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Luminescence in Electronically Active Solids

This bulletin describes the three basic electronic activities in phosphors and
other electronically active solids. These activities are: (1) orientation of spin,
(2) excitation leading to radiation, and (3) unilateral displacement. Atomic inter-
action provides, through chemical synthesis, effective means for modifying, con-
trolling, and combining these electronic activities. Researchin this field has made
many physical phenomena tractable and useful, and has afforded greater understand-

ing of the fundamental natures of solids and of luminescence.

Electrons are the lightest of all the known stable,
charged, elementary particles, despite the many elemen-
tary ‘particles that have been discovered during studies
of cosmic rays and atomic nuclei. A few decades ago,
considerable research effort was concentrated on pro-
ducing and controlling free electrons in vacuo, where the
problems are chiefly those of classical physics. More
recently, research effort has been concentrated on modi-
fying and controlling the behaviors (activities) of bound
and quasi-free electrons in solids, where the problems
are chiefly those of quantum physics.

The most potent means for modifying the activities
of electrons in solids is by short-range interaction of
atoms. Atomic interactions are brought about by chemical
reactions, and so efficient solid-state research uses both
chemistry and physics to synthesize and study solids.l
Fundamentally, one seeks to alter electronic activity by
varying the neighbors of an atom, or discrete group of
atoms, to which the active (outer, loosely bound) electron
is attached. This procedure is very familiar in phosphor
research, wherein impurities, suchas activator or trapping
atoms, are incorporated in different host crystals to
achieve different electronic behaviors. Phosphors are in
many respects representative of the general class of
electronically active solids.

Phosphors exhibit, or are affected by, all three of
the important electronic activities in solids. These basic
electronic activities are:

1. Electron-spin orientation.
2. Electron excitation— radiation.
3. Electron displacement.

The natures and magnitudes of the basic electronic
activities in solids are next outlined, in the order given,
with indications of the relations between these activities
and luminescence.

The spin-orientation activity, when it occurs as a
cooperative interaction and alignment of unpaired spins
in near-neighbor atoms, produces ferromagnetism and
antiferromagnetism, corresponding to parallel and anti-
parallel spin-vector orientations. For a strong ferromag-
netic solid, such as crystalline iron, with 10** atoms per
cubic centimeter and two unpaired spins per atom, the
total magnetic spin moment would be, using the value of
5.8 x 10°° ev oersted™ for the Bohr magneton,

L 102 cm ® x 2 x 5.8 x 107° ev oersted™* (1)

n

10** ev oersted ' cm™® )

Strong ferromagnetism, which was formerly provided chief-
ly by conducting metals and alloys, is now provided by
semiconducting and nearly insulating ferromagnetic
spinels.z

Electron-spin interactions and orientations are im-
portant in phosphors, such as rbhbdl.-Zn,SiO4:Mn, that
have transition-element activators with unpaired electron
srins. In such phosphors, there are two antithetic elec-
tron-spin activities. First, luminescence is enabled by
subatomic electron-spin regroupings3 that provide inner,
shielded, excited states where high-energy excitation
quanta can be localized, and from which radiative transi-
tions occur to the ground state. Here, the input excitation
energy works against the basic electrostatic-repulsion
energy that drives the inner, incompleted-shell electrons
of the activator atom into a ground-state condition of
maximum spin unpairing corresponding to minimum energy
(Hund’s rule). Another luminescence-enabling effect in-
volves spin-orbit coupling through covalent bonding, to
be discussed later in this bulletin. Second, luminescence
is suppressed by certain interatomic electron-spin inter-
actions that (1) decrease the number of unpaired electron
spins and regrouping states available for radiative tran-
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sitions, and (2) decrease radiative transitions by permit-
ing transfer of energy from an excited activator atom to an
unexcited atom.? Such energy transfer de-localizes the
excitation, and increases the probability of dissipating
high-energy excitation quanta by conversion into low-
energy phonons. Hence, the interacting atoms in a ferro-
magnetic or antiferromagnetic solid do not function well
as luminescence centers. Conversely, efficient phosphors
are diamagnetic or paramagnetic.

