




Single-crystal aluminates - new scintillators in SEM 

effective luminescence quenchers. 3. The concen­
tration of Ce3 + ions in the single crystal should 
be higher than 5x10-3 wt % • The reason for this 
condition is to suppress formation of quenching 
colour centres and to achieve a perfect structure 
growth of the single crystal. 4. A trace amount 
of Mo influences luminescence efficiency favour­
ably. 5. Parameters of luminescence are improved 
by additional treatment of the single crystal in 
an atmosphere of hydrogen or oxygen. 

Additional treatment of the single crystals 
plays a very important part in improving their 
scintillation properties. In the case of a scintil­
lator for SE detection it is implemented as fol­
lows : An as grown single crystal, e.g. YAG : Ce 3 +, 
is cut into discs of 0. 5 - 1. 0 mm thickness and of 
up to 25 mm in diameter. One base of the single­
crystal disc is carefully polished, the other 
one is mat-ground. The discs are then annealed in 
oxygen at a temperature of 1500 °c for 10 hours. 
As a result of this treatment the stable colour 
luminescence centres decompose. This effect 
causes a slight decrease of luminescence effi­
ciency on the one hand but on the other hand it 
shortens the decay time from the initial 150 ns 
to the final 80 ns. The increase of luminescence 
efficiency is achieved by treating the discs in 
a moisture hydrogen atmosphere in a closed molyb­
denum crucible. The Mo ions, probably in a re­
duced Mo 3 + state, increase the luminescence yield 
of Ce 3 + ions considerably. The disadvantage of 
the hydrogen treatment is the prolongation of the 
decay time up to 180 ns. For these reasons it is 
necessary to introduce a certain optimum between 
the described ways of treatment. 

The optical matching of the single-crystal 
scintillator with regard to reduction of light 
losses during light transfer from the scintil­
lator into the light-guide was discussed in de­
tail in our previous 

Spectral properties 

The single-crystal scintillator used in the 
Everhart-Thornley detector performs two important 
functions simultaneously. It is an efficient 
source of the light signal in an appropriate 
wavelength region and a light-guide which does 
not absorb light just in the wavelength region 
of its own emission. For this reason emission and 
absorption spectra of single-crystal scintil­
lators are of great importance not only for de­
termination of the physical model of lumines­
cence, but also for the considered application. 

Absorption and emission cathodoluminescent 
spectra of single-crystal scintillators of 
YAG:Ce 3 + and YAP:Ce 3 + are shown in Fig. 1. The 
emission spectra were measured at pulse incident 
beam of energy 10 keV and of current density 
4x10-e A cm-2 • The light emitted by the single 
crystal was detected after passage through a 
mirror monochromator by means of a photomulti­
plier (EMI 9558) and a lock-in nanovoltmeter. The 
curves of the emission spectra are corrected for 
the spectral sensitivity of the photomultiplier 
used and normalized to their maxima . The absorp­
tion spectra were measured with a spectrophoto­
meter Specord UV VIS (VEB Carl Zeiss Jena). They 
are corrected for reflectance and shown as light 
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Fig.1. Absorption and emission spectra of 
single-crystal scintillators with cathode 
radiant sensitivity of used photomultipliers 
( S 11, S 20 ). 1 - transmission of YAP:Ce3 +, 
2 - transmission of YAG:Ce3 +, 3 - emission of 
YAP:Ce3 +, 4 - emission of YAG :Ce 3 +. 

transmission in Fig. 1. 
The absorption spectrum of YAG :Ce3 + shows a 

broad absorption band with its maximum at 460 nm 
and a narrow band at 340 nm. The absorption spec­
trum of YP..P:Ce 3 + has only one absorption band 
lying at energies close below the absorption edge 
(260 - 330 nm). The emission spectrum of YAG : Ce3 + 
is characterized by an outstanding broad emission 
band (FWHM 175 nm) with the maximum at the wave­
length of 565 nm. The characteristic emission 
band of the single crystal of YAP:Ce3 + lies at 
the boundary of the ultraviolet and the visible 
spectrum region with the maximum at the wave­
length of 378 nm and FWHM of 50 nm. 

From absorption and emission spectra shown 
in Fig. 1 the value of the so-called self-absorp­
tion which precisely means absorption of its own 
emission can be determined. The knowledge of this 
value is important especially for applications in 
which the emitted light passes through a thick 
layer of a scintillator as e.g. with a certain 
type of detector of backscattered electrons. The 
self-absorption can be evaluated by numerical 
integration of the product of emission intensity 
and the mean transmissivity along all paths of 
the light beam inside the single crystal under 
the assumption that the luminescent centres are 
emitting uniformly in all directions and that 
only that part of photons is utilized which is 
not incident on the side walls of the specimen25 • 

The self-absorption calculated in this way 
amounts to 9 % with YAG:Ce 3 + and 20 % with 
YAP:Ce 3 + (specimen¢ 9.6 x 0.5 mm). It follows 
from this that YAP:Ce3 + should be used in appli­
cations that do not necessitate thick scintil­
lators. 

