‘ n | NVENTI ON METHOD AND APPARATUS FOR MEASURI NG QUANTI TAT
VOT AC;E'RAST Field of tihe Invention The present invention re é{/}
met hod and apparatus for maki ng, and nore specifically for correcti ng,
quantitative voltage contrast neasurenments (QVCM. 5 Background of
I nvention There ‘are known various conventional quantitative voltage
contrast neasurenent systens for scanning el ectron m croscopes and el ectron
beam testing, such as that describéd in "An Analysis of the Local Field 10
Ef fect Probe Voltage Measurenents") Nakanura et al., 1993, 'Scanning
El ectron M croscopy, Pages 1187-1195; "VLSI Testing Using the El ectron
Probe", H P. Feuerbaum Scanning El ectron M croscopy, 1979, pages 285-296;
and "Local Field Effects on Voltage 15 Measurenent Using a Retarding
Field Analyser in the '

TITLE OF THE INVENTION
METHOD AND APPARATUS FOR MEASURING QUANTITATIVE
VOLTAGE CONTRAST

Field of the Invention

The present invention relates to a method and apparatus
for making, and more specifically for correcting,
quantitative voltage contrast measurements (QVCM).

5 c ound Inventio
There are known various conventional gquantitative
voltage contrast measurement systems for scanning
electron microscopes and electron beam testing, such as
that described in "aAn Analysis of the Local Field
10 Effect Probe Voltage Measurements", Nakamura et al.,
1993, Scanning Electron Microscopy, Pages 1187-1195;
"VISI Testing Using the Electron Probe', H. P.
Feuerbaum, Scannin e (o) icro ¢ 1979, pages
285~296; and "Iocal Field Effects on Voltage
15 Measurement Using a Retarding Field Analyser in the
Scanning Electron Mi.croscopy", Fujioka et al., Scanning
lectron Micros: , 1981, pages 323-332, which use
feedback techniques. There are other known systens
such as that described in "The effect of passivation
20 on the observation of voltage contrast in the scanning
electron microscope", D. M. Taylor, The Institute of
Physics, Vol. 11, 1978, pages 2443-2454; and "A voltage
contrast detector for the SEM", Hardy et al., Journal
of Physics E: Scientific Instruments, Vol. 8, March 10,
25 1975, pages 789-793, which use the peak detection
method. These known systems suffer from poor accuracy
due to various error compénents like the potential
barrier effect, off~normal _' incidence injection of
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potential barrier effect, ,off-nqgrmal .incide _%el(lé%e%tlo-n of

secondary el ectTMeIFR:3 High sxhrpatien f /n8"'t8' 1000 ¥/nm)

to minimize the error components due to local field -
5 effects (both Types I and II) acting on secondary
electron trajectories. Unfortunately, the use of these
high extraction fields is not compatible with certain
sensitive specimens or with passivated specimens.
Furthermore, conventional systems cannot perform

10 accurate voltage measurements on underlying structures
"in multi-level component systeias due to errors from
charging effects (e.g., in a multi-level component
system where underlying metal structure may be exposed
by focused ion - beam milling with walls of insulator

15 material surrounding the point of measurement).

SUMMARY OF THE INVENTION
An object of the present invention is to provide
' a method and apparatus for making quantitative voltage
contrast measurements which overcomes the drawbacks of
20 the conventional systems described above. |

A further object of the present invention is to
provide a method and apparatus for making quantitative
voltage contrast measurements which use low extraction
voltageé and correct for errors due to local field

25 effects (both Types I and II). '

Another object of the present invention is to
provide a method and apparatus for making quantitative
voltage contrast measurements which correct for.
charging due to a contaminant layer forming as a result

30 of a specimens exposure to air or under electron beam
~ bombardment.

Another object of the present invention is to
providé a method and -apparatus for making quantitative
voltage contrast measurements which perform accurate

35 voltage measurements on underlying structures in a
multi-level component system.



effect, and anal yzer geonetry effects. These systens require a high

- extraction field (500 V/nmto 1000 V/nm) to mnimze the error conponents
due to local field 5 effects (both Types | and Il) acting on secondary
electron trajectories. Unfortunately, the use of these high extraction
fields is not conpatible with certain sensitive specinmens or with
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contrast comprising the steps of: (a) outputting
instructions from a processér to an energy analyzer and
scanning electron microscope; (b) locating an electron
beam of said scanning electron microscope on a specimen

10 electrode of a specimen structure based on said
instructions; (c) varying a grid voltage of said energy
analyzer in accordance with said instructions; (d)
detecting secondary electron emission from said
specimen electrode with a detector of said scanning

15 electron microscope; (e) determining a measured peak
voltage of said specimen electrode based on output from
said detector; (f) obtaining a specimen electrode
voltage corrected for type I local field effect error
using said measured peak voltage and a type I

20 calibration curve, said type I calibration curve
representing peak voltage versus specimen electrode
voltage; and (g) correcting for type II local field
effect error in the output of said step (f) based on a
type II calibration curve, said type II calibration

25 curve representing a shift in specimen electrode peak
voltage versus adjacent electrode voltage.

