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S Y N T h E S I S  AND LUMINES CI . N C E OF Z n S : E r ,Cu PHOSPHORS

INTROD U CTI ON

Phosphors  e m i t t i n g  in a na r row—band  luminescence  s p e c t r um  are of
par tic ula r  in te res t in visual disp lay s where h igh ambient illumination
levels are present. Under such conditions the contrast and resolution of
information disp layed on phosphor screens have to be sufficiently high in
order to maintain good readability. This applies to disp lay s, as in cath-
ode ray tubes (cRT) for radar , to grap h ical disp lays in computer outputs ,
in flat panel indicators , or disp lays in aircraft cockpits.

Narrow—band luminescence due to trivalent rare eart1~ (RE) ions in
TI—VT compounds has been studied for many ~‘ears . Little worL , however,
has been reported on RE activatec zinc sulfide (ZnS) phosphor~ with narrow—
band luminescence in the visible region of the spectrum. The Er—acti-
vated ZnS phosphor is of special interest since its emission spectrum con-
sists of a single intense narrow—hand in the green , very close to the wave-
length of the maximum of the CIE photopic eve response and of a very low
intensity band at a slightl y longe r waveleri~zth.

I t has been obser ved , howeve r , that for apparentl y similar prepared
phosphors , the Er emission may or may not be the dominant emission , hut
appears sliperimpos ed on a broad luminescence hand .~ Variati’~ns in the
appearance of the Er emission bands have also been observed.

The ourpose of this investigation was to determine the effect of
synthesis and material parameters on the broad—h and and narrow—band
emission in ZnS:Er ,Cu phosphors , to study the tempe rature dependence of
the Er emission bands , the excitation spectrum , the luminescence rise and
decay characteristics , and the difference of the Er emission in hexagonal
and cubic  ZnS host  l a t t i ces .

if
— —-.—- — .- -  — - — — -  —-- —~~~~~~——
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LUMINESCENCE SPECTRA OF ZnS PHOSPHORS

Broad—band Luminescence

Luminescence spectra in ZnS and other IT—VI compounds usually are of a
bell—shaped broad—band type with a half—width of about 50—100 nanometers

(nm). In ZnS phosphors , two types of intentionally added impurities are
essential for the luminescence process, the activator which de termines the
wavelength of the broad—hand peak and the co—activator which is necessary

but has inly .~~ small effect on the spectrum . Copper (Cu). for e-<ample , as

the activator substituting zinc (Zn) and chlorine (Cl) substituting sulphur ,
leads to the well known green emission band centered at ~. 

= 523 nm. Triva-

lent ions such as Ga 3+ or Al3+ at Zn sites , also act as co-activators 
and

lead to tie same green Cu emission when Cu is the activator ion . In photo—
conducting phosphors such as ZnS , the transfer of the excitation energy can
be described by the energy band model in terms of electron and hole recom—
bination between localized acceptor and donor levels in the ZnS energy
gap produced by the activator and co—activator impurities respectively.

In recent years , the concept of donor—acceptor pair association has
been i n t r o d u c e d  in descr ib ing  the luminescence process in ZnS type  phos—
phors . 7 ’~ I t  is reasonable to assume tha t  at the p repara t ion  tempera ture
of the phosphor (above 1000°C) ion diffusion is rapid and enhances the
elec trostatic attraction between the effective positive and negative
charged activator and donor ions to form such pairs . The degree of associ-
ation into pairs depends strongly on the intra—impuritv distance in the
crystal lattice . Depending on the firing conditions , the type and concen-
tration of activator and co—activator ions incorporated , there will be a
finite number of donors and acceptors close enough to be considered as
pairs. The luminescence process is attributed to electron_ hole recom—
hination transitions within such pairs of various intra—pair distances.
These distances in some cases can be next—nearest neighbor distances , in
other cases , nearest neighbor distances or even distances over many lattice
sites. ~hc structureless broad—band luminescence spectrum in ZnS can be
interpreted as resulting from the overlap of single emission hands involving
t r a n s i t  ions ‘-i thin pairs of various intra—pair distances .

N a r r o w - h an d  Luminescence

R a r e - e a r t h  (RE) ions , p a r t i c u l a rly  the  t r i v a l e n t  RE ions as a c t i v a t o r
in ZnS and o t h e r  Il—V T compounds oxhibit narrow—band l uminescence resulting
from transitions within the shielded Af electron shell. The donor level
associated with the RE .3+ I on is due to the valence electrons and is located

‘ . J. S. Prener and F. F. Williams , “Activator Systems in ?inc Sulfide

Phosphors .” J . Electr ochem. Soc. 103. pp. ~42 , 1956.

8. E . F. Apple  and F. F .  ~ i 11 i nr~s . “Associated Ponor—A copt or Luminescent

Cen te rs  in Z i n c  S u lf i d e  Phosp hors , ” J .  E l e c t r o c h e m .  Soc. 106 ,
pp.  2O~~. i95° .

9. K .  0rn , S. Shionova in~! V .  ~ .Ishizawa . 
“Mechanism of o r a d_ h a n d

Lumine~~ i’nce— I ,” .1 . Phvs. Chem. Solids 2~’, pp. 1S27 , l°~ R .

— ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~



I
about 0.4eV below the ZnS conduction band . It is es t imated  t~~at the  energy
level structure of the inner shell of the RE ion is situated somewhere
below the valence band ed ge of ZnS .

A s t rong  tendency exists fo r  the  RE a c t i v a t o r  ion to pa i r  wi th  o ther
de fec t s  in ZnS , w i t h  e i t he r  l a t t i ce  d e f e c t s  or i n t e n t i o n a l ly  added impur i t i e s
which introduce an acceptor level. Kingsley . et . al.

10 have shown that
added impurities such as Cu increase the RE emission significantly . From
this and similar results by others , the conclusion has been drawn that the
RE luininesence in ZnS type host lattices is a sensitized luminescence by
wh ich energy transfer to the RE activator takes p lace via the Cu or
other lB group elements acting as the sensitizer.