In Fig. 1 two curves are plotted which cor­
respond to the normalized radiant sensitivity of 
photocathodes S 11 and s 20 of the photomulti­
plier. Photocathodes of these types are most 
frequently used in the scintillation photomulti­
plier system of SEM. It can be seen from their 
shape and from the shape of emission character­
istics of the considered single crystals that it 
i s the YAP:Ce3 + scintillator which is well 
matched to both types of photocathodes, while 
YAG:Ce3 + necessitates using the photomultiplier 
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with the S 20 photocathode to prevent greater 
losses. All these circumstances should be taken 
into account in applications of these single-crys­
tal scintillators. 

Relative efficiency 

A sufficiently high scintillator efficiency 
is the basic condition for a good performance of 
the scintillation detector and the whole SEM. The 
efficiency of the transformation of energy, elec­
tron-photon, is generally given as radiant effi­
ciency quoted in percentage. Radiant efficiency 
of some types of scintillator materials is listed 
in Table 1 • Radiant efficiency is not, however, 
a suitable quantity for comparison of scintil­
lators' quality because in practice it does not 
imply technological aspects of their preparation. 
These aspects can be involved in efficiency ex­
pressed as a relative quantity related to a suit­
able frequently used phosphor. The relative effi­
ciency comprises losses caused by optical match­
ing, by limited spectral transmittance of the 
light-guide, losses across the photocathode of 
the photomultiplier and losses due to insuffi­
cient technological optimization of the scintil­
lator. The values of relative efficiencies were 
related to phosphor P 47 (Sylvania Chemical, USA, 
No. 23347-20, surface density of powder was 
2 mg cm-2 , aluminium layer 50 nm). 

The comparison of relative efficiencies of 
single-crystal scintillators of YAG:Ce 3 + and 
YAP:Ce3 + and some powder scintillators based on 
phosphor P 4 7 follows from Fig. 2 which shows the 
dependence of the light output signal from a 
scintillator on the accelerating voltage of the 
electron beam. Measurements were made with a con­
tinuous primary electron beam focussed into a 
spot of 3 mm diameter and current of 3x10- 9 A. 
The light emitted by the scintillator was guided 
through a quartz light-guide to the photomulti­
plier with the s 20 photocathode. Values used for 
comparison were recorded after three hours from 
the beginning of excitation. In the graph of 
Fig. 2 these values are corrected for spectral 
sensitivity of the photomultiplier used with re­
gard to the maximum of the characteristic emis­
sion spectra of individual scintillators. Rela­
tive efficiency of the single-crystal scintil­
lators is aproximately comparable with the effi­
ciency of scintillators using powder phosphor 
P 47 (Riedel-de Haen No. 54063) and it is higher 
than that of scintillators using phosphor P 47 
(Sylvania No. 23347-20). The curve valid for the 
scintillator Planotec (PLANO, but the original 
scintillator was covered with an organic film 
and an Al layer) shows a very steep slope, how­
ever at energies lower than 5 keV its light out­
put signal is lower than that of single crystals 
of YAP:Ce 3 + or YAG:Ce 3 +. A still steeper slope 
was found with the scintillator NPRL P 47 (ac­
cording to Thirlwall). The light output signal 
of single-crystal scintillators increases linear­
ly with the accelerating voltage which may be 
even higher than 40 kV. With the powder scintil­
lator P 47 (surface density 2 - 5 mg cm-2 ) the 
line slope begins to decrease at higher acceler­
ating voltages. The reason for this non-linearity 
consists in the low surface density of grains 
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of the powder P 47 and in the decreased absorp­
tion of electrons in the phosphor. The optimum of 
the surface density of powder scintillators de­
pends on the value of the accelerating voltage 9 • 

Single-crystal materials are highly resistant to 
electron radiation damage. They have a great spe­
cific density (YAG:Ce3 + - 4.55 g cm-3 ; YAP:Ce 3 + -
5.35 g cm-3 ) and can be made in different thick­
nesses (the minimum limit is 30 µm for the time 
being) • Their linear dependence of the light out­
put signal on the accelerating voltage in the 
range of 40 - 100 kV is of great importance if 
they are used as transmission screens in TEM. 

The efficiency of transformation of energy 
in the scintillator depends on the efficiency of 
the luminescence centre represented by an atom of 
trivalent cerium and on the efficiency of transfer 
of excitation energy to this luminescent centre 
or away from it. It is well known that the effi­
ciency of transfer of excitation energy depends 
above all on the concentration of luminescent or 
defect centres. We discuss this problem elsewhere3 • 

Detective quantum efficiency 

For testing the quality of a scintillator it 
is also necessary to measure its noise properties. 
If the signal/noise ratio (SNR) of the detector 
signal in SEM or STEM is too low, the resolution 
of the details on the observed subject will be 
bad. The general effort is then to prepare a scin­
tillator with the best possible SNR. The noise 
of the detector system is influenced not only by 
the scintillator which is a part of the chain: 
scintillator, light-guide, photocathode, multi­
plier, video amplifier. An excellent analysis of 
this problem was made by Baumann and Reimer5 • The 
scintillator is the most important part of this 
chain. Only it determines how many photons will 
be excited from one incident electron and how ef­
fectively they will be reflected to the light­
guide. 

The performance of the scintillation elec­
tron detector is evaluated in terms of DQE 8 , which 
is defined as the ratio of the square of the SNR 
of the output from the detector to the square of 
the SNR that the detector would produce under 
ideal conditions. 

