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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 micros¢6h&EM), based on a thinned
back-side directly electron-bombarded charged-coupled dei@@D) 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 ms20G3
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I. INTRODUCTION distribution of the emission is then lost. Acquisition of the

The progress in low energy electron microscopy include<£ENergy spectrum requires us to insert an energy filter in front

the enhancement of the surface sensitivity of the im‘ormatior?f the specimen and to extend the dwell time for every pixel

as well as the reduction of the local charging of low conduc->° that the energy spectrum or its selected part can be re-

tivity specimens. The range of very low energy electronscorded' Significant progress was recently made by a parallel

with energies below 50 eV is particularly interesting. Micro- recording electron spectrometer, equipped with a one-

graphs in this mode bring different types of contrast due todimensi.onal(lD) line semiconductor detector, enabling one
the wave nature of the electrorhe wave-optical phenom- to_ acquire up to 1000_ energy channel§ at dhtae angular
ena appear in the backscattered electron signal only when tiisStribution of the emission, projected into a plane above the
electron wavelength becomes comparable with interatomisPecimen surface, cannot be acquired point by point by a
distance, i.e., in the range of 010" eV. Typical for inter- movable single channel detector so that a multichannel 2D

action of very slow electrons with crystalline surface or thin d&t€ctor is required. .
multilayer is an anisotropic angular distribution exhibitng ~ Modern computer controlled SEMs are fast enough in all

maxima and minima. In the scanning electron microscopé’ontr‘)' and data acquisition activities so that a great majority
(SEM) the diffraction pattern is formed in the back-focal of their operation time is active and the time consumption is
plane, and it can be directed toward the area detector arffoPortional to the signal-to-noise ratiSNR) in the image.
recorded separately for every image pixel. When increasing the image dimensionality from 2 to 4, i.e.,
The charge-coupled devi¢€CD) area detector for low When for every image pixel a 2D matrix of data points is
energy electrons, described in this article, was designed fdcorded with a moderate SNR, the acquisition time extends
the detection of angular distribution of signal electrons in the?”ormoffS'y and becomes critical. For the scanning matrix
scanning low energy electron microscof®LEEM). The m by n” of 512X 512 pixels and maximum affordable_tlrn_e
goal was to detect the emitted low energy electrons below 30 min for one SEM frame we get 2.3 ms for the acquisition
keV, to acquire the angular distribution of the emission, ancPf the angular distribution at each specimen point. The total

to record for each pixel one full pattern of the angular dis-fime of 10 min was fixed as a maximum reasonable time
tribution within a few milliseconds. from the point of view of operating efficiency and long term

stability of the microscope equipped with a multichannel 2D
Il. ACQUISITION OF MULTIDIMENSIONAL IMAGE IN detector. _
SLEEM The proposed detector was designed for a SLEEM ar-
) ) ) ) rangement shown in Fig. % The column works with the

In the SEM a two-dimensional image of the specimenyimary heam of several keV, decelerated close to the speci-
surface is usually formed pixel by pixel in topographical or e gyrface to a desired very low energy in the cathode lens.
material contrast mode, depending on the type of deteCtofne compination of the cathode lens with focusing magnetic
used. The conventional detectors work as integral detectorgy gjectrostatic lengso-called immersion objective lenen-
i.e., they collect all signal electrons incident on them as ongres significantly lower aberrations at very low energies
data item. All information hidden in the angular or energy ih4n the focusing lens aloAé.
The signal electrons passing backward through the im-
dElectronic mail: mih@isibrno.cz mersion objective lens are accelerated by the cathode lens
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e]ecftrr%r: - was decided to design the detector on the basis of a low
D& resolution thinned back-side illuminated CCD sensor work-
=an ] = ing in the direct electron-bombarded mod@BCCD).
1st Wien filter E CCD detector
i = I1l. ELECTRON-BOMBARDED CCD DETECTOR
v