Model For Transitions in Sensitized RE—Phosphors

Unlike the broad—band emitting phosphors where the luminescence is
associated with the radiative recombination transition of electrons and
holes within donor—acceptor pairs , the recombination transition in RE
activated ZnS phosphors is radiatio:nless whereby the recombination
energy is transferred directly to the 4f electrons of the RE3+ ions by a
resonnance transfer process. While the broad—band luminescence , as dis-
cussed above , is associated with transitions involving donor—acceptor pairs
with intra—distances reaching over several atomic distances , it can be
reasonably assumed that the non—radiative transitions and its subsequen t
energy transfer by resonance is favored when RE—sensitizer (donor—acceptor
pairs) ions are paired at neighboring lattice sites to form the luniines—
cence center. Depending on the concentration of the RE and sens i t i ze r  ions
presen t , and on the preparation conditions of the phosphor , both types of
processes may exist yielding a luminescence spectrum composed of a super—
position of the broad—band and the narrow—band RE emission as f r e q u e n t ly
found in such RE activated ZnS phosphors . This s i tua t ion  is shown
schematically in Figure 1.

Luminescence Spectrum of ZnS:Er,Cu

• A typical room—temperature (RT) photoluminescence spectrum of ZnS:Er ,Cu
phosphor is shown in Figure 2A. This spec t rum i l l u s t r a t e s  the s imple Er 3+
emission spectrum associated with transitions within the 4f shell , and the
frequently observed broad—band emission spectrum associated with transistions
withi~ 1

the ZnS band—gap . According to the energy level for trivalent RE
ions , the term assignment of the most intense Er 3+ f luorescence  band

10. J. D. Kingsley, .J. S. Prener and M. Aven , “Energy  T r a n s f e r  f rom
Copp er and Silver to Rare Earths in TI-VT Compounds ,” Phys. Rev.
Ltrs . 14, pp. 136, 1965.

11. C. H. Dieke and H. H. Crosswhite , “The Spec tra of Doubly and
Trip lv Ionized Rare Earths ,” , Appl . Opt ics , 2, pp. 675 , 

1963.3
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Pr ior to f i r ing ,  a Lindberg heavy—duty SiC furnace (#54233) was
brought up to firing temperatures . The furnace had a regulated power supply
for constant temperature operation. The reaction tube was then inserted
into the furnace. Firing time was measured from the time the material
reached the firing temperature as determined from a thermocouple in the
vicini ty of the boat.  At the end of the f i r ing , the reaction tube was
removed quickly from the furnace and placed on a slab of Transite for
further cooling. During the cooling cycles, the pre—set H7S gas flow was

• mainta ined.  Fi gure 3 shows the arrangement used to f ire the phosphor
materials .

The f i red  phosphor sample was f i r s t  visually inspected with an ultra-
violet lamp and then mounted for  spectroscopic investigation on a copper
or glass plate using settling techniques with water or amylacetate.
The transition temperature for the cubic to hexagonal phase in ZnS is
1020° C. Since the luminescent properties of hexagonal ZnS in general

