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Abstract. The impact excitation rates, and consequently the emission intensities, of various 
energy slates of Tm3+ in ZnS thin-film electroluminescence (m) have been quantitatively 
evaluated by calculating the radiative innsition rites and the impact c m s  section, together with 
a Bamff distribution function of hot-electron energy. The results show that the direct impact 
excifafion rate of the 'G4 staie of Tm3+ is very small, while that of the 3F4 state is fairly large, 
resulting in a weak blue light intensity relative to the IR light in TFFL Different theories of the 
electron dislribution function are compared and discussed. 

1. Introduction 

ZnS:Tm is a very efficient photoluminescence (PL) and cathodluminescence (U) blue 
phosphor. It has been considered as an important candidate for blue emitting thin-film 
electroluminescence (TFEL). Much effort has been made in the last decade to obtain a 
sufficiently intensive EL blue emission in 2nS:Tm thin films. Unfortunately, only weak 
blue light has been acquired so far. If this situation remains unchanged, there would be no 
hope of employing the blue emitting 2nS:Tm film for colour display. Thus to find out the 
cause of the weakening of blue emission is a problem challenging scientists working in  this 
field. 

Ma et al [l] investigated the excitation mechanism of ZnS:Tm TFEL by measuring 
the time resolved spectra and showed that the excitation in ZnS:Tm is due to the energy 
transfer from the excited host to the luminescence centre. Tanaka er ol [2] reached a 
different conclusion after analysing the decay curves of the lower-lying state. He argued 
that the excitation of Tm3+ in EL is due to direct impact excitation by hot electrons, and the 
excitation of the 3F4 state (the initial state of the IR emission) is dominant compared with 
that of the higher-lying state 'G4 (the initial state of the blue emission). 

The impact excitation and energy transfer through the ionization host should be 
considered as two coexisting excitation processes. In general, the energy transfer probability 
by ionized electrons and holes under a high electric field must be very small because the 
electrons and holes rapidly separate under the action of the field unless they are trapped 
in a localized centre [3], so the probability of the impact excitation appears to be the key 
factor determining which mechanism is the more important. When the impact excitation 
probability of an energy state is large, the excitation is dominated by impact excitation. On 
the other hand, when the impact excitation probability is small, the excitation by energy 
transfer becomes important. 
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Thus the excitation mechanism of ZnS:Tm "FU and the cause of the weakening of the 
blue emission of 2nS:Tm TFEL become two very important questions for display applications 
and are urgently in need of interpretation. In this paper, we try to give an explanation of 
these questions by performing a quantitative evaluation of the excitation mechanism of 
Tm3+ in a ZnS thin film. 

2. Theory 

The luminescence intensity, in terms of photon flux, can be expressed as follows: 

Lir = nrAir (1) 

where nr is the number of excited centres and Air the radiative transition rate. nr is related 
to the mode of excitation; Air is determined by the wave function of relevant states and the 
crystal field at the site of the luminescence centre. For a rare earth ion, Judd-Ofelt (JO) 
theory provides a convenient and satisfactory method for calculating the radiative transition 
rate. On the basis of this theory the radiative transition rate is 

Air = [64x4e2/3h(2j + l)]xw$nA(il(i*I j)' (2 )  

where RA are intensity parameters, (ilUA1j)* the reduced matrix elements, h the Planck 
constant, ( 2 j + l )  the degeneracy of the excited state, x = n(nZ + 2)'/9, n is the refractive 
index and vir the wavenumber. The radiative transition rate A is related to measured lifetime 
b b s  by 

I/?&$ = A + w ( 3 )  

where W is the non-radiative transition rate. As an approximation, the reciprocal of robs 
may sometimes be taken to be the radiative transition rate. The excitation for TFEL depends 
both on the rate of impact excitation by hot electrons and the energy distribution function of 
the electrons. Allen and Aying [4] showed that the excitation rate for the impact excitation 
process is given by 

