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Charge-coupled device area detector for low energy electrons
Miroslav Horáčeka)
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A fast position-sensitive detector was designed for the angle- and energy-selective detection of
signal electrons in the scanning low energy electron microscope~SLEEM!, based on a thinned
back-side directly electron-bombarded charged-coupled device~CCD! sensor ~EBCCD!. The
principle of the SLEEM operation and the motivation for the development of the detector are
explained. The electronics of the detector is described as well as the methods used for the
measurement of the electron-bombarded gain and of the dark signal. The EBCCD gain of 565 for
electron energy 5 keV and dynamic range 59 dB for short integration time up to 10 ms at room
temperature were obtained. The energy dependence of EBCCD gain and the detection efficiency are
presented for electron energy between 2 and 5 keV, and the integration time dependence of the
output signals under dark conditions is given for integration time from 1 to 500 ms. ©2003
American Institute of Physics.@DOI: 10.1063/1.1583863#
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I. INTRODUCTION

The progress in low energy electron microscopy includ
the enhancement of the surface sensitivity of the informa
as well as the reduction of the local charging of low cond
tivity specimens. The range of very low energy electro
with energies below 50 eV is particularly interesting. Micr
graphs in this mode bring different types of contrast due
the wave nature of the electron.1 The wave-optical phenom
ena appear in the backscattered electron signal only when
electron wavelength becomes comparable with interato
distance, i.e., in the range of 100– 101 eV. Typical for inter-
action of very slow electrons with crystalline surface or th
multilayer is an anisotropic angular distribution exhibitin
maxima and minima. In the scanning electron microsco
~SEM! the diffraction pattern is formed in the back-foc
plane, and it can be directed toward the area detector
recorded separately for every image pixel.

The charge-coupled device~CCD! area detector for low
energy electrons, described in this article, was designed
the detection of angular distribution of signal electrons in
scanning low energy electron microscope~SLEEM!. The
goal was to detect the emitted low energy electrons belo
keV, to acquire the angular distribution of the emission, a
to record for each pixel one full pattern of the angular d
tribution within a few milliseconds.

II. ACQUISITION OF MULTIDIMENSIONAL IMAGE IN
SLEEM

In the SEM a two-dimensional image of the specim
surface is usually formed pixel by pixel in topographical
material contrast mode, depending on the type of dete
used. The conventional detectors work as integral detec
i.e., they collect all signal electrons incident on them as o
data item. All information hidden in the angular or ener

a!Electronic mail: mih@isibrno.cz
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distribution of the emission is then lost. Acquisition of th
energy spectrum requires us to insert an energy filter in fr
of the specimen and to extend the dwell time for every pi
so that the energy spectrum or its selected part can be
corded. Significant progress was recently made by a par
recording electron spectrometer, equipped with a o
dimensional~1D! line semiconductor detector, enabling on
to acquire up to 1000 energy channels at once.2 The angular
distribution of the emission, projected into a plane above
specimen surface, cannot be acquired point by point b
movable single channel detector so that a multichannel
detector is required.

Modern computer controlled SEMs are fast enough in
control and data acquisition activities so that a great majo
of their operation time is active and the time consumption
proportional to the signal-to-noise ratio~SNR! in the image.
When increasing the image dimensionality from 2 to 4, i.
when for every image pixel a 2D matrix of data points
recorded with a moderate SNR, the acquisition time exte
enormously and becomes critical. For the scanning ma
‘‘ m by n’’ of 5123512 pixels and maximum affordable tim
10 min for one SEM frame we get 2.3 ms for the acquisiti
of the angular distribution at each specimen point. The to
time of 10 min was fixed as a maximum reasonable ti
from the point of view of operating efficiency and long ter
stability of the microscope equipped with a multichannel 2
detector.

The proposed detector was designed for a SLEEM
rangement shown in Fig. 1.3 The column works with the
primary beam of several keV, decelerated close to the sp
men surface to a desired very low energy in the cathode l
The combination of the cathode lens with focusing magne
or electrostatic lens~so-called immersion objective lens! en-
sures significantly lower aberrations at very low energ
than the focusing lens alone.4,5

The signal electrons passing backward through the
mersion objective lens are accelerated by the cathode
9 © 2003 American Institute of Physics
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and collimated toward the optical axis so that their angu
distribution is preserved. Behind the objective lens the d
fraction spots are focused in the back-focal plane but
whole pattern is rotated. The signal and primary elect
beams move in the vicinity of the optical axis in oppos
directions, so that they can be separated using the Wien
that directs the signal beam toward a side-attached detec6

Two-dimensional image of the specimen can be compo
from the four-dimensional data by various methods empl
ing local differences in the diffraction patterns.