The electron-excitation and radiation activity in
stable solids includes (1) absorption and appreciable tem-
porary localization of high-energy quanta in excited states
from which radiative transitions produce luminescence,
as in phosphors, and (2)absorption of primary energy with
practically complete degradation-plus-diffusion into low-
energy phonons to produce thermal radiation, as in pig-
ments and incandescent solids. Excitation in incandes-
cence involves the indirect step of agitating atomic
nuclei which are, on the average, about 200,000 times
more ponderous than electrons. Excitation in luminescence,
on the other hand, involves relatively direct energizing
of the active electron. Direct energizing affords the effi-
cient and instantaneous production of luminescence radia-
_ tion that has made possible fluorescent lamps, television,
" radar,—electron microscopes, scintillation counters, and
other modern developments.

For an efficient luminescent solid, such as rbhdl.-
Zn3Si04:Mn, with one activator atom (Mn) per 350 host-
crystal atoms, i.e., 2.4 x 10* Mn atoms (ions) per cubic
centimeter, the maximum observed luminescence radiation
output, L, per unit of excited volume, under high-intensity
excitation, is>

20 -3 1
sustained excitation ™ 10 pbotons cnE © SeC 3)

20 -3 '
=~2x10 evcm sec (4)
22 = -1
LPulsed e xcitation =~ 4x10 pbotons cm sec (5)
. 22 -3 -1
=~8x10 evcm sec (6)

Comparison of the 4 x 10** photons cm™® sec™ with the
2.4 x 10® Mn-atoms cm™® shows that each Mz atom is
excited and emits, on the average, every 0.006 second.
This time is substantially the same as the measured
characteristic decay time of about 0.01 second.

For a phosphor of efficiency & under sustained
excitation, at saturation intensity, the maximum lumin-
escence output, L,, of photons with energy bv, is re-
lated to the number of emissive centers per excited unit
volume, 8, and the average lifetime, 7, by2!

=3

—1 -2
Lm(suslained excit.) = EhvdT  ev cm ~ sec (7

Under pulsed excitation, when the interval between pulses

is much longer than 7, the determining factor is J; i.e.,21

Lm(pulsed excit.) * 5" (8)

The time aspect of luminescence is of fundamental
significance. For an allowed radiative transition of an
isolated atom, the natural excited-state lifetime, 74, is
related to the transition probability per unit time, P, and
the natural half-width of the emission line, Av, by6

Tp= P.l= 2n(Av)" sec”! 9)

where, classically, for emitted photons of frequency,v,,
and corresponding wavelength A, (in cm)

Av =1.17 x IO.nc-lvz sec” (10)
=1.17 x 102 Ay sec”" (11)
from which the energy width of the emission line is
AE = h(Av) (12)
= 1.65 x 10 V2 ev (13)
= 1.45 x 10-16)\;,2 ev (14)

and, according to the indeterminacy principle, the mini-
mum value of T is

W(min.) = b/2aAE (15)

From Eqs. (14) and (15) one obtains for optical photons
with 6000-& wavelength, AE = 4 x 10 * ev, and T(min.) =
1.6 x 10™° second.

The purely radiative (temperature-independent)com-
ponent of the decay times of known efficient phosphors
has values that range from about 10™ second to over 107
second.? Effective decay-time values, 7., somewhat less
than 10" second can be obtained, with sacrifice in ef-
ficiency, by introducing competitive non-radiative proc-
esses, such as by: (1) increasing activator proportions
beyond the optimum for maximum efficiency, or (2) in-
creasing the operating temperature of the phosphor be-
yond the temperature breakpoint.8 Both of these methods
of decreasing 7. utilize the well-known relation for phos-
phors?

L = Loe-(a+vae'E’/kT)t

(16)

and

-E‘/kT)"

Te= (a+v e (17)

The exponential (non-radiative) term in Eq. (17) may be
increased by either decreasing E* (e.g., by unduly in-
creasing the proportion of activator), or by increasing
the temperature, T.

