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Luminescence and Display Materials Division History and in lamps and how to fit the lumen maintenance over time, which is
Interests® still often used.
The list of authors contributing to the luminescence section of

Luminescence, the emission of light by a material after it has ; .
been exposed to ultraviolet-infraredradiation, electron bombard-the Journal also included Klasens, Hoekstra, Cox, Fonda, Froelich,

ment, X-rays, or some other method of excitation, has fascinated’ehman’ and many others, a veritable who's who of the early fathers

people since ancient times. Even as late as the early 1900s, Thomz% modern luminescence and synthetic phosphor development.

Edison and E. L. Nichols concluded that “unless someone discoversan
a means of making luminescent bodies that are vastly brighter tha@er

]'Ehetbes_t knctJ_\]/c\./n_ r}o;(v,k:tj_mirlechence may ?E exc!gdfgggltogether"as rtain activators, and the efficiency of the phosphors. Other papers
actor n artiticial ighting.~ However, In the mid- S a small geait with applications of these phosphors. The physics and chem-

group of innovative engineers at the General Electric Companyiqiry, of |uminescent materials and their applications became and still

(GE) coated linear incandescent lamp tubes with a ground-up min+g the core area covered by Luminescence symposia.
eral phosphor, willemite, evacuted the tubes, dosed them with @ g first Electrochemical Society symposium dedicated to lumi-
small amount of mercury, filled them with a few Torr of argon, and ,ascence was organized by M. E. Fogel and was held in 1945 at a
sealed the ends with electrodes. In 1933 GE introduced the firsiegional meeting of the Metropolitan New York SectiofThere
commercial mercury fluorescent lamps. Today fluorescent lamps Usgere no general Society meetings that year, because of World War
synthetically made phosphors; due to their high efficiency, fluores- Eight papers were presented by some of the most prominent
cent lamps produce more light by far than all other lamp types.  names in the history of luminescence. Fluorescent lighting was the
In the 1930s a section of the new ECS Electronics Division waspjg topic in those days, with five of the papers dealing directly with
formed for those interested in luminescence. This was about the timgnat subject. The fact that companies such as RCA, GE, Sylvania,
when the systematic search for and development of synthetic phosgnd Westinghouse contributed significant papers established the So-
phors began, spurred by the invention of the fluorescent lamp andiety as a forum in which established scientists in luminescence
the need for new phosphors for radar screens. Not surprisingly, ifound it valuable to present their results to their peers in other com-
the 1930s and 1940s, luminescence was perhaps the most actiygnies. Moreover, the presentations were accompanied by the valu-
section in the new Electronics Division, although it was still small able constructive criticism of the audience.
compared to the more traditional Divisions of the Society. The second symposium on luminescence was held at the 1947
From 1948 on, a steady stream of luminescence papers appearepring Meeting held in Louisville, Kentucky. The contributing au-
in the Journal of the Elecrochemical Society a single year, 1949  thors were A. E. Hardy, H. C. Froelich, Keith H. Butler, and Arthur

These papers also set the scope of the Luminescence Section;
nouncing new phosphors, presenting their synthesis and charac-
ization, how they were excited, the wavelengths they emitted with

for example, there appeared in theurnal Bramley. Bramley’s paper was the first published discussion of alu-
1. A paper by Butler, which characterized zinc berylium silicate minized phosphor screens. The first participation by a university
phosphors that made white fluorescent lamps possible; professor was in 1948, when Roland Ward of the Polytechnic Insti-

2. Kroeger and Hellingman described the zinc sulfide phosphordute of Brooklyn gave a paper entitled, “Infrared Sensitive Phos-
activated with silver and copper, which are the phosphors still usedhors of the Alkaline Earth Sulfides and Selenides.” This was the
today in color television and display tubes; first paper in thelournalon energy storage and retrieval by infrared
3. Jenkins, McKeag, and Ranby presented a definitive characterizaradiation, although the subject itself dates from the 1890s with Gud-
tion of the halophosphate phosphors, which they discovered andlen and Pohl.
which became the standard white emitting phosphors for fluorescent In the 1950s and 1960s, with the invention of the transistor and
lamps, thankfully replacing the toxic berylium containing phos- the silicon chip, the Electronics Division grew rapidly while the
phors; and Luminescence Section remained roughly constant, with many of its
4. A paper by Lowry presented mechanisms of phosphor degradatiopapers dealing with improvements in phosphors, such as the halo-
phosphates and television phosphors and their manufacture. In 1982
¢ Much of this material was obtained from previous histories of the Luminescencethe Lgmlnescence Section became the Luminescence and _D'SF_"ay
and Display Materials Division prepared by W. M. Yénterface 1994, T. F. Soules Materials Group. The Group consisted mostly of people working in
(Interface 1998, and C. W. StrucKA Centennial History2002. luminescence in the industries and plants that had sprung up to
produce phosphors for lamps, displays, and X-ray equipment. It was
a close group of people, some of whom had worked in luminescence
* Electrochemical Society Fellow. or related areas throughout their careers, and they had a strong loy-
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pass the efficiency of fluorescent lamps and can be used to make
displays or lamps lasting much longer than current devices. The
Division now serves as a forum for papers not only on these and
other LEDs and laser diodes but also on cold cathode displays and
the luminescent properties of structures exhibiting quantum confine-
ment effects(e.g, semiconductor nanostructuyedt has become
more international in scope in recent years, as a good deal of work
in luminescence is now being done in Japan and Europe. The Soci-
ety has shown a unique strength right from its beginnings 100 years
ago as a meeting place for industry, government, and academia,
where physicists and chemists interested in both the fundamentals
and applications of electrochemical and solid state science can ex-
change views and information. All these important attributes of our
Society are contained within the operations of the Luminescence
and Display Materials Division.