The objectives of the present invention are also
achieved by providing an apparatus for measuring
guantitative voltage contrast comprising: means for

30 outputting instructions to an energy analyzer and
scanning electron microscope; means for locating an
electron beam of said scanning electron microscope on
a specimen electrode of a specimen structure based on
said instructions; means for varying a grid voltage of

35 said energy analyzer in accordance with said
instructions; means for detecting secondary electron
emission from said specimen electrode; means for



20 the conventional systens described above. A further object of the
present invention is to provide a nethod and apparatus for naking
guantitative voltage contrast neasurenents which use | ow extraction

vol tages and correct for errors due to local field 25 effects (both Types
| and I1). Another object of the present invention is to provide a nethod
" and apparatus for making quantitative voféage contrast neasurenents which

correct for charging due to a contam_nant er formng as a resylt 30 of
a speci nmens exﬂé&ﬁﬁ? QﬂraoPeGﬁHEFdeﬁﬁﬂﬁ' Yage 1ohbErdde fPe Ther
obj ect of the @lsAirodeVvardsed lentOolw\:@uude frofet hediandmappsr atfie f or
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system voltage corrected for type I local field effect error
5 using said measured peak voltage and a type I
calibration curve, said type I calibration curve
representing peak voltage versus specimen electrode
voltage; and means for correcting for type II local
field effect error in output of said means for
10 obtaining based on a type II calibration durve, said
type II calibration curve representing a shift in
specimen electrode peak voltage versus adjacent
electrode voltage.

These and other related objectives of the present
15 invention will become more readily apparent from the
detailed description given hereafter. It should,
however, be understood that the detailed description
and specific examples, while indicating preferred
embodiments of the invention, are given by way of
20 illustration only, since various <changes and
modifications within the spirit and scope of the
invention will become apparent to those skilled in the

art from this detailed description.

BRIEF PESCRIPTION OF THE DRAWINGS
25 The present invention will become more fully
understood from the detailed description here-in-below
and the accompanying drawings which are given by way of
illustration only, and thus do not limit the present
invention.
30 Figures 1-4(c) are flow charts illustrative of the
method according to the present invention:
Figure 5 is a block diagram of the measurement
apparatus according to the present invention:
Figure 6 is a schematic diagram of the energy
35 analyzer according to the present invention;
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Anot her object of the present invention is to provide a

| ock-i n-peak-detection quantitative voltage contrast nmeasurenent setup.
These and other rel ated objectives are achieved by 5 providing a nethod of
measuring guanti,tative voltage contrast conprising the steps of: (a)
outputting instructions froma processor to an energy analyzer and scanning
el ectron mcroscope; (b) locating an el eecbron beam of sai d scanning

el ectron m croscope on a specinmen 10 el ectrode of a specinmen structure

based on said instr Jkgwes; 7 (dp AN yexampler of & Tyee & cadiibratdan

-anal yzer in accapsagce With said instructions; (d) detecting secondary
scanni ng 15, or ect r o AHEIbE ob8: Pe/ KRN 7 18 EVREadd R IIRREEAM age o
sai d speci nen avamtejode based on output from
5 Figure 9 is a graph of the error in the measured
specimen electrode voltage versus the actual specimen
electrode voltage; and |
Figure 10 is a scatter plot of the error on the
electrode voltage versus the actual voltage for
10 specimen and adjacent electrodes.
The above-mentioned drawings will be described in
detail in the following detailed description wherein
like reference numerals identify like elements.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
15 Figure 5 illustrates an embodiment of a
' measurement apparatus of the present inVention. In
Figure 5, reference numeral 10, represents a personal
computer (PC) or equivalent thereto, reference numeral
12 represents a buffer/amplifier circuit, reference
20 numeral 14 represents a scanning electron microscope
(SENM), reference numeral 16 represents an energy
analyzer, reference number 18 represents a detector,
reference numeral 20 represents a lock-in amplifier,
reference numeral 22 represents an oscilloscope, and
25 reference numeral 24 represents a function generator.
The buffer/amplifier circuit 12 is connected to
the PC 10, the energy analyzer 16, and the function
generator 24. The function generator 24 is also
connected to the lock-in amplifier 20. The lock-in
30 amplifier 20 is further connected to the PC 10 and
detector 18. In Figure 5, the lock-in amplifier is
shown connected to oscilloscope 22; however, this
connection is optional.
The SEM 14 operates cooperatively with energy
35 analyzer 16 and detector 18 under the control of PC 10
or a-skilled operator. Specifically the PC 10 or the



said #Hetector; (f) obtaining a specinmen electrode voltage corrected for
type | local field effect error using said neasured peak voltage and a type
| 20 calibration curve, said type | calibration curve representing peak
vol t age versus specinen el ectrode voltage; and (g) correcting for type |

|l ocal field effect error in the output of said step (f) based on a type |
calibration curve, said type Il calibrati-@* 25 curve representing a shift

i n speci men el ectrode peak voltage versus adjacent el ectrode voltage. The
obj ectives of topepatexnvoukdeaohbrodranaXs¥ tablevholdingravépeaimen

appar at us for NE@aHe] NOTHIARiielrdly \hatg/de0S O USRS r EL P 10 ulBanS for

30 outputting instructi ons to an-energy anal scanni ng el ectron
ni croscope; nmeakB Fhe Peasuregenk apparatuspeam be aplananFetardingtron

nM croscope on af$gedi Bpectrsidtsie, Oh heRPspHEFic4] Uretagdingedfalaai d

Instructionsy neangelohe¥dtY' N9 § 9" oY PihE0Eng" magnetic  fiela

spectrometer, or any  commercially available

spectrometer for voltage contrast measurements/electron
beam testing.

