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Abstract

Microchannel plate (MCP) electron detectors com-
pare favorably with the Everhart-Thornley detector for
producing SEM images from both secondary and back-
scattered electrons. The MCP is a compact array of 10°
- 10° channel electron multipliers with a gain in excess
of 10° and the collective ability to count ~ 108 electrons
per second. The MCP can be mounted coaxially with the
beam allowing un-tilted sample orientation and electron
collection into a large, field-free solid angle. The speed
and low noise of the MCP allow images to be made in
less than one second at moderate beam currents or in
longer times with very low beam currents. Because of
the wide detection angle, images from coaxially located
MCP’s show little loss of detail due to shadowing but
by the same token are peculiarly “flat” in appearance.
This suggests that they might usefully complement an-
other detector in many applications. Lifetime data are
still limited, but the detectors used for this report show
no noticeable deterioration with well over 100 hours of
use.

Key Words: Microchannel plate, detection efficiency, low
voltage microscopy, electron detectors, microelectronics
probing, electron multiplier, coaxial detector, fast elec-
tron detector.
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Introduction

The recent movement toward low energy scanning
electron microscopy [6] has been motivated by the realiza-
tion that low energy electron beams can be used to image
samples which would be damaged or altered by the high
energy electrons used in conventional Scanning Electron
Microscopes (SEM). An important instance is the obser-
vation of functioning microcircuit elements wherein the
logic state of the elements can be detected due to the ef-
fect of their voltage on the release of secondary electrons.
This is known as voltage contrast. A logic gate at +5 V,
for example, is very effective in retarding the emission of
secondary electrons whose energy distribution peaks be-
tween 1 and 2 eV for most surfaces. The logic gate, conse-
quently, appears dark on an SEM image whereas the same
gate at ground will have no effect on the secondaries and
appear bright. We have included an example of such a
voltage contrast picture in Figure 1 which was made with
a conventional, Everhart-Thornley detector using elabo-
rate image enhancement techniques.

To capitalize on this potentially valuable diagnostic
method, many problems associated with transporting and
focussing low energy electron beams have been overcome
[7]. Here we report the results of an effort to reduce the
distances which the beam electrons must travel from the
final lens to the sample and which the secondaries must
travel from the sample to the detector.

The approach used was to supplement or replace the
Everhart-Thornley (ET) detector [2], which is located to
the side of the beam and the sample, with a microchan-
nel plate (MCP) detector coaxial with the beam and just
above the sample. Although there are reports of this SEM
detection scheme dating back to 1972, (Griffiths et al [3],
Robinson (8], Russel [10], Rosch [9], Russel and Mancuso
[11]), it has not been commonly adopted and there is still
relatively little information available, especially concern-
ing the latest MCP devices.

The advantages of this coaxial geometry are largely
related to the fact that, in most cases, the sample need no
longer be tilted with respect to the beam and may there-
fore be mounted closer to the final lens and sample. If
the MCP detector could be shown to provide satisfactory
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images, the following improvements might be expected:

1) Stray fields would have a shorter path over which
to disturb the beam focus and the collection of secondary
electrons. 2) The MCP detector subtends a large solid an-
gle from the beam spot; hence a large fraction of the sec-
ondaries would reach the detector unassisted by an elec-
tric field to guide them. The absence of a collection field
would contribute further to a distortion-free beam focus.
3) Planar samples, too large to be mounted obliquely,
would be easily accommodated when mounted perpen-
dicular to the beam since they would no longer encroach
on the lens structure. 4) It would become possible to po-
sition large samples for inspection by moving them in the
plane perpendicular to the beam rather than obliquely.
5) The entire energy spectrum of the secondary electrons
would be collected independent of their angular distri-
bution thereby permitting more accurate metrological in-
spections and voltage measurements. 6) Angle-dependent
phenomena could be studied by using an appropriately
configured MCP.

The results of the study have been encouraging. In
fact, there are strong indications that the electronic char-
acteristics of the MCP detector may overshadow its geo-
metric advantages.