Survey of Luminescence Papers Published in th@ournal in
the Last 100 Years

The Journal of The Electrochemical Socigtgnd in its former
namesTransactions of the American Electrochemical Socigtys.
1-58(1902-1930 and Transactions of The Electrochemical Socjety
Vols. 59-92(1931-1947] has been a leading journal in reporting
major discoveries over the last 100 years in the field of lumines-
cence. In addition, a series of proceedings volumes published by the
Electrochemical Society from symposia sponsored by the Lumines-
cence and Display Materials Division, as it is known today, have
provided “snapshots” of the then current developments in this field.
Here we provide an overview of these developments as portrayed in
articles published in thdournal

When the Society was celebrating its 50th anniversary in 1952,
alty to the Luminescence and Display Materials Group. Nagy' published a comprehensive review paper entitled “Growth of

In the 1970s, when it was generally believed that phosphors weréhe Luminescence Section” summing up the development of the
as efficient as possible, Verstegehal. announced a new set of study of luminescence as reflected in thmurnal up to that time.
rare-earth activated aluminate compounds, which improved both thd’he main points in this review will be repeated here. It should be
color rendition and efficiency of fluorescent lamps and made com-mentioned that Nagy included in his discussion on the field of
pact fluorescent lamps possible. Also, greatly improved X-ray “lighting” papers on incandescence, which is no longer considered
phosphors, X-ray storage devices, and scintillation counters forto be included in the subject of luminescence and will therefore only
computer-aided tomography became a reality. At the same time, th&e very briefly mentioned here.

Journal of Luminescenceas formed and it attracted many of the As early as 1903, Hamnfedescribed a number of methods of
more academic papers in the area of luminescence. Similarly thgroducing light. He mentioned an early Edison “X-ray Lamp”
Society for Information Displays attracted those more interested inwhich was an early version of the present cathode ray tube. Differ-
the application of phosphors in displays. Finally, several physicsent phosphors such as CaW(ZnS, and ZnSi@Q were bombarded
journals published most of the papers in the burgeoning field ofby an electron beam and produced light. Various organic and inor-
lasers. The Luminescence Group of The Electrochemical Societyganic luminescent materials were shown to emit light of different
continued to attract papers dealing with the physics and chemistry otolors. Papers dealing with mercury and other metallic vapor arcs
phosphors and the Group leaders including C. Strikig. 1), R. emitting luminescence were presented in tlwirnal in its early
Peterson(Fig. 2), M. Royce, T. SoulegFig. 3, W. Yen, and others  days. In 1905, Weintradodiscussed the conductivity of metallic
began to expand the scope of interest of the Group to other areagapors and the resulting luminescence. Thirty years later, Meister
including sensors, imaging, nonlinear optics, photonics, and excitonet al* described high intensity mercury arcs operating up to one
ics. The most successful of these expansions were co-organizethousand atmospheres and with high efficiency. Baskertvike
symposia on luminescent related topics with other Society Divi- ported in 1906 on the use of UV excitation in studying the fluores-
sions. cence of 13,000 minerals and compounds.

In 1991 the Luminescence Group applied for full Division status  In 1939, Mardef reported on the fluorescent lamp which had
in the Society, which was granted and resulted in the formation ofbeen invented a year before, and discussed the properties of various
the Luminescence and Display Materials Division in 1993. At this fluorescent materials. In a meeting of The Electrochemical Society
time the Division was holding successful symposia both in the arean 1939, a Luminescence subsection of the Electronics Division was
of the physics and chemistry of luminescence and in various lumi-established. In the first Society Luminescence Symposium held in
nescence applications. Luminescence was undergoing another r&945, Thayet presented a paper on the quantum efficiency of fluo-
naissance, with renewed interest in colored electroluminescent disrescent lamps. He showed that with zinc beryllium phosphor, the
plays, other types of flat panel displays, X-ray phosphors, highfluorescent lamp has a quantum efficiency of 90%.
definition and projection display phosphors, and the rare-earth fluo- At the next luminescence meeting, in 1946, Frodlistesented a
rescent lamp phosphors. paper on UV phosphors, which made it possible for the first time to

Currently, the Division is in a healthy state and serves the inter-make an efficient fluorescent lamp. Bufleeported on lumines-
national community well as a forum for papers in luminescence andcence in barium silicate phosphors, some of which proved to be
related fields. The field of luminescence is very active both in in- useful as “black light”(namely light in the near UV range of 320-
dustry and in universities and it is on the verge of still another major380 nnm) phosphors. Bramley reported on aluminum backed phos-
revolution with the invention of high efficiency blue and ultraviolet phor screens in cathode ray tubes and showed the advantages of
(UV) gallium nitride light emitting diode$LEDs) by Nichia. These  having higher output and the reduction of the tendency to phosphor
LEDs, which directly convert electrical energy into light, can sur- deterioration.

Figure 1. Charles W. Struck.
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Figure 3. Thomas F. Soules.
Figure 2. Ralph Peterson.

In 1948, Froelich® had reported on a new calcium silicate phos- activator. Froelich and Margofi$ reported on red emitting calcium
phor, which was later used in many color corrected fluorescencephosphate activated with cerium and manganese. Another red emit-
lamps. Smitf? showed the importance of the atmosphere of firing of ting phosphor, namely zinc phosphate activated with manganese was
ZnS phosphors. Watddiscussed the doubly activated alkaline earth reported by Smitk® Payne and Mayéf reported in a paper pub-
sulfides. The energy stored by the phosphor as a result of UV excilished in 1951 on the direct excitation of phosphors by electric
tation is released upon infrared stimulation. The emission spectruniields, which was the first in many papers on electroluminescence
is governed by one of the activators while the infrared excitation published in theJournalin later years.
spectrum is governed by the other impurity. The effect is termed ~ Wollentin et al?’ reported in 1952 on cadmium chlorophosphate
nowadays photo stimulated luminesceriB&L) or optically stimu- phosphor as a potential material for fluorescent lamp, emitting a
lated luminescencéOSL). yellowish pink light with a peak at 5900 A. Pfeiffer and FoAtia

