^  1 for impurity excitation. 

This number may be compared with an impact ioni­

zation probability a-i0n m 0.8.

As a physical basis for hot electron generation in 

an organic material with weak intermolecular 

coupling we suggest electron acceleration within the 

polymer molecules rather than between the mole­

cules 8.

Ila The naphthalene triplet state could also be populated by
energy transfer from a nn* host triplet state, but not by
reabsorption effects.

12 M . S il v e r  and R. S h a r m a , J. Chem. Phys. 46, 692 [1967].