ztjtf:cigf For the detector speed, the key parameter of the EBCCD
electros s ! is the electron-bombarded semiconductBBS) gain G (a
transport \ f number of signal electrons in the potential well generated by
opies one incident electronwhich is related to the incident particle
2nd Wien filter EI i energyE. In the case of the real CCD sensor we must calcu-
= late the EBS gaiits directly as the ratio of the number of the
signal electrons generated in the potential we}} to the
i number of the impinging electrons in the electron bedgn
deflection system 1 [ Ny,
\ ﬂ =N, 365 ev () W
deflection system 1 [] wheree (E) is the detection efficiency of the CCassuming
- / 3 ? ! that the generation of one signal electron in silicon requires
3.65 e\). The number of incident electrons is given by
immersion objective &= /g Y/ = IbTint
anode of cathode lens —— g @) Np= ~ 2)

specimen
wherel, is the current measured by the Faraday cup,is

the integration time, and is the charge of the electron. The
= detection efficiency is defined as the ratio of the detected
FIG. 1. SLEEM with EBCCD detector. energyE,, to the energy incident on the surface of the CCD,
E,. and it is a function of the incident electron eneigy
Ew Ny-3.65 eV
and collimated toward the optical axis so that their angular ~ €(E)= B~ NiE ()
distribution is preserved. Behind the objective lens the dif- . S .
P J In practice, the front-side illuminated CCD shows a reason-

fraction spots gre focused in thg back—focall plane but th%ble efficiency 6>0.1) at an energy above 8—12 keV, de-
whole pattern is rotated. The signal and primary electro

_ = , e "~ pending on the type of sensbtThe available thinned back-
bgam; move in the vicinity of the optical E.IX'S in Op_pos'.teside illuminated CCDs have an efficiency higher than 0.1 at
directions, so that they can be separated using the Wien f'lt%rnergies below 5 keV. The dependence of detection effi-
that directs the signal beam toward a side-attached defectogiency on the incident electron energy is characteristic of the
Two-dimensional image of the specimen can be composegdcp chip, and we cannot change it. For optimum perfor-
from the four-dimensional data by various methods employmance it is desirable to match the energy of the signal elec-
ing local differences in the diffraction patterns. tron beam to the CCD sensor.

In a SLEEM the elastically backscattered electrons Let us assess the desired parameters from the point of
strongly dominate the total emission. These electrons preview of the application to SLEEM. Assume the low resolu-
serve their energy during interaction with the specimen andion EBCCD chip with 6464 pixels and the well capacity
are reaccelerated in the cathode lens back to the prima§f 300X 10° electrons, and the signal beam uniformly dis-
energy controlled by the high voltage power supply of thetributed over the whole detector area. Then the total number
electron gun(up to 5 keV in our case With this energy the of the signal electrons to be generated in all pofcential wglls is
electrons also arrive at the detector but their landing energhw=300% 10°- 64 64:}52X 10° electrons. Having the sig-
in the specimen plane (010" eV) is independently ad- hal beam current,=10"" A and the integration timel i,
justed by high voltage bias of the specimen. Hence the en?2 ms, we needogthe SenSE)EQWIth g??: NW"Yg: N
ergy of the electrons in the electron-bombarded CEB- €/l Tin = 1.2 107 1.6x10 7%/ 1 X 10 7210 *= 96

) ) see Eq(2)]. From Eq.(1) we get the necessary efficiency as
CCD) detector plane can be tailored to achieve a reasonab8(5 keV)=96-3.65/5< 10°=0.07. For 1,=10 0 A these

dynamic fa”ge- . parameters ar&=960 ande (5 keV)=0.7, respectively.