R = n,N u(E)V(E)f(E)dE (4) s 
where a(E) is the impact cross section, V ( E )  the velocity of the electrons, f(E) the energy 
distribution function of the electrons, n, the carrier density and N the number of unexcited 
luminescence centres. Assuming N >> nf, the rate equation is 

( 5 )  

For the stationary state, dnf/dr = 0, the luminescence intensity L can be written as follows: 

L = n.N a(E)V(E)f(E)dE. (6) 

The first approximated expression for impact cross section was given by Allen and 
Aying 141. Yu et a1 [5] derived the analytical expression based on the Born approximation: 

-= dnf n.N/o(E)V(E)f(E)dE -nrA. 
d t  

s 



Excitation mechanism of Tm3+ in ZnS thinfilm 3281 

where m is the electron mass, gi and gf are the degeneracies of the initial and final states, 
respectively, Eif is the energy gap between the initial and the final states, E the energy of 
incident electrons, n the refractive index and Aif the electric dipole transition rate. It is seen 
that the impact cross section is a product of two parts: the first is a function of the carrier 
energy E ;  the second depends only on the properties of the centre. It should be pointed 
out that this formula is derived on the basis of the Born approximation which is valid only 
at large E ,  i.e. E >> Efi. To the best of our knowledge, there is no quantitative expression 
given for o ( E )  at energy values near to the threshold Eif, so formula (7) is used for all 
values of E .  It is believed that the error introduced in L (formula (6)) would be relatively 
small due to improper application of this formula in the neighbourhood of Eif, since the 
calculation involves integration covering a large range of values of E ( from E = Eif to 
E = 00). 

According to formula (7). if we know the radiative transition rate of a certain state, 
we can obtain the impact cross section of this state as a function of the incident electron 
energy. The radiative transition rates are readily obtained by applying 10 theory. In order to 
evaluate the luminescence intensity L,  the energy distribution of the electrons f ( E )  should 
be known. As to this function a survey of various theories has to be made before choosing 
an appropriate one. 

A hot-electron energy distribution function was first proposed by Baraff [6,7] in the 
early sixties. His result covers two early works by ShocMey [SI and Wolff [9]. Krupka [IO] 
used Baraff‘s theory for ZnS:Tb ACTFEL, considering the energy loss produced by inelastic 
scattering of low-lying levels of the Tb3+ ion. Recently, a lucky drift model has been 
presented by Ridley [ill, in which energy loss was considered to be dominated by optical 
phonon scattering. Bringuier [12] used the lucky drift model to calculate impact excitation 
luminescence for 2nS:Mn. Recently, Monte Carlo simulation has been widely used to 
investigate electron distribution. However, different views have been presented by different 
authors. Brennan [13] suggested that very few electrons are available with sufficient energy 
to excite the Mn luminescence centre, while Muller and coworkers [ 14,151 concluded that 
the electrons undergo loss free transport resulting in extremely high-energy electrons. An 
intermediate view given by Bhattacharyya 1161 seems more realistic. Ln any case, the 
investigation of the electron distribution function is still in progress. 

In this paper we use Baraff s distribution for our purpose, since this theory can describe 
different extreme cases by selecting an adjustable parameter. According to Baraffs theory 
the hot-electron distribution is expressed as follows: 

f(E) = E-‘+0.5 exp(-bE) a = (Eo - e&A)(2Eo -+ esA)-’ 

b-’ = $e&A 4- f(e&,l)2/Eo (8) 

where E is the electric field, A the mean free path of the electron and Eo the low-energy 
loss parameter. With different values of EO. ‘cold’- or ‘hot’-electron distribution can be 
obtained. 