~~ p,~~c*- *, 5*~~3

~~~~~~~~ ~

_ _ _ _ _ _ _ _ _  
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tube
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Figure 3. Arrangement Used to Prepare the Phosphors.
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are super ior  to cubic ZnS ,~~
2 i n i t i a l  phosphors were f i r e d  above th is

temperature  at 1175 °C. Removing the  reaction tube  f rom the furnace  and
letting it cool in air was used as a means of quenching in the hexagonal
phase. X—ray d i f f r a c t i o n  analysis of the resul t ing phosphors showed
that the starting cubic material was converted to the hexagonal phase.

During the course of the inves tiga tion , approximately 170 phosphors
were f i r ed .  The Cu , Er concentra t ions  were in the range 0.001 mole per-
cent ( 6 X 10~ 6 cm3) to 0.1 mole percent (6 X 1018 cm3). The
m a j o r i t y  of samp les had equal concen t rat ions of Cu and Er , al tho ugh
samp les were prepared where the Cu/Er ratio ranged from 0.1 to 10.

Effec t of Er and Cu Concentrations on Luminescence

A ser ies of phosphors doped with different Er and Cu concentrations
were prepared f rom ZnS powder mixtures con taining Er rang ing from 0.01 to
0.1 mole percent and Cu ranging from 0 to 0.1 mole percent. The powder
mixtures were fired in an H7S atmosphere at 1175°C for two hours and
rapid ly cooled to room temperature . Photoluminescence measurements on
these prepared phosphors were made in an experimental set-up using a 1/2
meter Jarrell Ash spectrometer. The excitation was from a ultra—violet
merc ury vapor lamp . The res ulting luminescence was chopp ed and foc uss?d
on the slit of the spectrometer. A low noise photomultiplier in con-
junction with a parametric HR—8 lock—in amplifier detected the spectral
radiation and displayed it on a strip chart recorder.

Figures 4 and 5 show the luminescence spectra of fo ur phosphor
samples from this series. Figure 4A gives the spectrum of a phosphor
con ta in ing  0.01 mole percent (6x101- 7/cm 3) Er onl y.  This ph osphor
exhibits a low lenel luminescence output consisting of a broad—band com-
ponent w i L h  a very weak Er emission super imposed.  A nrna l i  b l u e  hand
emission at 450 mm can also be seen wnich is characteristic of self—acti-
vated ZnS phosphors . Since no impurities other than the Er have been
added in ten t ionally , one can assume that lattice defects such as Zn—
vacancies .closely associa ted w ith the Er 3+ ions,are involve d in the
absorp tion and energy transfer  process to excite the Er activator
ions . The addi t ion of the Cu s ens i t i ze r  d ramat ica l ly  increases the
narrow—ban d Er emission by mo re than 30 times f or the  Z n S : E r , Cu phosph or
with 0.01 mole percent of Er and Cu concen t ra t ions  as shown ‘in
Figure 4B .  The broad -band component tma s increased 1w a
fac to r  of less than two . When h igher  concentra t ions  of Er and/or  Cu are
used in the p repara t ion  of the  phosphors , a lowe r overall  e f f i c i e n c y
of the resultant luminescent spectrum is obtained , as shown in Figures
5A and SB. Furthermore , the Er 3+ f l uorescence bands show addi tional
emission lines at 540 nm and 560 mm. These extra lines seem to belong to
a similar but slightly shifted set of fluorescence bands superimposed on
the Er spectrum , obtained with lower Er and Cu concentrations . These
phosphors when subjected to X—ray diffraction analys is , revealed the
presence of the cubic ZnS phase. Samp le Number 87 (Figure SA) with an

12. H. W. Leverenz , An Introduction to  Luminescence of Solids ,
John W iley & Sons , New Yo rk , N .Y. pp. 331 , 1950 .
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Er and Cu concentration of 0.1 and 0.01 mole percent , respectively was
composed of approximately 75 percent hexagonal and 25 percent cubic ZnS.
Sample Number 89 (Figure 5B) with 0.01 mole percent of Er and 0.1 mole
percen t of Cu , howeve r , showed approximately 25 percent hexagonal’and 75
percent cubic ZnS. These results show that in these phosphors , even if pre—
pared at temperatures as high as 1250°C, well above the cubic hexagonal
transition temperature (1020°C),the high impurity concentrations
stabilized the cubic ZnS phase above the normal transition temperature ,
and also reduced the phosphor efficiency . While in both phosphor samples
the total amount of Er and Cu impur~ tiies is the same , it appears , however ,
that high Cu concentration more readily stabilizes th?3cubic ZnS phase
than does the high Er concentration. Aven and Parodi have shown that
copper concentrations in excess of l0—~ atomic fraction in ZnS can trigger
a rapid transformation of hexagonal to cubic ZnS. They believe that this
trigger effect results from the precipitation of copper sulfide as a
separa te phase which supplies the energy necessary to nucleate the cubic
ZnS. These findings suggest that a similar catalytic effec t may be
responsible for the presence of the cubic ZnS phase in our phosphors