DQE = (SNR)~ut I (SNRlfdeal (1) 

The DQE values measured by various authors for 
electron detectors using P 47 scintillators dif­
fer from each other. Pawley 19 achieved the value 
of o. 39 , Comins et al. 8 o. 25 - o. 39 according to 
phosphor screen density, Baumann et al. 4 about 
0.6 or O.~ and Comins and Thirlwall 9 above 0.8, 
all for 10 - 20 kV accelerating potential. The 
reason for these discrepancies may result from 
different technological performances of the sam­
ples (this includes light yield differences for 
P 47 powders of various producers), from differ­
ent measurement conditions, precision, and from 
different properties of the individual parts of 
the detection system. The results of these au­
thors are very valuable for developing a better 
method of measurement4 • 9 , and especially also for 
the relative comparison of several scintillators 
within one measuring device. From this point of 
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Fig.2. Light output signal of single-crystal and 
P 47 powder scintillators plotted as a function of 
accelerating voltage. I - electron beam current, 
¢ - diameter of primary electron beam. 

view we can understand the aim of our measurement 
that is to find out the DQE value of the YAG:Ce3+ 
single-crystal scintillator compared with the 
powder P 47 scintillator within identical measure­
ment conditions. 

The experimental arrangement used for DQE 
measurement consisted of a standard scintillation 
electron detector in an adapted TEM. The primary 
electron beam excited directly the scintillator 
inside the F~raday cage through a diaphragm. The 
light from the scintillator approached the photo­
cathode (S 20) of the photomultiplier through the 
straight quartz light-guide (in the axis of the 
primary beam). A de voltmeter, RMS voltmeter and 
oscilloscope were connected to the photomulti­
plier output. Using this apparatus it was possi­
ble to adjust the current of the incident elec­
tron beam on the scintillator, to change its ac­
celerating voltage, then to adjust the photomul­
tiplier gain and to read the output signal (S) 
on the de voltmeter. Then the RMS voltmeter out 
showed the noise value (Nlout in the output sig­
nal. The ratio (S/Nlout was used for the DQE cal­
culation. The ratio (S/N)ideal was evaluated from 
the formula: 

(S/N)ideal = (S/N)input = ~ 2:~f (2) 

where Is= the primary beam current (1.2 X10-10A), 
e = l.6x10-19 coulombs and 6 f = the bandwidth of 
the RMS voltmeter (500 kHz). The dependence of 
DQE coefficient on the incident electron energy 
is shown in Fig. 3. The I:QE value for the single 
crystal YAG : Ce3+ is about 0.8, while the value 
for phosphor P 47 (Riedel-de Haen) is about o.6 . 
Although the light output signal of P 47 phosphor 
(Riedel-de Haen, Scintillator Planotec, Fig. 2) 
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Fig.3. The detector DQE plotted as a function of 
the incident primary electron energy. Powder 
screen density of P 47 2 mg cm-2. 

is for the accelerating voltage 10 kV slightly 
higher in comparison with the single crystal 
YAG:Ce 3+, the DQE value is lower. The reason for 
this effect cannot be yet precisely given. We can 
only assume the difference in the number of back­
scattered electrons, in the scintillator homoge­
neity, in the relative variances of the transmis­
sion probability of the photons and in the energy 
distribution. The resolution of this problem is 
the subject of our interest. The DQE value was 
found to be influenced at the san:e type of scin­
tillation material by its quality. A strong con­
nection between I:QE and the light output signal 
in this case can be seen in Fig. 2 and Fig. 3 for 
P 47 phosphors. The DQE value of the single-crys­
tal scintillator YAG:Ce3+ is dependent upon the 
technology of the single crystals preparation and 
on the way of their treatment. 

Time characteristics 

By time characteristics of scintillators we 
mean the rise time and the decay time of the 
cathodoluminescent process. It is the decay time 
which is critica l when using the scintillator in 
a SEM. If television frequencies higher than 10 
MHz are to be used this decay must be shorter 
than 100 ns. 

Only such materials are convenient to the 
crystal lattices of which ions of trivalent ce­
rium can be built-in as activators. A simple dia­
gram of energy levels of the ground and the ex­
cited state of trivalent cerium shows the simple 
recombination processes and phosphors activated 
by trivalent cerium work very fast. However this 
short decay time of cathodoluminescence of many 
phosphors is unfortunately affected by the pre­
sence of defect centres on which energy levels 
carriers are being trapped during the transfer 
of excitation energy to the luminescent centres. 
Their release is characterized by a certain time 
constant which influences the overall rate of 
the cathodoluminescent process in the scintilla­
tor which results in the non-exponential course 
of the decay of cathodoluminescence. The time pa­
rameters of single-crystal aluminate scintilla­
tors cannot be simply characterized by a single 
decay time, but are determined by a multicompo­
nent equation 
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I(t) = (1-A1-A2lexp(-t/T1) +A1exp(-t/T2) 

- A2exp (-t/T3) (3) 

where I(t) is the normalized cathodoluminescent 
intensity (I(O) =1), tis the time from the end 
of excitation, T1 is the time constant of radiative 
transitions in the activator (luminescence decay 
time at direct excitation of an activator), T2 
and T3 are time constants of release of excita­
tion energy carriers from the defect centres lo­
calized at two different energy levels which be­
come effective at room temperature and A1 and A2 
are constants which (under the assumption that 
the energy capture rate into the activator is 
much higher than the capture rate into the de­
fect centres and the energy release rate from the 
activator is much higher than the release rate 
from the defect centres) determine the probabili­
ty of excitation energy transfer to the activator 
through the defect centres so that the constant 
1-A1-A2 determines the probability of direct ex­
citation of the activator. 

