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A simple technigue of simulteneous co-evaporation has been used
to form thin films of Er-doped ZnS which give goad DCEL.  For
tranrsitions from excited states to the 4115/2 ground stete of tha
£r3t 1pn theorsticel calculetions of wssillstor strergths have
been comparsd with those determined experimentally from ohserv-
gtions of speoiral intensities of DCFL. The good agrasment

noted between experimant and theory gives further support for a
orevious finding thst in rare-sarth Zn% thin films the hot
eleetrons exciiing DCCL follow a Boltzmanm distribution.

Clectroluminescent 7nS thin films were developed as long ago as 1968 E1,2] but
mogt of these Films were ACEL {alternating current electroluminescence} devices.
kg have studied electroluminescent 72rS thin Films but have naid more attention to
GCEL {direst current elsctroluminescence) devices {3,4] because they are simple
and canvenisnt both for studying the siectroluminmscence mechsenlsm and for the
particuler applisation in which 2 ¢.¢. source o a nulse voltage can be used.

The spectral intensities of rare earth ions have bean invastigated theoretically
by Jugd {5] and Ofalt ZSEa As an expressicn for the oscillstor sirength Judd gave

P'= L T (w U™ ve)
A=2.4,6 o,

whare v is the wevenumber in em™! and (V@J'UOJ"\UIJ are the matrix slements.
Comparisons of experimentally-observed absorption spectral Intensities of rars
aaTth ans 1n saluyticns with Intensities calculated from the thesrestical
expressions have besn reported h5,7j. In the DCEL of rare earth coped ZnS thin
films the rare earth spectral intensitiss should sorrelate not only with the
thecretical oscillator strengths but also with the ensrgy distribution of ths hot
zlectrons which excite the luminascence centrew.  This energy distribution has
been shown to follow a Boltzmann distribution [4]. In the present work
thaoretical values of the OCEL spectral intensities have been saloulated using tha
Judd expression and compared with exparimental msasurements.

The method of fabricating the ZnS:Cu:Er:Cl thin films wes similar to that reported
for OCEL thin films of ZnS:CusNd:Cl [33, The Er-doped thin films gave green DCEL
anly whan the voltapge was applied to reverse bias the cells. The DCEL spectrum of
these ZnS:Cu:Er:Cl films contained the ten groups of lines listed in the table and
is clesrly the typilcal emission of gt lons, Fig. 1fa) shows that when the
applied voltage was increased the shorter wavelength emission intensitiss
increased more rapldly than the longer wavelength emission intensitiss. This fact
revealed thet the electroluminescgnce in thase thin fllms is excited by direct
impsct of hot electrons on the Fro* ions, as concluded for TbS* by Krupka [&]‘

The DCEL spectral intensities dus to transitions to the 4115/2 ground state from

cifferent excited states were measured with the device at verious temperatures, T,
betwesen ~iG Kand room temperature. Fig. T{b] shows that fhe intensitiss dus to
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Fig.1(a) The variation of the ratin Iy/Tgy with the applied voltage V for the
OCEL device at » 293 K. For each kransition from the labellsd excited state to
the ground stste 41?5/2. Iy and Igy are the spectral intsnsitles at apnlied
volteges V volts and 5 volts respectively. (b) The varistion of the ratio
I7/I4pk with the temperature of the OCEL device. Iy and -Iypg are spectral
intensitiss with device &t T K and ~10 K respectively, For transitions to the
414g/2 ground state fram (A) excited states QFg/z,iFg/2,4Ig/2 and 4I1¢/2, (B}
exoited state 377,32, (0} excited state 28g/2 {
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transitions from the 4F5/2,4Fg/2,419/2 anc 411¢/2 EXcited levels did not change
significantly in the 10-285 K range. The same figure shows that for the excited
levels “Gqq 0. %0010 H gyl and 4F7/2 the emission intensities decrsased as the
sample temperature was increased.  Such a temperature-dependent decrease in
amlssion intensity could be due to non-rediative decay from thase levels, In
contrast to the results of fig. 1[(b), the emissicn intenzities of the transitions
from the 453/2 and 2H11/2 levels behave very distinctively. With Increasing
temperature transiticns from the “S3,9 level to the 4115/2 level decreased whsreas
the H¢1/2—4I15/2 transitions increased. The sum of these two speciral dintensities
would ba expectad to remain constant when the temperature was increased fromn~ 10 K
to 283 K, and thls was in fact observed. In order to exeluds the effects of non-
rediative decay svident in fig. 1(b), it isa reascnable to uss, in the compariscon
of experimentsl spectral intensitles with thaoretically caloulated values, the
spectral intensity data observed at ~ 10 K.