A schematic diagram of the planar retarding field

10 analyzer 16 used in the measurement apparatus of Figure

5 is illustrated in Figure 6. The energy analyzer 16

includes a reflection grid having a reflection grid

voltage V., a retarding grid having a retarding grid

voltage V;; a shielding grid having a shielding grid

15 voltage Vs“ = V,, and an extraction grid having an

extraction grid voltage V.. Each of the above described

grids are arranged parallel to one another and to a

specimen plane, and are separated by predetermined

distances. In the embodiment of the energy analyzer 16

20 shown in Figure 6, the reflection grid is separated

from the retarding grid by 7.5mm, the retarding grid is

separated from the shielding grid by 10.25mm, the

shielding grid is separated from the extraction grid by

10.25mm, and the extraction grid is separated from the

; 25 specimen plane by 2mm. The specimen plane includes a

specimen having a specimen electrode and adjacent

electrodes.

Figure 6 also shows that the grids have a width of

29.5mm. For purposes of illustration, an electron beam

30 represented by a dash-dot 1line is shown incident on

specimén electrode V.. The resulting secondary

electrons are represented by a vector having an angle

a with respect to the specimen plane and an angle 6

with respect to the electron bean. Also shown in

35 Figure 6, the specimen and adjacent electrodes have a

width of dimension a and are spaced apart by a distance



35 shid energy analyzer in accordance with said instructions; neans
for detecting secondary electron em ssion fromsaid speci nen el ectrode;

nmeans for -4- determ ning a neasured peak voltage of said specinen
el ectrode based.on output from said neans for detecting; neans for
obtaining a specinmen el ectrode voltage corrected for type | local field

effect error 5 using said neasured peak vbttage and a type | calibration
curve, said type | calibration curve representing peak voltage versus
speci nen el ect Pede Bhe teajuiesnaf nwidthr ar andr eradend reill ydeprend| onal

field effect egphal speciweRbedng Hest@pns for 10 obtaining based on a type
Il calibration curve, said type Il calibration curve representing.a shift
in The Pc 10”8an be an TEM personal comﬂ%ter or other
processing device which includes an analog-to-digital
5 converter and a digital-to-analog converter for
interfacing with the measurement apparatus. The
buffer/amplifier circuit 12 receives instructions from
the PC 10, and oﬁtputs the reflection grid, retarding
grid, and shielding grid voltages V., V,, Vg, to the
10 energy analyzer 16 in accordance with the received
instructions. The extraction grid voltage V. is tapped
from the voltage supply for detector 2. In the
embodiment shown in Figure 6, during operation, the
reflection grid voltage Vg is set to -5v, the
15 extraction grid voltage V., is set to 100V, and the
retarding grid voltage V,, and thus the shielding grid
voltage V,,, are varied. Varying of the retarding grid
voltage V, is discussed in detail below.
The 'buffer/amplifier circuit 12 also outputs
20 voltages V,, V,, and V, to apply to the specimen and
adjacent electrodes in accordance with the received
instructions. The buffer/amplifier circuit 12 also
receives, from the function generator 24, a small a.c.
signal of about 400mV peak-to-peak. The
25 buffer/amplifier circuit 12 combines, in a summing
circuit (not shown), the small a.c. signal with the
d.c. retarding grid voltage generated in accordance
with the instructions from the PC .10. The
buffer/amplifier circuit 12 supplies the resulting
30 signal to the energy analyzer 16 for biasing the
retarding grid.
During operation, the SEM 14 directs an electron
beam on the specimen electrode, and the detector 18,
which can be a scintillator-photomultiplier detector or
35 any other type of secondary electron (SE) detector,
detects secondary electron emissions (See Fig. 6) from
the specimen electrode. The detector 18 outputs to the



speci fen el ectrode peak voltage versus adjacent el ectrode voltage. These
and other rel ated objectives of the present 15 invention wll becone nore
~readily apparent fromthe detail ed description given hereafter. I t
shoul d, however,, be understood that the detail ed description and specific
exanpl es, while indicating preferred enbodi nents of the invention, are
given by way of 20 illustration only, =8since various changes and
modi fications within the spirit and scope of the invention w .|l becone
apparent to thdRckidn | apphifier 4r20f ram valtage: arepregentdng i dhe BRI EF

DESCRI PTI ON OF ditediii\ddcondfary elebtonsssothe i Toditiwanpliciwec e nore
fully understoodq fromthg detailed description here-in-below.and the
acconpanyi ng diPaihgeeTitEse o d?@@ﬁfb?’gaysbgnPﬁlG§Ppa§hﬁ1ﬁ§ﬂ%ﬁlﬁﬂuithus
do not limt tkeerprstor R24vend | an.reference signal. The lock-in
5 amplifier 20 differentiates the curve representing the
output of detector 18 versus the retarding grid voltage
V.- The output of the lock-in amplifier 20 corresponds
to the energy distribution of secondary electron
emissions. The shift in the peak of the secondary
10 electron energy distribution provides information on
the voltage of the electrodes. The retarding grid
voltage V, where the oﬁtput of the lock-in amplifier 20
is maximum indicates the peak of the secondary electron
distribution. The lock~-in amplifier 20 may be a
15 commercially available lock-in amplifier such as the
SR-530 Lock-in Amplifier from Stanford Research
Systens. _

The PC 10 receives the output of the lock-in

amplifier 20, and measures the quantitative voltage

20 contrast based thereon. The output of the lock-in
amplifier 20 can also be monitored using oscilloscope
22.

The quantitative voltage contrast measurement
performed by the measurement apparatus of Figure 5 will

25 now be described with reference to the flow charts of
Figures 1-4(c).