The cathodoluminescent decay characteris­
tics of the single-crystal scintillators YAG:Ce3+ 
and YAP:Ce3+ are shown in Fig. 4. The results 
were obtained at pulse excitation using electron 
beam pulse duration of 10 µs and repeated fre­
quency of 1 kHz. The decay time of the measuring 
device was 5 ns. Constants T1, T2, T3, A1 and A2 
can be obtained from the curves using a graphi­
cal-numerical method26 • For YAG:Ce3+ the follow­
ing values were determined: T1 = 85 ns, T2 = 360 
ns, T3 = 2.8 µs, A1 = 0.23 and A2 = 0.11. For 
YAP:Ce3+ T1 = 20 ns, T2 = 70 ns, T3 = 1.5 µs, 
A1 = o.29 and A2 = 0.12. If shorter excitation 
pulses (lit< 10 µs) are used constants A1 and 
especially A2 decrease since the time of exci­
tation becomes comparable with the time of cap­
ture of excitation energy carriers into the de­
fect centres so that the probability of energy 
transfer through the defect centres decreases. 
Fer the sake of comparison P 47 phosphor 
(Sylvania) has a single exponential decay cha­
racteristic with a constant T = 38 ns. 

If the concentration of ce3+ ions in YAG and 
YAP increases, the probability of the direct ex­
citation of the activator also increase and the 
probability of activator excitation by energy 
transfer through the defect centres decreases. 
Consequently, constants A1 and A2 also decrease 
and the decay characteristics approach more the 
single exponential characteristics having the 
decay time T = 85 ns which is determined by the 
radiative transition rate in the activator. Un­
fortunately, the ce3+ ions concentration in YAP: 
Ce 3+ and especially in YAG:Ce 3+ is limited by 
technology available for the preparation of 
single crystals. Therefore, the undesirable 
effect of the defect centres on the decay of 
YAG:Ce 3+ and YAP:Ce 3+ cannot be limited by an 
activator concentration higher than 1x10-2 at%. 
The only possibility how to limit the effect of 
the defect centres on the decay characteristics 
is to anneal the single crystals in an oxidizing 
atmosphere at a temperature of approximately 
1500 °c. It is true that this technique does not 
increase the probability of direct excitation of 
the activator, but it decreases the probability 
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of energy transfer to the activator through the 
defect centres, because the probability of non­
radiative deexcitation of the defect centres in­
creases. This means that the single crystal cath­
odoluminescence efficiency decreases. 

Electron radiation damage resistance 

To be useful as an SEM scintillator a ma­
terial must have a sufficiently long lifetime. 
It must produce a light yield even after irradi­
ation by incident electrons having current den­
sity higher than 10- 8 A cm- 2 and accelerating 
voltage higher than 30 kV. Radiation damage of a 
scintillator becomes evident as a decrease in its 
light yield which results in lower SNR in the 
light output signal. This failure is usually com­
pensated by increasing the beam current or the 
gain on the photomultiplier. Consequently, noise 
properties get worse or the beam gets larger and 
resolution decreases. 

The scintillator lifetime depends not only 
on its resistance to the damage by electron ra­
diation but also on the quality of the aluminium 
layer. The thin aluminium layer on the scintil­
lator surface is employed as an electrode for 
acceleration of secondary electrons. It prevents 
formation of the static charge during detection 
of backscattered electrons and reflects the emit­
ted photons in the direction to the light-guide. 
This last effect is more important with the 
smooth surface of single crystals than with 
coarse surfaces of powder scintillators. 

Scintillator lifetime depends on parameters 
of incident electrons and on their current den­
sity and accelerating voltage. The evaluation of 
radiation dose is complicated by non-uniform 
energy distribution of electrons in the penetra­
tion depth of the scintillator and by the fact 
that the electron flux is not uniformly distribu­
ted over the surface of the scintillator, es­
pecially if a hemispherical scintillator is used. 
At specimen current of 10-1 1 - 10-9 A as is usu­
ally used in SEM the radiation doses rates range 
within 10-1 - 101 Mrad h-1. Pawley19 showed that 
doses of this range cause a rapid shortening of 
lifetime of plastic scintillators especially. At 
1 Mrad h- 1 the efficiency of plastic scintil­
lators decreases to 50 % of their initial value 
after one hour. In some applications, for exam­
ple electron channeling patterns, electron beam 
lithography or scanning transmission microscopy, 
currents of 1x10-7 A and higher are used. The 
proportionally higher damage rates require fre­
quent replacement of scintillator. 

