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Elec tr ical and l umine scent pr operties of Zn S:Mn ,C u, C l thin Ùlms were
in vesti gated . C ombined both studies: scanning tunnelin g microscop y and
scanning tunnelin g spectroscopy were made. The current and di˜erential

conductance versus applied voltage were measured for the ZnS:Mn, C u,C l
thin Ùlms. A dditional ly , the spectral and kinetic prop erties of the electrolu -
minescent cells based on the ZnS: Mn, Cu, C l thin Ùlms w ere measured. T he
ma ximum of the electrolumi nescen ce lies at 586 nm. The electrolumi nescence

w as excited by rectangular w ave voltage pulses w ith pulse length from 1 ñ s
to 1 ms. I t was show n that time dependence of the electrolumin escence is
w ell explaine d assuming energy transf er betw een monomolecul ar centres.

PACS numb ers: 78.60.Fi, 78.66.H f, 68.37.Ef

1. I n t rod uct io n

D uri ng the last decades zinc sul phi de doped wi th m anganeselum inophors has
been wi dely inv estigated by many researchers. D estri au [1] in 1936 di scovered tha t
a Zn S:Mn powder held in a bi nder between para l lel conducti ng pl ates emi tted l ight
when ac vo l tage was appl ied. Successors of the D estriau devi ces were dc powered
devi ces [2{ 4]. They used Cu doping leads to one of the num erous copper sulphi de
phases whi ch are conducti ng or semiconducti ng. At the end of Ùfti es wo rk on the
electro lum inescent devi ceswi th vacuum deposited semiconducto r layer was started
by Tho rnto n [5]. The ac thi n Ùlm devi ces were pi oneered by Ino guchi et al . [6].
In last years num erous papers have been devoted to ZnS:Mn nanocrysta ls [7]. In
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the Ùeld of lum inescence inv estigati ons, ki neti c m easurements are very importa nt
since they pro vi de much inform ati on concerni ng the lum inescence centres and the
m echani sm of lum inescence in general [8{ 10]. One of the aims of the papers is
descripti on of the electro lum inescence of the ZnS:Mn, Cu,Cl thi n Ùlms.

The understa ndi ng of the nature of electro nic properti es and ato mic structure
of m ateri als at the nanometer scale have beenthe goals of funda menta l and appl ied
research.

D ue to i ts extrem ely hi gh spati al resoluti on, scanning tunnel ing micro scope
(STM) has been wi dely used to investigati on the m olecular bondi ng, nucl eati on
and growth pro cessesand semiconducto r morpho logies [11, 12].

Since STM im ages a convo luti on of the surf ace electronic and geom etri c
structure, i t is often contro versial as to whether the contra st is related sim pl y to
a di ˜erence in geom etri cal height or electronic e˜ects.

Here we report com bined experi menta l resul ts of the scanni ng tunnel ing m i-
cro scopy and spectroscopy (STM / STS) on ZnS:Mn, Cu,Cl Ùlms at room tempera-
ture. T unnel ing exp eriment pro vi de com pl im enta ry inform ati on on the electro nic
structure because discrete occupied and unoccupi ed energy levels are pro bed sep-
aratel y.

2 . E x per i m en t a l

The ZnS:Mn, Cu, Cl thi n Ùlm s were pro duced onto a glass substra te by ther-
m al evaporati on from quartz cruci bl es whi ch conta ined the mixture of powder
ZnS:Mn (70%) and powder CuCl (30%). The powdered zinc sul phi de has been
acti vated wi th manganese concentra ti on of 3 wt% . In order to obta in electro lu-
m inescent cells the outer alum inum electro des were evaporated. The electro lum i-
nescence was exci ted by recta ngul ar vol ta ge pul ses wi th pulse length from 1 ñ s
to 1 m s. Li ght emission is observed from the surface repro duci ng exactl y the alu-
m inum electro de.

The Cryo SXM (OMIC RON) scanning tunnel ing m icroscope was used to
study the to pography and spectro scopic pro perti es of the ZnS:Mn, Cu,Cl thi n Ùlm s.
Im aging wa s perform ed in consta nt current m ode (1.0 nA) at sam ple bias +1 .0 V,
usi ng a W ti p. The scal ing of the m icroscope was calibra ted on a hi ghly oriented
pyro lyti c graphi te surf ace.

3. R esul t s an d d iscu ssio n

A semiconducto r wi th n - typ e dopands has donor levels and the therm al
exci ta ti on of electrons f rom donor levels popul ates the botto m of the conducti on
band.