The flow chart of Figure 1 shows the method for
making quantitative voltage contrast measurements. 1In
step S2 a Type I calibration curve is obtained. The

30 Type I calibration curve, which is a plot of peak
voltage versus specimen electrode voltage, will be
used in later steps for correcting Type I local field
effect errors. |

Figure 2 is a flow chart showing the method for

35 obtaining the Type I calibration curve. The
description of the flow chart shown in Figure 2 will be
made in association with an example of a Type I
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30 = Figures 1-4-c are flow charts illustrative of the nmethod according
to the present invention; Figure 5 is a block diagram of the neasurenent
apparatus according to the present invention; Figure 6 is a schematic

di agram of t,he energy 35 anal yzer according to the present invention;

REPLACEMENT SHEET Date :7 FEB 1996 -5- Figure 7 is an exanple of a Type
| calibration curve; Figure 8 is an exanp®e of a Type |l calibration curve;
5 Figure 9 js a graph of the error ip the, neasured speci nen el ectrode
vol tage versus ?ﬂtfgf?gé?gsﬁ%%F“%n shown in Figure 7. A 'three-

electrode, unpassivated reference structure having
approximately similar electrode width:spacing as the
actual specimen structure, such as shown in Figure 6,
5 1is placed in the energy analyzer 16. In obtaining the
curve of Figure 7, an unpassivated reference structure
having an electrode width:spacing of 10:5 microns was
used. The specimen electrode voltage Vg is fixed, and
the adjacent electrode voltages V, and V, are set to
10 zero in steﬁ §20. In Figure 7, the specimen electrode
voltage V, was initially set to -8V.
The retarding grid voltage is then varied in step
822. 1In obtaining the calibration curve of Figure 7,
the retarding grid voltage V, was varied from 5V to -20V
- 15 1in increments of 0.5V. A finer increment could be used
depending on the resolution and accuracy required for
the measurement. The PC 10 then stores in step $24 the
value of V,, when the output of the lock-in amplifier 20
is a maximum, along with the corresponding value of V..
20 The stored value of the retarding grid voltage V, is the
peak voltage at the specimen electrode voltage V..
The above steps S20-24 obtain one point on the
Type I calibration curve. To obtain successive points,
the above operations are repeated for different values
25 of the specimen electrode voltage V,. For instance, as
shown in Figure 7, the specimen electrode voltage was
varied from -8V to 8V in increments of 1.0V. Again,
finer increments could be chosen depending on the
desired accuracy and resolution. Thus, in step 826, it
30 is determined whether the Type I calibration curve is
completed (i.e., whether V; = 8V for the example shown
in Figure 7). 1If, in step S26 it is determined that
the Type I calibration curve is not completed, then in
step S28, the value of the specimen voltage Vi is
35 changed according to the increments discussed above,
and steps S20-24 are repeated.



el ecttode voltage; and Figure 10 is a scatter plot of the error on the
el ectrode voltage versus the actual voltage for 10 specinen and

adfacent el ectrodes. The above-nentioned drawings will be described in
detail in the follow ng detail ed description wherein |ike reference
nunerals identify |like elements. DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBCDI MENTS 15 Figure 5 illustratl®s an enbodinent_ of a
nmeasur enent apparatus_ of, the present, inyention. _In_Fi , reference

numeral 10, represedify dhStERF2¢oHpulerdebermiped, &'Ié‘fﬁ@ Tydeetl,
reference nunelcall ibratdpres curved M f SomplEtidd,er thert Uistep efs@r erfige 20

nuner al 16 1 op BT, o ) SRR | LR PERBLEARRERE BS A8, ERHnts o
detector, refepdote runeer &ype0 depraddiratidnoclcunveampxifarer to eftdveence
nuneral - 22 "PIcifpllet ith CF dddy EPE PGP instance, the PC 10 could
- display on a display screen or output to a printer, the
Type I calibration curve such as shown in Figure 7.
Figure 7 further illustrates that the method of
obtaining the Type I calibration curve can be repeated

10 - for the same reference structure to obtain a repeated
Type I calibration curve. The repeated Type I
calibration curve represents the shift in the repeated
measurement from the original measurement due to
positive charging of a contaminant layer which builds

15 up on the surface of a structure (reference or
specimen) as a result of prolonged electron beam
bombardment and exposure to air. '

As shown in Figure 1, after obtaining the Type I
calibration curve, the Type II calibration curve is

20 obtained in step S4. The Type II calibration curve,
which is a plot of the shifts in peak voltage of the
specimen electrode versus adjacent electrode voltages,
will be used in later steps to correct for Type II
local field effects.

25 Figure 3 is a flow chart showing the method for
obtaining the Type II calibration curve. The
description of the flow chart shown in Figure 3 will be
made in association with an example of a Type II
calibration curve shown in Figure 8. A three-

30 electrode, unpassivated reference structure having
approximately similar electrode width:spacing as the
actual specimen structure, such as shown in Figure 6,
is placed in the energy analyzer 16. In obtaining the
curve of Figure 8, an unpassivated reference structure

35 having an electrode width:spacing of 10:5 microns was
used. One of the adjacent electrode voltages V, and V,
is fixed, and the other adjacent electrode voltage and



25 reference nuneral 24 represents a function generator
buffer/anplifier circuit 12 is connected to the PC 10,

16; and the function generator 24. The function gener
connected tqQ the lock-in anplifier 20. The lock-in 30

.. The

the energy anal yzer
ator 24 is also
anplifier 20 is

further connected to the PC 10 and detector 18. In Figure 5, the lock-in
anplifier is shown connected to oscill oseldpe 22; however, this connection

is optional.

