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Electron Beam Induced Degradation of CaS:Pb Thin Film
Phosphor Grown by Atomic Layer Deposition
Sun Jin Yun,a,z Sang-Hee Ko Park,a and Jong-Bong Parkb

aBasic Research Laboratory, Electronics and Telecommunications Research Institute, Yusong-gu, Daejon
305-350, Korea
bDepartment of Materials Engineering, Chungnam National University, Yusong-gu, Daejeon
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The effects of electron~e!-beam irradiation on the luminescent and the materials properties of CaS:Pb films were investigated
using structural and compositional analysis techniques. Continuous e-beam irradiation on CaS:Pb thin film for 180 min resulted in
an approximately 60% decrease of cathodoluminescence~CL! intensity. Transmission electron microscopic analysis indicated that
e-beam irradiation induced the precipitation of Pb. The decrease of CL intensity by e-beam irradiation was mostly caused by the
decrease of Pb21 luminescent center ion concentration due to the precipitation of Pb. E-beam irradiation also resulted in heavy
carbonaceous contamination on the surface. The thickness of the carbonaceous layer was approximately 10 nm.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1536520# All rights reserved.
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Alkaline-earth sulfides have been studied as luminescent ma
als for cathode ray tube and flat panel displays~FPDs!. The thin film
processes of the materials have become important to meet th
quirements of high-resolution FPDs such as low-voltage field em
sion displays~FEDs!and thin film electroluminescent~EL! displays.
For the application to low-voltage FEDs, the study on degrada
and surface contamination of thin film phosphor due to elect
~e!-beam irradiation is essential because the penetration depth o
e-beam,i.e., illuminating film depth, is quite shallow compared
that of an e-beam accelerated by high voltage. However, the e-b
induced damage of thin film phosphors has not been examine
view of FED application.

Earlier works reported that the CaS:Pb phosphor had been a
efficient photoluminescent phosphor.1 Pb21 ion can be incorporated
easily into CaS due to the isomorphism of the crystal structure
CaS and PbS. The previous work accomplished by using con
tional deposition techniques such as e-beam evaporation ha
ported that dimer and larger aggregate centers tend to form a
dantly in the lattice with increasing concentration of Pb21 ions.1,2

Contrarily, the present authors reported that the size of aggreg
could be controlled by changing the deposition sequence of CaS
PbS, and that blue EL emission peaked at 440-445 nm and cou
maintained with the Pb concentration ranging from 0.3 to 1.3 a
% by using a controlled atomic layer deposition~ALD! technique.3

Longer wavelength emission can be also obtained by controlling
incorporation method of Pb21 ions into the CaS host matrix.3 The
authors also presented that CaS:Pb phosphor revealed
luminance blue cathodoluminescence~CL!.4

In the present work, the effect of e-beam irradiation was inv
tigated on CL and materials properties of CaS:Pb phosphor de
ited by the controlled ALD. First, the dependence of CL intens
and wavelength of the CaS:Pb thin film phosphor was studied w
the e-beam irradiation time. Then, the materials degradation indu
by e-beam irradiation was clarified using structural and comp
tional analysis techniques.

In the ALD of CaS:Pb thin films, Ca(thd)2 ~thd is 2,2,6,6-
tetramethyl-3,5-heptanedionate!, H2S, and Pb(C2H5)4 were used as
the precursors of Ca, S, and Pb, respectively. The deposition
perature was 390°C and the reactor pressure was approximat
Torr during ALD. E-beam irradiation and CL measurement we
carried out in a vacuum chamber of 1026 Torr. The acceleration
voltage and the current density of the e-beam were 1 kV
25mA/cm2, respectively. The films were characterized using Au
electron spectroscopy~AES!, X-ray diffraction~XRD!, X-ray pho-
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toelectron spectroscopy~XPS!, and transmission electron micro
copy ~TEM!. In the preparation of a TEM specimen, methyl alcoh
and isopropyl alcohol were used to avoid the hydration of
CaS:Pb phosphor during the grinding and dimpling process.
specimen was cooled using liquid nitrogen to eliminate heating
fect during TEM observation. The composition of the films w
determined using Rutherford backscattering spectrometry~RBS!and
energy dispersive X-ray spectroscopy~EDX!.