3. Experimental details 8nd results 

ZnS,Tm203 and LiZSO4 were mixed with the appropriate ratio and fired at 1100 “C for 1 h 
in a reducing atmosphere. The TFEL sample is of a double insulating sandwiched smcture 
(MISIM). The emission and excitation spectra were measured by a Hitachi 850 Fluorescence 
Spectrophotometer. The lifetime of the excited state was measured by a GD 50-1.5 double 
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monochrometer together with a DSS 6521 digital storage oscilloscope. For PL, an N2 laser 
was used as the excitation source and for EL a pulse voltage source with 20-50 ps pulse 
width and an alternate polarity of 1 kHz was used. The temperature of the sample was 
controlled by the DE202 chamber of a cryogenic refrigeration system between 10 K and 
300 K. 

a- , ~ 

I 
R 

x5 I It 

Figure 1. The emission spectra of ZnS:Tm3+ 
and EL. 

for PL 

The emission spectra of 2nS:Tm are shown in figure 1. In PL there are four emission 
lines. In EL the blue emission is very much weakened and the 650 nm and 780 nm lines 
were too weak to be observed. The transitions corresponding to these emission lines have 
been identified by Tanaka et a/ [Z]: the 475 nm, 650 nm and 780 nm emissions originate 
from the same state, IG4, while the 800 nm emission is from 3F4. The relative luminescence 
intensities of the observed lines for both PL and EL as well a s  the corresponding transitions 
are listed in table 1. 

Tablc 1. The relative luminescence intensities of the emission lines for PL and a and the 
corresponding bansitions. 

Emission Transition Intensitv Intensitv (EL) 

475 nm 'G3H6 12.3 0. 6 
650nm 'Ge'H4 0.67 - 
780 nm 1G4-3H5 1 - 
800 nm 3 ~ 4 - ~ ~ 6  1 I 

The excitation spectra for PL are shown in figure 2. It is obvious that the excitation of 
the host can be efficiently transferred to IGq as well as to 3F4. 3F4 can also be populated 
via excitation to 3F3. 

The lietimes of the IG4 state and the 3F4 state at different temperatures are indicated 
in table 2. It is seen from this table that the lifetimes of 'G4 and 3F4 in EL were nearly the 
same as those in PL (at mom temperature). ?his implies that the rate of radiative transition 
remains the same for PL and EL; the luminescence intensities corresponding to different 
states, however, are quite different. 



Excitation mechanism of Tm3+ in 211.7 thin film 3283 

Navelagul In) Figure 2. The exciorian spectra of ZnS:Tm'+ 

Table 2. The lifetimes b s )  of lG4 and 3F4 states at different temperatures. 

State 9 K  IZOK 283K &(room temoemture) 111 .. 

'Gd 54 50 35 - 30 
'Fa 73 73 70 - 70 

4. Calculation and discussion 

In order to calculate the impact cross section, the radiative transition of various energy states 
should be known. 

4.1. Radiative transition rates 

According to Huang [17], if the luminescence intensities of three or more emission lines 
originating from the same excited state are known, the three intensity parameters $22, a d ,  

QS or their ratios can be obtained by solving three or more linear equations. Thus by 
measuring the relative luminescence intensities of the three emission lines from the 'Gq 
state in ZnS:Tm listed in table 1 and the corresponding reduced matrix elements of the 
Tm3+ ion given in [le], we obtained the ratio of the three intensity parameters as follows: 

n, : n4 : n6 = 4.1 : 7.5 : 1 .  

In order to obtain the absolute values of Rz, 524 and n6, the radiative transition rate of 
a state, for example 'Gq. is needed. By assuming the reciprocal of robr of the 'G4 state at 
9 K to be the radiative transition rate of this state, then A('G4)= 18519 (s-'). Since the 
gap between 'Gq and the next lower level is approximately ten times the phonon energy of 
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the ZnS host, it is reasonable to assume that multiphonon non-radiative transition may be 
neglected. Consequently the intensity parameters were calculated to be 

Q2 = 6 . 6 ~ 1 0 - ~ c m ~  Q 4  = 1 2 ~ 1 0 - ~ ~ c m *  ' 2 6  = 1 . 6 ~ 1 0 - ~ c m ~ ,  

After obtaining the RA parameters, the radiative transition rates of the various energy 
states of 2nS:Tm could be calculated and the results are listed in table 3. 

