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A commercially available blue emitting ZnS:Ag,Cl phosphor was surface-treated with a combination of stirring and ultrasonication
in KOH solutions. The stirring and ultrasonicati®UST) enhanced the cathodoluminescence efficiency by 58%. From surface
analyses, it was confirmed that OHons were physisorbed on the surface of the phosphor, and they formed an additional
electrical field on the surface into the E-beam induced field present in cathodoluminescent mode of operation. We observed that
the maximum increase of phosphor efficiency at low applied voltages was around 800 V, that the recombination rate of the
nonequilibrium charge carriers increased over two times, and that the diffusion-drift length was reduced after SUST. This can be
explained by the formation of the increased electrical fields induced by physisorbedo@sion the phosphor surface.
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To enhance the cathodoluminescen@l) intensity of many  pH meter(Orion 720A. Subsequently, ZnS:Ag,Cl phosphor pow-
phosphors, various surface modifications of phosphors have beeders(3 g) were added to the KOH solution in a glass beaker and the
attempted, for example, electrically conducting materials are coatediltrasonication on the phosphor was performed on an ultrasonicator
on or mixed with a phosphor surfadg.It is known that surface  (Branson 2210R-DTH To prevent the powder from settling, a me-
modification is the most well known and easiest method for improv- chanical stirring(300-500 rpm was conducted in addition to ultra-
ing luminescent efficiency of phosphors. In this regard, ultrasonica-sonication. After that, the treated phosphor powders were filtered
tion is attractive because it leads to high luminescence property oiind washed with distilled water, and dried in a convection oven at
phosphor powders. 120°C for 24 h.

When an ultrasonic wave passes through a liquid medium, a In order to analyze the surface of the phosphor, scanning electron
large number of microbubbles form, grow, and collapse in a verymicroscopy(SEM), Auger electron spectroscogpES), and infra-
short time of about a few microseconds, and that is called ultrasoni+ed (IR) transmittance spectroscopy were performed. AES measure-
cation. Ultrasonication can increase local temperatures as high asents were done in an ultrahigh vacugdHV) system(PHI model
5000 K and local pressures as high as 500 atmospheres with heatir@jy0) using electrons with a beam voltage of 1 keV and a continuous
and cooling rates greater than °10K/s, a very rigorous current of 0.003&A. For IR transmittance, samples in the form of
environment Therefore, it has been extensively applied to disper- pellets were prepared by mixing the phosphor with KBr powders to
sion, emulsifying, crushing, and activation of particles. 5 wt % and drying at 100°C in a vacuum oven overnight. IR trans-

In addition, it has been reported that ultrasonication leads to amittance was obtained in dry air at room temperature using IR trans-
coupling of the ultrasonic vibrations with extended crystal defectsmittance measurement systéBruker IFS 66.
such as dislocations, grain boundaries, and precipitates. It interacts To investigate optical properties, photoluminescefiek) was
with point defects from both impurity and native origins, such as measured using a photon counting spectrom@8s PC) operated
vacancies and self-interstitials. Being absorbed at extended defectgf 500 W. Cathodoluminescen@8L) was measured at a beam cur-
ultrasonic vibrations trigger defect reactions. Therefore, ultrasonica+ent density of 6QuA/cm? and an excitation energy of 500-1000 eV
tion has been realized as a method of defect engineering in phogdsing a Kimball Physics FRA-2X1-2/EGPS-2X1 electron (i
phors that increases luminescent efficiehcy. gun system. The E-gun system was installed in a demountable ul-

On the other hand, many researchers have used a surface tredtahigh vacuum chamber equipped with an in-house assembled CL
ment to obtain high luminescence of phosphor using chemicals. Irspectrophotometer. All luminescence measurements were conducted
particular, it is known that surface treatment using acid or hydroxideon powder samples.
increases luminescence by cleaning the surface of phosﬁﬁ,ors.