The SEM 14 operates cooperatively with energy 35 anal yzer

and detector léthmoepeeimenopiestrofepyoltage Vsiane cdebptpazero in
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shown in Figure 8, the adjacent electrode voltage V, is
initially fixed at -8V. The retarding grid voltage V,
is then varied in step S34.

The maximum range of variation for the retarding
grid voltage is 5 to =50V in incrememnts of 1V.
Typically, however, the range of 5 to =20V at 0.5V
increments is used. As discussed above, the size of
the increment can be changed to suit accuracy
requirements. The range itself must simply be
sufficient to obtain the peak of the secondary electron
distribution. The above equally applies to obtaining
the Type I calibration curve.

The PC 10 then stores in step S36 the value of Ver
when the output of the lock-in amplifier 20 is a
maximum, as a measured voltage and stores the
corresponding value of V,. The PC 10 then determines
the shift in the retarding grid voltage. This is
accomplished by temporarily setting the adjacent

. electrode voltage to a base level, e.g. 2zero, and

storing the output of the lock-in amplifier as a
reference voltage. Afterwards, the adjacent electrode
voltage V, is returned to its previous voltage level.
The PC 10 then determines the shift in retarding grid
voltage V, by subtracting the reference voltage from the
measured voltage. ' )

The above steps S32~36 obtain one point on the
Type II calibration curve. To obtain successive points,
the above operations are repeated for different values
of the adjacent electrode voltage V,. For instance, as
shown in Figure 8, the adjacent electrode voltage V, was
varied from -8V to 8V in increments of 1.0V. Thus, in
step 838, it is determined whether the Type 1II
calibration curve is completed (i.e., whether V, = 8V
for the example shown in Figure 8). If, in step S38 it

16



I n the neasurenent apparatus can be a planar retarding field spectroneter,
a hem spherical retarding field 5 spectroneter, a col li mati ng
magneti c field spectroneter, or any comercially avai l abl e
spectroneter, for, voltage contrast neasurenents/el ectron beamtesting. A
schematic diagram of the planar retarding field 10 anal yzer 16 used in the
nmeasur enment apparatus of Figure 5 is ill+B+ated in Figure 6. The energy
anal yzer 16 includes a reflection grid having a reflection grid voltage

VRE, a retardi nkp gletermined) thate Fypegildcabibrgtipnreprvesis ek ng
grid having a skomprétén " tfehd 19! b2ep [$39] ETheevd1 i@ dotn fgddéit on

ari g having an SULSEAS Mlhas V9N chathed! Sdsoalfls SesoaREd
separated by primetrement=d dishumsenat. abovie)e anflodsteps ©32+83€naxy
anal yzer 16 gm)réggggh&11 Figure 6, the reflection grid is separated

If, in step S38 it is determined that the Type II
calibration curve is completed, then step S84 is
complete, or, as an option, in step S40 the PC 10 can

~ plot the Type II calibration curve prior to the

10 completion of step S4. For instance, the PC 10 could

display on a display screen or output to a printer, the
Type II calibration curve as shown in Figure 8.

After obtaining the Type II calibration curve, an

actual specimen structure is located within the energy

15 analyzer 16, and' quantitative voltage contrast
measurements, corrected for Type I local field effects,
are made for N electrodes of the actual specimen
structure. The number of electrodes to be measured, N,
varies depending on the specimen, and each of the N

20 electrodes are treated in turn as the specimen
electrode.

The SEM 14 locates the electron beam on a specimen
electrode in step S6. Then in step S8, the retarding
grid voltage V; is varied such as was described in

25 obtaining the Type I and II calibration curves, the
output of the lock-in amplifier 20 is monitored, and
the PC 10 determines the measured peak voltage of the
specimen electrode as the retarding grid voltage V,
corresponding to the maximum output of the lock-in

30 amplifier S20.

Next, in step 810, the PC 10 obtains a
quantitative voltage contrast measurement of the
specimen electrode corrected for Type I local field
effects by reading, from the stored Type I calibration

35 curve (see Figure 7), the specimen electrode voltage
corresponding to the measured peak voltage. If a peak
voltage of the Type I calibration curve does not match



fromtihe retarding grid by 7.5nm the retarding grid is separated fromthe
shielding grid by 10.25mm the shielding grid is separated fromthe
extraction grid by 10.25mm and the extraction grid is separated fromthe
25 specinen plane by 2mm The speci nen pl ane includes a specinmen having a
speci nen el ectrode and adj acent el ectrodes. Figure 6 also shows that the
grids have a width of 29.5mm For purpose¥3of illustration, an electron
beam 30 represented by a dash-dot |ine is shown incident on specinmen

el ectrode [err¥he mepguredspeaknyoltagendehoncthe PEnko irtexppltatescd by

a vector havingtRe FpEcined rélattbodéslitdge tPesERCGrEEhE! eang an

angle [err] with respect to the el ectron begm Al so_shown i | gure 6,

t he speci men anﬁagﬁﬁgégﬁ?ne?‘éf‘(?o “?‘%\%:ef%ﬁ%ttﬁa& ﬁ§Foﬁh§na€lagare

spaced apart bymeasusédnpeak voltage. While the embodiment described

| 5 herein uses linear interpolation, applicants
contemplate the use of non-linear interpolation
techniques. Alternatively, curve fitting techniques
could be used. The above comments apply equally to all
interpolation performed by the present invention, and,

10 therefore, will not be repeated.