Glass and powder scintillators are not da­
maged by ionization caused by the impinging elec­
trons and therefore show a higher resistance to 
electron beam damage than the plastic scintil­
lators. Powdered phosphors such as P 47 possess 
a good radiation resistance, but low mechanical 
resistance. Powdered scintillators are covered 
either with an aluminium foil or a thin aluminium 
layer deposited on an organic film. Due to fre­
quent alteration of vacuum-air medium and due to 
contamination, the aluminium cover may easily be 
injured and the scintillator damaged. An excep­
tion is the powder scintillator P 47 (Plano) 
working without any aluminium cover. 
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Fig.4. Luminescent decay characteristics of sin­
gle-crystal scintillators. Excitation pulse dura­
tion 10 µs, concentration of ce 3 + ions 1 x10- 2 at %. 
Treated in oxygen and hydrogen atmosphere at 
lSOO 0 c, 3 h • 

The lifetime of powdered scintillators con­
taining the phosphor P 47 depends on the current 
density of the excitation electron beam. Using 
current densities of 1x10-s A cm-2 at our measu­
rements the light output signal decreased by as 
much as SO % in the first three hours. During the 
next hours the decrease is shown as can be seen 
from Fig. S. At lower current densities (3x10-7 A 
cm-2 ) or at current densities frequently used in 
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Fig.5. Light output signal versus excitation time 
of electron primary beam with 10 keV energy. 
J - current density of electron primary beam 
incident on the scintillator, U - accelerating 
voltage. 
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SEM the situation is more favourable. In the 
first S hours the decrease amounted to 13 %, the 
situation for the next hours is shown in Fig. S • 
So % light output signal was recorded after ap­
proximately 200 hours. The overall performance 
depends on the working conditions of the SEM. 

Single-crystal scintillators have excellent 
resistance to electron beam damage. The crystal 
lattices of YAG and YAP are so resistant that 
practically no decrease appears in the course of 
some thousands of hours using incident primary 
beam energy of 10 keV and current density 1x10-5 

A cm-2 (see Fig. S ) . In the first three hours the 
light signal output of the single-crystal scin­
tillator decreases by 2 - 3. S % , depending on the 
way of additional treatment of the crystal, but 
afterwards there is no further change. A 2 % de­
crease recorded after approximately SOOO hours 
is rather due to contamination effects. If the 
aluminium layer on the upper polished base of the 
scintillation disc is contaminated, aluminium can 
be dissolved in a 20 % solution of potassium hy­
droxide and the scintillator recoated with So nm 
of aluminium. In this way a scintillator can be 
used indefinitely. Powder scintillators cannot be 
recoated easily. 

Application of single crystals of 
YAG:Ce3 + and Y~.P:Ce 3 + 

Transmission cathodoluminescent screens 
The single crystal of YAG:Ce 3 + emitting 

green-yellow light is a suitable material for 
transmission cathodoluminescent screens. For this 
purpose discs of 3S µm - O.S mm thickness and 
lo - 40 mm diameter (Fig. 6 ) were cut from the 
single crystal. The disc dimensions can be chosen 
with regard to the intended application. Their 
relative efficiency is half of the one of the 
high-quality transmission powder screen (EMI 214 , 
1 mg cm-2 , particle 1 - 2 µm), but it is three 
times higher in comparison with the vacuum de­
posited transmission screens (e.g. ZnSi04 :Mn). 
The light output signal of YAG:Ce3 + is mainly 
determined by the primary electron beam voltage 
and its current intensity and is not affected by 
the thickness and size of grains as in the case 
of powder screens. The dependence of light output 
signal on the accelerating voltage of the elec­
tron beam shown in Fig. 2 is also valid for 
YAG:Ce3 + screens. 

20 mm 
• • 

Fig.6. YAG:Ce 3 + single-crystal transparent screens. 
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The advantage of using a single crystal as 
a TEM screen is its extremely high resolution 
which is dependent only on the electron scattering 
in the single-crystal phosphor (YAG:Ce3+ density-
4. 55 g cm-3 , YAG:Ce 3+ refractive index - 1.84 at 
560 nm) that can be retained during further op­
tical process of imaging. For instance, the image 
can be recorded photographically by focussing 
through the screen. Different types of converters 
of the electron image using conventional optics 
can also be designed without special requirements 
on the screen thickness. However, if used in con­
nection with fibreplates the screen must comply 
with certain demands. On the basis of evaluation 
from indexes of refraction and angles of ref lec­
tion it can be found that for a fibreplate of 10 
JJlll fibre diameter a 10 µm thick screen is suit­
able. For the time being it is still technologi­
cally difficult to achieve this thickness. We 
succeeded in producing a 30 JJlll thick screen of 
20 mm diameter in a mechanical way. 
Scintillators for BSE detection 

Single crystals of YAG:Ce3+ and YAP:Ce3+ 
like a plastic scintillation material can be ma­
chined into arbitrary forms. The lifetime of 
plastic scintillators is limited by incident 
electron radiation damage, the lifetime of sin­
gle-crystal scintillators is unlimited. There­
fore, they can be used with advantage for BSE 
detection in an arrangement similar to that sug­
gested by Robinson 23 and also used by Thirlwall 
and Comins for powder phosphor p 4 7 2 8 • 

Several types of detectors with single-crys­
tal scintillators were made, having for example 
2 x 2 cm surfaces and with fibre optics light­
guides with a possible working distance of 4 mm, 
with two built-in detectors intended for recog­
nizing various contrast mechanisms which can be 
moved from the horizontal position into the ver­
tical one. In Fig. 7 and 8 two detectors in a 
non-metallized state are shown. OWing to their 
simple construction and properties they could be 
of interest for users of SEM. 