Decay-time values greater than 10 second can be
obtained by (1) using partially allowed transitions in
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isolated atoms, and (2) altering the transition probabili-
ties of excited atoms, e.g., by subjecting them to the
force fields of neighboring atoms in solids. Both of these
methods of modifying 7 are exemplified by the different
decay times of Mn(2+) incorporated in different host crys-
tals, as shown in Table I.

TABLE |

Excited-state lifetimes, 7, of some phosphors with about
0.3% (by weight) of manganese activator.10

Host Crystal Activator* 7 (sec)
ZnF; Mn(2+) 0.1
CdSO4 8 0.05
MgSO4 " 0.03
Zn3(POy4); n 0.02
CdSiO3 5 0.019
Zn3B,05 1 0.018
Cd,B,0s L] 0.015
Zn,Si04 u 0.013
ZnyGeOy4 L 0.0105
ZnAl,0, " 0.0055
ZnGay04 " 0.0043
ZnS u ~ 0.0004**

* The parentheses (2+) indicate that there is some covalent
character to the bonding.

**The decay-time for ZnS:Mn is not for a pure radiative decay,
because the measured value decreases with increasing in-
tensity of primary-electron excitation.”V (According to Dr.
R. H. Bube, however, the value for the pure radiative decay
is approximately the value given.)

There is now good evidencell for identifying the
emission transition of Mn(2+) in the listed solids as
4G —— 6§, which involves the following electron-spin
regrouping in the inner, incomplete 3d shell of Mn(2+):

(18)

Excited state, 3d5,‘[ I ]‘ ] l—-» Ground state, 3d, I I I I I

The 4G — 6S transition is forbidden on a spin-only
basis, and it has been deduced by D. S. McClure that
appreciable spin-orbit coupling probably occasions the
observed emission, most likely by mixing some 4P char-
acter into the 6S ground state.l2 The transition proba-
bility for the isolated ion would then be

P=r"=10" (A/AD)® sec (19)

where A is the coefficient of spin-orbit coupling (about
80 for 4P/6S), and AV is the wave-number separation be-
tween the mixed states (26,800 cm ' for 4P — 6S). Foran

isolated ion of Mn2+, then, 7 is calculated to be 0.001
second. In a solid, the value of Av for 4P — 65 increases
(whereas that for 4G~ 6S decreases, and 7 also increases).

The nature and strength of interatomic bonding in
the host crystal strongly influence the value of 7. For
this purpose, and for the purpose of influencing many
other electronic activities, inorganic solids are more ver-
satile than organic solids, because inorganic solids
permit (1) greater use of ionic, covalent, and intermediate
types of bonding, (2) use of combinations of all of the
known species of atoms, without restriction to compounds
of carbon, and (3) use of greater bonding energies, as
attested by the high melting points of inorganic solids.
To obtain larger values of 7, starting with an emissive
atom in a given solid, one may use instead other host-
crystal solids with (1) less bonding energy, (2) less co-
valent bonding, and (3) lighter atoms as near-neighbors
to the emissive atom. Correspondingly, smaller values
of 7 are obtainable by using higher bonding energy, and
more covalent bonding to heavier neighboring atoms (or
by using the means described in connection with Eq.
(16)). When there is considerable covalent bonding, elec-
trons of the emissive atom spend part of their time in
the neighboring atoms where increased spin-orbit coup-
ling may be occasioned during transits in the more in-
tense fields of heavier neighboring nuclei.

The growth (rise) of luminescence for phosphors
with simple exponential decays, as in Eq. (16), proceeds
according to

L =0Nora[1-¢@+7e) 1] /(g4 1} (20)

where o is proportional to the excitation density, and N,
is the number of emissive centers per unit volume.l3 Ac-

cording to Eq. (20), the time required to attain equilib-
rium radiation output, L, is proportional to 7, for values

of 0 below saturation, and may be decreased by increas-
ing 0 above the value needed for saturation (where satur-
ation means that all of the N, centers are in continuous
operation).