The PC 10 further monitors the period of time the
actual specimen structure undergoes electron beam
bombardment and exposure to air. When the period of
time exceeds a predetermined threshold, the PC 10

15 determines whether there is a positive charging
present, due to the buildup of a contaminant layer on
the specimen surface, by repeating the Type I
calibration curve nmeasurement and noting any
significant shifts in the repeated calibration curve

20 from the original calihration curve. Accordingly, in
determining the measured peak voltage for the remaining
electrodes of the actuallspecimen structure, the PC 10
uses the repeated Type I calibration curve in the same
manner as the Type I calibration curve.

25 The number of electrodes N depends on the actual
specimen structure, and in step 812, it is determined
whether all N electrodes have undergone the
measurements of steps S8 and S$10. If the answer in step
S12 is no, then in step S14, the SEM 14 locates the

30 electron beam on the next electrode to be measured as
the specimen electrode. Steps S8 and S10 are then
repeated for the new specimen electrode.

If the answer in step S12 is yes, then in step
S16, PC 10 corrects for the Type II local field effect

35 on the gquantitative voltage contrast measurements.
Figures 4(a)-4(c) are flow charts showing in greater
detail the steps comprising step S16. The correction



-7- bt The values of width a and space b will depend on the specinmen being
tested. The PC 10 can be an | BM personal conputer or other processing

devi ce which includes an anal og-to-digital 5 converter and a

digital -to-analag converter for interfacing with the neasurenent

appar at us. The buffer/anplifier circuit 12 receives instructions from
the PC 10, and outputs the reflection gr+tﬂ-retarding grid, and shi el di ng
grid voltages [err] to the 10 ener&y anal zer 16 in accordance with the

recei ved i nstr (RERMR . ToKcTERE &Lt LoFads ifd effechs . elaberated oifit he

vol tage SUDD'Yﬁlﬂé (iﬂtdiﬁt @haZt ofn ﬁ;@:ﬁﬁ)odl(mm(ﬁ)qmmmﬁww etWo
during operatlop; ? reflection grld voltage [err] is set to -5v, the 15

extraction gri ¥ \REPCeR8R®S1 o 100V, and the retarding grid voltage
[err] and thus the stmetHenfigwsitd iterative process, the voltages of

5 the adjacent electrodes for each of the N electrodes
are examined, and the shift in the peak voltage due to
the voltages of the adjacent electrodes are determined
for each of the N electrodes using the Type 1II
calibration curve. The PC 10 then determines a

10 corrected peak voltage for each of the N electrodes
using the determined shifts in the peak voltage, and
determines the actual N specimen electrode voltages
therefrom. If the largest peak voltage correction
amount falls below a predetermined tolerance gi.e.

15 achieves a desired measurement accuracy), then the
quantitative voltage contrast measurement process ends;
otherwise, the PC 10 begins a second iterative process.

The second iterative process differs from the

first iterative process in that the peak voltage

20 correction amounts of the adjacent electrodes are used,
instead of the voltages of the adjacent electrodes, to
determine the shifts in the peak voltage for each of

the N electrodes. The remainder of the quantitative
voltage contrast measurement process continues as in

25 the first iterative process. If, however, the largest
peak voltage correction amount of the second iterative
process exceeds the predetermined tolerance, the second
iterative process is repeated, and will only terminate
upon reaching the desired measurement accuracy. Each

30 successive iteration of the second iterative process
uses the peak voltage correction amounts of the
previous iteration of the second iterative process.

The first and second iterative process will now be
described in detail with respect to Figures 4(a)-4(c).

35 At the beginning of step S16, since this is the
beginning of the first iterative process, iterative
process counter K is set to one in step S42. Then, in
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voltage [err] are varied. Varying of the retarding grid voltage [err] is
di scussed in detail below The buffer/anplifier circuit 12 also outputs 20
voltages [err] and [err] to apply to the specinmen and adj acent el ectrodes

i n accordange with the received instructions. The buffer/anplifier
circuit 12 also receives, fromthe function generator 24, a small a.c.
si gnal of about 400nV  peak-to- peaks- The 25 buffer/anplifier

circuit 12 conbines, in a _summng circuit (not. shown), the small a.c.
signal with theSteR. Sddt the ngPerinenorlestrodec qauitten icd& Rekectqith
the instructiosse.from the PC .10. The buffer/anplifier circuit

the rotarding orid. Hir SeRpBede, othe: R¢ Ey Ahastind < the crrsriBRfbcam

on the speci nenebectroddeyvodtdgele Vgt antioV, ,8 debiexminesh ire step S10

scintillatorgphgbanidh bi-Blb8esdEH9CaPa 3-1, respectively, adjacent to

electrode i. Then, in step S48 the PC 10 determines

whether i equals one. If i equals one, then PC 10

sets, in step S50, the voltage V,, of electrode i-1

equal to the voltage V., of electrode i+l because

10 electrode i-1 does not exist.

After step SSO, or if i does not equal 1, the PC

10 determines, in step 852, if i equals N (the total

number of electrodes). If i equals N, then PC 10 sets,

in step S54, the voltage V.4 Of electrode i+l equal to

15 the voltage V,, of electrode i-1 because electrode i+l

does not exist.