The number of papers published in teurnal dealing with described the fluorescence of zinc orthosilicates emitting in the yel-
different aspects of luminescence increased to 26 in 1949. Ebnda low or red, depending on their method of preparation.
summed them up, along with papers on luminescence published in A number of papers on luminescence in ZnS induced by UV,
other journals, in a review article published in 1950. This included cathode rays, X-rays, and electroluminescent excitation were pub-
an important paper by Jenkiret al’® on alkaline earth halofos- lished in 1953. Froelich reported yellow and red emissions from
phates, materials which completely replaced the zinc beryllium sili-ZnS:Cu phosphors. Klasetlsdiscussed the nature of fluorescent
cates previously used in fluorescent lamps. A number of papers ogenters and traps in ZnS with?S impurity. Hoogenstraaten and
the mechanism of luminescence were presented. These included th€asens® presented the luminescence of ZnS:Cu,Co phosphors and
works by Kroeger and Hellingmahand by Smith” who reported  described the role of “killer” centers, namely, additional impurities
on the properties of sulphide phosphors. Garlick and M¥saho responsible for the drop of the fluorescence efficiency. In a series of
worked on thermoluminescend@L) of phosphors discussed the three papers, Ewles and [®eliscussed the role of large activation
correlation between the impurities in zinc sulphide phosphors andcenters in crystal phosphors, and reported the luminescence proper-
the trap depths. ties of CaO crystals with different impurities. Forfdigublished a

Fondd® gave in 1951 a review on luminescence papers pub-review of articles on luminescence, which had appeared in the lit-
lished in theJournal and elsewhere in 1950. Of interest is a paper erature in 1951-1952.
by Smittf® who reported on luminescence in the phosphor  The pursuit of more phosphors emitting different visible wave-
CaO-MgO-2Si0,:Ti, which had high efficiency under cathode ray length light continued in 1954, motivated by, among other things,
bombardment. Naget al?! reported on the luminescence of cal- the search for optimal phosphors to be used in color television.
cium zinc phosphate activated with thallium. They found that addingSmith34 reported on the properties of several manganese-activated
ZnO lowered the emission peak from 3280 to 3115 A. In a meetingfluoride phosphors. Swindelsdescribed the cathode rays excited
in 1951, some more interesting phosphors were discussed. Hendefluorescence of lanthanum oxychloride. Bismuth, antimony, and sa-
son and Ranb¥ described the luminescent properties of barium marium impurities were found to result in blue, greenish white, and
titanate phosphate, which was found to have an emission spectrurfeddish emissions, respectively. Gint?’?egave results of lumines-
similar to that of magnesium tungstate. PréAeshowed that an  cence of Caf:(Ce + Mn) where the Mn impurity acts as an acti-
efficient ZnS phosphor could be made using arsenic impurity as arvator and the Ce as a sensitizer.
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Pottef® reported changes in the emission spectrum of ZnS:Cu by
addition of Al, Ag, and CdS. Morehead frdescribed the effects of
temperature and voltage on the electroluminescence brightness of
ZnS:Cu. Tregellas-Willian® gave a review on the measurement of
the quantum efficiency of inorganic phosphors and reported a non-
linear dependence of quantum efficiency on the intensity of excita-
tion in sulfide phosphors with nickel impurity.

In 1959, more papers were published on different aspects of lu-
minescence in ZnS. Goldbéfyplescribed the action of Ni and Co in
electroluminescent ZnS. Goldstein and DropRireported on the
role of shallow traps in the thermoluminescence of ZnS:Cu, Co. Van
Gool and Cleirerf* discussed the influence of hydrogen on the red
fluorescence in ZnS:Cu. Ja¥fereported on the field enhancement of
cathodoluminescence in ZnS and ZnCdS with different doping.
Apple and Williams® gave a comprehensive study of Zn@&x or
Ag),y(Ga or In and suggested that the light emission results from
donor-acceptor pairs. Allen and Bachmadiscussed the reduction
of luminescence in ZnS:Ag by At H; and G ion bombardment.

In 1960, Lempicki® and Birman® found that the fluorescent
emission from hexagonal ZnS and CdS single crystals is polarized
perpendicular to the ¢ axis for both polarized and unpolarized exci-
tation. Avinof® discussed the role of gold impurities in ZnS and
CdS samples. Wachf&lreported on the electroluminescent proper-
ties of CaS:Cu,Eu. Two general papers on electroluminescence in
ZnS were also published in 1960. Ballent§fishowed that in ZnS
powders, electroluminecence only occurs in material containing
sphalerite and wurtzite and suggested that electroluminescence is a
disorder phenomenon associated with stacking faults in the crystals.
Thorntor?® discussed the maintenance of electroluminescenct phos-
phors and showed its dependence on phosphor properties such as Cu
and Cl additiongin ZnS:Cu, CJ, on conditions of operation and on
the lamp construction.

. In a 1961 paper, Thornt8hreported that electroluminescence in

In 1955, Ranby and Henderstreported on the preparation of 75 {yne phosphors is due to minority carrier injection. Waéhitel
magnesium fluorosilicate phosphors, doped with Ti and Mn, andiyjked about thermoluminecence and infrared-stimulated emission of
c_onclude_d that t_he mecaganlsm.of luminescence includes sensitizayiferent color light with differently doped ZnS samples. Hake
tion by Ti. Destriauet al.™ described the effect of phosphor output §iscssed the significance of the temperature dependence of fluores-
enhancement by the application of electric flelq in matena]s such agence intensity. He explained the behavior of an increase up to a
ZnS:Mn and ZnSCdS:Mn. Fond® gave the biannual review re- maximum and a decrease at higher temperatures as a result of com-
port, which included 83 papers on luminescence published in 1953petition of an increasing absorption of the exciting radiation and
1954. 0 . thermal quenching of the emitted radiation. Ivey, who had compiled
~ In 1956, Butlef® discussed the fluorescence of Tl activated ha- 5 pipliography with 720 articles and patents on electroluminescence
lide phosphors such as KCI:TI and hBr: Tl with different concen-  and related topics in 1959, made in 186%everal corrections and
trations of thalium, and explained the role of the Tl ions in the zqditions, extending the list to 1307 entries.
excitation and emission. Johnsehal*! reported on the effect of Luminescence in materials other than ZnS was discussed in
electron traps on electroluminescence in ZnS powders doped with 962, Ulimari® reported on carrier injection electroluminescence in
Cu and Al, and in ZnS single crystals doped with Cu. They showedgap, Adamset al®® described some luminescent properties in the
that a decrease of electroluminescent brightness occurs in the ,higgystem AJOs-AIN. Palilla and Baird® talked about the red emis-
temperature range where traps are thermally emptied. Wolféntin ionelectroluminescence from the ZpCd,S;_,Se, system and

; ; i
described the results of luminescence of lead and manganese acfl- 1 ; j .
vated cadmium fluorophosphates. &gor&e;ﬁ_i alt\lbt;)u;nt(;u;vlumlnescence of Mg gSh,0,3; doped with