The previous examples of ability to vary the time
factor in luminescence is indicative of the progress that
has been made in modifying and controlling electronic
behavior in solids. Other prominent examples in the phos-
phor field are (1) extension of the time scale by introduc-
ing trapping,14 and (2) altering the dominant wavelengths
(emission colors) of phosphors.15

The electron-displacement activity in solids uses
chiefly the ability of electrons as carriers of charge and
energy to produce electrical phenomena, such as ferroelec-
tricity, pyroelectricity, piezoelectricity, conduction, semi-
conduction, photoconduction, thermionic emission, photo-
emission, and secondary emission. The dielectric phenom-
ena involve unilateral displacements of bound electrons
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(or nuclei) localized in solids, the conduction phenomena
involve quasi-free electrons moving through solids, and
the emission phenomena provide free electrons in vacuo.

The magnitudes of electron-displacement activities
in and on solids can be very large. For example, even a
normally insulating solid, such as barium oxide, can pro-
vide as much as 100 amperes per square centimeter during
pulsed thermionic emission.16 The electron-flow density,
I, is then

2 sect

electrons cm (21)

=6x10"

If the electrons have, on the average, kT energy, then the
energy-flow density, I.,, at 1200 degrees K, is '

(22)

19 % )
~6x10 evem? sec’*

In phosphors, it is necessary to localize relatively
high-energy quanta (= 3 ev) to minimize dissipation of en-
ergy during the lifetimes of the excited electrons. 17 Energy
localization is best done in solids wherein more than 30kT
energy is required to free bound electrons. In phosphors
intended for operation at room-temperature, therefore, the
width of the forbidden band of the host crystal should ex-
ceed one electron volt, and preferably exceed three elec-
tron volts for efficient production of visible radiation.
Hence, the most suitable phosphor host crystals are in-
sulators or poor semiconductors.

Electrondisplacement may be, but need not be, part
of the luminescence mechanism. The basic luminescence
process is simply a localized excitation (e.g., by direct
absorption of a primary ultraviolet photon by an atom)
followed by a localized radiative transition (e.g., produc-
ing an optical photon), without any unilateral displace-

ment of electrons relative to a positively charged atomic
nucleus. It is possible and useful, however, to have elec-
tron displacements during (1) primary processes preceding
localized excitation, and (2) secondary processes between
the primary absorption of energy and the final localized
excitation giving luminescence emission. Cathodolumi-
nescence, roentgenoluminescence, and ‘‘electrolumines-
cence’’ have electron displacements during the primary
process leading to excitation, and cathodoluminescence
requires secondary emission to prevent charging of the
phosphor particles.18 Phosphors with non-exponential
decays have electron displacements and trapping during
the secondary process.

Auxiliary electron displacements provide more de-
grees of freedom in luminescence of solids, and expand
the ranges of certain properties of phosphors. The range
of kinetic energies of primary electrons capable of pro-
ducing cathodoluminescence extends from nearly zerol?
to many millions of electron volts. Also, the secondary
process of electron displacement and trapping provides
means for controllably increasing the time between prim-
ary energy input and luminescence radiation output from
about 10™ second to many years. Another impressive
combination of the basic electron-displacement and elec-
tron-excitation (—— radiation) activities is found in
such as the alternating-field
‘“‘electroluminescence’’ of G. Destriau.20 The potenti-
alities of (1) the innumerable possible combinations of
atoms to provide different electronic behaviors in solids,
and (2) the variety of combinations and interactions of
the different electron activities offer ample incentive for
continued research on phosphors and other electronically

‘*electroluminescence’’,

active solids.

WWW

Humboldt W. Leverenz



10.

References

R. H. Bube, F. Herman, and H. W. Leverenz, The
Solid State, ANNUAL REVIEW OF PHYSICAL CHEM-
ISTRY (Annual Reviews, Inc.; Stanford, Calif., Vol.
5, 1954), pages 199 — 218.

Reference 1, pages 212 — 213. R. L. Harvey, L. ]J.
Hegyi, and H. W. Leverenz, Ferromagnetic Spinels
for Radio Frequencies, RCA Review, Vol. 11, No. 3,
321 — 363, Sept. 1950.

F. A. Kroger, Luminescence in Solids Containing Man-
ganese, (Thesis, Van Campen, Amsterdam, 1940).
C. C. Klick, Divalent Manganese as a Luminescent
Center, British Journal of Applied Physics, Supple-
ment No. 4, 574 — 578, 1955.