However, the above methods have limitations for improving the
luminescence of phosphors and we would like to find a new method ) . .
for improving the CL intensity of phosphors. In this study, we have _ The cathodoluminescent behavior of ZnS:Ag,Cl treated by stir-
attempted to obtain higher CL intensity of ZnS:Ag,Cl through sur- 1ing and ultrasonicatiotSUST) is illustrated in Fig. 1. It shows the
face modification by using a combination of ultrasonication and sur-results of nontreated and treated samples by SUST in distilled water
face treatment with hydroxide solution, especially potassium hy-and KOH solution, respectively. The CL intensity of the phosphor
droxide (KOH), and then verify the reasons for the enhancement ofpowder was increased when it was treated by SUST. It was observed

Results and Discussion

its luminescence if possible. that SUST in KOH solution showed an even higher increase ratio of
CL intensity than one in distilled water. The maximum increase ratio
Experimental was 58%, and this is the highest value among recent studies for
_ . ZnS:Ag,Cl’ !
Commercially available blue phosphors, ZnS:Ag,#228B), To analyze the detailed changes induced by SUST, PL and pho-

were used in this study. The ultrasonication on the phosphor wags|yminescence excitatioPLE) were attempted. From PLE mea-
conducted as follows. KOKD.2 g was added to distilled waté250 ~  grements, the excitation wavelength was determined at 330 nm and
mL) and mechanically stirred for 10 min. To fix the pH value of p| gpectra were obtained. Figure 2 shows the PL spectra of non-
KOH solution, measurement of the pH value was conducted using &eated and SUST-treated samples, respectively. As shown in Fig. 2,
it is observed that the PL property of ZnS:Ag,Cl was not changed at
all after SUST. It is clearly different from the behavior of the CL
# E-mail: dyj@Kkaist.ac.kr spectra in which the change of intensity was detected, as shown in

Downloaded 19 Apr 2011 to 143.248.103.56. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



H228

90
2,800 4 l
—_ J 80
S 2,400 (© ]
s 70
£ 2,000 ] S
£ 2 ) 60
g 32 —v/
£ 1,600+ L 50
- @) g -_’-A le
£ 1,200- -y
= ]
= 30
o 8004 ]
20 4
400 - .
10 4 C
0= T T T — T 0 _.-\
400 450 500 550 600 650

Wavelength (nm)

Journal of The Electrochemical Societys1 (11) H227-H231(2004)

v T M T v T v T M T v T T T M L) 1
00 03 06 0% 12 15 18 21 24 27 30 33

(@)
Figure 1. CL spectra of ZnS:Ag,Cl phosphase) nontreated sampldb)
SUST-treated sample in distilled water for 1 h, dogSUST-treated sample
in KOH solutions for 1 h.

Fig. 1. From the previous studies on the effect of the coated layer on
ZnS:Ag,CIt? we can reasonably expect that if SUST forms a coated
layer on the phosphor, a shift and intensity change of PL emission
can be observed. However, in our results, these did not occur after
SUST. From this, we expect that SUST in KOH solution did not
give rise to a coated layer such as, for example, ZnO on the surface
of phosphor.

To understand the origin of the luminescent property of the phos-
phor after SUST, several analyses for surface morphology, for ex-
ample, SEM, TEM and particle size analysis, were performed on
both nontreated and SUST-treated phosphors. However, we could
not observe any change on the afore-mentioned analyses.

As a trivial matter, in SEM analysis, it appeared that many small
size particles, formed by using flux during synthesis, were removed (b)
from the phosphor. This probably results from the cleaning effect of
KOH solutions®®
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. . . Figure 3. Auger depth profiles of elements in ZnS:Ag,Cl phosptarthe
To characterize the surface of the phosphor in detail, the componontreated sample and) the treated sample with SUST in KOH solutions

sitional change in the surface layer was investigated using AESfor 1 h.

Figure 3a and b show depth-profile results of AES for both the
nontreated and the SUST-treated phosphors. In all samples, the ele-
ments, such as zinc, sulfur, and carbon were detected. On the other

hand, potassium from the KOH solutions was not detected, even if€nts of oxygen were detected in the SUST-treated phosphor as
the SUST-treated samples. This means that potassium was almo8fown Fig. 3b. Although the change on concentration was observed,
washed out due to washing with distilled water in the SUST process!his information does not give us any information on the exact state
and the concentration change in potassium does not affect the lumRf 0xygen present on the surface of phosphor. Therefore, we at-
nescent property of SUST-treated phosphor. Surprisingly, high conieémpted to analyze this definitely.
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Figure 2. PL spectra of ZnS:Ag,Cl phosphdeft, nontreated sample; right,