In 1957, Ginther and Kirk’ had reported on the thermolumines- The extensive study of ZnS with different dopings continued in

cence of Caf:Mn, a material that was very broadly used in subse- . . .
: : 1963. Kramer and Turn&t described the quenching effect of infra-
quent years as a TL dosimeter. McKeag and Steffatelscribed the (Eed light on the luminescence of UV excited ZnS. Fis&helis-

effect of crystal disorder on the electroluminescence. They showe - : . 3
that many powdered crystal phosphors that are normally noneleccUSSed the electroluminescent lines in ZnS powder particles and
compared the impact ionization model explaining electrolumines-

troluminescent, become electroluminescent if they are mixed with ence in ZnS. Lehmarfreported on the emission spectra of ZnS
suitable powdered metals or with some nonmetals of good electrical’ : P p

conductivity. Lehmanf? described the effect of contact electrolumi- and(Zn,CdsS phosphors doped with Cu an_d Ag. .Jé?feomm“”"
nescence in which nonelectroluminescent phosphors become eleg-at?d on the _electrolumlnescer!ce(ﬂh,Mg)S.Cu_wnh and W'thO.Ut
troluminescent by mechanically mixing them with suitable pow- lodine co-activator. Other Iumlnescent matgrlals were studied as
dered metals. H. F. Wé§ (Fig. 4 gave a review of Well Ranby and Hobt§ described some thorium phosphate phos-
electroluminescence and field effects in phosphors and Kbnda phors and their potential use in lamps. Palilla and RinkéYics-
compiled the biannual review of luminescence in 1955-1956 with Ported on the luminescence induced by ac and dc fields in different
156 references. powdered phosphors. These included rare earth tungstatgd; Al

In 1958, Harrison and Humnf&l described the luminescent and ZnO, self-activated or with rare earth elements impurities. Ad-
properties of the efficient phosphor prepared by co-crystallization ofdamiancet al.”® studied the photoluminescence®@fSiC and found
B-CaSiQ:Mn,Pb and CaW@:Pb. The fluorescence could be ex- its efficiency to be~1%. Sarver and Humm@ investigated the
cited by either 2537 A UV light or by cathode rays. Aven and luminescence of the systems Mg&eQ;-SiO,-TiO, and found

Figure 4. Henry F. lvey.
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Mg,GeQ, to be the only efficient red emitter with UV excitation.  cence of Ed&'-activated Barium Octaborate, namely, }8g0;;

In 1964, some more papers on the luminescence of ZnS wer#/e,B,05; MeB,0,; MeB,O; where Me stands for Ca, Sr, and Ba,
publishede.g, a publication by Jaffe and Barflon iron activated and of BaRO,5. Only BaB0,5:EW?* was found to be an efficient
ZnS phosphors. Some researchers reported on the luminescence gfiosphor under short wavelength UV excitation, showing deep-blue
rare earths, in particular Europium in different hosts. Wickersheimemission. Barr{?® studied the fluorescence of Euactivated phases
and Lefeve' presented the excitation and emission spectra ofjn binary alkaline earth orthosilicate systems such as
Y203:Eu and emphasized its high efficiency and unusual perfor-ca,si0,-Sr,Si0,, concentrating on compositional variations. Bur-
mance at elevated temperatures. Bril and Wannfakeported on g and Paulud! communicated on the luminescence of Ewc-
the fluorescent properties of different Eu-activated phosphors, whichyated thorium-alkali-metal vanadates and discussed their excitation
show an emission characteristic of the Europium. It is deduced thatgg emission spectra. Haynes and Brffmpresented some results
for example in gadolinium oxide or gadolinium borate, the energy ;¢ g3+ activated rare-earth-oxygen-sulfur compounds. Among nu-
absorbed by the gadolinium ions can be transferred to the Eu ionSy,or0us other papers on luminescence in different materials pub-
In other materials, Ropp reported on the Cu activated alkaline- lished in 1968, Bouchat®® investigated the emission spectra of
earth phosphate phosphors such aghgl@; and BaP,0; as wellas  jngividual phosphor particles and found substantial differences in
Si5(P304):Cu. . _ _ _ the brightness from particle to particle. Hirayama and C¥fhye-

In 1965, Ropf* communicated on the luminescence of Eu in the ported on the fluorescence of Fe, Co, and Ni in reduced germanate
ternary system LgD;-Gd,03-Y,0;3 and explained the field pertur-  glass. Blasse and BH presented a theoretical work on the photo-
bation of the excited Bl state by an exciton mechanism. Brixfrer  luminescent efficiency of phosphors with electronic transitions in
studied the luminescent properties of some rare earth ions ifocalized centers. Mazelslat al'% joined the race of searching for
ZnB,0O,. S, EF', Th®", Dy**, and Tmi* were introduced  laser materials, which took place in the 1960s, and reported on the
into the zinc borate and the emission spectra were determined. Hagrowth and properties of neodymium-doped calcium pluorophos-
stedet al® reported the emission spectra of I1-VI compounds such phate, which is an efficient laser crystal.
as CdTe, ZnTe, CdSe, and ZnSe. The results were compared to the The search for different luminescent materials continued in 1969.
previously known spectra of CdS and ZnS. The existence of analoPeters®’ studied the luminescence properties of (Si0,),: Th
gous defects throughout the 1I-VI family of compounds was demon-phosphors. He pointed out the applicability of*Thphosphors in
strated. tricolor cathode ray tubes. Among the numerous papers on Eu doped