containing high concentrations of Cu and/or  Er.

Erb ium Activated Cubic ZnS Phosphor

In order to determine the component of the Er~~~fluorescence
spectrum that belongs to the cubic ZnS phase in the emission spectrum
of the phosphors with high Er and Cu concentrations as described in the
previous pa ragraph, a phosphor with 0.1 mole percent of Er and Cu was
prepared at 990° C. X—ray diffraction analysis showed that the phosphor
represented a pure cubic ZnS. The photoluminescence spectrum of this
cubic ZnS:Er ,Cu ’phosphor is given in Figure 6. The Er emission bands
appear superimposed on a broad—band emission peaking at 464 n m .  Similar
to the hexagonal ZnS phosphor , the two Er 3+ fluorescence bands in the
cubic ZnS phosphor are associates with the 2H11~2

— 4115/2 and

— 4 115 transitions. Also , the intensity ratio of both bands

‘2 ‘2

are similar. The line structure of the Er3+ fluorescence bands, however ,
is different from that in the hexagonal ZnS phosphors . In addition, the
two Er emission bands are slightly (about 2.5 nm) shifted toward the
longer wavelength side with respect to their positions in the hexagonal
ZnS.

The difference in line structure and the spectral shift of the Er3+
fluorescence bands in cubic ZnS account for the additional lines observed
in the Er emission bands if both the hexagonal and cubic ZnS phase types
are present in the ZnS phosphor. Generally this occurs if either the

13. A. Aven and J. A. Parodi, “Study of the Crystalline Transformations
in ZnS:Cu ,ZnS:Ag and ZnS:Cu ,Al ,” J. Phys. Chem. Solids , 13,
pp .  56 , 1960. 
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act iva tor  and s ens i t i ze r  concentrat ions are hig h or the firing temperatures
and quenching  ra te  are low .

Since the presence of both ZnS phases in RE a c t i v a t o r  ZnS phosphors
resul ts  in a RE f luorescence spec t rum which  a c t u a l ly  is the  s pe c t r u m  of
two,superimposed , it is not surprising that inconsistent literature data
on the Er—fl uorescence spectrum in ZnS with respect to the number of bands ,
precise positions . half—width , and line structure of the bands , have been
reported. ~~~~

The broad—band emission of the cubic ZnS:Er ,Cu phosphor with its
peak of 464 nm ,  as shown in Figure 6 , is located at a considerab ly shor te r
wavelength than the broad—band emission in the hexagonal ZnS:Er ,Cu which
peaks at 510 nm. The long wavelength tail of the 464 mm broad—band in-
dicates , however , the presence of a second band locat ed about 525 nm as
drawn in by t he  dashed lines. The change from the hexagonal to the cubic

• - form of ZnS of a conventional Cu—activated phosphor (ZnS:Cu ,Cl)  is
generally marked by an emission band predominately in the blue spectral
region and depending on the  Cu concent ra t ion  ,w i t h  a weak Cu—green emission
band. The same seems to be true for the broad—band emission in cubic and
hexagonal Z n S : E r , Cu p hosphors . Because the  cubic ZnS has a
smaller band gap than the hexagonal ZaS , one should expect a sl ight s h i f t
of the broad—band emission band in the cubic ZnS toward the larger wave-

length side which actually is found if one compares the corresponding
broad—band peaks at 510 nm in the hexagonal ZnS and the 525 nm peak in the
cubic ZnS .

The r a t h e r  s t rong  in tens i ty  of the broad—band emission of t h i s  cubic
ZnS:Er ,Cu phosphor indicates that the diffusion rate of the Cu—ions at
990° C is much larger than that of the Er—ions. It required about a 9 hour
firing t ime to obtain an appreciable Er fluorescence spectrum as compared
with about 2—4 hours at 1175°C to prepare a hexagonal ZnS:Er ,Cu ph osphor
from the same hatch of material.

E f f e c t  of F i r i n g  Time on t h e  Br oad—Band Emission

In o rde r  to de te rmine  the  dependence of the luminescent output of the
ZnS :Er ,Cu phosphor , specifically that of the broadband emission , on the
f i r ing ti me , a seri es o f iden t i ca l  phosphor mixtures were prepared and
fired at 1175°C for various periods of time . The mixtures were prepared to
yield a phosphor containing 0.01 mole nercenl (6 X10~~

7fcm~) of Fr and Cu.

1. 4. -
~~ . Bancie—Grillot — i bid
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phosphor sample was p laced  on a temperature controlled heating p l a t e .

The p hosp hor luminescent  ou tpu t  is chopped by the  PAR chopper  to  pro-
vide  an AC signal for the electronic metering and a reference sinnal for
the signal processing amp li f ier and then rece ived by the photomultip liers
via the 1/2 meter Ebert monochromator. The photomultiplier output is
a m p l i f i e d  and disp layed on a t w o — c h a n n e l  b ru sh  recorder t o g e t h e r  with
the ou tpu t  f rom the  m o n i t o r .

temperature Dependen t - c- o f  t he ER J+ Fluorescence

As d i scus sed  ea r l i e r , the Er  emission in Z n S : E r , C:: p H ” s i ’ c u c i r s  is
a s socia t ed  w i th  t h e  21a 

‘‘2 
- and 4 S 3~ — ~ I l5 / 

t r a n s i t i o n s . At