The spectral intensities of the transitions to the 4115/2 ground state from the
verious excited states in DOFL of ZnS:Cu:Br:01 at ~ 10 K are shown In the table.
By the use of some sultable approximations it has been shown [4} that the spectral
intersity of the rere sarth DOEL in thin films can be written as

T a exp [~ AE—] MZ {2)

[=8 w3

where Eo 15 the mean energy of the hot electrons, v is the wavenumbar antd Pdawn
is_the trensition probability from the excited state to the ground state. UOiske
L9} has shown that Phown o veP', where P' is the calculated oscillator astrangth
given in {1). Relationships (1) and (2) can be combiped to give

Ixcxp(_%_f_) VS[ET)‘(W;T"UW”W;'Jz 2 {3

A=246
Introduction of a constant, K, the value of which depaends on the sxperimental
system and the megnitude of the applied voltage, allows {2) to be written as

5& "%’ ?
1 exp(ég, AE E = Zrk(w,uuo*’”wy)z "
2k Nohak

o

The left hand side of (4) can be svalusted from the experimental data. The matrix
slements used for avaluating the right hand side of (4) have been caltilated for
Er3* fsee Table X of ref. 7:). In our calculation two approximations heve been
made.  Firstly, excited levels 4?3/2 and 4F5/2 have been combinred because they
wers vary close together in energy. Secondly, as the sample temperature was
varied the sum of the spectral intensitiss for transitions from the 2H11/2 and

S /2 excited levels stayed almost constant so that they were considerad to be one
term’in the celoulation. Or previous work [4]; with an applisd voltage of 13 V,
the mean free mnergy of the electrons, Fy, was faken to be 0.15 eY. For each
transition to the '115/ ground state from an excited state the value of the
expression on the Isfi hand side of (4) was found, using experimentally-determined
parametars. The best fit of experimental values with the theoretically-caleulated
values of the right hand side of (4) was obtained for the parameters

Tp = 3.9 % 1.4, T4 = .84 * 0.32, Tg = 1.52 £ 0.88 and K = 109,

The energy level scheme of the Er3* levels 1s shown in fig. 2{a} and alongside, in
fig. 2{k}), is shown the comparison with experimental values of the calculations in
which the Ty vaelues have ths zbove T2, Ty and Tg values. In Fig. 2{b), at the
erargy value carrasponding to & transition from a particular lavel, experimantal
values have been represented by horizontsal lines drawn to tha laft of the y-axls
and caloculated values by lines to the right of the y-axls. Perfect agreement
batween theory and experiment would be indicated for each transition by a lipe
syrmetrical shout the y-exis. Fig. 2(b) shows that gocd agreement betwsen thecory
and experiment was obtalned for all transiticne o the 4115/9 ground state except
that from the <Ga/z level. It may he that there was a difference betwsen the
caleulated energy levels far 2Bgso and ZHQ/E.
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Fig., 2.{a) Energy level scheme of the trivalent erbium lons. {b] Comparison
betwesn experimentally measured valuss of 1% exp [AE/2E51) AE-3/2 and
theoretical calculations of oscilletor strengths for the wvarious transitions
to the "Iqg/2 ground state. For this figure By = D.15 eV and K = 1495,

Good Er3+ CPEL has been observed in 7nS:Cu:BriCl thin flims made by simultaneous
co-gvaporation of flred 7nS:CuCl powder and erbium metal, MNon-radiative processes
have baen found to be unimportant so that OCEL could be obtained up te room
temparaturs, with external power efficisncies as much as 1079 W/W, Experimental
and theoretical escillator strengths far transitions from £r3* lsvels have beean
avaluated and their comparison, by use of (4), shows good egreement. In additlan,
tha axistence of such good agreement supports the previous Finding 141 that the
energy distribution of hot electrors in bigh eisctric #igld regions in rare eart
2nS thin ilms followed 2 Boltzmann distribution, exp (-AE/Eg). Fer the pressnt
thip films of ZnS:CutEriCl, By was & 0.15 eV

[ “ahng D, Appl. Fhys. Lett. 13 (18681, 210.

] Chese Ev, Hepplewhite RT, Krupka NC and Kehng O, J. Appl. Phys. 401889312512,

3 Zhong G7 and Bryamt FJ, J. Phys. C. 13 {19807 4787,

{1 Zhong GZ and Bryant FI, J. Phys, €. 74 (1881) 2175,

[B]  Judd BR, Phys. Rev. 127 {19823 753,

{fl ©pfeit GS, J. Chem, Phys. 37 (1862} £11.

7] Carnell WT, Fields FR and Wybourne 86, J. Chem. Fhys. 42 {1868) 37¢97.
[ Krupke D€, 5. Appl. Phys. 43 (1972) 478,

5]  Diske GH, Spectra and EneTgy Levels of Rare Earth Ions in Crystals (Naw York:

Intsracience, (18681 p 117,

LD

1
£
'*§
]

mal of Luminesce
h-Heolland Publis

We o«
on 1
nisn
tunr
four
the
pair

Cadmium fluoric
135 farge hand-
state when dope

We present res,
and in particul

The strggture ¢
Cdb,:ln” mater
ir diameter. A
an A-ion gun, ¥
tnrough the san

Following resul

. Freshiy preps
is necessary tc
can emit light

. FORMING const
noyrs, at Tow t
perature, formi

. AFTER FORMINE
voltage whaere L
chtained,

- I(V) and B(V}
injection mecha

. At Tow voltag
ristic for TUNK

Capacitance dec
Charge Region &

0022--2313/81/0C