Table 3. The radiative vansition rates of various energy states in 2nS:Tm. 

Energy state Wavenumber (cm-') Energy (eV) A (s-') r, (us) 
3 H 4  5811 0.72 2928 341 
3Hs 8 390 1.04 2626 381 
'Fi 12720 1.58 10038 100 
'F3 14510 1.80 27 122 31 
3 ~ z  15 116 1.87 3033 329 
'G 21 374 2.65 18519 54 

q is the reciprocal of the radiative transition rate, T, of 'FA and IG4 are 100 ps and 54 ps 
respectively and the quantum efficiencies zoobr/rr of 'Gq and 3F4 were determined to be 65% 
and 70% at room temperature respectively. 

4.2. Impact cross section 

The expression for the impact cross section in formula (7) may be written as follows: 

where the coefficient 

is a parameter depending only on the nature of the luminescence centre in ZnS. By using 
the radiative transition rates given in table 3, the a0 of various energy states of 2nS:Tm 
were calculated and are listed in table 4. 

Table 4. 00 of various energy stales of Tm3+ in ZnS, 

State Energy (ev) 00 (10-16 cm2 eV) 
'H4 0.72 2.73 
3H5 1.04 0.99 
'Fa 1.58 0.88 
"3 1.80 1.25 
3F2 1.87 0.09 
'Gq 2.65 0.45 
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Table 5. 00 of the various energy states of E?+ in ZnS. 

State Energy (eV) rob (ps) A (s-I) 00 cm2 eV) 

'Fg/z 1.90 75 - 1 . 3 ~ 1 0 '  0.6 

'Ht1/2 2.38 5.9 [SI 1 . 7 5 ~ 1 0 ~  4.9 

3285 

'S3/2 2.28 50 2.0~104 0.2 

Our measured data. 

For comparison, the uo values of some energy states of ZnS:Er were calculated, where 
as an approximation the reciprocal of measured lifetimes robs was taken as the radiative 
transition rate. The results are listed in table 5. 

It is seen from table 4 and table 5 that uo of the high-lying state IC4 is smaller than 
that of the lower-lying state 3F4 in ZnS:Tm. In contrast, uo of the high-lying state ZH11/2 

is much larger than that of the lower-lying state 4Fg/2 in ZnS:Er. Although uo of the state 
"Ssp is small, it can be efficiently populated via the 2 H 1 ~ / 2  state due to their small energy 
difference, so we can take the 00 value of 2H11p for that of the 4S3/2 state. In comparing 
Tm3+ with @+, we noticed that the difference of 00 between the states 3F4 of ZnS: Tm 
and 4F9/2 of ZnS:Er is not large, but uo of 'H11/2 of Er 3+ is an order of magnitude higher 
than that of the 'G4 state. 

After obtaining uo of the energy slates in ZnS:Tm and in ZnS:Er, the function u ( E )  
can be calculated, as shown in in figures 3 and 4. 

.CL€" E" lwl Figwe 3. The dependence of impacl m s s  section of 'FL and 
'GL m hot-elecmn energy in ZnS:Tm. 

1. 

' m  

1 2  3 4 5 6 7 6 9 I O  
E n 

aEcTRoN 'w' Figure 4. The dependence of impact cross section of 'Hll{z 
and 'F912 on hot-elecuon energy in ZnS:Er. 
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The figures show that the 'Gq state of Tm3+ not only has a high energy above the 
ground state but also has a small impact cross section in ZnS. These two characteristics 
are both unfavourable to impact excitation, thus resulting in the low intensity of the blue 
emission. 