First of all, we can expect that the oxygen formed by SUST
reacts with ZnS and new compounds such as ZnO can be formed,
although the PL spectra implied that ZnO did not form on the sur-
face of the phosphor. As a matter of fact, Swetrl. reported that a
ZnO layer formed on the surface of ZnS:Ag&Also, a previous
study by Parket al!* showed that a coated layer led to a 60%
enhancement in CL efficiency. In these studies, it was reported that
the ZnO layer formed from electron bombardment on the phosphor
surface deteriorated CL degradation property. According to these
results, we arrived at this issue, if we measure CL degradation prop-
erty of ZnS:Ag,Cl phosphor after SUST, we can learn whether ZnO
was formed or not on the surface of the phosphor. To confirm this,
the CL degradation property of the phosphor after SUST was mea-
sured.

Figure 4 shows the normalized CL intensity as a function of time
under 700 V electron excitation with an average current density of
60 wA/cm? for the nontreated and the SUST-treated ZnS:Ag,Cl. Fig-
ure 4a shows the normalized CL intensity of the nontreated phos-
phor, and b is the SUST-treated for 1 h. At the completion of the
accelerated aging experiments, the final relative CL intensities for

SUST-treated sample in KOH solutions for 1 h. Excitation source 330 nm (@) and(b) were 19 and 21% of their initial values, respectively. It is
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Figure 4. Normalized CL intensity at 700 V, 6@A/cm? of ZnS:Ag,Cl phos-
phors as a function of timga) the nontreated solutiofb) the SUST-treated
solution in KOH solution for 1 h.

Transmittance (a.u.)
s °
L3 -

e
o
N

3000 azs0 3500 3750 4000
Wavenumber (cm™)

apparent that there is no difference in CL degradation property be-

tween the nontreated and the SUST—tr_eated ZnS:Ag,Cl and th%—i ure 6. Infrared spectra of ZnS:Ag,Cl phos nontreated sampl
SUST does not change the CL degradation property of Zn&Angl-tre?ated sample WithpSUST in KOH géolutri)ons?(r)(r‘m?L h, doyltreated sgfﬁbgle
From this result, we know that ZnO was not formed on the surfacewith SUST in KOH solutions for 6 h.
of phosphor.

If the surface of the phosphor does not contain ZnO, what is the
exact state of the oxygen observed on the surface after SUST? Tg

answer this question, the CL intensity was observed as a function o, nd approximately in accordance with the absorption band for OH

. . X : tretching vibration3405-3419 cm?) that Gad et al. reported in
the pH of the treating solutions. Figure 5 shows changes of increasg. .. study!® It was also observed that absorbance for the OH
ratios in CL intensity. As shown, in all pH solutions that we used, all :

SUST-treated phosphors showed increases of CL intensity. Espe[_)hy5|sorptlon peak increased with SUST time as shown in the mag-

cially, a tendency was observed-the higher the pH of solution is, thenlflecj inset in Fig. 6.

higher the CL ratio increase is. This means that the CL improvemen%h From IRttrafnsr;:lttgncE sgeg;:qscopy, I was deflnételytihcévl\jr;tThat
of ZnS:Ag,Cl after SUST depends on the pH of the treating solution, . e ar'?oun tho P fy5|tsor_te_3 |onsb\|/vats Increase thWIt fter SUST
in other words, H or OH™ ions in the solutions. To verify this, Ime. From these facts, 1t IS reasonablé 1o suppose that atter ’

infrared (IR) transmittance spectroscopy was done to find out the.O|_r ions physisorb on the surface of the ZnS:Ag,Cl phosphor and

change of amounts of Hor OH- ions on the surface of the phos- increase the CL efficiency of the phosphor. Because the ZnS:Ag,Cl

phors because IR transmittance spectroscopy is well known as hosphor is always Zn-deficient, it is conceivable that physisorbed
useful analysis for H or OH™.15 H™ ions form Zrf*-2 OH™ double layers on the surface, similar to

. . . . ’18 . . .
Surprisingly, from IR transmittance spectroscopy for the SUS . the protective oxidation of Si wafers;™ and the CL intensity is

treated phosphor, a physisorbed absorption peak of @is ob- increased by the formed Zh-2 OH™ double layers with SUST