room t em p i - r a t u r e , t he  i n t e n s i t y  of the 2 H 11~ f l u o r e s c e n ce  hand  is about

ten tj ’ : : c - e  s I  r ’umnc - r  t h a n  that of the ‘S31, fluoresoense b;’od . -\t low L v :

c -u ,- ’ - u - ,- r ’ , ci r ’- h’ r s a I  in  cal - en s-~tv ci ’ t i c- L - ’ - ’ t— ,~i’ ,::’ L-r ,- ‘ — - ,,- r’ :co

the extent tba t at iOh K the 
~u I L u ,. 2 hand c o n n l - :’ t • - l ’ -’ d is - i ‘ - c u r ~ ‘ c u l l , ’ ‘ l i e

c u t  c’n - F l ; .  v c- f 1w ;
~

- -‘ a c i a ,  c~ i_u t :  n c i - s  L v  r 15 ’ ’ and  - u , . - °’’ ’i’ - u” ;

n fL oor- -s en~-~- c r n i s s i - ,’n as suc ua-n in Figure 10. At lh i .~ tc ’rra’ .-r ;c ’ c ’--
: c - t , ’ , h~~t r I ’ ; e r -cc ’ - h r ~ f l u o r , - s  ens ue  band ,-ent,’re,l at - - “ ‘i’ , , , -.

o h s ’ c r u - s d . A c c o r , i t n - a  to t i c , ’ Er ‘~~ o r ie r~’t’ l eve l d i , i ~~r,iri t h i s  1
b—u-md - - i n  1- ’ .cssivo’ ,I to the t r ~~n s t t  ion  f r o m  a ! i i u i u - ’r ‘ u - ne ’- ’ - -~~~- c I - .’ ~~

- - - .

vr”cinc l stat ,- leve ’,, ( , — “ l j  )/

Ti~,- “~~i ’ r ’  i - u ;  i ’r c - r , s i t ’, u ’s ’ ’ - ’r - c a l  o f  t h e  two n a r r - v - h r  ~ I i i

b - s o d s  w i t h  cm - t u ’ c t r . i l  i u ; ’_ I i— ’,- ; c , j !; .1 ’ s n o t  B nm and hand  s ’ : , , n i t i . ’;: ~~t , 1l on:
leso l l s  in  “ 1 s t  ‘n -t  c - H i - , ‘ ; u ’ - c n ~ c’ o r  t h e  p Is os p ; c : ’r  i u c ” l ! - _ u -

- r 1 ; } ’t er - -- ” 0 -- -n t5 - —Juus ’rat::r’~ L v  , i  y e l l o w  at ;i q  a l l I s ’ ’ ’ ‘;‘ : - “ - o - ’ r c , —

tn  ‘ r i , ’ r t sr- s c - “ c ’- - -  ‘ u t -  a L e nflu ’ ra t  ure d e p o n c -  - 1 ’ ’ ‘ - - - - - -

- ; e uu  - s ‘ i n - : - - - t~~- - u l ’ ink’s”ence sp e u ’ r n l r  1 ‘- ‘ — ‘ ‘ c  l O t

e x s - t t - - ;  I - n — u . P ’  c h a . ’. . ’ ~- r  sam~~lc  ( “ P L c  i- -as  r .  o a l ’ L  Ph
Li- “‘-- c l u ,  ‘~- f t ’ ’~~~ ‘ ne ‘ - ‘-‘ “r ’ t - : r - -  n b a’ “ ‘ ‘

-. — _
: -  ;‘ -

‘ 
- -

-
‘ I - -ni - c - ra t :r - . t : ,  1 r - , - c~~ : - i - ! , - r  t ’ - e  a - ’  f l u o r , . ’s ren ’ -c ’ b - u n  l - ’ c c ’ rc “ -‘ I  c ‘ c

1 - : 0 , 1  c c i  I ‘u’ ; “ i ’ ’ : r - ’ - . - ‘ u r ’  -
. us  1 - ;   ‘ ,

L u -  ~~~~~~~ r ca- - u ’ s a r:c - - [ r n u l i - :  s lj o u l - . c- . 

m t  Pl’”” F. i n , i  -“ s ’ r-- - I~~s-o ‘, ‘ “ ! u L  ‘,- 1 1 :  ‘ I ’  C ;w ’ iSifi ; c-ni” i’ ‘1’ . - - - ‘ a -

t h e  ~~~~ o c r ’ , ,  “r 1 r- - the ”  ‘ : . u ~! . n - - n t i n u ; c ’ r c  - ‘.‘ ci ‘a “ - ‘ - ‘ ,- . l b  - :~ ,s - —

I c _ u ’ ’ t • ’r’’’ .J”’ ’ ’;l - C’ ~~ ~~‘ u n - ’ ’ , t : ’L cu;o - - ,~ t ~d F .  ,‘.l~~~’ , a ’ ’ ’ ’ ’
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The’ quenching of both Er3+ fluorescence bands at temperature above
room tempera ture can be ~ 4ained by the familiar thermal quenching process
in ZnS type phosphors . The thermal activation energies which control this
quenching correspond approximately to the depths of the donor and accepts
levels from the conduction and valence band respectively. At elevated
tempera tures , localized electronics and holes at the donor—acceptor pairs
are l iberated into the conduction and valence band. This in turn reduces
the electron—hole recombiriation probability of the donor—acceptor pairs
and hence the energy transfer to the Er 3~

’ ions.

The decrease of the ~~~ f luorescence and simultaneous enhancement of
/2

the 2H1112 fluorescence in the temperature range of 100
0 — 300° K sugges ts

* that the quenching of the 4S312 
band is associated with the small energy

separat ion between the 2Hil ,  and the lowe r lying 4S 3 energy level of
15 

‘2 ‘2
Er 3+. If this intensity change of the two fluorescence bands is con-
trolled by a thermal activation energy , its value should correspond to the
energy difl*rence (0.087 eV) between these two levels. Taking into

account the ~crystal field splitting of the Er 3~
’ energy levels , one can

assume that the lower split levels of the 2H~~,2 manifold are suf f icien tly

close to the upper sp lit levels of the 4S3,
2 

manifold to be subs tan tially

populated thermally even at room temperature to observe a strong 2Hll
12

f luorescence when the 4S3,2 level is excited.

The quenching mechanism can be described by the equation for the
dependency of the luminescence intensi ty 1

T 
on the temperature T by;

‘-T i,~ = 1 (1)
10 1 + A exp ( — ET/KT)

where tn is the normalized luminescence in tens ity,  ET the thermal activation 
- -

energy in eV and A is a constant. The equation can be written in the form

ln 
~~

T —  -1) in A ET/KT (2)

The expression on the left side , if p lotted as a function of 
“T’ 

can be

approximated by a straight line . From the slope of this straight line the

thermal activation energy E
T 

can be determined. Repiotting the

j,~~. G. H. Dieke and M. H. Crosswhite — Ibid

_ 
~~~~~~~~~~~~~~~ “ - ‘ - - - ‘-- - ‘-- 
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data of Figure 11 in the above described manner , E has been calcula ted
T