Table 6. m e  ratios of U values and the luminescence intensities for the blue and infrared 
emissions of Tm3+ in ZnS for different  EX, sening Eo= 0.36 eV, 

e t 1  ( e 0  

0.3 0.45 0.6 

UI ('Gd 1,28xlO-' 1.67x10-' 0.019 
U; ('F4) 7.37~10-~ 1 . 8 6 ~ 1 0 - ~  0.109 
UlIU2 0.017 0.090 0.174 

~~ 

l b / l l R  0.014 0.080 0,149 

4.3. The excitation rate and the ratio of the blue to the infrared emiiswn inremilies under 
impact excitation 

Taking Baraff s function given in formula (8) as the electron energy distribution function, 
the excitation rate R, and hence the luminescence intensity L, can be written as: 

The integral is taken from E = Ex to E = CO. The integrand consists of three parts: the 
first is related to the impact cross section, the second to the velocity of the electrons and 
the third to the dismbution function of the hot electrons. Let the integral be denoted by U .  
then the excitation rate R = UOU, where 00 is only related to the properly of the centre and 
U is related to the energy level position. Thus the ratio of luminescence intensity of blue 
and infrared emission is 

where U is the wavenumber of the emission. In fact we have already obtained from table 4 
u ~ ( ' G ~ ) / u ~ ( ~ F ~ ) = O .  51 and h/m = 1.68, once the ratio of integrals U is calculated, & / I R  
can be found. The integrals U for various states were obtained by numerical integration 
for different values of esX at two different values of EO. IbJIm was then calculated. The 
results are listed in tables 6 and 7. 

Taking the mean free path A to be 30 8, at room temperature as given in [I21 and 
assuming it to be independent of the electric field, the values of esX= 0.3 eV, 0.45 eV 
and 0.6 eV correspond to electric field E= 1 MV cm-', 1.5 MV cm-' and 2 MV cm-' 
respectively. The two values of Eo taken in tables 6 and 7 represent two extreme cases of 
electron energy distribution. EO = 0.36 eV represents an inelastic scattering by low-lying 
energy levels of the Tm3+ ion. This value is quite close to the value Eo = 0.34 eV taken for 
Tb'+ [lo]. With this value., Baraff's distribution shows a 'not bot' electron distribution, 
which approximates the Shockley distribution. For EO = 0.064 eV, comparable to the optical 
phonon energy of ZnS, 0.043 eV, Barail's function gives a 'hot' electron distribution, which 
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Table 7. The ratios of U values and the luminescence intensities for the blue and infrared 
emissions of Tm3+ in ZnS for different e&. setting Eo = 0.064 eV. 

0.3 0.45 0.6 

01 (IGq) 0.022 0.58 2.92 
U2 ('Fq) 0.11 1.34 5.23 
UI/UZ 0.19 0.43 0.55 
I b / h R  0.16 0.37 0.48 

approximates to the results obtained by the lucky drift model or Monte Carlo simulations, 
where energy loss is considered to be dominated by scattering of the optical phonon. 

It is seen from tables 6 and 7 that in both cases, 'hot' or 'not hot' electron distribution, 
the impact excitation of the blue emission of Tm3+ in ZnS is weak compared with the 
infrared emission. At high electric field, 1.5-2 MV cm-', the ratios I ~ / I I R  are around 0.1 
for Eo = 0.36 eV and around 0.4 for EO = 0.064 eV. This shows that the small impact cross 
section of the IGq level of the Tm3+ ion is the main reason for the weak blue emission. 

For comparison, the ratios of U values and the luminescence intensities for the green and 
the red emissions of F$+ in a ZnS thin film were also calculated, where ~ ~ ( ~ H ~ l ~ ~ ) / u o ( ~ F ~ n )  
S.17, w g / w ,  = 1.2 from table 5 .  The results are listed in tables 8 and 9. 