The emission spectra of the same 1I-Vl compounds, impurity- materials, the work by Kano and Otoh®is mentioned. These
activated, were given by Lehmatirin 1966. The results of lumi-  authors reported on the effects of impurities of Zr, Th, Mo, and W
nescence in various other materials were also reported iddhe on the luminescence properties of YY®u. Also, Jaffe and
nal. Sarvef® presented the results of luminescence in Ti activated K onitze® discussed the properties of YV@Eu which could be
zirconia (ZrQ). He found a broad excitation spectrum in the range considered as the red component in color TV screens. A theoretical
of 2100 to 2600 A, and a slow decay such that the visually detectwork on the general-order kinetics of thermoluminescence was
able emission lasts several minutes. R&4described some aspects given by Chert1® He studied TL glow peaks that are neither of first
of sensitized fluorescence in Ca(§)(5n,Mn glass phosphors. This  nor of second order kinetics, and developed a method for evaluating
occurs via a direct transfer of excitation energy from tin to manga-the activation energy, the pre-exponential factor and the effective
nese centers. Addamiati@ommunicated on the photoluminescence order of kinetics.
of SIC doped with group llla elements.g, boron and with nitro- jith the development of optical and electronic instrumentation,
gen. McAlliste* reported on luminescence in magnesium orthosili- faster luminescence decay could be measured in the early 1970s.
cate (MgSiO,) doped with Tb and Li. The good brightness at high gyj| et a1 reported in 1970 on Gé-activated phosphors with
Tb** levels suggests a very good coupling of the emitting rare earthyecay times as short as 25-30 ns. These authors suggested applica-

to the UV absorbing host. _ _ _ tions in flying-spot cathode-ray tubes and for TV “index tubes,” a
More work on Europium doped materials, was pUb“Sr]red.'n the special type of color TV receiving tube where a UV emitting phos-
Journal in 1967. Blasse and BPf reported on EY in phor is required in order to obtain the index signal. Toma and

NaCaMg,V;0;, where some Cd and Mg " ions are substituted  palumbd?? studied the excitation and emission 3G, and YVO,

by EC** + Li*. The energy transfer from the vanadate group to theand found in Tl doped sample a decay time of less than 20 ns. The
Eu*® ion was found not to be very efficient. Brixiiérmeasured  cathode ray efficiency of a variety of phosphors was reported by
efficient fluorescence of Ed in alkali yitrate and gadolinate hosts Ludwig and Kingsle)ﬁs'l“A theoretical account was given and

of the type ABQ where A is Li or Na and B is Y or Gd. The cathode-ray efficiency was estimated based on the photoexcitation
optimum Ed* concentration was determined for each host. Datta efficiency in the UV.

reported on the luminescent behavior 06GR:Bi,Eu where R In 1971, further work on laser materials was reported in the
= Y, Gd or La. Energy absorbed by bismuth-oxygen component isJournal Craford et al*'® described the GaAs-GaAsP heterostruc-

transferred by a radiationless process td Etesulting in the final  {Ure injection lasers and compared theirlrl%sults to the previously
known GaAs-GaAlAs lasers. Hopkinst al.™® communicated on

emission from excited Ed. Luminescence in several other materi- <" . ¢ 3
als was also discussed. Potter and Cu¥reported a luminescence Silicate oxyapatites, high-energy hosts for °Ndof the form -
quantum efficiency of-10% ina-SiC doped with boron and nitro-  M&LN4(Si0;)50 where Me is a divalent alkaline earth ion and Ln is
gen. Aig® presented the results of luminescence in phosphate vana@ trivalent rare earth ion. Among other luminescence properties dis-
dates of Y, Gd, Lu, and La. Compositions containing 25-50 mole %Cussed, Lehmann and Ryah reported on green emitting
GdVO,, YO, and LuvQ, exhibited intense blue photo-emission CaS:C&*, red-emitting CaS:Eii and doubly activated CaS: El
arising from absorption and fluorescence within the vanadate groupCe* phosphors, and compared the results to those of ZnS-type
Also, Tomaet al®” described the energy transfer and fluorescencephosphors. The optical and electrical properties of anothéf Eu
process in Bi* and EG" activated YVQ. doped material, namely Srf®,:EW?* was reported by
More papers on divalent and trivalent Eu activators in different Abbruscatd'® Evidence was given that holes are trapped at defects
materials were published in 1968. Palika al®® reported on the and the E&" emission is associated with thermal deactivation of
luminescence of alkaline earth aluminates activated by Ein these traps.
particular SrAJO, : Eu. The excitation and emission mechanisms are  In 1972, Blacket al**® studied the suitability of GaAsP wafers
discussed as well as the performance details of these phosphors for red LEDs, by using a focused laser beam as an excitation source.
fluorescence lamps. Blass¢ al®® presented the results of fluores- Parker and Johnsd#? described the preparation of
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known at the time, namely-NaYF,-0.2, Yb-0.03: Er, the infrared-
to-visible (green efficiency was found to be-6%.

Shintani and Minagaw’ described in 1976 the optical proper-
ties of GaN LEDs. By controlling the Zn impurity concentration, the
emission could be changed from blue to yellow or green. Krather
described a new technique for excitation of inorganic phosphors by
low kinetic energy ions and low kinetic energy electrons. For ex-
ample, the efficiency of light production in,®3-Eu is ~1 photon
per 40N ions. Wachtéf? reported on the fluorescence of
YVO,:El* with SiO,. The fluorescence intensity was found to be
higher than predicted on the basis of phosphor concentration. It was
concluded that phosphor particles are encapsulated by vitreous
SiO,, which increased the optical efficiency of excitation.

Suzuki et al** reported in 1977 on photoluminescence due to
Al, Ga, and B acceptors in 4H-, 6H-, and 3C-SiC. All the lumines-
cence at low temperatures is thought to be due to pair recombination
between N donor and the mentioned acceptors. Seuter and van den
Boom'3* studied the luminescence in Th@&nd found a quantum
efficiency of up to 70% for an emission peaking at 313 nm under
254 nm excitation. Deluca and Ham discussed the luminescent
energy transfer from Mt to Yb®* in CaR: Mn, Yb. They found
that the mechanism of energy transfer involves a direct ion-to-ion
transfer.