The CaS:Pb thin films deposited by ALD were highly stoichi
metric contrary to the films deposited by e-beam evaporation.2 The
10 nm thick Al2O3 film-deposited Si wafers were used as substra
Materials analysis showed that 0.5-1.0 atom % of oxygen was c
tained in the CaS:Pb phosphor while carbon was not detected. O
gen is thought to be incorporated from the Ca precursor, Ca(th2 ,
containing oxygen.

Figure 1 shows the dependence of CL intensity of 200 nm th
CaS:Pb films on the e-beam irradiation time. The CL intensity
creased to approximately 40% of initial intensity after continuo
e-beam irradiation for 180 min. The continuous beam irradiat
must accelerate the degradation of phosphor films compared
pulsed e-beam irradiation. The previous work had reported that

Figure 1. Dependence of CL intensity of 200 nm thick CaS:Pb film on t
time of e-beam irradiation.
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decrease of CL intensity of CaS:Pb thin film phosphor had b
slower than that of a ZnS:Ag,Cl powder phosphor~a commercial
product!under the same experimental condition.4

According to the previous works describing the preparation
CaS:Pb phosphor film, the wavelength of Pb21 emission was sensi
tively changed by varying the binding states or the environmen
the luminescent ions due to Pb21 ion with s2 outer shell electron
configuration.1,2 In the present work, the peak positions of CL spe
tra of CaS:Pb~0.5 atom %!and CaS:Pb~0.8 atom %!films were not
shifted even after the CL intensities were decreased to 40 and
of the initial values by e-beam irradiation, respectively. Figure
shows the CL spectrum of as-deposited CaS:Pb~0.8 atom %!film in
comparison with that obtained after decreasing CL intensity dow
the 50% level by e-beam irradiation. This result indicates that
binding state of each luminescent center ion illuminating CL w
not changed by e-beam in the host matrix.

Figure 2. CL spectra of as-deposited CaS:Pb film compared to that obta
after decrease of 50% CL intensity.

Figure 3. AES depth profile showing C contamination on CaS:Pb surf
region by e-beam irradiation for 60 min, compared with that of a nonradia
CaS:Pb surface.
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The analyses of CaS:Pb thin films were carried out to clarify
reason for the CL intensity decrease. XPS and RBS study indic
that the content of Pb was not changed by e-beam irradiation~the
data not shown here!. The results revealed that the out-diffusion
Pb was not induced by e-beam irradiation contrary to the effec
rapid thermal annealing.5 However, surface analyses using XPS a
AES indicated that the e-beam irradiated surface of the CaS:Pb
was heavily contaminated by a carbonaceous~C-! compound. Figure

d

d

Figure 4. ~a! Plan-view TEM image of as-deposited CaS:Pb film,~b! plan-
view TEM image of e-beam irradiated CaS:Pb~Pb precipitates are indicated
by arrows!, and~c! high-resolution image showing a trace of Pb precipita
~the interplanar spacing of 0.201 nm corresponds to the$220% plane of CaS
host!.
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3 shows the depth profile of e-beam irradiated surface in compar
with that of as-deposited CaS:Pb film. The AES depth profiles~sput-
ter rate;0.1 nm/s) indicated that 60 min of e-beam irradiation p
duced a C contamination layer of 10 nm. The thickness was
sensitively changed by varying the irradiation time. Only in view
penetration depth of electrons, the C contamination was not tho
to be a main reason of the CL intensity decrease, because the
etration depth of the e-beam into CaS:Pb film was deeper than
nm under the experimental conditions used in this work as repo
in the previous work.5 However, the effect of surface electron-ho
recombination on luminance efficiency is very important in the c
of an acceleration voltage as low as 1 kV.6 Further study on the
surface recombination effect is being carried out to clarify the c
tribution of C contamination on CL degradation of a CaS:
phosphor.