The Detector

The detector used was a Galileo model 3025 Low Pro-
file MCP detector. Tt consists of two impedance-matched
circular microchannel plates in series electrically, and
joined together to form a single resistive element. This is
housed in a short cylindrical can as indicated in Figure 2.
The construction and characteristics of similar detectors
have been described by Wiza [12], Rosch [9], Robinson
(8], Russel [10][11], Griffiths [3]. The detector entrance is
covered by a high-transmission grid which may be biased
or grounded as desired. A 6mm O.D. tube, connected
electrically to the rear of the can, passes through the cen-
ter of the entire structure to provide a shielded path for
the primary electron beam on its way to the sample. Four
electrodes, connected to the grid, to the front of the first
channel plate, to the back of the second channel plate, and
to a collector anode are located at the side of the housing.
Each channel plate is 25 mm in diameter and consists of a
honeycomb of about 500,000 electron multiplier channels
about 1 mm long and 25 microns in diameter as shown in
Figure 3. The channels of each plate are oriented at an
angle of 10 degrees with respect to the plate axis, and the
plates are oriented so that the channels form a 20 degree
chevron structure. In this way it is ensured that incident
electrons will strike the channel walls and initiate cascades
of secondaries. The counter-acceleration of positive ions
is also hindered by this geometry.

Gain

Each of the 500,000 channels of the detector functions
as an amplifier, due to the cascading action mentioned
above, in much the same way that the photomultiplier
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Figure 1. Direct and capacitively coupled voltage con-
trast images of an operating multilayer microcircuit made
with an ET detector. These views were obtained strobo-
scopically by enabling the primary electron beam for 1 ns
during each 600 ns cycle of the chip. The circuit poten-
tials were alternating between 0 and 6 V. The images are
the result of integrating many image frames lasting 0.1 s
each. Primary beam energy (E,) = 750eV; primary beam
current (Ip) = 1 pA (instantaneous).

does in the Everhart-Thornley detector. The maximum
gain of the 3025 MCP is rated by the manufacturer at
nearly 10 million when operated with 1000 V across each
of the plates. The channel plates are fabricated from a
special lead glass as described in [12]. Lead glasses have
secondary electron yields, §, in the range of 2 to 3 with
the peaks occurring at primary electron energies in the
range of 200 to 450 eV. The gain of a channel may be
estimated from the voltage, V, across the channel and
the secondary electron yield 8. The gain is G = 6§V where
N is the number of the cascading steps. If one models
the continuous channel as a set of N discrete, equal gain
stages (as in a photomultiplier), then the electron energy
after each stage is € = V/N. By using the secondary yield
curve of Figure 4a we have estimated the gain for several
values of € and N = V/e. From the curves of Figure
4b it is apparent that the highest gain occurs at median
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energies of about 40eV and this gain corresponds rather
well with the gain observed in the 3025 MCP. Apparently
the channel length to diameter ratio, which controls IV
and €, was chosen with these considerations in mind.

GRID

MCP IN

MCP OUT
ANODE

(@)

(b)

Figure 2(a). Cutaway sketch of Galileo model 3025 de-
tector (not to scale).

Figure 2(b). Scale drawing of 3025 detector. Outside
diameter = 55.9 mm; total thickness = 6.0 mm.

(Both drawings, courtesy of Galileo Electro-Optics Cor-
poration.)

Pulse Width

The spread in the energy of the electrons along the
channel corresponds to a time spread in the output pulse
and sets a lower limit on the pulse width. Since it takes an
electron starting from rest about 150 ps to travel 2 mm
under a 2000 V potential drop, one would expect pulse
time spreads of this order of magnitude. Pulse widths
less than 1 ns have been reported [12]. In fact, the time
required for a channel to recover after producing a pulse
plays a more important role than pulse width in control-
ling the rate at which secondary electron data can pass
through the MCP. This dead time will be discussed in
some detail below.
Lifetime Considerations

The gain of MCP detectors is untroubled by repeated
exposure to air, but contamination by back-streaming
pump oil, for example, will degrade its operation. Degra-
dation of MCP channels is also associated with erosion of
the semiconducting channel lining by electron bombard-
ment; the “electron scrubbing effect” of reference [12].
This deterioration will depend on the output current con-
ditions rather than on the number of counts. Therefore
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Figure 3. SEM photos of the entrance surface of the 3025
detector: (a) near the shielded beam aperture; (b) en-
largement showing the 25 micron channels behind the en-
trance grid. ET detector; exposure time tg = 30 s; Ep =
1keV; I, = 200 pA

the operating life span can be greatly extended if the MCP
is operated at much lower than saturated output current
levels. Operation at lower current levels has the addi-
tional significant advantage of reducing channel recovery
time as we discuss below.

Reports in the literature [12] indicate that the order
of 10'° total accumulated counts per square millimeter
would reduce the gain of a similar detector (operating
at maximum gain) by 20%. If this report is accurate,
a secondary electron current of 1 pA spread uniformly
over the detector surface and counted with 100% efficiency
would induce this 20% gain reduction in a 3025 MCP
in 220 h. One of the detectors used in this study has
been in operation for more than 175 h and is showing no
apparent loss of gain, even though it may have suffered
some abnormal abuse during testing.