In 1978, Cossonet al13® communicated on electroluminescence
in an epoxy resin. The behavior of luminescence bands with increas-
ing applied voltage suggests that charge injection takes place and
that the electroluminescence mechanism is that of impact ionization.
Neurgaonkaret al*3” investigated the luminescence of rare-earth-
activated tellurate perovskites. Out of several materials studied, only
Ca,MgTeQ; was found to be an effective host for °rh Dy**, and
_ Er’*-activated luminescence. Todd*3f.reported on a new class of
Figure 5. Allen J. Bard. cathodochromic material, namely Ge-doped sodalite. He showed

that the formation of thermally erasable F centers quenches lumi-
nescent centers whereas the formation of optically erasable F centers
(Y,Yb,Er)F; phosphors which can be used for conversion of infra- does not.
red to visible light. The phosphor converted up to 3% of the infrared  |n 1979, Takahashi and Yamdd&reported on the luminescence
radiation of GaAs:Si diodes to green light at 5400A. Munasifghe  of Th-activated alkali rare earth metaphosphate glasses. The effects
reported on the luminescence properties off8gGe,O, crystal and  of Th concentration on the intensity of b emission were mea-
glass matrices doped Withlzré’:lre earths? EuTb’", and Nd*. sured. Robbiné° described the effects of crystal field and tempera-
In 1973, Nueseet al.”** described the vapor growth of {yre on the photoluminescence excitation efficiency in YAG:Ce

In; _,GaP for P-N junction electroluminescence. From such junc- The significance of the crystal field effects for the use of YAG:Ce as
tions, laser diodes have been fabricated which emit orange cohereqf high temperature lamp phosphor was discussed.

radiation between 6105 and 6150 A. Saitoh and Minag&iem- Todd Jr. and Tranjadfi* continued in 1980 their study of Ge-
municated on the epitaxial growth and characterization 0f gopeq sodalite and reported a bright green luminescence with an
GaAs P, and its use for electroluminescent diodes fabricated by emission band peak at 5250 A and an excitation peak at 3465 A.
diffusing zinc into GaAg 4P, ¢ layers. Keszthelyi and A. J. Bard Takeda et al'*? discussed the very fast decay-30 ns) in

(Fig. 5) reported on triboluminescence by the motion of mercury YAIO:Ce (YAP:Ce), a UV emitting phosphor. YAP:Ce with added
over glass coated with scintillator dyes. Twelve scintillator com- a cgm ound was ,found to have a radiant efficiency-Gi%. In
pounds were investigated and the luminescence was found to b e searrz:h for better neodymium laser materiatber than Y.AG'

characteristic of the coating material. 143 : ; h
Verstegeret al1?5 reported in 1974 on a new generation of “de- Nd), Parent et al. investigated the optical properties of

luxe” fluorescent lamps with high efficiency resulting from a blend NasLai xNd(POy), and NalLa, ,Nd,(VO,),. The vanadate was
of blue, green and orange-red emitting phosphors. Hess a2 found to have strong IuTlnescence intensity at low concentrations.
described the candoluminescen@ame-excited luminescencén In 1981, Hartmantf reported on high-resolution real-time
transition-ion-activated oxide phosphors such asSi@,:Mn. They ~ X-ray fluorescent screen used in topography. The best conversion
found that for all the phosphors studied, a temperature of severagfficiency was found in G,S:Tb which showed the highest spa-
hundred degrees is required for most efficient emission. Waite andial resolution with grain size<1 nm. Flaherty*® gave a review of
Vecht?” communicated on green dc electroluminesce(@EEL) the role played by color centers in the deterioration of light output of
from ZnS:Mn, Cu powder phosphor. They concluded that DCEL lamp phosphors. Ozaw# communicated on an experimental proof
emission at 500 nm is from divalent lead adjacent to substitutionalof radiative recombination mechanisms of electron-hole pairs at ac-
oxygen in the ZnS lattice. tivator ions in inorganic crystals.

Reisfeldet all?® investigated in 1975 the fluorescence offEu In 1982, Schapeet al!*” described a novel type of electro-
in sodium phosphotungstate glasses with various ratios ofchemiluminescenc¢ECL) cell. The luminescence efficiency was
P,Os/WO;. They showed that these materials could substitute~1% and the lifetimes much longer than those in conventional elec-
EP" doped tungstate crystals for fluorescence purposes. Briltrolytic cell. Ozawd®® reported on the motion of electrons and holes
et all?® reported on the efficiency of YB-Er' activated up- in Y,0,S crystal as revealed by cathodoluminescence. Kitahara
conversion phosphors. For one of the best up-conversion phosphoket al1*° discussed the one-dimensional photoluminescence distribu-
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tion in semi-insulating GaAs grown by the horizontal Bridgman and s
circular Czochralski methods. .
Hesset al1®C studied in 1983 the photoluminescence of sintered

Zn,SiO, doped with Al and Ti. The quantum efficiency for the UV-
blue emission was measured as well as the decay time, which varied
from 107 s for Ti to 10 s for Al doping. Deckeet al'®! reported

on hole injection and electroluminescence of n-GaAs in the presence
of aqueous redox electrolytes. A luminescence signal was observed
as a consequence of electron-hole recombination following the hole
injection. Okamoto and Kat8® described the preparation and
cathodoluminescence of CaS:Ce and, G&r,S:Ce phosphors.
Good crystallinity, large particle size, and high luminescence effi-
ciency were reported.

In 1984, ReisfeltP? gave a review on the fluorescence and non-
radiative relaxations of rare earths in amorphous media such as ox-
ide, chalcogenide, and fluroride glasses. Also was discussed the
spectral behavior of rare earth ions absorbed or incorporated into
high surface porous materials. Robbitsal 1>* reported on pairing
effects in the luminescence spectrum of,3i0,:Mn. Some emis-
sion lines are assigned to Mn pair centers involving substitution on
nearest neighbor Zn sites. Gilbert Kaufman and HawRhsle-
scribed the defect luminescence of thin films of,Ouon copper. -
Apparent quenching of luminescence by interaction between vacan- ¢
cies was observed for sufficiently high copper vacancy concentra-
tions.