The requirements put on the detector can be summarized | ot s make another calculation from the point of view
as follows. The signal electron energy is up to 5 keV and they e dynamic range. To achieve a dynamic range of 60 dB
current is 10°-10 ' A. For the area detector of the angu- e need just 1000 incident electrons to saturate the (wéll
lar distribution, the minimum resolutiond'by p” is 8 X8  course with the assumption that dark signal nonuniformity
points, and the resolution of 6464 points is usually suffi- plus noise signal are less than 380 this is fulfilled for low
cient. The minimum dynamic range of the signal electrons igntegration time even for room working temperaturigor a
expected to be ) and the maximum time for acquisition of well capacity of the EBCCD chip 30010° e /pixel used
angular distribution at one specimen point is about 2 ms. live need the chip witl=300 at the working energ of
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Tl FIG. 3. Experimental setup.
PC .
computer Faraday cup of picoammeter was attached toxthg trans-

lation stage inside the chamber. The main electronics was
situated outside the vacuum. The schematic arrangement of
the experimental configuration and the photograph of the
) board are presented in Fig. 3. The static defocused electron
signal electrons. From Eq1) thene=0.22 atE=5keV.  poam was obtained by switching off the objective lens and
Such a more efficient chip would allow us to shorten thegefiection system. We moved the Faraday cup with a hole of
integration time or to lower the beam current. Consequentlyy diameter of 1.6 mm under such an electron beam and mea-
the thinned back-side illuminated CCD can fulfill our re- gyred the beam current,. Next, we moved the shielded
quirements. _ _ CCD sensor with a hole of the same diameter of 1.6 mm
The electronics for controlling the CCD sensor and pro-ypder the electron beam and measured the detected output
cessing the signal data is based on the digital signal procegignal U,,, as a function of the integration time,,. The

sor (DSP ADSP-2181(Fig. 2). The DSP generates clock responses for the incident electron energy of 2.5-5 keV are
signals to operate the image area, store area, and serial r&fesented in Fig. 4.

ister gates of the frame-transfer operation CCD image sensor ) _
and a synchronous clock signal for the 12-bit analog-to#: Electron-bombarded CCD gain and detection

digital (A/D) converter. Clock pulses for CCD are buffered &fficiency

and level shifted by the clock drivers and outputs to the In order to calculate the gain and detection efficiency for
image sensor. The analog output signal from the CCD igertain electron energl only one image from the CCD is
synchronously converted pixel by pixel by the 12-bit necessary. From the known current densigy integration
AD9220 A/D converter, buffered by the line driver to the time T, and output signal of only one pixel of the sensor
processor data bus, read, and processed on line. Two voltagg, ,, we can getG and e. The saturation of the potential
levels are sampled and converted for every pixel. The resgtell must be avoided. The problem is that an ideal electron
level voltage is sampled in the time after reset of the detecheam with sufficient homogenous current density does not
tion node and before the charge transfer to the detectiosxist in practice. Therefore we cannot calculate the current
node. The signal level voltage is sampled after the charge
transfer. The active video level is obtained by on-line digital 549

FIG. 2. Electronics of the EBCCD detector.

subtraction of these two voltages in DSP. In this way, a cor- \ o © 25keV. 38e5 2%8&25
related double sampling is realized. 238 X + + 35keV,35e-5 nA/pixel |
NN

IV. EXPERIMENTS AND RESULTS 23.6 x x50 keV, 3.2e-5 nAlpixel |
The main aim of the experiments and the measurement& W\\\ \\ \

of the EBCCD sensor was to find an optimum value of en- § 234 \ U,

ergy of the signal electrons. For the first experiment we de—'g »a2 \&xy 3

signed a prototype of the position-sensitive directly bom- g ' h:

barded detector of electrons based on the back illuminatec 230 \X}\ \\ N

high performance CCD sensor CCD39-02 made by Marconi \(&( \ R

(80x 80 pixels—1920um by 1920um) working in the di- o8

rectly electron-bombardment mode-EBCCD detector. The | {8 | “ N

measurements with the chip bombarded by the electron bear 26

were performed in the low energy SEM developed at our 0 5 10 15 20 25 30

Institute of Scientific Instrument&@ccelerating voltage 0-5 integration time (ms)

keV, clean vacuurichamber 10° Pa, gun 10’ Pa), per-

sonal computer ContrO.HEd optical system and .sl’peCimerl}IG. 4. Output signald ,,(T;n) for incident electron energy 2.5-5.0 keV
stage. A small board with the CCD sensor, amplifier, and (from right to lefy. The values of the electron current used are presented.
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FIG. 5. Electron-bombarded CCD gain.
ga FIG. 6. Electron-bombarded CCD detection efficiency.