I T ] I
o
-
=
>
>
@
g
o
2
o
O
w
“ | | fro sl
200 400 600 800
4 PRIMARY ENERGY (eV)
15000 T , . T
40eV
10000 s -
eV
E 30ev
-
(O) 60eVv
5000 =]
25ev
|

700 1100

b MCP VOLTAGE

Figure 4. (a) Approximate secondary electron yield (sec-
ondary emission current/primary beam current) for lead

900

glass versus primary beam energy. The curve summarizes
data found in Dekker (1958), Hachenberg (1950), Kollath
(1956) and Wiza (1979). (b) Gain versus applied voltage
for several values of the energy increase between cascade
stages for a single channel plate.

Experimental Apparatus

The results reported here were obtained on two in-
dependent experimental systems. Since both setups were
established for multipurpose electron beam experiments,
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the results with MCP detection reported here represent
early progress rather than fully developed capabilities.

1) A modified ETEC SEM at Clarkson University was

equipped with a Galileo 3025 Low Profile MCP. The
electrical connections are shown in Figure 5. The de-
tector was suspended from the final lens of the ETEC
microscope in a cylindrical aluminum holder. The in-
ner and outer surfaces of the holder were machined
coaxially to guarantee alignment of the hole through
the detector with the axis of the beam optics. The en-
trance plane of the detector was 6 mm below the exit
plane of the lens. The high voltage and signal leads
were led from the aluminum holder through short
lengths of quartz tubing to the feed-through connec-
tors normally used for the ET detector. The leads
were completely shielded from the beam, sample and
detector by an aluminum box.
An experimental low-energy SEM at IBM, employing
a single-pole type magnetic lens arrangement, uses
two electron detectors. One detector is a Galileo 3025
Low Profile MCP mounted as in system 1); the other
is a conventional Everhart-Thornley detector.

In system 1) the sample chamber and the detector are
free from electric and magnetic fields. In system 2) a coax-
ially symmetrical magnetic field exists with a flux density
which varies according to the focal distance chosen. Some
values of the magnetic flux density colinear with the pri-
mary beam path are included in Figure 6 where the focal
distance is 30 mm and the primary beam energy is 750
eV. The magnetic flux density over the collector grid of
the ET detector is inhomogeneous but does not exceed
1072 Tesla.

Detection Efficiency Considerations

Variations in detection efficiencies versus working dis-
tance for both detectors are plotted in Figure 6. The
amplification factors and scales are independent and ar-
bitrarily chosen for each detector; the data were collected
in each case for choices of the amplification which pro-
duced the most satisfactory image contrast. It is appar-
ent on the graph that the collection efficiency for both
detectors decreases to a very low level, approaching zero
with decreasing working distance.

The detection efficiency of the ET detector is seri-
ously affected for working distances much less than 20

HV In
1M 0.0015pF
ANODE ¢
100k 3kV A
and MCP To
1M Amp
15t MCP v
200k
GRID == eoeeesss + .
Figure 5. Schematic wiring diagram for the 3025 detec-

tor.
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Figure 6. Collection efficiency versus working distance for
the two detectors of system 2. The collection efficiencies
for the two detectors are not directly comparable and so
were normalized to the same peak value.

mm. This efficiency loss is caused by the energy discrim-
ination properties of the magnetic field gradients, by the
increased shielding effects of the pole piece and sample
and by the unfavorable detection angles.

For the MCP detector, the abrupt decrease in elec-
tron collection efficiency with working distance is asso-
ciated with the increase in solid angle subtended by the
center hole of the MCP and with the increasing focussing
effect of the magnetic field on the secondary electrons.
At short working distances, the vast majority of the elec-
trons emitted from the sample escape detection as they
are funneled into the central hole through the MCP. This
efficiency problem at short working distances can proba-
bly be reduced by applying a positive bias to the MCP
entrance grid which was grounded for the present mea-
surements.

The sample used for these experiments was a square
approximately 10 mm on a side and was positioned in
all cases perpendicular to the primary beam axis. It was
not possible to compare the two detectors using a large
un-tilted specimen (e.g., a silicon wafer) because, at rea-
sonable focal distances, most of the ET detector would be
obscured by the sample.

Discussion and Results

Dead-Time

It is difficult to calculate accurate time constant val-
ues for the MCP detection system because of the dis-
tributed nature and unavailability of some of the param-
eters involved. However, a simple estimate [12] may be
based on the associated resistance and capacitance val-
ues. We have measured 2.3 - 10% ohms resistance between
the electrodes of a 3025 MCP at atmospheric pressure.
The reported value for an earlier model 25 mm MCP is
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3108 ohms [12]. Since there are approximately 500,000
channels, the associated resistance per channel is about
1.5-10'* ohms. The capacitance formed between the sur-
face electrodes can be estimated using the following ap-
proximations:

50% of the total area between the electrodes is filled
with lead glass.