Table 8. The ratios of U values and the luminescence intensities for the blue and infrared 
emissions of !3?+ in ZnS for different  EA, taking Eo = 0.36 eV. 

esA (eV) 

0.3 0.45 0.6 

3.53 x10-5 3.25Xio-3 0.032 
U2(pF9/z) 2.17 xlO-' 8 . 9 0 ~ 1 0 - ~  0.065 
UdU2 0.16 0.365 0.493 
l*iL 1.57 3.58 4.86 

Table 9. The ratios of U values and the luminescence intensities for the green and red emissions 
of Er'+ in ZnS for different e&& hking Eo = 0.064 eV. 

eEA (eV) 

0.3 0.45 0.6 

U ~ ( ~ H i t n )  0.034 0.733 3.47 
&(4Fi i )  0.067 1.039 4.40 
01/02 0.51 0.71 0.79 
1 8 J L  5.0 6.9 1.7 

It is seen that in 2nS:Er although U('H11/2) is also smaller than U(4Fg/2), uo of the 
'H11/2 state is much larger than that of the 'F~/z state. As a result, at the same electron 
distribution as in ZnS:Tm the green emission intensity of Er3+ is larger than the red emission 
intensitv. From tables 8 and 9. at E = 1.5-2 MV cm-' the ratio is about four to five for 6 
= 0.36 eV and five to eight for EO = 0.064 eV. 
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In comparing the impact excitation rates of the 3F4 state of the Tm3+ ion and the 
4F9p state of the Er3+ ion, we found that UO(~F~) /OO(~FS/~)  = 1.5 from tables 4 and 5 and 
U(3F4)/U(4Fg/?) > 1 for all values of E and EO listed in tables 6-9. This implies that the 
3F4 state in Tm3+ can be efficiently excited by electron impact, just like the 4F9,2 state 
in ZnS:Er. Therefore, it may be concluded that the infrared emission of the Tm3+ ion is 
dominated by impact excitation. 

Now we return to the discussion of electron distribution. Although the lucky drift model 
and Monte Carlo simulation, where electrons are estimated to be ‘hot’, could be applied 
in ZnS:Mn ACTFEL, whether they could be used i n  2nS:Tm A ~ F E L  is doubtful, since the 
efficiency Of EL blue emission of ZnSTm is much lower than that of ZnS:Mn. The efficiency 
of ZnS:Tm was measured to be 0.002 lm W-’ by us with a Sawyer Tower circuit, about 
0.003 Im W-l was given by Kobayashi er a[ [ 191, and lower than 0. 01 Im W-’ was listed 
in the paper by Ono [ZO]. This means that the efficiency of blue emission of 2nS:Tm is 
three orders of magnitude lower than that of ZnS:Mn, which is 2-8 Im W-I, also listed 
in [ZO], whereas the impact cross section of the IC4 level of  the Tm ion is only an order 
smaller than that of the Mn ion, so by adopting the same electron distribution it is difficult 
to explain why the efficiency of  blue emission of  Tm3+ is so much lower than that of orange 
emission of Mn2+ in ZnS. 

A rough estimation for the number of electrons with sufficient energy to excite the 
IC4 level of Tm3+ from the measured efficiency can be made. By taking the efficiency 
to be 0.005 Im W-’, which is equivalent to a quantum efficiency of  1 . 6 ~ 1 0 - ~  photons 
per transfered charge (for a photon of blue emission), according to the method described 
by Mach and Muller [21], for u(lG4) = 2 x cm2 (figure 3) and a concentration of 
centres of 1 . 0 9 ~ 1 0 ~  ~ m - ~ ( 0 . 4 3  mol%) 1191, the excitation yield qUc for the electrons with 
E > 2.65 eV is estimated to be 2.2 xlO’ cm-’. If qlum and qapl are asummed to be 0.8 and 
0.1 x 600 nm, respectively, q = qeereql,,,,,qopt is about lo-* photons per transferred electron 
with energy E > Em. In comparison with the measured 1.6xIO-’ photons per charge, the 
fraction of electrons with energy exceeding the threshold should be 16%. 