In a SLEEM the elastically backscattered electro
strongly dominate the total emission. These electrons
serve their energy during interaction with the specimen
are reaccelerated in the cathode lens back to the prim
energy controlled by the high voltage power supply of t
electron gun~up to 5 keV in our case!. With this energy the
electrons also arrive at the detector but their landing ene
in the specimen plane (100– 101 eV) is independently ad
justed by high voltage bias of the specimen. Hence the
ergy of the electrons in the electron-bombarded CCD~EB-
CCD! detector plane can be tailored to achieve a reason
dynamic range.

The requirements put on the detector can be summar
as follows. The signal electron energy is up to 5 keV and
current is 1029– 10210 A. For the area detector of the ang
lar distribution, the minimum resolution ‘‘o by p’’ is 8 38
points, and the resolution of 64364 points is usually suffi-
cient. The minimum dynamic range of the signal electron
expected to be 103, and the maximum time for acquisition o
angular distribution at one specimen point is about 2 ms

FIG. 1. SLEEM with EBCCD detector.
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was decided to design the detector on the basis of a
resolution thinned back-side illuminated CCD sensor wo
ing in the direct electron-bombarded mode~EBCCD!.

III. ELECTRON-BOMBARDED CCD DETECTOR

For the detector speed, the key parameter of the EBC
is the electron-bombarded semiconductor~EBS! gain G ~a
number of signal electrons in the potential well generated
one incident electron! which is related to the incident particl
energyE. In the case of the real CCD sensor we must cal
late the EBS gainG directly as the ratio of the number of th
signal electrons generated in the potential wellNw to the
number of the impinging electrons in the electron beamNb:

G5
Nw

Nb
5

E

3.65 eV
•«~E!, ~1!

where«(E) is the detection efficiency of the CCD~assuming
that the generation of one signal electron in silicon requi
3.65 eV!. The number of incident electrons is given by

Nb5
I bTint

e
, ~2!

whereI b is the current measured by the Faraday cup,Tint is
the integration time, ande is the charge of the electron. Th
detection efficiency is defined as the ratio of the detec
energyEw to the energy incident on the surface of the CC
Eb , and it is a function of the incident electron energyE:7

«~E!5
Ew

Eb
5

Nw•3.65 eV

NbE
. ~3!

In practice, the front-side illuminated CCD shows a reas
able efficiency («.0.1) at an energy above 8–12 keV, d
pending on the type of sensor.7,8 The available thinned back
side illuminated CCDs have an efficiency higher than 0.1
energies below 5 keV. The dependence of detection e
ciency on the incident electron energy is characteristic of
CCD chip, and we cannot change it. For optimum perf
mance it is desirable to match the energy of the signal e
tron beam to the CCD sensor.

Let us assess the desired parameters from the poin
view of the application to SLEEM. Assume the low resol
tion EBCCD chip with 64364 pixels and the well capacity
of 3003103 electrons, and the signal beam uniformly di
tributed over the whole detector area. Then the total num
of the signal electrons to be generated in all potential well
Nw53003103

•6436451.23109 electrons. Having the sig
nal beam currentI b51029 A and the integration timeTint

52 ms, we need the sensor with gainG5Nw /Nb5Nw

•e/I b•Tint 5 1.23109
•1.6310219/ 1 31029

•2 31023 5 96
@see Eq.~2!#. From Eq.~1! we get the necessary efficiency a
«(5 keV)596•3.65/5310350.07. For I b510210 A these
parameters areG5960 and«(5 keV)50.7, respectively.

Let us make another calculation from the point of vie
of the dynamic range. To achieve a dynamic range of 60
we need just 1000 incident electrons to saturate the well~of
course with the assumption that dark signal nonuniform
plus noise signal are less than 300e2; this is fulfilled for low
integration time even for room working temperature!. For a
well capacity of the EBCCD chip 3003103 e2/pixel used
we need the chip withG5300 at the working energyE of
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3381Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 CCD for low energy electrons
signal electrons. From Eq.~1! then «50.22 at E55 keV.
Such a more efficient chip would allow us to shorten t
integration time or to lower the beam current. Consequen
the thinned back-side illuminated CCD can fulfill our r
quirements.

The electronics for controlling the CCD sensor and p
cessing the signal data is based on the digital signal pro
sor ~DSP! ADSP-2181~Fig. 2!. The DSP generates cloc
signals to operate the image area, store area, and seria
ister gates of the frame-transfer operation CCD image se
and a synchronous clock signal for the 12-bit analog-
digital ~A/D! converter. Clock pulses for CCD are buffere
and level shifted by the clock drivers and outputs to
image sensor. The analog output signal from the CCD
synchronously converted pixel by pixel by the 12-b
AD9220 A/D converter, buffered by the line driver to th
processor data bus, read, and processed on line. Two vo
levels are sampled and converted for every pixel. The re
level voltage is sampled in the time after reset of the de
tion node and before the charge transfer to the detec
node. The signal level voltage is sampled after the cha
transfer. The active video level is obtained by on-line digi
subtraction of these two voltages in DSP. In this way, a c
related double sampling is realized.