The dielectric constant of this glass is € = 8.3.

The active area, A = 4.62 - 10~4 square meters.

The thickness of the glass wafer between electrodes,
t = 1lmm.

The total capacitance between the electrodes then is ap-
proximately:

_ €0€A (50%)

¢ %
_ [(8.85-107'2 F/m)(8.3)(4.62 - 10~* m?)(50%)
- (0.001 m)
= 17.0 pF.
The associated capacitance per channel is:

=340-10"1 F.

5-10%

The time constant, T, from the above values is:

T. = RC = (1.5-10" 0hms)(3.40- 10717 F)

= 5.10 malliseconds.

However, even at maximum gain, only the last 20%
of the channel length is depleted significantly of charge by
the formation of a pulse. Therefore the effective recovery
time constant of a channel is approximately 1 millisecond.

From this dead-time figure for a single channel one
can estimate the rate at which secondary electrons can
be counted by the entire array of channels and hence the
minimum time required to record an SEM image. Each
channel can count only about 1000 electrons per second,
but there are many channels operating independently of
one another. While one channel is recovering, other chan-
nels are available to deliver pulses to the anode. Thus the
array of 500,000 channels, collectively, can count some-
thing like 5 - 108 electrons per second if the electrons are
distributed uniformly over the array and arrive randomly
in time. (More accurately, using Poisson statistics, this
incident flux would be counted with 74% efficiency.) This
amounts to 80 pA of secondary electrons. Larger sec-
ondary currents would be counted with decreasing effi-
ciency due to detector dead-time. Note that the pulse
width of about 1 ns described above is a factor of 2 shorter
than the expected minimum of 2 ns between pulses due
to dead-time.

If the detector delivers pulses at the maximum rate of
5-10% per second, then, at one frame a second, a 512 x 512
pixel image would receive an average of 5-108/262,144 =
1900 pulses per pixel. One might suppose that fewer




pulses per pixel would be adequate to form an acceptable
image. This supposition is borne out by the micrograph
in Figure 7c which was made in 0.3 second with a 20 pA
primary beam. If the secondary and primary currents had
been equal, there would have been ~ 140 pulses per pixel
available for a 512x512 frame. It seems likely that the
secondary flux reaching the detector might, in fact, have
been considerably less than 20 pA and that the image of
Figure 7c resulted from fewer than 140 pulses per pixel.
Since the MCP has a noise figure of about 5 pulses per
second (or 6 - 107° pulses per pixel), something less than
140 pulses per pixel is probably quite adequate for a good
image. It is interesting to compare the images of Figures
7c and 7f. The latter was obtained in 0.3 seconds under
the same conditions with an ET detector.

On account of the very low noise output of the MCP,
it appears that one could achieve much faster pixel rates
by reducing the MCP gain. At lower gain the depletion
of the last 20% of each channel is much less severe and it
can be replenished more quickly. With the introduction of
the MCP detector, the limiting factor on pixel rate seems
to have shifted from the detector to the rate at which
primary beam current can be delivered to the sample.
Pixel rates several times faster than present TV rates may
be possible based on pulse rise-times of less than 500 ps
as reported in reference [12].

SEM Images

Following is a discussion of several microphotographs
which are included to illustrate the relative performance
of the MCP and ET detectors. It should be noted for the
comparisons made below that the ET detector could not
be deployed to its best advantage. For example, under
normal conditions the sample would be tilted toward the
ET detector. For the pictures shown here the samples
were oriented perpendicularly to the beam. In addition,
system 2) produces magnetic fields in the collection vol-
ume which adversely affect the ET images.

Figure 7 shows three images made with the MCP (7a,
b, ¢) and three images made with an ET detector. Each
of the pairs (a-d, b-e and c-f) were obtained in quick suc-
cession under identical conditions. In each case the 750
eV primary beam current was about 20 pA and the expo-
sures decreased from 30 s for a-d, to 3 s for b-e, to 0.3 s for
c-f. The working distance was 30 mm with the magnetic
field density as indicated in Figure 6. It is conspicuous
from the photographs that the signal-to-noise ratio for the
MCP detector is significantly better than that for the ET
detector. Furthermore, decreasing the exposure time has
little effect on the MCP images.