impinging on one pixel from the current of the defocusedg of the CCD was then calculated from E€l), and the
electron beam measured by the Faraday cup. The solution {fetection efficiency: was calculated from Eq3).

to use the algorithm based on the definition of the gain ex-  Eor every measured ener@yseveral CCD images with
tended over all pixels for the calculation: gain is the numbergjfferent integration times were acquired. The current of the
of signal electrons in all potential wells over all incident defocused beam measured using the Faraday cup was set on
electrons. Such an algorithm makes the calculation of th%n approximate]y equa| level100 pA for every series of the
gain possible even when we use a standard nonhomogeneawgasurements. This makes possible a comparison of the sen-
electron beam. We have to measure the total electron curregpy’s sensitivity(i.e., integration time dependence of the out-

I, impinging on a certain area of the sensor and the totabut signa) for different energies in one grapfFig. 4). Be-
detected output signdl,; from the same area. This is why cause the electron beam cross section was not homogeneous,
we use the same entrance pupils for both the sensor and th@ chose the data from the most exposed pixel of the image
Faraday cup. In practice we consider the output signal fromyfter 2D filtering as an example for Fig. 4. The values of the
the whole image area minus the dark signal generated in allyrrent impinging on the most exposed pixel are presented in
potential wells and suppose that the shielded part of the sefihe table included in the graph. The reason for the differences
sor generates only the dark signal. As a result we get af the noise of the field-emission cathode used. The noise

average gain over all pixels of the sensor. _ manifests itself on the nonlinear course of the curves. This is
The number of signal electrons generated in all potentiajyhy the values of gain and detection efficiency were calcu-
wells N, is given by lated for every imagei.e., for everyT;, measured at the

same energyE) and afterward averages were calculated,
(4) which are shown as the functions of the incident electron
energyE between 2 and 5 keV in Figs. 5 and 6.
where CCF is the charge conversion factor of the CCD chip,
AD,, is the sum of binary video signals over the whole
image area of 8880 pixels, ADC is the conversion coeffi-
cient between the binary output of A/D converter and the  The dynamic rang® of the EBCCD for given integra-
output voltage from the sensor, aad) ,  represents the sum tion time T, is limited by the peak output voltadé.,; and
of active video signals over the whole image area. The gaitby the spurious signals: readout noldg, dark signalU g,

\ _AUg,  ADC-ADg
W CCF CCF

B. Dynamic range and brightness resolution

24.05 - - - - 24.05
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23.95 23.95
H s 23.90
& 2380 » .
2 g
= &
© 2385 “ 2385
§ 2380 § 2380 FIG. 7. Average value of the spurious signals over the
g $ entire CCD image area.
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FIG. 8. Standard deviation of the spurious signals over
the entire CCD image area.
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spurious output signal standard deviation (mV)
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integration time (mas) Integration time (ms)

and dark signal nonuniformity SRs. The peak output volt- WhereS;; is the pixel area. For the following calculation of
ageU ¢, can be obtained from the measurement of the outputhe dynamic range it is advantageous to express the dark
signal U, under prolonged bombardmefstee Fig. 4 The  signal directly adJy=AUq, /ATy in V/s. The dark signal
overall level of the spurious signals can be derived from théonuniformity can be expressed in the same units of V/s.
measurement of the output sigrid,; without illumination An example of the standard deviation of the spurious
(the so-called dark signahs a function of the integration Signals over the image area is shown in Fig. 8. The time
time T,.. The example of the mean spurious signal is in Fig.response has a typical dependence which consist of superpo-
7. The typical time dependence consists of superposition ddition of two components:

two components: (1) dark signal nonuniformity Sgys—dominant linear com-

(1) dark signalU jc—dominant component linear for all pix- ponent and_ _ _ _ _
els so that its nonuniformity SRs can be taken as the (2) readout nois&J, (including the noise of all analog cir-
standard deviation over the sensor and cuits between the CCD chip and A/D conveytetime