IV. EXPERIMENTS AND RESULTS

The main aim of the experiments and the measurem
of the EBCCD sensor was to find an optimum value of e
ergy of the signal electrons. For the first experiment we
signed a prototype of the position-sensitive directly bo
barded detector of electrons based on the back illumina
high performance CCD sensor CCD39-02 made by Marc
(80380 pixels—1920mm by 1920mm! working in the di-
rectly electron-bombardment mode-EBCCD detector. T
measurements with the chip bombarded by the electron b
were performed in the low energy SEM developed at
Institute of Scientific Instruments~accelerating voltage 0–5
keV, clean vacuum~chamber 1025 Pa, gun 1027 Pa), per-
sonal computer controlled optical system and specim
stage!. A small board with the CCD sensor, amplifier, an

FIG. 2. Electronics of the EBCCD detector.
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Faraday cup of picoammeter was attached to thex–y trans-
lation stage inside the chamber. The main electronics
situated outside the vacuum. The schematic arrangeme
the experimental configuration and the photograph of
board are presented in Fig. 3. The static defocused elec
beam was obtained by switching off the objective lens a
deflection system. We moved the Faraday cup with a hole
a diameter of 1.6 mm under such an electron beam and m
sured the beam currentI b . Next, we moved the shielde
CCD sensor with a hole of the same diameter of 1.6 m
under the electron beam and measured the detected o
signal Uout as a function of the integration timeTint . The
responses for the incident electron energy of 2.5–5 keV
presented in Fig. 4.

A. Electron-bombarded CCD gain and detection
efficiency

In order to calculate the gain and detection efficiency
certain electron energyE only one image from the CCD is
necessary. From the known current densityJb , integration
time Tint , and output signal of only one pixel of the sens
Uout, we can getG and «. The saturation of the potentia
well must be avoided. The problem is that an ideal elect
beam with sufficient homogenous current density does
exist in practice. Therefore we cannot calculate the curr

FIG. 3. Experimental setup.

FIG. 4. Output signalUout(Tint) for incident electron energy 2.5–5.0 keV
~from right to left!. The values of the electron current used are presente
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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impinging on one pixel from the current of the defocus
electron beam measured by the Faraday cup. The solutio
to use the algorithm based on the definition of the gain
tended over all pixels for the calculation: gain is the num
of signal electrons in all potential wells over all incide
electrons. Such an algorithm makes the calculation of
gain possible even when we use a standard nonhomogen
electron beam. We have to measure the total electron cu
I b impinging on a certain area of the sensor and the t
detected output signalUout from the same area. This is wh
we use the same entrance pupils for both the sensor an
Faraday cup. In practice we consider the output signal fr
the whole image area minus the dark signal generated in
potential wells and suppose that the shielded part of the
sor generates only the dark signal. As a result we get
average gain over all pixels of the sensor.

The number of signal electrons generated in all poten
wells Nw is given by

Nw5
DUout

CCF
5

ADC•ADout

CCF
, ~4!

where CCF is the charge conversion factor of the CCD ch
ADout is the sum of binary video signals over the who
image area of 80380 pixels, ADC is the conversion coeffi
cient between the binary output of A/D converter and
output voltage from the sensor, andDUout represents the sum
of active video signals over the whole image area. The g

FIG. 5. Electron-bombarded CCD gain.
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G of the CCD was then calculated from Eq.~1!, and the
detection efficiency« was calculated from Eq.~3!.

For every measured energyE several CCD images with
different integration times were acquired. The current of
defocused beam measured using the Faraday cup was s
an approximately equal level'100 pA for every series of the
measurements. This makes possible a comparison of the
sor’s sensitivity~i.e., integration time dependence of the ou
put signal! for different energies in one graph~Fig. 4!. Be-
cause the electron beam cross section was not homogen
we chose the data from the most exposed pixel of the im
after 2D filtering as an example for Fig. 4. The values of t
current impinging on the most exposed pixel are presente
the table included in the graph. The reason for the differen
is the noise of the field-emission cathode used. The no
manifests itself on the nonlinear course of the curves. Thi
why the values of gain and detection efficiency were cal
lated for every image~i.e., for everyTint measured at the
same energyE! and afterward averages were calculate
which are shown as the functions of the incident elect
energyE between 2 and 5 keV in Figs. 5 and 6.