Fig. 7 shows a BSE detector with a single­
crystal scintillator of YAG:Ce3+ in the form of 
a 3 mm thick disc with a hole of 3 !llir. diameter 
in the middle allowing the passage of primary 
electrons and with a light-guide cemented on one 
half of the side wall of the disc. In this type 
of arrangement transfer of photons from the scin­
tillator into the light-guide causes some diffi-

Fig. 7. BSE detector with YAG :Ce3+ single crystal 
( without metal coating). 
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Fig.8. SE and BSE detector with YAG:Ce3+ single 
crystal (without metal coating). 

culties. The index of refraction of the single­
crystal of YAG:Ce3+ is 1.84 and that of the 
light-guide (acryl-resin) is 1.52. The index of 
refraction of the optical cement between the 
scintillator and the light-guide is approximately 
the same or somewhat higher than that of the 
light-guide. Many of the photons incident on the 
scintillator-cement boundary at higher angles 
are therefore reflected back into the scintilla­
tor. It is just the circular form of connection 
between the scintillator and the light-guide 
which reduces the number of photons incident at 
a high angle onto the boundary and increases the 
probability of their transfer into the light­
guide. The detector is closely pressed under the 
polepiece so that the object can be viewed at a 
working distance of as little as 4 mm. 

Fig. 8 illustrates a double detector with 
single crystals of YAG:Ce3+ used for SE or BSE 
detection with one photomultiplier. The BSE de­
tector is composed of a single-crystal square 
plate of YAG:Ce3+ on whose side wall an inter­
ference layer of A/4 thickness from Al2 o3 is 
deposited to ensure a better transfer of photons 
from the scintillator into the light-guide. It 
is cemented onto a flat light-guide forming a 
circle in the direction of the photomultiplier. 
Through the middle of the circle passes the rod 
of the light-guide belonging to the scintillator 
for SE detection. Between the photocathode of 
the photomultiplier and the light-guide of the 
BSE detector a mechanical diaphragm is used which 
prevents the inlet of photons from the BSE de­
tector at the moment when SE are detected. BSE 
detection can be started after removing the ac­
celerating voltage across the SE detector and 
after opening the diaphragm. Figs. 9 and 10 show 
results of the performance of the double detector. 
This detector can be adapted to any microscope 
with one video channel and with one photomulti­
plier (preferably withs 20 photocathode). 

The advantage of the BSE detector with a 
single crystal of YAG :Ce3+ in comparison with the 
detector of the semiconductor type is higher out­
put signal, higher bandwidth and lower noise. It 
operates well at specimen currents similar to 
those used in SE detection, it can be employed to 
give an image with similar SNR characteristics. 
It enables us to use a very short working dis­
tance with simultaneous SE detection. The improved 
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Fig.9. Secondary electron image. Left-hand side -
copper, right-hand side - Cu-Zn alloy, specimen 
current 1x10-1o A, accelerating voltage 10 kV, 
tilt o0 , polished surface. 

Fig.10. Backscattered electron image. The same 
position as Fig. 9. Left-hand side - copper 
(atomic number 29), right-hand side - cu-Zn alloy 
(mean atomic number 29.2), specimen current 
1x10-10 A, accelerating voltage 25 kV, tilt o 0 • 

construction, high light output signal and low 
noise properties give images with displayed reso­
lution similar to that which is achieved with the 
SE detector. It has a long lifetime, TV scan 
speed capability and simple switch-over observa­
tion of both the normal SE and the BSE image. 

Fig. 11 shows a drawing of the BSE detector 
with a single crystal of YAP:Ce3+ which is more 
appropriately adapted to a photomultiplier with 
any photocathode. The light transfer from the 
scintillator into the light-guide is here better 
solved, which increases the light output signal 
of the detector. 

YAP:Ce3
• " 

sample 

Fig.11. BSE detector with YAP:Ce 3+ single crystal. 
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Discussion with Reviewers 

N.R.Comins and J.T.Thirlwall: Is it possible to 
produce P 47 phosphor in single-crystal form? 
Authors: Silicates have no defined point of the 
hardening. The melt is of high viscosity and it is 
therefore very difficult to grow a single crystal 
by the Czochralski method. Silicates form a vitre­
ous mass where the single-crystal structure is im­
probable. It is sure that it is impossible to use 
the reducing atmosphere required for the main­
taining of trivalent cerium. Nevertheless, we in­
tend to carry out experiments in this respect • 

J.B.Pawley: Is the radiant sensitivity of S-11 
and S-20 photocathodes shown in Fig. 1 measured 
with respect to quantum efficiency or energy effi­
ciency? 
Authors: Radiant sensitivity of S-11 and S-20 
photocathodes shown in Fig. 1 is expressed with 
respect to quantum efficiency. Radiant sensitivity 
( mA/w ) = q % A(nm)/124, where q =quantum effi­
ciency. 