- 1 o . time.
served(~3433 cm™). This is only for the physical bond of GH From Fig. 7, we also confirmed this suggestion. It shows normal-
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Figure 7. Normalized CL intensity at 700 V, 6@A/cm? of ZnS:Ag,Cl phos-
Figure 5. Changes in CL efficiency depending upon pH variation of various phors as a function of timga) the SUST-treated in KOH solution for 1 h,
solutions. and(b) heat-treated irfa) at 450°C for 1 h.
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electron beam conditions of nonequilibrium charge carriers to the bulk region of
the phosphor particles, based on the previous report&
.................. Sy g Figure 8 shows the surface of the ZnS phosphor, which is known
as an n-type semiconductStAt low voltage CL, the generation of
b nonequilibrium charge carriers by the deacceleration of primary
/ \ recombination electrong proceeds in a thin surface layer, called a dead layer, which
* £ has a thickness of less than several tens of nanometers. Under this
s condition, the majority of recombinations are nonradiative, and dif-
fusion and drift processes of electrons and holes become very im-
bt b e o . Ty portant because the recombination rates are saturated by various
dead layer defects and contaminatioR.

Briefly, we can assume that primary bombarding electrons con-
vert their energy to the luminescent light in three stadés(i) the
Phosphor energy of electron excitation is absorbed by phosphor matrix with

the birth of nonequilibrium charge carriersi X the nonequilibrium
charge carriers migrate to the bulk luminescent centers, &nf (

Boltzman
distance Region I

Region I1

°'7“':|';::"“ they recombine on these centers radiatively, with the emission of
rradiation dynamic charge luminescent light.

----------------------------------------------- All these stages are separated in space as well as in time. The
<! first one proceeds in the dead layer of phosphor surface. The thick-

Sottzman SRR T T e - ness of this layer is determined by the penetration depth of primary
distance electrons, comparable with the dead layer depth, at low voltage

range.
s ossbompsisdiss The second stagenigration of the nonequilibrium charge carri-

erg allows the nonequilibrium carriers to reach the bulk, less-

++"+"'+++"'+"+++*+*+*+W+’+"+‘+"+'+’+++"+++'ﬂ defective regions of phosphor particle, where a probability of radia-
Sy tive recombinations is higher. The migration processes are not so

Region IT * . important for PL and the high voltage CL because the penetration
: : depths of these types in excitation are comparable with the phosphor

Phosphor ;c’:";'m:; grain size. The infl_u_erme of the surfac_e Iay_er on r_ec_:omk_)inatﬁon pro-

L cesses of nonequilibrium charge carriers is negligible in this case.

Therefore, the effective way for improving CL characteristics of a
Figure 8. Phosphor surface for n-type semiconductor, Zh&here, p is the phosphor at low voltages is accelerating the nonequilibrium charge
penetration depth of primary electrons, and d is the depth of the dead layef. riers to the bulk of a phosphor parti& 21
(a) Electrical field accelerates holes in the phosphor surfaceanelectric - .
field accelerates holes in the phosphor bulk by formed static charge. In our $tudy, we Con_f'rmed that phySIS_orbed Oléns, formed

by SUST, increase the internal electrical field on the surface of Zn-

S:Ag,Cl phosphor. This shows the limitation of the CL increased

ratio because the surface recombination rate has a saturation point in
ized CL intensity as a function of time under 700 V and68/cm? constant depth of surface due to the dead layer. In fact, Fig. 9b
for the nontreated and the SUST-treated ZnS:Ag,Cl. In Fig. 7a isshows this result. In this figure, we observed the maximum increase
shown the normalized CL intensity of the SUST-treated ZnS:Ag,Cl of phosphor efficiency at low applied voltages. It shows that the best
in KOH solution for 1 h, and in Fig. 7b is the one with heat- improvement of CL efficiency was achieved at 800 V rather than at
treatment fo 1 h at450°C after SUST in KOH solution fal h in a lower voltage range, and this means a critical depth related to OH
air. In Fig. 4, after SUST, ZnS:Ag,Cl phosphor showed no differenceadsorbed regiof’??1t is clearly different from the result in the case
in CL degradation compared with the nontreated sample. Howeverof the coated layer with ZnO as reported in the previous
with heat-treatment, serious degradation of CL intensity was ob-studiest'*#*°0n the other hand, it is consistent with the results by
served. As Swart mentioned in his stutihis is related to the for-  Gergely and Bukeso\¥:? Therefore, we can propose this model as
mation of ZnO on the surface of the ZnS:Ag,Cl phosphor. It is one of the main reasons of the CL efficiency improvement observed
expected that Zr-2 OH™ double layers were formed on the sur- after SUST treatment for ZnS:Ag,Cl. Based on this model, we can
face after SUST and with heat-treatment, ZnO was more easilyexplain the influence of SUST on the CL characteristics of the Zn-
formed. Figure 7, CL degradation property after heat-treatment, als&:Ag,Cl phosphor using the additional static electrical field formed
clearly shows that SUST does not form ZnO compounds on theby physisorbed OH ions.
surface. Therefore, we can briefly explain the improvemed CL model