B. Dynamic range and brightness resolution

The dynamic rangeD of the EBCCD for given integra-
tion time Tint is limited by the peak output voltageUsat and
by the spurious signals: readout noiseUn , dark signalUds,

FIG. 6. Electron-bombarded CCD detection efficiency.
he
FIG. 7. Average value of the spurious signals over t
entire CCD image area.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 8. Standard deviation of the spurious signals ov
the entire CCD image area.
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and dark signal nonuniformity SDUds. The peak output volt-
ageUsat can be obtained from the measurement of the ou
signalUout under prolonged bombardment~see Fig. 4!. The
overall level of the spurious signals can be derived from
measurement of the output signalUout without illumination
~the so-called dark signal! as a function of the integration
time Tint . The example of the mean spurious signal is in F
7. The typical time dependence consists of superpositio
two components:

~1! dark signalUds—dominant component linear for all pix
els so that its nonuniformity SDUds can be taken as th
standard deviation over the sensor and

~2! readout noiseUn—time independent component larg
than the dark signal at low integration times.

The dark current can be calculated from the linear part
Uout(Tint) as

I ds5
Dqw

DTint
5

e•DNw

DTint
5

e

CCF
•

DUout

DTint
. ~5!

Then the dark current density can be calculated simply a

Jds5
I ds

Spixel
•105 nA cm22, ~6!

FIG. 9. Dynamic range of the EBCCD detector.
Downloaded 01 Jul 2003 to 195.178.70.67. Redistribution subject to A
ut

e

.
of

f

whereSpixel is the pixel area. For the following calculation o
the dynamic range it is advantageous to express the
signal directly asUds5DUout/DTint in V/s. The dark signal
nonuniformity can be expressed in the same units of V/s

An example of the standard deviation of the spurio
signals over the image area is shown in Fig. 8. The ti
response has a typical dependence which consist of supe
sition of two components:

~1! dark signal nonuniformity SDUds—dominant linear com-
ponent and

~2! readout noiseUn ~including the noise of all analog cir
cuits between the CCD chip and A/D converter!—time
independent component, which can be taken from
nearly constant part of the graph for low integratio
time; the levels ofUn and SDUds are comparable aroun
the integration time 50 ms when the graph bends
wards.

The dynamic range of the sensor can be calculated a

D520• log
Uout2Uds•Tint

AUn
21~SDUds•Tint!

2
. ~7!

The values of the dynamic range for integration time up
500 ms and for room temperature;28 °C are plotted in Fig.
9. The dynamic range for low integration time, up to 10 m
is limited mainly by the readout noise. That is why the d
namic range is practically constant for theseTint and reaches
;59 dB. At longerTint the influence of the dark signal an
the dark signal nonuniformity starts to prevail.

The brightness resolutionB ~the number of the gray lev
els resolvable in the image! is limited by the CCD well ca-
pacity Nc and EBCCD gainG and it is given by

B520• log~Nc /G!, ~8!

and its values are listed in Table I.
Now we are ready to assess the optimum energyE of the

signal electrons. ForB.D, i.e., for low electron energiesE,
the dynamic range is fully utilized but the number of obse

TABLE I. Brightness resolution for measured values of the incident elect
energy.

E ~keV! 2 2.5 3 3.5 4 4.5 5

G ~-! 10.9 43.5 89.2 176 284 400 565
B ~-! 88.8 76.8 70.5 64.6 60.5 57.5 54.5
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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able gray levels is limited by the readout noise to;59 dB
and the integration time is unnecessarily long. ForB,D,
i.e., for high electron energiesE, the brightness resolution i
not fully utilized. From the point of view of dynamic range
brightness resolution, and integration time we have an o
mum incident electron energy ifB'D, which for low inte-
gration time is achieved atE'4.2 keV. To achieveB'D we
can simultaneously increaseTint and decreaseE if B,D or
decreaseTint and increaseE if B.D.

In practice the integration time strongly depends on
angular distribution of signal electrons that are influenced
the specimen, its surface relief, and at very low energies
crystalline structure. Normally for acquisition of the angu
distribution, i.e., the diffraction pattern, with the optimu
number of electrons in the potential wells of CCD, on
some pixels will be saturated. Therefore the simple cas
uniform distribution examined above is the worst case fr
the point of view of the integration time, while in practic
the conditions would be more favorable.
Downloaded 01 Jul 2003 to 195.178.70.67. Redistribution subject to A
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The total dose on the detector during our experime
was approximately 7003106 electrons/pixel. The radiation
damage of the sensor, i.e., an increase in the dark si
generation, amounts to about 9%. The influence of s
damage on the dynamic range is still negligible, especia
for low integration time.
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