It is interesting to note that the character of the im-
ages reflects the differing view points of the two detectors
with respect to the illuminating primary beam. The large
solid angle of the MCP detector allows it to accept sig-
nal from nearly all directions indiscriminately whereas the
ET detector is more nearly a point detector. Thus, the
straight gold wire in the upper left corner of Figure 7 is
nearly obscured in the ET images because of shadowing
by the adjacent curved wire. On the other hand, the flat-
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tening effect on images which the MCP detector produces
may be less pleasing in some instances than the side-lit
views provided by the ET detector. Here the spherical
character of the gold wire bond is evident in Figure 8a
which was made under optimal conditions for the ET de-
tector. In Figure 8b an MCP image of a mesh of round
wires has the appearance of woven ribbons.

Conclusions

The present study was motivated by the particu-
lar problems associated with acquiring good SEM images
with sub-keV primary beams. Chief among these prob-
lems is that of transporting a well-focussed beam from the
last lens to the sample in the presence of stray electric and
magnetic fields. The MCP was evaluated in this context
because it would allow the sample to be oriented perpen-
dicular to the beam and therefore to be moved closer to
the last lens. So far, this feature of the MCP detector
has not been exploited; however, from Figure 6 it is clear
that working distances smaller than 20 mm are possible
even in a system which has a considerable magnetic field
at the sample.

As a result of the study it has become clear that
the MCP detector provides additional advantages which
suggest its consideration for SEM instruments in gen-
eral. We have discussed the geometric advantages which
permit large planar samples to be mounted and moved
conveniently, but it is undoubtedly the electronic char-
acteristics of the detector which are most exciting. With
their increased sensitivity, speed and low-noise operation,
they promise notable improvements in the rate with which
SEM images can be made. This is especially important in
applications, as in the semiconductor industry, where im-
ages of many different samples must be obtained quickly
or where it is necessary to follow rapid changes occurring
in a single sample. The capacitively coupled voltage con-
trast image of Figure 1 is a prime example. On the other
hand, imaging speed may be traded for lower primary
beam currents. This is of particular value when imaging
samples, such as passivated semiconductor devices, whose
steady-state surface charge depends on primary beam cur-
rent density.
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Figure 7. Images of microchip bonding wires made with
MCP detector (a,b,c) and with ET detector (d,e,f). The
top two images (a,d) were obtained in 30 s, the center two
in 3 s and the bottom two in 0.3 s; E, = 750 eV; I, =
20 pA.
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Figure 8. (a) View of gold wire bonding pad made with
ET detector in system 2 showing the natural three di-
mensional character of the ET image; tg = 180s ; E, =
750 eV; I, = 20 pA. (b) View of round wire mesh made
with MCP detector in system 1 showing the peculiar flat-
ness caused by the omni-angular electron collection of the
MCP; tg = 400 s; E, = 2.5 keV; I, = 50 pA.
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Discussion With Reviewers

K.L. Lee: The MCP detector set-up described in the pa-
per collects both secondary and backscattered electrons
emitted from the sample. The image observed in Figure
8b is close to what one would expect from a backscat-
tered electron detector with a similar set-up. Have you
observed any changes in surface details and edge high-
lights when the entrance grid is biased negatively to sup-
press the emitted secondaries from entering the detectors?
What are the relative contributions to the output signal
of the MCP detector, since that is important to voltage
contrast applications?

D.J. Dingley: Why don’t you show a voltage contrast pic-
ture obtained with the MCP detector. The sample should
have some level of topography or compositional variation
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to see whether the BSE signal will obscure the voltage
information from the SE signal?

Authors: The lower portion of Figure A was made with
the sample grounded; the upper portion with the sample
at +10 V. The marked decrease in picture information
with the +10 V bias indicates that the MCP is, in fact,
detecting the low energy electrons from which voltage con-
trast can be obtained. The ratio of the contributions of
electrons below 10 eV to those above 10 eV, for the gold
wire shown in Figure A, is 1.32 at the primary beam en-
ergy of 2.5 keV.

Figure A. Voltage contrast image of 0.15 mm gold wire
made with the MCP detector in system 1. Lower por-
tion with sample grounded; upper portion with sample at
+10 V; tgp = 23 s; E, = 2.5 keV; I, = 50 pA.

K.L. Lee: What is the detection efficiency of the MCP
detector for different electron beam energies incident on
the detector? For the collection of low energy secondaries,
do you observe any effect of surface contamination on the
detector gain?

Authors: For the work reported here, the MCP was op-
erating with the first plate at +200 V with respect to
the grounded entrance grid. Thus all electrons strike the
first plate with an energy of at least 200 eV. Since this
is close to the optimum energy for producing secondary
electrons from lead glass, the detector efficiency is nearly
independent of the launch speed of secondaries from the
sample.
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