In 1985, Moet al%® gave a comparative study of sensitization ' |
of luminescence of trivalent rare earth ions by®Cén LaOBr. l
Takahashiet al*>” communicated on the photostimulated lumines- _ _
cence(PSL) and color centers in BaFX: &1 (X = Cl, Br, I) phos- Figure 6. David J. Lockwood.
phors. They concluded that the PSL was caused by the liberation of
electron traps at F centers created by X-ray exposure. Dexpert-Ghys
et al**® reported on the transient properties of the luminescence ofystematic review was given of the technique, as well as of its
Ew* and TH" in oxysulfide matrices. _ _ application to ZnSe. Rowell and LockwotS8 (Fig. 6) described the

In 1986, Huo and Hot?® described a chemical etching process jnfrared luminescence spectrum of the vibronic laser material
Qeveloped for_ the fabr|cat|or_1 .Of a YAG screen. They reported onKan,XCoxF3. A detailed understanding of the low-lying electronic
|m'prov_err:rL16%nt in phosphor efficiency by a factor of three. Scholl and ;e s indicates the optimum condition for laser operation. Zhu
Trimmier~"also studied the properties of the YAG host, which, with o 51169 geyeloped a fiber-optic fluorescence sensor for quantifica-

Tm and Tb impurities yielded a blue phosphor. They reported ajon of atmospheric humidity. The sensor utilizes a fluorescent dye

resonant energy transﬁfer from the, Tm*" state to theD, Th®* entrapped with a perfluorinated inomer matrix

161 : ; : :
state. Jorgensert al.™" found high yield luminescence of lan- The role of Japanese scientists in the search for luminescent ma-
th_anlde J-levels in fluoride glasses with weak multiphonon relax-terials. as reflected in publications in theurnal was very impor-
ation. tant in the 1980s and 1990s. In 1990, Amaall’® described the

Yamashitaet al*®? reported in 1987 on the photoluminescence growth and luminescence properties of Mg-doped GaN prepared by
spectra and vibrational structures of the SrS:Cand SrSe:C¥ metalorganic vapor phase epitayfOVPE). The authors stated that
phosphors. The vibrational structures of the emission and excitatiolhy using GaN:Mg/GaN, an efficient near-UV and blue LED can be
bands were analyzed, and the coupling constant of the spin-orbitabricated. Tajimaet al’* discussed the calibration of the photolu-
interaction as well as the crystal field parameters were determinedminescence method for determining As and Al concentrations in Si.
Kiliaan et al1%® described the luminescence properties of hexagonalPappalardt/? reported on pulsed, combined voltage/UV excitation
Na(Y,Gd)F:Ce, Th. They showed that the excitation energy mi- of the thin-film electroluminescetTFEL) display panels. The com-
grates from the C€ ion over the Gd" sublattice to the Tb" traps. bined photoelectric excitation technique is a valuable diagnostic tool

In 1988, Matsuokaet al®* communicated on a Pr-Mn oxide in characterizing the performance of actual TFEL display devices.
black dielectric developed for a high contrast electroluminescent In 1991, Onisawat all’® communicated on the effects of oxy-
display panel. The structure used was of a light-absorbing layer ingen in SrS phospor powder on the performance of thin film elec-
direct contact with a phosphor layer, so as to reduce the light scattroluminescent devices. Liat al!’* described the effect of the en-
tering. Gilbert Kaufman and Dickinsé?? showed that luminescence ergy level separation on the luminescence decay df @Goped
at 4 K of cuprous oxide films on copper metal provide a good mullite-glass ceramics. The luminescence lifetime was found to be a
insight into the polycrystaline films. The appearance of two lines function of the degree of mixing of th#&E and“T, states, due to
near 637 nm are attributed to the stress induced at the stronglgpin-orbit interaction. Collinet al”® reported on the preparation
bonded metal interface. and photoluminescence of ZnS:Tm films deposited on glass, sap-

The number of papers on different aspects of luminescence in th@hire and silicon.

Journalincreased dramatically in 1989, and the high rate of appear- In 1992, the first of a long series of papers on luminescence in
ance remained high in subsequent years; only few of these will bgorous silicon was published in thdournal Gomyou and
mentioned here. Sche(58 reported on the UV-to-visible lumines- Morisaki*’® reported on their study of the effect of electrochemical
cence conversion in CaFEUW*" and Srk:EWZ" crystals. These ma- treatments on the photoluminescence from porous silicon, which
terials were found to have potentially wide applications due to theirenabled a better understanding of the mechanisms that limit the
high power conversion efficiency factor, which, for the former ma- quantum efficiency of visible light emission. Another paper on})ho-
terial is 0.51. NeumarK’ discussed the donor-acceptor pdAP) toluminescence in porous silicon was published by Jangl,'’
luminescence, a powerful technique for impurity characterization. Awho found broad emission centered betwee&20 and 720 nm with
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strong intensities measured from 500 to 860 nm. Nogerl’®  vacancy-related defects. Lati al*°® discussed the role of cerium in
discussed the role of surface states, surface complexes, and dontite atomic layer epitaxyALE) of SrS thin films in TFEL display
states in electroluminescence of Nb-doped and defect-doped polyapplication.

crystalline TiQ. Oxygen defects were found to play a decisive role  Further work on luminescence in porous silicon was published in
in the luminescence characteristics. the Journal in 1999. This included a paper by Nogucéi al,*®’

In 1993, Glasbeelet al1”® described the polarization properties which described the visible EL from n-type porous silicon in an
of the phosphorescence of 2.818 eV center in diamond. Also, optielectrolyte solution. Time-resolved EL spectra measurements
cally detected spin coherent transients were studied for the photoshowed that the EL spectrum was blue-shifted with time. Green
excited state of this center at 1.4 K. Van Scheilal*® reported on  light-emitting porous GaAs was produced for the first time by
the influence of impurities on the luminescence quantum efficiencySchmukiet al1®® using a focused ion-beam patterning procedure.
of (La, Ce, THPQ,. They showed that low concentrations of rare- As for other luminescent materials, Sobnhal®® discussed the ef-
earth ions have only a small effect on the®Tljuantum efficiency.  fect of co-doping by Mg and/or Cr on the PL behavior of
Junget al!®! gave a review on the developments in luminescent Zn,SiO, :Mn phosphors. Both Mg and Cr have a favorable influence
porous Si. The basic models for luminescence mechanisms at than the photoluminescent properties; Mg enhances the intensity of
time were described, namely, quantum-sized crystalline Si, surfacéhe green emission and Cr shortens the decay time. Djazovski
passivation, Si-Halloys, and molecular electronics. et al?%° studied the excitation and emission spectra of nominally