S. Larach and J. Turkevich, Interaction of Manganese
Activator lons in Zinc-orthosilicate Phosphors, Phys-
ical Review, Vol. 89, No. 5, 1060-1065, March 1, 1953.

H. W. Leverenz, AN INTRODUCTION TO LUMINES-
CENCE OF SOLIDS (John Wiley and Sons, Inc. New
York, 1950), page 367.

W. Heitler, THE QUANTUM THEORY OF RADIATION
(Oxford University Press, Oxford, 1944), pages 35
and 113. The quantum-mechanical expression for Av
Av = 32n%v}|p|? /3bc?, according to C. H. Townes and
A. L. Scharlow, MICROWAVE SPECTROSCOPY,
McGraw-Hill Book Co., Inc., New York, 1955, page
336 (in this expression, p, the quantum-mechanical
matrix element of the dipole moment, would have to
have a value of about 6 x 10" esu in order to get
agreement with the classical expression for photons
of wavelength 60004).

Reference 5, pages 246—269.

H. W. Leverenz and D. O. North, Interactions of Re-
mote Impurity Centers in Phosphors, Physical Review,
Vol. 85, No. 5, 930-931, March 1, 1952.

H. W. Leverenz, Luminescent Solids (Phosphors),
Science, Vol. 109, No. 2826, 191, Feb. 25, 1949.
Reference 5, pages 257 and 266-267.

Reference 5, pages 255 and 290-292. The additional
lifetime data on MgSO4:Mn, Zn3(PO4)p:Mn, and
CdyB305:Mn are from measurements by Dr. R. H. Bube,

11..

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

RCA Laboratories, Princeton, New Jersey.

C.C. Klick and J. H. Schulman, On the Luminescence
of Divalent Manganese in Solids, Journal of the Optical
Society of America, Vol. 42, No. 12, 910-916, Dec.,
1952, L. E. Orgel, Phosphorescence of Solids Con-
taining the Manganous or Ferric lons, Journal of Chem-
ical Physics, Vol. 23, No. 10, 1958, Oct., 1955.

Private communication from Dr. D. S. McClure, RCA
Laboratories, Princeton, New Jersey. D. S. McClure,
Triplet-Singlet Transitions in Organic Molecules.
Lifetime Measurements of the Triplet State, Journal
of Chemical Physics, Vol. 17, No. 10, 907, 1949.

Reference 5, page 261.
Reference 5, pages 269-312.
Reference 5, pages 183-245.

L. S. Nergaard, Studies of the Oxide Cathode, RCA
Review, Vol. 13, No. 4, 464—-545, Dec., 1952. E. A.
Coomes, The Pulsed Properties of Oxide Cathodes,
Journal of Applied Physics, Vol. 17, No. 8, 647-654,
Aug., 1946. :

H. W. Leverenz,
(Phosphors), Scientia, Sixiéme Série, 45éme Année,
123-128 (in French), 285-289 (in English), Nov.,1951.

Centers in Luminescent Solids

Reference 5, pages 435—438.

R. E. Shrader and S. F. Kaisel, Excitation of Zinc
Oxide Phosphors by Low-energy Electrons, Journal
of the Optical Society of America, Vol. 44, No. 2,
135-139, Feb., 1954.

G. Destriau, Electrophotoluminescence, Ang. Phys. Vol.

17, 318-323, June—Aug. 1942; Philosophical Maga-
zine, Vol. 38, 700-739, 774-793, 800—887, Oct.—
Dec., 1947. (Another type of electroluminescence,
using conmstant voltage as low as 2.3 volts, is de-
scribed by A. Guntherschulze and H. Betz, Kaltes
Temperaturleuchten, Zeitschrift fur Physik, Vo. 74,
Nos. 9 and 10, 681-692, April 1, 1932).

Reference 5, page 354. A. Bril, On the Saturation of
Fluorescence with Cathode-Ray Excitation, Physica,
Vol. 15, No. 3/4, 361-379, May, 1949.