Let us calculate the fraction of electron with energy E > Em (2.65 eV for 2nS:Tm 
and 2.1 eV for ZnS:Mn) by numerical integration for two different Eo. When taking Eo 
= 0.36 eV, Baraft’s distribution gives the fractions of electrons with energy exceeding 
2.65 eV to be 0.3%, 1.5% and 8%, for electric field 1 MV cm-I, 1.5 MV cm-l and 
2 MV cm-I, respectively, whereas these fractions become 0.2%, 4% and 16% for E > 
2.1 eV. This distribution appears to be suitable for ZnS:Tm, but for 2nS:Mn it is obvious 
that the distribution is too ‘cold’ to explain its high efficiency. 

If EO = 0.064 eV, the fractions of electrons with energy exceeding 2.65 eV were 
calculated to be 10% for 1 MV cm-’, 46% for 1.5 M V  cm-’ and 71% at 2 MV cm-’, while 
the fractions of electrons with energy exceeding 2.1 eV were 19% for 1 MV cm-I, 59% 
for 1.5 MV cm-’ and 79% for 2 M V  cm-’, which approximate to those given by the lucky 
drift model, where these are estimated to be 19% for 1 M V  cm-’, and 65% for 2 MV cm-I 
[22]. This distribution is appropriate to ZnS:Mn, but it is too ‘hot’ to explain the low 
efficiency of 2nS:Tm. It seems that the electron distributions are not the same for ZnS:Tm 
and 2nS:Mn. Perhaps the inelastic scattering of the low-lying level of the Tm3+ ion could 
efficiently cool the electron distribution since these levels have large impact cross section 
as shown in table 4, whereas no low-lying level exists in ZnS:Mn. In this work, a definite 
conclusion on the electron distribution function couId not be obtained; the conclusion that, 
whether the electrons are ‘hot’ or ‘cold‘, the blue emission produced by impact excitation 
in ZnS:Tm is much weaker than the infrared can, however, be drawn. 

Finally, it should be noted that although the radiative transition rates of Tm3+ were 
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calculated on the basis of the data taken from ZnS:Tm powder phosphor, it appears that the 
radiative transition rates for the thin film do not differ much from that of the powder from 
table 2. In fact, by using z0bs of IGq and 3F4 obuiined from m ~ ,  results near the above can 
be obtained. These facts imply that the structure of the luminescence centre in the thin film 
is the same as that in powder. Thus the weak blue emission of Tm3+ in ACTFEL is mainly 
a result of the excitation mode rather than a change of the environment of the Tm3+ ion 
in the ZnS film. According to the impact excitation theory, in the case where the radiative 
transition rates of 'G4 and 3F4 have the same order of magnitude, it appears impossible to 
obtain a bright blue emission. 

5. Conclusion 

The calculation for impact excitation rates of IGq and 'Fa states shows that the 'G4 state 
cannot be efficiently excited by direct impact of hot electrons due to its small impact cross 
section and large energy gap, no matter whether the electrons are 'hot' or 'cold'. In contrast, 
the 3F4 state is readily excited, resembling the 4F9,2 state of the Er3+ ion in ZnS. It appears 
that the excitation of and 3F4 may be through different routes. The excitation of 'Ga is 
dominated by energy transfer of electron-hole pairs as a result ofihe excitation of the host, 
while 3F4 is populated mainly by direct impact of hot electrons. Since the energy transfer 
rate under high field is very small compared with that under zero field, which is the case 
in PL, i t  is difficult to populate IGq in this way. Thus the weakening of the blue emission 
in ZnS:Tm 7". with the present structure seems inevitable. 

As for the electron energy distribution, a definite conclusion cannot be reached, but 
the low efficency of blue emission in ZnS:Tm implies a 'not hot' electron distribution in 
ZnS:Tm. It seems that for Tm3+ inelastic scattering of hot electrons by low energy levels, 
which do not exist in Mn2+, is a probable source causing some difference in hot electron 
distribution for ZnS:Mn and ZnS:Tm. It appears that Baraff's function with Eo=O. 36 eV 
is an appropriate one for 2nS:Tm. 
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