The PC 10 determines, in step S56, the shifts,
Voot and Vici-1y¢ in the peak voltage of the specimen
electrode due to the voltages V,, and V,, of the
20 adjacent electrodes using voltages V,,, and V,, and the
Type II calibration curve. 8Shifts in the peak voltage
of the specimen electrode, me and Vp“.,“, are read
from the Type II calibration curve using the adjacent
electrode voltages V., and V,,, respectively. If a peak
25 voltage of the Type II calibration curve does not match
the measured peak voltage, then the PC 10 interpolates
the shift in specimen electrode peak voltage based on
the Type II calibration curve values greater than and
less than the measured peak voltage. '

30 Then in step S58, PC 10 determines the average
shift Vp(m according to the following equation:
Vocey = ( Vigi-ny + Vpgiey)  * 0.5 (1)

In step 860 the PC 10 accesses the specimen
electrode voltage V, determined in step S10

35 corresponding to electrode i, and reads the peak
voltage me corresponding to the voltage V; from the
Type I calibration curve. As described previously, PC



35 any other type of secondary electron (SE) detector, detects secondary

el ectron em ssions (See Fig. 6) fromthe specinmen el ectrode. The detector
18:outputs to the -8 lock-in anplifier 20 a voltage representing the
detected secondary el ectrons. The lock-in anplifier 20 al so receives the
smal | a.c. signal fromthe function generator 24 as a reference signal.

The lock-in 5 anplifier 20 differenti atesl®&te curve representing the out put

of detector 18 versus the retarding grid voltage [err] The output of the
| ock-in anplifidf imtespelapes dto ideterming the meak vMaktage MscdeeRiary

el ectron eni ssi gne. Typéer dulibratildit cuevle abekhfiotehiabéR thd Gvsl€sgé on
energy distribugion provides information on the voltage of the el ectrodes.

The retarding gfid
In step S62, the PC 10 corrects the peak voltage
5 V

iy corresponding to voltage V; by subtracting the
average shift Vumn from the peak voltage V““. The PC
10 then reads, in step S$64, the corrected specimen
electrode voltage for electrode i from the Type I
calibration curve using the corrected peak voltage Vociy

10 In step S66, the PC 10 determines and stores the
amount of correction V., ..., of the specimen electrode
voltage for electrode i. The amount of correction

\Qm+“, is determined by subtracting the specimen
electrode voltage V, for electrode i in step S60 from

15 the corrected specimen electrode voltage for electrode
i determined in step S64.

In step S68 the specimen electrode counter i is
incremented by one, and in step S70 PC 10 determines
whether all N electrodes have undergone the measurement

20 steps of S46-S66 (i.e., is i > N?).

If the answer to step S70 is yes, the PC 10
determines which of the correction amounts, V., for
the N electrodes is largest, Veorrmex), in step S874. Then

in step S76 the PC 10 determines if Veorrmaxy 1S 1ess than
25 a predetermined tolerance value. The tolerance value
will depend on the accuracy required for the corrected
specimen. voltage and the computation time incurred in
performing the correction scheme. This value is also
dependent on the increment step size chosen for the
30 retarding grid voltage V, (typically not more than an
order of magnitude smaller than the increment), as it
will not make sense to correct the voltage to an
accuracy which the calibration process is not able to
give (again this depends on the accuracy of the
35 interpolation in reading values' from the stored
calibration curves). If the answer in step S76 is yes,
then the corrected specimen electrode voltages for the



voltage [err] where the output of the lock-in anplifier 20 is maxi num

I ndi cates the peak of the secondary electron distribution. The | ock-in
anplifier 20 may be a 15 commercially available |lock-in anplifier such as
the SR-530 Lock-in Anplifier from Stanford Research Systens. The PC 10
receives the output of the lock-in anplifier 20, and neasures the
quantitative voltage 20 contrast based -t¥¥er eon. The out put of the
lock-in anplifier 20 can also be npnitored u5|ng OSCI||OSCOpe 22. The

quantitative vdltekrctrpdes deteminedein sEePoPfddare detarminad Asht
apparatus of Fighe %miﬁa@ﬁé%mﬁwn@&w&&éﬁ&ﬁm.to the flow

Tk ng quant L1 at i ve Yol ti ARRNGF -8 FESB.PLRorEs hown them, Hs Pery
cal i bration curMserstioid ai prdcesbe begins with incrementing the
5 iterative process counter K in step 878, setting the
measurement electrode counter to one in step 8S82,
setting the specimen electrode voltage for electrode
i+1 equal to the correction amount V..., for electrode
i+l in step S86, and setting the specimen electrode
10 voltage for electrode i-1 equal to the correction
amount V. .., for the electrode i-1 also in step S86.

After step S86 the second iterative process beings
measurement processing at step S48.

If the answer in step 870 is no, then in step S72

15 it is determined if the iterative process counter K is
greater than one. If the answer to step S72 is yes,
then second iterative processing continues beginning at
step S86. If the answer to step 872 is no, then first
iterative processing continues beginning at step S46.

20 Figure 9 is a graph of the error in the measured
specimen electrode voltage, as to Type I local field
effects only, versus the actual specimen voltage Vg with
the adjacent electrode voltages set to zero. Figure 9
provides a comparisonkbetﬁeen the conventional feedback

25 technique and three methods (A, B, and C) according to
the present invention.

Method A is the method just described above with
respect to Figures 1-4(c) (i.e., Neumann boundary
conditions are used). Method B is the same as method

30 A except that in step S50, VP1'is set to zero and in
step S54, V,,, is set to zero (i.e., Dirichlet boundary
conditions). Method C is also the same as method B
except that step S86 is omitted. As seen from Figure
9, the present invention provides for greatly increased

35 accuracy in measuring gquantitative voltage contrast.