For a semiconducto r{ insul ato r{ meta l (SIM) juncti on wi th n -typ e semicon-
ducto r, the Ferm i level is close to the donor level E D of the semiconducto r when
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U bi as = 0. D epending upon the sign and m agni tude of the bias vo lta ge, the STM
current of doped semiconducto rs may involv e not onl y the botto m of the con-
ducti on band but also the donor levels lyi ng in the band gap. In addi ti on, the
wa ve functi ons of the donor levels are spati al ly local ized in the regions around the
donor, unl ike tho se of the valence and conducti on band levelswhi ch are delocal ized.
Theref ore STM images of doped semiconducto r can exhi bi t local imperfecti ons.

Fi gure 1 shows a typi cal STM im age of ZnS:Mn, Cu, Cl thi n Ùlm s measured
at room tem perature.

Fig. 1. ST M image of ZnS:Mn, C u, Cl thin Ùlms measured at ro om temp erature. T he

image size is 3 È 3 ñ m sample bias voltage and tunnelin g current are Ï 0: 5 V and 0.4 nA ,

resp ectively .

W hen a bias vol ta ge is appl ied thro ugh the SIM juncti on the energy levels of
the semiconducto r bands bend dependi ng on the bi as polari ty . At a large negati ve
bi as, the band bending of an n -typ e semiconducto r m ay popul ate the botto m
positi on of the conducti on band at the surf ace, so tha t electrons may also Ûow
from the botto m of the conducti on band to the ti p. W hen the m agni tude of the
negati ve bi as is greater tha n E g=2 so tha t E V + e j U bia s j > E F , the electrons in the
valence band of the sam ple tunnel into the ti p and we can observe large current
for strongly negati ve bi as.

The resul ts of STS measurements are presented by plotti ng the current vol t-
age characteri stic, or more com monly tunnel ing conducta nce vs. bi as vol ta ge for
ZnS:Mn, Cu,Cl thi n Ùlm. The pl ot of the di ˜erence conducta nce is proporti onal
to electroni c densi ty of sta tes n (E ) . Fi gure 2 shows the functi on d I / dU versus U

characteri sti cs for ZnS:Mn, Cu, Cl thi n Ùlm surface.
T unnel ing conducta nce vs. bias vol ta ge has been suggested as a qual i ta ti ve

m easurement of the local electronic density of states. Positi ve values of the bias
vo l tage represent tunnel ing from the ti p into both the donor level and the unoccu-
pi ed sam ple states. W hi le negati ve values correspond to tunnel ing from occupi ed
donor level for smal l bi as and the valence band to p for large bi as into unoccupi ed
ti p states. For the ZnS:Mn, Cu, Cl surface two occupi ed states at { 0.3 V and { 0.4 V
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Fig. 2. Tunneling conductance vs. bias voltage for ZnS:Mn, C u,C l thin Ùlm.

are seen, but uno ccupied sam ple states are not detected for thi s vo l tage regim e.
R ather, not a clear gap is seen, suggesting tha t ZnS:Mn, Cu, Cl local area are not
semiconducti ng but rather m etal lic for smal l bias vo l ta ge (< E g=2).

The ZnS:Mn, Cu, Cl { Al thi n Ùlm cells exhi bi t electro lum inescence for both
dc and ac suppl y vo lta ges. The cells emi t characteri stic of manganese acti vato r
yel low-orange electro lum inescence (EL) wi th m axi mum at 586 nm (Fi g. 3). The
electro lum inescence spectrum is alm ost restri cted to the range of spectra l sensi-
ti vi ty of the hum an eye.

Fig. 3. Electrolumi nescence spectrum of the cell investigated.

W hen a long-ti me recta ngul ar vo lta ge pul sesare suppl ied to the investigated
cells, the electro lum inescence rises duri ng the excita ti on pul se and decays imme-
di atel y after the end of the pul se (Fi g. 4).

Very interesti ng phenom enon is observed for the short pul se exci ta ti on. In
thi s case the maxi mum of the electro lum inescence app ears at the ti m e t m af ter
the end of the exci ti ng pul se (Fi g. 5).
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Fig. 4. T ime dependence of the electrolumi nescence excited by a rectangular pulse of

1 ms.

Fig. 5. T ime dependence of the electrolumi nescence excited by a rectangular pulse of

10 ñ s.