B. Volbert : In the literature (your reference 4 
and 8), the optimum layer thickness is about 1.7 
mg cm- 2 for 10 keV electrons. Why does the rela­
tive efficiency of the 2 mg cm-2 scintillator in 
Fig. 2 show a linear increase? I expect a broad 
maximum around 12 or 14 keV. 
Authors : We would like to point out, that the 
relative efficiency parameter in Fig. 2 was re­
placed by the light output signal with respect 
to the reviewed copy. The optimum thickness of 
the powder scintillator from the point of view of 
technology is affected by the powder grain size 
and its distribution, homogeneity of surface cov­
ering, quantity of binder, adhesive and transmis­
sive properties of binder and so on. The litera­
ture suggests optimum thickness of 1. 5 - 2 .0 mg 
cm-2 for the energy of about 10 keV under condi­
tions which do not specify all effects in greater 
technology details. Linear dependence of the light 
output for powder density of 2.4 mg cm-2 and ac­
celerating voltage 3 - 20 kV was obtained ref. 4. 
Values of 2.o mg cm-2 and 1.7 mg cm-2 differ from 
the point of view of other effects only slightly. 
Nearly linear dependence in Fig. 2 of this paper 
is with respect to different technological as­
pects in a surpris ingly good agreement with the 
result given in the literature previously. 

B.Volbert: How do you explain the large differ­
ence in Fig. 2 between the two P 47 scintillators 
in relative efficiency if the layer thicknesses 
are nearly the same? 
Authors: Several P 47 powder phosphors of dif­
ferent manufacturers were tested. The quality of 
these powders differs most probably because of 
different techniques used (purity of initial raw 
materials, concentration of Ce 3+, applied atmo­
sphere, time of annealing and cooling and so on). 
Moreover these powders have different grain size 
and it is known this has an effect upon lumines­
cent output and upon homogeneity of scintillator 
substrate covering. Different powder quality 
makes differences in the relative efficiency of 
the scintillators even when maintaining the same 
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layer thickness and the same technology of scin­
tillator preparation. 

N.R.Comins and J.T.Thirlwall: In your experimen­
tal technique you adjusted the PMT gain during 
the process of measuring the output signal and 
noise to compensate for changing the incident 
electron beam energy. Because this adjustment 
must affect in some degree the relative variance 
of the PMT gain, as shown in the analyses of ref­
erences 9, S, it must influence the signal-to­
noise ratio. Have you considered this in your 
measurement? 
Authors: The way of measuring the PMT gain was 
based on the method by Pawley19 (pp. 31 - 32) and 
on the method 2.1, 3.1, described by Baumann and 
Reimer5 (p. 146). The PMT gain was adjusted for 
each value of the electron beam accelerating volt:­
age, presented in Fig. 3 • The mentioned DQE values 
can be loaded with a measurement error. Neverthe­
less, our aim was to find the relation between 
YAG:Ce3 + and P 47, in which possible measurement 
error does not appear. 

N.R.Comins and J.T.Thirlwall: In stating that the 
bandwidth of the RMS voltmeter was 500 kHz have 
you included the influence of the PMT/head ampli­
fier and distributed capacitance on this value? 
Authors: RMS voltmeter bandwidth was the only 
frequency limiting factor of the whole measuring 
equipment. 

N.R.Comins and J.T.Thirlwall: You have commented, 
in your section on DQE measurements, on the incon­
sistency between the DQE value obtained for P 47 
and YAG:Ce 3 + scintillators in view of their light 
output signal values. Have you considered analy­
sing the data in the form used in reference 9 
(plotting reciprocal DQE against reciprocal signaU 
in order to attempt to identify the reason for 
this apparent discrepancy? If so, what conclusions 
could be drawn? 
Authors: Plotting reciprocal DQE against recipro­
cal signal is linear. However we do not dare to 
identify the reason for the discrepancy between 
the light output signal and the J:QE without fur­
ther measurements and analysis. We have pointed 
out some possibilities in the text of this paper. 

N.R.Comins and J.T.Thirlwall: The light output 
signals of the P 47 scintillators were measured 
after 3 hours of irradiation at a current density 
of 4x10-0 A cm- 2 - at a time when the signals 
as shown by the life-test data were about SO % of 
their initial values. This represents several 
months of typical SEM operation. Can you present 
DQE data measured at an earlier stage in the life 
of the P 47 scintillators and compare it with the 
YAP:Ce3 + material? 
Authors: J:QE data measured after 15 minutes of 
the lifetime remain the same for YAG:Ce3 + as 
shown in Fig. 3. In comparison with the initially 
commented value (P 47 Riedel-de Haen) we obtained 
the DQE coefficient by nearly a tenth higher for 
P 47 under these conditions. The period of three 
hours was used in order to stabilize the appara­
tus parameters and perhaps to approximate aver­
age time conditions for the applications in SEM. ' 
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B.Volbert: In Fig. 5 the P 47 scintillators light 
output signals are decreasing to nearly zero 
after approx. 1000 hours of operation. Ther e 
are commercially available scintillators which do 
not show this decrease at comparable current den­
sities. Is it possible that the binding material 
of the preparation causes this strong decrease 
and is then Fig. 5 really representative for P 4 7 
powder scintillators? 
Authors: In SEM conditions such a damage of a 
scintillator as illustrated in Fig. 5 does not 
occur. Higher currents than those usually applied 
in SEM were used to demonstrate a more intensive 
course of damage. If the current is decreased 
(curve J = 3x10-7 A cm- 2 ) the radiation damage 
also decreases. Naturally, the effect of the 
quantity and quality of the binder influences 
also the damage. We used the binder of standard 
concentration of about 0.15 mg cm-2 and standard 
quality (Formvar, PMfJl_A, silicate). With respect 
to various technological aspects the shape of the 
curve can be influenced to a certain extent. Nev­
ertheless great differences are not supposed. 