(2) readout noiseJ,—time independent component larger ~ independent component, which can be taken from the

than the dark signal at low integration times. nearly constant part of the graph for low integration
time; the levels olJ,, and SO,y are comparable around

The dark current can be calculated from the linear part of the integration time 50 ms when the graph bends up-

Uout(Tint) as wards.
| Aqy, _ e-AN,, _ e ] AUqy (5) The dynamic range of the sensor can be calculated as
STATie ATy CCF ATy
Uou—Uge T,
Then the dark current density can be calculated simply as D =20. log———mt_—% It 7

JUZ+ (SDygs Tind)?

The values of the dynamic range for integration time up to
500 ms and for room temperature28 °C are plotted in Fig.

9. The dynamic range for low integration time, up to 10 ms,
L B i 6 A A A i R s G is limited mainly by the readout noise. That is why the dy-
T R namic range is practically constant for thégg and reaches
~59 dB. At longerT,, the influence of the dark signal and

|
Je= == 10° nAcm 2, (6)

Spixel

of
o
e
of

o

dynamic range (dB)

T

h i

@i

the dark signal nonuniformity starts to prevail.

The brightness resolutioB (the number of the gray lev-
els resolvable in the imagés limited by the CCD well ca-
pacity N, and EBCCD gairG and it is given by

B=20- log(N./G), (8

and its values are listed in Table I.

Now we are ready to assess the optimum enérgy the
signal electrons. FOB>D, i.e., for low electron energi€s,
the dynamic range is fully utilized but the number of observ-

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

40 S
0 1 2 E (k 2 2.5 3 3.5 4 4.5 5
10 10 10 (keV)
integration time (ms) G(-) 10.9 435 89.2 176 284 400 565
B (-) 88.8 76.8 70.5 64.6 60.5 575 54.5

FIG. 9. Dynamic range of the EBCCD detector.
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able gray levels is limited by the readout noise-t69 dB The total dose on the detector during our experiments

and the integration time is unnecessarily long. BotD, was approximately 70010° electrons/pixel. The radiation

i.e., for high electron energids the brightness resolution is damage of the sensor, i.e., an increase in the dark signal

not fully utilized. From the point of view of dynamic range, generation, amounts to about 9%. The influence of such

brightness resolution, and integration time we have an optidamage on the dynamic range is still negligible, especially

mum incident electron energy B~D, which for low inte-  for low integration time.

gration time is achieved &~4.2 keV. To achiev®~D we

can simultaneously increade, and decreasg if B<D or ~ACKNOWLEDGMENT

decreasd,; and increasé& if B>D. The work was supported by the Grant Agency of the
In practice the integration time strongly depends on theCzech Republic under Grant No. 102/00/P001.

angular distribution of signal electrons that are influenced by

the specimen, its surface relief, and at very low energies théE Bauer, Rep. Prog. Phy57, 895(1994.

crystalline structure. Normally for acquisition of the angular g/lo Jzzgk;(ll\gﬂgglrk M. M. ElGomati, and M. Prutton, Rev. Sci. Instrum.

distribution, i.e., the diffraction pattern, with the optimum sy orsek, 3. Comput.-Assist. Microsd0, 23 (1998.

number of electrons in the potential wells of CCD, only 4M. Lenc and I. Millerova Ultramicroscopy41, 411 (1992.

some pixels will be saturated. Therefore the simple case of’M Lenc and |. Milerova Ultramicroscopy45, 159 (1992.

uniform distribution examined above is the worst case from  D- Peichl I Millerova L. Frank, and V. Kolak, Czech. J. Physid, 269

the point of view of the integration time, while in practice 7p G stearns and J. D. Wiedwald, Rev. Sci. Instré®. 1095 (1989.

the conditions would be more favorable. 8Ch. B. Opal and G. R. Carruthers, Proc. SRIE58 96 (1989.

Downloaded 01 Jul 2003 to 195.178.70.67. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