Ano ther interesti ng phenomenon is the non- typi cal behavi or of the elec-
tro lum inescence observed duri ng the exci ti ng pul se. As is seen (Fi g. 6) the ti m e
dependences are considerably di ˜erent from tha t for di rect excited lum inescence
described by equati on

I = G [ 1 À exp( À t= §e) ] (1)

duri ng the exciti ng pul se and

I = I 0 exp( À t= §e) (2)

after the end of the exci ti ng pul se. In the equati ons G i s generati on rate and § e i s
l i feti m e of emitti ng centres. D uri ng the Ùrst microseconds the electro lum inescence
is practi cal ly not seen. In order to expl ain these phenom ena we assumed energy
tra nsfer between two monomolecular centres [10, 13, 14].

If we assume tha t each part dt of the exciti ng pul se T pro duces the elemental
curve

d I =
G d t

§ e À §t

[exp( À t= § e) À exp( t= §t )] ; (3)

then we obta in the ti m e dependence duri ng the exci ti ng pulse

I =
G

§e §t

§ e [ 1 exp ( t= §e)] § t [1 exp( t= §t )] ; (4)
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Fig. 6. T ime dependence of the electrolumin escence during the exciting rectangular

pulse of 10 ñ s.

Fig. 7. Theoretical time dependence of luminesce nce during (a ) and after the end (b)

of the exciting rectangular pulse T plotted for energy transf er (ET ) and direct excitation

( DE) for §e = 10 ñ s and § t = 50 ñ s.

and

I =
G

§e À §t

n
§ e [ 1 À exp (À T =§e )] exp( À t= § e)

§t [ 1 exp ( T =§ t )] exp( t= §t ) (5)

af ter the end of the exci ti ng pul se, where §t i s l if eti me of tra nsferri ng centres. Fi g-
ure 7a shows the theoreti cal ti m e dependences of lum inescence duri ng the exci ti ng
pul se described by Eq. (4) (ET{ 50) and Eq. (1) (D E{ 10). The dependences af ter
the end of the exci ti ng rectangul ar pulse are shown in Fi g. 7b. In the both cases
the di rect exci ta ti on m echanism (D E) cannot be used to describe the exp erimenta l
data . As is seen, energy tra nsfer m echanism (ET) very well expl ains the behavi or
of the m anganese electro lum inescence duri ng (Fi g. 7a) as well as af ter (Fi g. 7b)
the exciti ng rectangular pul se.
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4. Su m m ar y

Using scanni ng tunnel ing spectroscopy we detected the local ized state near
the Ferm i level on the ZnS:Mn, Cu, Cl surf ace. These data reveal two occupi ed
states at { 0.3 V and { 0.4 V but unoccupied sam ple states are not detected for thi s
vo l tage regime.

The ZnS:Mn, Cu, Cl { Al thi n Ùlm cells emi t characteri sti c of m anganese acti -
vato r yellow- orange l ight. For a long- ti m e exci ta ti on the electro lum inescence ri ses
duri ng the exci ti ng pul se and decays immedi atel y after the end of the pul se. For
the short pulse exci ta ti on the m aximum of the electro lum inescence app ears af ter
the end of the exci ti ng pul se. Energ y tra nsfer m echani sm very well expl ains the
behavi or of the ti m e dependence of the electro lum inescence.

Thi s work wa s supported by Pozna¥ Uni versi ty of T echnology R esearch Pro-
gram PB 62-198/ 03-BW.

R ef er en ces

[1] G. Destriau, J . C hi m. Ph ys. 33 , 587 (1936).

[2] A .G. Fischer, J. Elec trochem. Soc. 1 09, 1043 (1962).

[3] A . V echt, J. L umi n. 7, 213 (1973).

[4] N .A . V lasenko, J .A . Popko v, Opt. Spekt rosk. 8, 39 (1960).

[5] W. A . T hornton, J. A ppl . Ph ys. 33, 3045 (1962).

[6] T . Inoguchi, M. Takeda, Y . K akihara, Y . N akata, M. Y oshida, Si d In tern . Symp.
Di g. (1974).

[7] T . K ubo, T . Isobe, M. Senna, 39 (2002).

[8] S. Tanak a, H . K obayashi, H . Sasakura, Y . H amak awa, 5391

(1976).

[9] E. Chimczak, J .W. A llen, 951 (1985).

[10] M. Bertrandt- `ytkow iak, E. C himczak, 136 (1995).

[11] H . Wang, C . Zeng, Q. Li, B. W ang, J . Y ang, J.G. H ou, Q. Zhu,
LI 024 (1999).

[12] A .W. Dunn, E. D. Svensson, C . Dekker, 237 (2001).

[13] E. Chimczak, 247 (1988).

[14] E. Chimczak, 211 (1988).