It is necessary to note that even the con­
tamination in the applied vacuum (S x10-3 Pa) 
plays a certain role in damage, depending on the 
current density of the electron beam. 

R.B.Bolon: Is the decay time of the exciting 
pulse sufficiently long so as to require some 
form of deconvolution in order to determine the 
decay time of the Ce3 + centres? Would you comment 
on the precautions that you took and any data 
processing you might suggest? 
Authors: The decay time of the measuring system 
was 5 ns as mentioned in the paper. It has been 
found by deconvolution of the obtained decay 
characteristics that the measurement error due 
to the decay of the measuring system is lower 
than 2.5 % in the region from 20 ns upwards. It 
is a quite convenient accuracy for determination 
of the decay time of all three components, that 
is also for the decay time of Ce3 + centres. 
Therefore, the plotted curves are not corrected 
for decay of the excitation pulse and this must 
be considered only at interpretation in the re­
gion t <20 ns. 

J.C.H.Spence: For many U.H.V. applica tions it i s 
important that a detector be bakeable. To what 
temperature can your detectors be safely heated? 
Authors : YAG or YAP scintillators can be heated 
up to a temperature of approximately 1200 °c 
without change of their qualities. Using oxygen 
atmosphere, temperature of up to 1000 °c is 
recommended. Naturally the light-guide of quartz 
glass should be used and the scintillator should 
not be covered with aluminium at higher tempera­
tures. 

J.C.H.Spence: Do the authors plan any experi­
ments to measure the spatial resolution of the 
single crystal screens, using for example, the 
differentiated edge response method described in 
your reference 10? 
Authors: Spatial resolution is one of the basic 
parameters of cathodoluminescent screens. We plan 
to make the measurements (e.g. according to D.G. 
Taylor, Photo-Electronic Image Devices, 



Autrata R. et al. 

Proceedings of the Third Symposium held at Impe­
rial College, London, p. 395, Academic Press, 
1966). But at present we have to solve more im­
portant problems in the field of scintillators. 
We would welcome cooperation with any working 
place equipped with the devices for measuring 
spatial resolution. (We would supply a suitable 
screen.) 

J.C .H. Spence: Is it possible to bond the photo­
cathode of a television tube directly onto this 
material in order to avoid the problems of inter­
facing your single-crystal screens to fibre-op­
tics? 
Authors: If the single-crystal material is to 
form the input face of a TV tube, there is still 
one problem to solve. The single-crystal screen 
should be very thin in order to limit the optical 
scatter. The mechanical strength of this material, 
e.g. of So µm thickness and 20 mm diameter is in­
sufficient. Even when it is easy to deposit a ma­
terial of the photocathode on the single-crystal 
screen, for mechanical reasons it is impossible to 
replace the input glass face of the TV tube by 
this material. Fibre-optics as carrying medium is 
necessary. 

N.R.Comins and J.T.Thirlwall: A geometric com­
promise must be reached in designing a compact 
yet efficient light-guide for BSE detection by the 
mode illustrated in Figure 7. Please supply more 
details of the use of fibre optics for this pur­
pose. 
Authors: The BSE detector applying the fibre 
optics consists of a scintillation plate of 
square shape, the side wall of which is of 1.7 x 
1.5 mm area. A beam of fibres (single fibre 
diameter of 50 µm) is bonded perpendicularly in 
the same way as the light-guide in Fig. 7 . The 
fibres are encapsulated in a terminal of rectan­
gular shape. From here the beam passes into a 
circular profile and is enclosed in a connector 
on the other end. With respect to the small 
height of the side wall (1.S mm) certain losses 
occur during the light transfer from the scintil­
lator into the light guiding fibres, the total 
effectiveness of the detector is convenient. This 
type of detector which has many advantages (mul­
tifunction operation) as well as its performance 
will be described in a late r paper. 

N.R.Comins and J.T.Thirlwall: The comparison of 
the performance of a YAG:Ce3 + BSE detector with 
the semiconductor detection system should be made 
in terms of DQE and noise figure rather than 
"sensitivity". Do you have any comparative data of 
this type for the two systems? 
Authors: At this time no exact data relating to 
DQE are available. In the near future we are 
going to measure the performace of YAG:Ce3 + of 
the BSE detector in terms of DQE. Up to now we 
have compared the "sensitivity" by which we mean 
the specimen current required for the obtainment 
of the same detector output of semiconductor and 
scintillator types. The result is given in the 
paper. J\part from that we have observed resolu­
tion of the material contrast and time charac­
teristics. Noise properties were observed on the 
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basis of the resulting image quality using the 
same sample only. 

R.B.Bolon: Where can I buy some YAG:Ce3 + and 
YAP:Ce3 + for use in my instruments? 
Authors: Our single-crystal scintillators based 
on YAG:Ce3 + will be supplied by the PLANO Compa­
ny (Friedrichsplatz 9, D-3550, Marburg, Germany) 
and the EBTEC Company (120 Shoemaker Lane, P.O. 
Box 465 I Agawan, Mass. 01001 U.S.A.). 

N.R.Comins and J.T.Thirlwall: What is the com­
mercial cost of a YAG or Y~.P scintillator in 
comparison with the P 47 items available? 
Authors: As far as we know, the price list is in 
the stage of preparation. The price of single­
crystal scintillators will be certainly higher 
than that of P 47 scintillators and will differ 
according to size, shape and kind of application. 