Generally, the source of C contamination has been considere
be the carbon-containing residue in the phosphor that was inco
rated during the preparation of phosphor materials. However, in
present work, the source of carbon might be residual gas or s
contaminant in the vacuum chamber of 1026 Torr, because the
CaS:Pb film deposited by ALD did not contain a detectable amo
of carbon. The residual gas molecules containing carbon might
sorb easily on reactive sites produced by e-beam irradiation,
then give rise to a C layer by continuous e-beam. The C layer
also observed even on the surface of bare Si wafer after 60 m
e-beam irradiation under the same experimental condition.

Structural analysis using XRD and TEM was carried out to o
serve the structural degradation induced by e-beam irradiation
thin film phosphor. However, the XRD data did not show any co
siderable change after e-beam irradiation. To clarify the degrada
in view of microstructure, CaS:Pb films degraded by continuo
e-beam for 180 min was studied using TEM~Philips TECNAI F20
and Philips CM20T/STEM, 200 kV!.

Figure 4 shows plan-view TEM images of an e-beam irradia
CaS:Pb film in comparison with that of as-deposited CaS:Pb fi
The low magnification TEM image of Fig. 4a shows a typical pla
view image of as-deposited CaS:Pb film. Contrarily, randomly d
tributed dark spots~diam 1-30 nm!were observed in the e-beam
irradiated sample as shown in Fig. 4b. The spots were rapidly ev
rated while increasing the magnification,i.e., the current density o
the e-beam. The round-shaped dark spots are considered to b
precipitates because Pb has low melting point and high vapor p
sure compared to other metals relevant in this experiment.7 Melting
and eruption of Pb nanocrystals during TEM observation had b

Table I. The concentration of constituents in CaS obtained using
EDX before and after e-beam irradiation for 180 min.

Sample
description Element Grain

Grain
boundary

Large
area

As-deposited
CaS:Pb

Ca 50.0 49.5 48.3
S 49.0 49.9 50.9
Pb 1.0 0.6 0.8

E-beam irradiated
CaS:Pb
for 180 min

Ca 48.4
S 50.9
Pb 0.7
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observed and explained to be induced by thermal and charging e
of the e-beam.7 The high resolution TEM image in Fig. 4c shows th
trace of a Pb precipitate that was taken just after eruption of Pb
the focused e-beam irradiation. The results in Fig. 1 and 4 indica
that CL degradation by e-beam irradiation was mainly due to
formation of Pb precipitates because the metallic Pb precipitates
not contribute to the CL emission.

A possible mechanism to form the Pb precipitates could be
neutralization of S22 ions to S0 in PbS ionic bonding through Auge
electron transition induced by e-beam irradiation.8 Then ionic
bonded Pb21 ions are released from the network bonding in ion
lattice. Under the local repulsive electrostatic interaction produ
by secondary and Auger electron excitation in the illuminated a
the Pb ions can be moved from their original sites and neutralized
electrons. The earlier work had reported also that oxidized Pb21 ions
easily formed metallic precipitates by e-beam irradiation.7

Table I shows the concentration of constituents in CaS:Pb
film before and after e-beam irradiation. The concentration was
tained during TEM observation using EDX. As listed in Table I, t
concentration of Pb ions inside a grain of as-deposited CaS:Pb
was higher than that in the grain boundary. However, only the a
age Pb concentration of the e-beam irradiated sample could be
tained over a large area because the Pb precipitates were ra
evaporated by the focused e-beam during analysis. The averag
concentration of the e-beam irradiated sample~0.7 atom %!was a
little lower than that of the as-deposited sample~0.8 atom %!, and
the slight decrease of Pb content is thought to happen during T
analysis. The results implied that e-beam irradiation did not eli
nate Pb atoms from the phosphor layer but induced the precipita
of metallic Pb.

In summary, the degradation of CaS:Pb thin film phosph
caused by e-beam irradiation was investigated on luminescent
materials properties. The concentration of Pb was not decrease
the CL intensity was decreased to 40% of initial intensity by 1
min of e-beam irradiation. The present study clarified for the fi
time that the decrease of CL intensity was caused by the reductio
Pb21-luminescent center ions,i.e., by forming the metallic Pb pre
cipitates.
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