for three temperature regions. The results are given in Table 1.

TABLE 1.

THERMAL ACTIVATION ENERGIES DERIVED FROM
THE TEMPERATURE DEPENDENCE OF THE Er 3+

FLUORESCENCE BANDS IN ZnS:Er ,Cu PHOSPHOR

TEMP ERATURE REGION (° K)
Er 3+ Fluorescence

100 0 
— 260 0 300 0 — 400 0 - 4000 — 5000

2H
11 

- 4115 0.088 eV 0.416 eV 0.96 eV

- 
~Il5 0.077 eV 0.418 eV --

“2

The data obtained shows that the temperature variation of the two Er3+
fluorescence bands and can be associated with three different activation
energies within the temperature range invest igated.  In the temperature
range between lOO°K and 26O °K where the intensities of bo th bands change
in opposite directions , the c 1 cuiated value for  ET t*.,i 0.08 eV is comparable

to the value for the energy spacing L~E= 0.087 eV between the 
2Hll, and

4s 3 levels . I t can be reasonably assumed , therefore , that the increase
/ 2

- - ‘‘. ‘
~~~~ t h ’ t h t~ n’st ty o’f--the 2H1 ‘ “  bandu ‘(and-subsequent decrease in- inten-s - i t x  of- -1/2

the 
4S band) with increasing temperature in this temperature range is

- - governed by a thermal  PoPulat iOn of the 2 H
11 

energy level by elec t rons

-
‘ 

from the lower lying excited S level.

In the highei temperature range , 3000 — 400° K , where the intensity of
both fluorescence bands decreases with temperature , the calculated value
o f the thermal ac tiva tion energy , E ‘~, 0.42 eV , seems to he consistent
with the value of 0.3—0.5 eV for the position of trivalent ion donor levels
below the conduction band of the ZnS energy diagram. ~~~

‘ It can be assumed

16. R. H. Bube , Photocon du ct i of Sol ids , John Wiley & Sons ,
‘lew Yor’u , ‘J .Y . ,  pn. 1~

’
~P, 1960.
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therefore , that thermal release of localized electrorset t i c  donor leve l
into t i _ u c  c o n d u c t i o n  band is th e  controlling factor fe’- the q u a - n  - r u ng of
both fluorescence band-: in this temp erature region. At cig l i e i  tempt cc,—

tures (400 — 500°K range ) ti:’~ the roic _ ul i c r  i v a t  ion  eric r’~rv  is suIt ~ lent v
high to release local ized holes f r o m  t h e  :a ’ c c c r o r  i e ’,’a ls  i n t o  t . e  val ence
band, destroying comp letely the donor—acceptor pair - ‘r ’ i t ’ - and c c - n e c -  t o
totally quench the Er 3+ fluorescen,’e,

E x c i t a t i o n  Spec t r a

The room temperature i t _ u s i  low t’ - :c- ’, ,-r - :t ccu , - cxc i t a t  ic - -n sne,-tr ,m or ’ t h e
two Er fluorescence bands in /,c _ u S: Er , ( i i  p h o s ; - u I c v r  ‘5’~- u’ ’ s i l t a ira d by s c urling
the p hosphor sample w i t h  mon oc ’h r o n ,m t  i t ’ ljc,~ht f rom Lr~ _ u f eli p oc s su r e  ~ enori
lamp in the wavelength  reg ion ot ’ 300 - 300 nm.  s l u t ’ in r e n s ir ’ :  -f ti _ ut-

f luorescence bands which  we re m o n i t o r e d  - ; t  i t s -  ; c , - ~~k s- ,, -- i & ’ 1 , - c i ~~ L i c  ‘~zjs re -c ’r s is ’c
as a f u n c t i o n  of the e x c i t a tio n  w a v e l e n e r i ; .  ~ i r ’ c : c 1 t a n c - - - - cu- - la , t he  s p e c t r u m
of the Xenon lamp was recorded and used to :md ~~r a-t  t h e  e:- :c i t a t i c-u1 spectrum
for constant excitation intensity at each ‘~e mv ~- i e n g t h ,  The r ,-- s s c l t s  are
shown in Figure l2A. For comparison . Os-  c - > : ,  i t a t  ion  s~~ ’ ’r cc: of the blue
and green luminescence bands of a P — P  ( Z n S : C u , Cl)  ‘icoa t -iu ’r taken under
ident ica l  condi t ions  are inc luded  and shown in  F I g u r e  12 0 .

The excitation spectra of the Er fluor - - - - - ence b ands  are cs ’mp ’sed of
a single band located at -‘EXC = 360 nm (~~~~~+ - i s eV)  and of a sinal is ’r band

located near the fundamental absorption educ e of 7tH at \p~~; 335 nun ( 3 . 7  eV)

at room temperature and at
~

-,
~XC = 327 nm (3.8 e\h f r  t h e  low t e r n p e r - c t u r e

spectra. Except for the intensities at different temperater~”~. the
excitation spectra of both the 2H and -“S fluorescence bands

11, 3,
‘2

are identical. The absence of a line structure in the • xs ’itation spectra
implies t ha t  the Er 3+ ions are not excited directl\’ , hut b’S’ an energ-’

transfer process involving the host lattice.

It is known t h a t  the add i t i on  of copper ( C u )  to  ZnS leads to  the
formation of various Cu— luminescent  center; :  d e p e n d i n g  on t h e  k i n d  and
relat ive concent ra t ion  of the c o a c t i v a t o r .  Among t h e m  0r e  t i-me s o — c a l l e d
“Blue—Copper ” (B—Cu) and the “Green—Copper ” (C—Cu) emitting renters

which are responsible for the blue and green broad-hand and luminescence
in Z n S : Cu , Cl phosphors . As can be seen in Figure IPO. besides the peak

• at the fundamen ta l  ab sorpt ion  edo” , w h i c h  is ch,irac’t€ristic of all ZnS
phosp hors , both luminescence bands t x h i h i t  a d i s t i n c t i v e ly  d i f f e r e n t
e x c i t a t i o n  s p e c t r u m . The B—C u e x c i t a t i o n  spes - t  rum ; u l c o t ~’o a si nsci e
narrow—band at about 360 nm (3.44 eV). The G-Cu excitation spectrum on
the other hand , is br oad and ex tends signific m t  lv t s - ’ ,.ocr ds t O t  L’r ,gc ’ r
wavelength rsgion and shows an a d d i t i o na l  hand  at abou t  hi l l  urn ( ~ . c v . )
The 360 nm ,uri- J the 400 nm excit ;ition bands arc- r&’gci rded as t he  d i r e c t
exci tation into the B—Cu and G—Cu luminescent centers , respectivel y . The

17. S. I nra -i. “ Group I I— ’c’i Phosphors  w i t h  km r c— } ,~:rtIi ,-\c’tiv ,uto rs ,”

Proc. m t  Conf . Luminescence , R ud s;’e~st  , ;ip. 15 •o , I cS.
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presence of time 360 mm hand in the  C—Cu e x c i t at i o n  s p e c t r u m  i n d i c a t e s
that  a large p o r t i o n  of the excitation energy absorbed by t h e  B—Cu c en te r
is transferred to the C—Cu center.

Compar ing  the  e x c i t a t i o n  s p e c t ra  of b ot h  phosp hors , c)flo ‘hserves a
similari :v betweeen t h e  s p e c t r u m  of the  l - r  and t h a t  ‘ f t : _ u c~ B — C u .  Based
on numerous  i n v e s t i g a t i o n s  of the  a t o m i c  s t r u ct u r e  of t u e  B—Cu l u m i n —
escence cen te r  in ZnS , 1 

‘~~~~~~ t he re  is a s t r u n g  i n d i c a t ion tha t ,  t h i s  c e n t e r
is forme d by the  c lo se  associat  i(~)fl c u t  ci s u b s t i t u t i o n a l  Cu + 

‘sic ci t the  Zn ’~~
s i te  w i t h  an i n te r s t i t i a l  Cu+ ion and t h a t  t h e  l uminescent  t c c : n s i s t ion  he
p r o b a b l y  bc ’twc ’c- n  two  l o c a l i z ed  lc ’Vt ’iS ‘‘1 t h i s  s - s u r e r .

A pply ing  t h i s  model to the l u mi n c -sc ’c-n t  c e n t e r  in Z n S : E r . ( , u , several
coordina t ions  ‘f t h e  Er 3+ and Cu+ io n s :1cc possible. For example , if
bo th  dopant .s are p r e sen t  in a p p r o x i m a t e l y  equal  c o n c e n t r a t i o n s , t h e  Er
luminescence  c c -t i t e r  can be fo rme d by an interstitial Er J+ ion s v m m e t r i s - a l l v
sur rounded by Cu + 1 , 1_ u s substitut ing for til t ’ four nearest neighbor Zn P+
sites in the /nS l a t t i c e .  Such centers have a net effective charge of —1
and in t roduce  a c c e p t o r  l e v e l s  w i t h i n  the ZnS hand gap . The remaining
Er 3

~ ions located cit Zn~~ sites at n e x t — n e a r e s t  or la rge r n e i g hh o r
distances away from the acceptor cent s-c form donor—type defects and
introduce the donor levels. Excitation of  the phosphor creates electrons
and holes which l o c a l i z e  on donors and accep to r s  r e s p e c t i v ely .  F o l l o w i n 0
t h e i r  r ecombina t  ion at closely as-soc i ited donor—acceptor pairs , the t rans i—
tion energy is transferred radiatio:iless by a resonance process  to t h e  4 f
e l ec t ron  c o n f i g u r a t i o n  of the  i n t e r st i t i a l  Er 3+ ion which is part of the
acceptor center. In the  case of th c- b r o a d — h a n d  e m i t t i n g  Z n S :C u , Cl phosphor .
the e l e c t r o n — h o l e  recombina t ion  w i t h i n  t h e  d o n o r — a c c e u t or  p a i r s  is r a d i a t i v e
and contributes directly to the luminescence of this phosphor.

B u i l d — u p  and Decay of the  ER 3+ F l u o r c ’s-ce n c5 ’ in  Z n S : E r , Cu

The t r a n s i e n t  behav io r  of t he  ZnS:  I - r , Cu p hosphor  at  room t e m per a t u r e
was ~ e t c r n i n c d  f r o m ’ t i ’th bu i  Ld up’ an~ ’’d

~~~aV”2lirve s 
- of t h e  i t l t s ’~iO i t v  Of  t h e

fluorescence hand under vario suic l e v y  I s  of  u l t  r n — v  b I t t  ~‘> :~ j i l t ~Ofl