In 1994, Alshawa and Lozykows#F reported on ac electrolu-  pure and C&"-activated SrG5, thin films. They reported prelimi-
minescence of ZnS:Tm. The emission intensiti€s ¢f different  nary results of a thin-film electroluminescent device with Si&a

peaks were recorded as a function of the applied volt&gelf (1) Ce, Li phosphor layer.
vs. V"2 showed a straight line over several orders of magnitude, In 2000, van Pietersoat al2°! communicated on the nature of
indicating that direct excitation takes place. Steeklal, '** dis- the efficient blue-white luminescence of,6eQ,. The quantum ef-

cussed the PL in stain-etched porous Si. They showed that a certaificiency measured was found to be about 40%. Magsl2°? in-

degree of crystallinity was a necessary condition for the occurrenCgestigated the phosphorescence of2 Edoped B-alumina. Two

of PL. Falconyet al'®* described the blue PL from CeCtioped strong phosphorescent peaks at 482 and 502 nm were found, which

Al,0;3 films. PL excited by 300 nm consisted of two overlapping differed from the peak of fluorescence at 465 nm. The authors ex-

peaks at 365 and 395 nm. plained their results by a model in which three different sites could
Mohler and Whité®® considered in 1995 the influence of struc- pe occupied by Eif ions in SrMgALO,, whereas only one site

tural order on the luminescence of *Cractivated spinel com-  ouid be occupied in BaMgAjO;,. Cho et al?® reported on the

pounds. They found that such disorder broadens and smears out ﬂ&%thodoluminescence characteristics of a spherig@,YEU phos-

- . 186 i
phonon fine structure of the €r emission. Ogasawaet al ' dis- hor screen for field emission display application. The charging ef-
cussed the enhancement of electroluminescence from n-type poro%cts of the spherical Y05 :Eu screen on the luminance under low

S|I|;:on. Ts?e rendhancde(ian(Ij_ifFr:)pnetrt\:les Weroenstudltra]di f?rdtwc; typtiar? cl’fvoltage operation were examined, and the methodology for enhanc-
porous produce ere ays. € consisted ot a sing eing the picture quality was discussed.

layer of fine pores and the other of a double layer of fine and rough In 2001, Suhet al2°* communicated on the ambient full-color

pores. Browret al: ™" reported on the positron lifetime spectroscopy PL from porous silicon produced by electrochemical etching with

and cathodoluminescence of polycrystalline Tb-doped ytria. Thethe aid of an oxidizing metal such as Zn. The emission can be tuned

Ic_forr_elation between thefres_ults demonstrates the utilityl of positron | any wavelength in the visible by changing the anodizing current
ifetime measurements for investigating microstructural properties . 505 :
density from 20 to 100 mA/cf Lee et al?% described the struc-

f materials and the importan f th roperti he lumin ; ;
gencite als and the importance of these properties to the lu eStural and luminescent properties of the ZnS:Cu, Al phosphor under

Many papers on the luminescence of porous silicon were pub-IOW voltage excitation. The material structure was analyzed and
lished in 1996 in theJournal Billat'é8 reported on the electrolumi- found to be composed of cubic and hexagonal phases, the latter

nescence of heavily doped p-type porous silicon under electrochemil@ving high brightness and low voltage operation. Flynn and

cal oxidation. The authors suggested that crystallites of quanturd('_ta'z_06 reported on ZnG#0,:Mn phosphor and its application as
sizes are responsible for the light emission. Zhang!18° described thln film e!ec.trolumlnescent display exhibiting high brlghtpess. A
the fabrication of a porous silicon diode with distinct red and orangesingle emission band at 504 nm was observed following a
electroluminescence regions. Maruyama and Ohtamiommuni- = 750°C annealing. Using a thermal process, Boukhereited 27

cated on the high intensity photoluminescence in as-prepared porousilly passivated the surface of freshly prepared porous silicon with
silicon, produced by anodization in high concentrations of ethanol.organic molecules such as alkenes and nonconjugated dienes. These
With air exposure, the surface of the porous silicon was oxidizedmolecules protect the surface from oxidation and preserve the origi-
which caused a blue shift in the emission. nal photoluminescence to an unprecedented degree, which is criti-

More papers on this interesting material were published in 1997 cally important for light emitting device applications in display and
Lim et al'®! described the spectral shift of electroluminescence Sensor technologies.
from porous n-Si under cathodic bias. Electropolymerization of In the first half of 2002, Kimet al?%® described a stable blue
aniline on the porous Si surface enhanced the stability of the EL photoluminescence from porous silicon. This is clearly visible to the
Further assessment of the conditions influencing porous silicon ELnaked eye even after 2 months exposure to air. Using a direct reac-
was given by Seret al1®? Two types of EL instabilities were ob- tion of undecylenic acid with hydrogen-terminated porous silicon,
served: fast, with time constant of milliseconds, and slow, with time Boukherroubet al?®® showed that an organic monolayer is co-
constant of hours. Chang and GleaS8meported on the relation-  valently attached to the surface through Si-C bonds. This monolayer
ship of processing parameters of photoluminescence intensity angirotects the surface against hydrolysis and thus preserves the porous
mechanical failure in thick porous silicon layers. An inverse corre- silicon photoluminescence. The attached acid is readily transformed
lation was found and explained between mechanical stability ando an ester, which allows the addition of biological molecules of
photoluminescence intensity. interest for sensor applications. Ihazaal 2% reported on the pro-

In 1998, Kooijet all® suggested a mechanism for chemilumi- duction of nanocrystals of Th- and Eu-doped ZnS, which yielded a
nescence from porous silicon, namely, a hole injection at the siliconhigh luminescent efficiency, about three times larger than in bulk
aqueous electrolyte interface. As for luminescence from other matesamples. The nanocrystals were coated with glass, which further
rials, Uchida et al1®® described the photoluminescence of semi- increased the cathodoluminescent intensities and protected the sur-
insulating InP wafers. A sharp line at 1.3618 eV was ascribed toface from oxidation.
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In summary, thelournal has been a leading vehicle for publica-

70.

tions on luminescence and display materials. Well over 1000 papers’?-

. . ; ; . T2,
on different aspects of luminescence in a wide variety of materials ;3

have been published in the 100 years of existence oddbenal In
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F. C. Palilla and D. H. Baird]. Electrochem. Soc109, 1162(1962.
R. W. Mooney,J. Electrochem. Soc109, 1110(1962.
B. Kramer and A. Turned. Electrochem. Soc110, 366 (1963.

73. A. G. Fischer,). Electrochem. Soc110, 733(1963.

74.
addition, practically every important aspect of the science of lumi- 75.
nescence has been covered indbarnal reported by literally thou- ;g
sands of scientists from all over the world. 78
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