From several results as mentioned before, we realize that théased schematically on Fig. 8. Because the investigated ZnS:Ag,Cl
SUST is powerful for improving CL efficiency of ZnS:Ag,Cl phos- phosphor is an n-type semiconductor, the electrical field in the sur-
phor, and this results from the physisorbed Oidns on the surface. face region I(Fig. 8a accelerates nonequilibrium holes to the phos-
Already, many researchers have reported an effect of physisorbeghor surface that reduces the probability of radiative recombina-
double layers on the phosphor surface and also the mechanism fdions, in the case of the nontreated phosphor. On the other hand, in
improving CL efficiency has been propos€d! Especially, Swart  the case of the SUST-treated phosphor, SUST forms physisorbed
reported that if the electron beam was off for a period of time during OH™ ion layer on the surface of the phosphor and the formed OH
the degradation process of ZnS:Ag,Cl, then as soon as the electrdayer gives a role of the additional static charged layer. The addi-
bombardment was resumed, the measured CL intensity was initiallftional electrical field by static charged layer accelerates holes deeply
about 20% higher then before the beam was shit Bifis was from inside, which diffuse to the phosphor bulk and increases the recom-
the charge built up on the surface of the phosphor and, in our findbination rate. Finally, it leads to higher efficiency of low voltage CL
ings it also resulted from the same phenomenon as his result whickn the region 11(Fig. 8b).
occurs by formed Zh'-2 OH™ physisorbed double layers. To calibrate recombination parameters of phosphors, we used the
Consulting their model, we propose our model, which is ex- reported equations to obtain recombination parameters from Fig. 9a

plained below and in Fig. 8. As the main reason of the CL efficiencyin this study, as already reportéd?! They show changes of CL
improvement after SUST, we propose an improvement of migrationinitial intensity of the nontreated and the SUST-treated phosphor at
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Table |. Recombination parameters calculated for nontreated
and SUST-treated samples.

Phosphor Recombination ratem™) Diffusion drift length (cm)
Nontreated 5.39 X 10° 15.6 X 1077
SUST-treated 12.3 X 10° 8.14 x 1077

This can be explained by the formation of the increased electrical
fields induced by OH ions on the phosphor surface.

Conclusions

The effects of the surface treatment by SUST in KOH solution,
were investigated. It was found that the SUST did not change the
surface morphology of ZnS:Ag,Cl phosphor, unlike normal ultra-
sonication, but it enhanced the CL efficiency by 58%. It was ob-
served that OH ions from the SUST process physisorbed on the
surface layer, confirmed by AES and IR spectroscopy. After OH
ions physisorbed on the surface of the phosphor, they introduced an
additional electrical field on the surface into the E-beam induced
field, and it was clearly shown by a schematic diagram for the static
charged surface of the phosphor.

We propose a model that can explain the enhanced CL efficiency.
This model is based on the static charged layer from physisorbed
OH™ ions on the surface of the phosphor. When the E-beam bom-
bards the surface, this static charge plays a role by increasing an
internal electrical field and generated-B" pair can recombine
deeper inside the surface. We confirmed that this model is compat-
ible with observing our results, such as the maximum increase of
phosphor efficiency at low applied voltages around 800 V, the in-
creased recombination rate of the nonequilibrium charge carriers
over two times, and the reduced diffusion-drift length after SUST.
Therefore, CL property improvement can be explained by using this
model.

Korea Advanced Institute of Science and Technology assisted in meeting
the publication costs of this article.
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