“ 2
i n t e n s i t i e s .  Tile w a v e l e n g t h  (S f  t i _ u t ’ t - > : s - i t , s t  ion  I o u t  w a s  h ’ ’  c m , c l - s s c ’ l v
c o r r e s p o n d i n g  to  t h e  m a x i m u m  o t ’ t h e  e c u -  i t  c i t  ion  s p s -  Ct  rum I s- s ’ t -  I -o u t r e  12’s.
The e x c i t,- u t  ion i n t e r _ u s it-- was a d j u s t e d  by t i r e  c i  s’ - i i a rgc cu r  c- - n t  o~ t h e  Im-n ’ ur
arc 1— crc and —c ’ ’a- --ur ed wj’h cr -u ‘:p -u-lcv t ’’, - c-’- -’ ii ’ - . ‘tic ,’ i n ’  H ‘ ‘ ~~~~~~ ru
p liO : p ; s o  r ‘ - i  1 o ‘- : 1 ;’  - “ ~n t cm - I l ed  h - . us - n u n  - - I c O _ u  u -  I s - c t  ron i s - — n h  s i t  or .  i s  - c  ~~ ‘

record ing t c s ’ h i  1 1 d — c r p  and de cay  cu rves  at  t he  v a r  i sac: - ; c - c - u ’ , t a t  i s . u r _ u  l e v e l s ,
the p hs :- : p ho r was  ; lo — -~~s ’I ’- , -d f o r  apr :’ox irn at elv 5 m i n u t e s  b i r r a d i - u t  lug i t
with l i g h t t ron - so i’- ir ;ired l amp .

18. I I .  B l i t  to-s , N .  Rjeh 1 and R.  Si  zman i _ u ,  ‘‘ R~’ ye rs i h Ic Leuch  t — :- t n t  r o n —
i ’ r n w - i n d l  s i n g s - a  i n  ZnS Phosphoren , ‘‘ 7. P i i v s -  . , , pp .  )~~4 , 1961

19. K .  t r ib e , ,- . Shionova anti A. Suzuki ,‘‘ Po l a r i  ‘ c u t  i on  of t O t - B l u e — C o p p e r -
Luminescence in ZnS Crystals ,” I . Phvs . Soc.. Japan , 2 S ,
pp .  l h l I , 1968.

_ _  -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—— -
~~~

- -
~-i::~

l’he b u i l d — u p  and decay curves  ob ta ined  at d i f f e r e n t  e x c i t a t i o n  levels
are shown in Figure 13. For ‘ - s ’c-- u ar i cj on , the  r ise  and dc-ca ’,- c urves of a con-
vent ional  Z n S : C u , Cl ( P — 2 )  phos~_ u hor  are inc luded .  The b u i l d — u p  of the
Er f lu o r e s c e n c e  i n t e n s i t y  ( F i g u r e  l 3A) is f a i r ly  s low and r ca- - Ii ’s i t s
s t e a dy— s t a t e  i n tcn s i t\ ’  a f t e r  i — I  seconds dur ing  c o n t i n u o u s-  exposure
to the  ex s ’ it at  ion l i g h t .  A f t e r  t u c n i n g — o f f  the  t ’x c i t  at  ion , t~ st- phosphor
em i s s i o n  decay s  at a f a - ~t u- c u t , ’  rss l l s sw. - s i !uv a 1on~ u ’ , ’r n i s t 5 - n r  i i  c lv . I n —
c t - c a s i n g t I l t -  , - x s ’ i t a t  ion i n L s ’ f l c s j t v  - - : s i i s o s  a f a s t er i - u i  I d — u n  h u t  h i ’s not
s i g n i f i c a n t  lv  c i i  t er  t h e  ~i c - s,’ , 1V ‘ ‘ i i c i r u ’t , - r j s t I c .  ‘lice t im~- c o n s ta n t  s ’t the
s t t ’ s ’ ;i ’ ,’ , :i b o u i t  15  c c i i i  I j s , - ’  so d  ( c - i a  , Lc- ~ - - s u u - I i  larv ’’r than tilt ’ m t  r i” -’ I

1 tioress-ens e Iota ’-: ‘i t d i  ‘— oc t l v  o c-: sc i ted RI - l o u i s  . The 1 1 f~-t  I rue e t  I lw
— 

~ E i ~~ , tr ii’m c :ir i n  i n  K r l +  ha s -  hoc -n reported to be in  t iit- order

‘f m s- .  
- 
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Figure 13. Build—up and Decay of Emission at Different
UV Excitation Intensities of (A) ZnS:Er ,Cu
Phosphor , (B) ZnS :Cu .Cl Phosphor.
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COMPARISON OF THE Er FLUORESCENCE IN HEXAGONAL & CUBIC ZnS PHOSPHORS

Earlier in this report it was shown t ha t  the spectrum of the erbium
emission in hexagonal and cubic ZnS shows differences with respect to
intensity, spectral range and line splitting. Since the crystal field

k-thich exists at the site of the Cr
3 ion determines the unio uc

signature of the fluorescenct bands , it can be assumed that the Er envi-
ronment is different in these two ZnS host lattices.

The two crystalline forms of ZnS, the hexagonal wurtzite and the
cubic’ zineblende represent a hexagonal and cubic close—packed structure
of sulphur atoms , respectively. These close—packed arrangements form
repetitive arrays of sulphur tetrahedra with octahedral spaces between
them. In this way , the crystal structure can be described in terms of
arrangements of tetrahedra and octahedra sub—units. The relative coordi-
nation i _ u t these sub—units distinguishes the hexagonal and cubic ZnS
structures. In both structures , if perfect , half of the tetrahedral holes
are occupied 0:~’ the Zn

2+ ions in a regular manner leaving alternate tetra—

h€’dral sites vas,int. A ll of the octahedral holes remain unoccupied. In
ZnS phosphors , howeve r , deviations from this regular distribution occur
wh en fort-ign sc’ations such as activators , co—activators or sensitizers are
introduced. These cations can either replace Zn2+ ions substitutionally
sir occupy vacant tetrahedral or octahedral holes .

S Incorporating Er 3+ and Cu+ ions into the cubic ZnS lattice as acti-
vator and sensitizer respectively , in close association at near—neighbor
distances , it can be shown that three types of luminescent centers can
exist in which the local symmet ry around the E r 3+ ion is cubic .  If  Er 3+
and Cu~’ ions , on the other hand , are incorporated into the hexagonal ZnS
structure , luminescent centers wit h_ u only non—cubic symmetry around the
Er 3+ ion are possible. Since the local symmet ry at the Er sites determines
the crystal field , one should expect different line structures of the Er3+
fluorescence btinds in hexagonal and cubic ZnS phosphors.

-. •~~ . ‘1 rratl- of-th~i
-4
~i ~~th’4 -- •F orescertc-e ’~ ar~ds---i~_u ~~~~~~~~~~~~~~~~~~~ - -

ii , 3/
2 ‘2

cubic ZnS:Er ,Cu phosphors , excited with ultra—violet ligh t of 365 nm
S waveleng th , are shown in Figure 14 and Figure 15. A distinct difference in

Line structure as well as in the overall appearance of corresponding
fluo rescence bands in the two types of ZnS host lattices is apparent. The
number of the narrow emission lines which represent t ransitions between the
various crystal field split leve l components of the two erbium energy
levels associated wi th _ u the fluorescence band , is somewha t large r in the
cubic ZnS than it is in the hexagonal ZnS. A more dramatic difference ,
however , exists in the intensity and spacing of these narrow emission lines
in tius- Iws’ ZnS hosts.

The hal f—w idt h_ u of t i _ u t ’  St rongt’st I inc-s o f  the ~S3 f l uo rescence band ,
I—)

Fig ure l -~, is about 3 A at 77 ° K.  The h a l f — w i d t h  of the  l i n e  in the
H 1 t luoress Sn ot’ hand , Figure 1 ~~~, wI_uich was obtained at hi gh er
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temperatures because of the rapid decrease in intensity at low temperature ,
is about 6 X .  These values for the half—width are 3 — 5 times larger tlo’_un
those reported for trivalent RE ions in single crystal hosts. Strain and
crys tal imperfec tions in the ind ivid ual gra ins of the phosp hor powder
mater ial are probab ly the cause for  the add itional broaden ing of the
emission lines.

For the 4S
3 

fluo rescence band , 14 lines have been resolved in the

‘2

hex agonal ZnS , and 19 lines in the cubic ZnS. In view of the limited
resolution of the spectrum due to the line broadening, it can be
reasonably assumed tha t the ac tual n umber o f the lines is larger than
determined from the recorded spectra. It can be shown from crystal field

selec tion rules tha t a maximum of 5 emission lines sho uld be allowed for
the 4s3 — 

~
ll5 transi tion if the crystal field symme try at the
‘2

Er 3+ site is cubic , and a maximum of 16 emission lines if the c rys ta l

field symmetry is non—cubic. Since more lines have been found in th~

fluorescence spectrum for both the hexagonal and cubic ZnS:Er ,Cu
/ 2

ph osph ors , one must conclude that the spectrum represents the superposition
c u t  sets of lines frouui different Er luminescence centers . Thert-fore , it is

very difficult to determine which set of lines arises from the different
Er sites in these two ZnS structures. Such sets of emission lines
bel onging to Er sites of different crystal field symmetry however , can be
visualized in the fluorescence bands in Figure 14 and Figure 15.

CONCLUS IONS

Convent ional broad—band and RE activated narrow—band ZnS type phos-
ph ors , in par t ic u l ar ZnS :Er ,Cu phosph or , have been discussed with respect
to their emissions and energy transfer mechanisms . A transition and energy

‘ ~~~~“ ‘ “ ‘  
~~~~~~~~~~

‘ ‘ -“
~~~ t ra  fer-mo~iel--f~ -r the-ZnS- Ei~,Cu --phcepho~ -has been--proposed . - - I t-- has-- been - -

demonstrated that the frequently observed broad—band component accompanied
with the Er fluorescence spectrum in ZnS:Er ,Cu is associated with the
sensitizer ion . Phosphor preparation parameters have been derived to
eliminate this broad—band emission. It has been shown that high concen-
trations of Er and Cu in ZnS host lattice s result in a phospho r of mixed
hexagonal and cubic ZnS phases . Such phosphor exhibits a complex Er
fluorescence spectrum which has been identified as being a superposition
of spec t ra ar ising form the two ZnS phases. The Er emission in cubic ZnS
is less “monochromatic ” and less effirient than it is in hexagonal ZnS.
The hexagonal  ZnS :Er ,Cu phosphor compares favorably to the P— 2 phosp hor
having a peak intensity of the dominant Cr fluorescence band more than
tw ice that of P—2 and having a hal f—width of l,’lO that of the broad—band
l uminenescence in P—2. It has been found that the two Er fluorescence

bands in ZnS:}r ,Cu undergo an intensity reversal of low temperatures that
causes a change in the color of the excited phosphor from a bright green

to yellow . The excitation spectra of the dominant and the weak Er fluores-
cence band in ZriS:Er,Cu is identical and comparable to that of the
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blue—copper luminescence band in P—2 phosphors . This implies that the
Er emission center is associated with an acceptor level. Several atomic
structures of the center can be conceived by which the Er 3’F ion is
surrounded by Cu+ ions at next—nearest neighbor distances. Build—up and ‘

decay characteristics of the Er fluorescence in ZnS:Er ,Cu phosphor strong ly
indicates that the transition within donor—acceptor pairs , in con—
trast to the broad—band luminescence in P—2 phosphors , is restricted to
pairs with selected intra—pair distances only. It has been shown that the
line structure of the Er fluorescence bands in both the hexagonal and
cubic ZnS:Er ,Cu phosp hors , represents a superposition of sets of lines
associated with Er3+ ions at different crystal field symmetry sites.

The results obtained in this study have provided a better understand-
ing of the critical factors involved in the synthesis , and the emission
propert ies of sensitized RE activated ZnS phosphors . The unique , nearly
monochromatic emission of the ZnS:Er ,Cu phosphor shows promise f or display
devices where resolution and contrast are stringent requirements. It is
felt that the luminous output of this phosphor can be improved further by
optimizing the efficiency of the energy transfer to the Er ions in
reducing the numbers of Er 3+ site symmetries by annealing the phosphor in
sulphur atmosphere , by adjusting the energy gap using zinc sulfide—cadmium

sulfide (ZnS—CdS) solid solution host materials , or by selecting sensitizer
ions other than copper.
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