Figure 10 is a scatter plot showing the error in
the measured electrode voltage, when both Type I and
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30 Type | calibration curve, which is a plot of peak voltage versus

speci nen el ectrode voltage, wll be used in later steps for correcting
Type | local field effect errors. Figure 2 is a flow chart showi ng the

nmet hod for 35 abtaining the Type | calibration curve. The
description of the flow chart showmn in Figure 2 will be made in association
with an exanple of a Type | REPLACEMENT &t4=ET Date: -7 FEB 199 -9-
calibration curve shown in Figure 7. A three- electrode,

unpassi vat ed r efypent swooadt ufteldyvefifeatpr dtemprégent ni versusethede

wi dth: spaci ng ageti§) A1l r e VST M6t Wike spidifen Hiiadihdddr € 6,

electrodes when method B is followed. As with Figure

9, Figure 10 illustrates the accuracy obtained by the

5 present invention in quantitative wvoltage contrast

measurements.

The invention being thus described, it will be

obvious that the same may be varied in many ways. Such

_ variations are not to be regarded as a departure from

10 the spirit and scope of the invention, and all such

modification as would be obvious to one skilled in the

art are intended to be included within the scope of the
following claims.



5 is placed in the energy analyzer 16. In obtaining the curve of Figure 7,
an unpassi vated reference structure having an el ectrode w dth: spaci ng of
10:5 m crons was used. The specinmen el ectrode voltage [err] is fixed, and

t he adj acent, el ectrode voltages [err] and [err] are set to 10 zero in step
S20. In Figure 7, the specinen electrode voltage [err] was initially set to
-8V. The retarding grid voltage is then vm+ed in step S22. |In obtaining
the calibration curve of Figure 7, the retarding grid voltage [err] was
varied from5V to -20V 15 in increnments of 0.5V. A finer increnent could be
used depending on the resolution and accuracy required for the neasurenent.
The PC 10 then stores in step S24 the value of [err] when the output of the
| ock-in anplifier 20 is a maxi mum along with the correspondi ng val ue of
[err] 20 The stored value of the retarding grid voltage VR is the peak

vol tage at the specinen electrode voltage [err] The above steps S20-24

obt ain one point on the

I/we claim:
1 1. A method of measuring quantitative voltage

2 contrast comprising the steps of:

()

(a) outputting instructions from a processor to an
energy analyzer and scanning electron microscope;

(b) locating an electron beam of said scanning
electron microscope on a specimen electrode of a
specimen structure based on said instructions;

(c) varying a grid voltage of said energy analyzer

W ® N 6 e

in accordance with said instructions:

10 (d) detecting secondary electron emission from
11 said specimen electrode with a detector of said
12 scanning electron micréscope:

13 (e) determining a measured peak voltage of said
14 specimen electrode based on output from said detector:;
15 (f) obtaining a specimen electrode voltage .
16 corrected for type I local field effect error using
17 said measured peak voltage and a type I calibration
18 curve, said type I calibration curve representipgﬂpeak

19 voltage versus specimen electrode voltage; and

* [ L L] s *



Type ¢ calibration curve. To obtain successive points, the above operations
are repeated for different values 25 of the specinen el ectrode voltage
[ekr] For instance, as shown in Figure 7, the specinen el ectrode voltage
was varied from:8V to 8Vin increments of 1.0OV. Again, finer increments
coul d be chosen dependi ng on the desired accuracy and resolution. Thus, in
step S26, it 30 is determ ned whether the2@ype | calibration curve is
conpleted (i.e., whether [err] = 8V for the exanple shown in Figure 7). If,
in step S2620t is defd)nierxrecking h&orykype cIL blocabn field effect
conpleted, then in step S28, the value of the specinen_voltage Vs is 35
changed acc®ldi AEreEs dfe QHiRWepf ssardc ster veasgdqox éhstype- I are

r epeat ed. -10-
P 22 calibration curve, said type II calibration curve

23 representing a shift in specimen electrode peak voltage

24 versus adjacent electrode voltage.

1 2. The method of claim 1, wherein éaid step (c)
2 varies a grid voltage of a retarding grid of said

3 energy analyzer.

1 3. The method of claim 1, further comprising the

2 steps of:

3 (h) preparing said type I calibration curve; and
4. (i) preparing said type II calibration curve.
1 4. The method of claim 3, wherein said step (h)
2 comprises the steps of:
3 (hl) providing a three-electrode, unpassivated
4 reference structure, said three electrodes including a
5 center electrode and two adjacent electrodes;
6 (h2) applying, via siid energy analyzer, a fixed
7 voltage to said center electrode and a zero voltage to
8 said two adjacent electrodes based on said
9 instructions:;
10 (h3) varying said grid voltage in accordance with

11 said instructions:;
12 (h4) determining a reference peak voltage based on

13 output from said detector;

WA



If, im step S26 it is determned that the Type | calibration curve is
conpleted, then step S2 is conplete, or, as an option, in step S30 the PC
10.can plot the Type | calibration curve prior to the 5 conpletion of step
S2. For instance, the PC 10 could display on a display screen or output to
a printer, the Type | calibration curve such as shown in Figure 7. Figure 7
further illustrates that the nmethod of ob2a+ning the Type | calibration
curve can be repeated 10 for the sanme reference structure to obtain a
repeated Typ4& | cal (b6it istoring veaid Faferengeatpahk Typdtagecawibhation
curve represents the shift in_the repeated neasurenent fromthe original
measur enent 18ueresppeti tpyeadfafirad ¥plhagemt ani nant | ayer which builds 15
up on the surface of a structure (reference or specinen) as a result of

prol onged el ectron beam bonbardnent and exposure to air.
1, after obtfining tge T%R%

2 comprises the steps of:

3 (il) providing a three-electrode,

W 0 N o 0 b

voltage to said center electrode and

As shown in Figure

hethod of claim 3, wherein said step (i)

unpassivated
reference structure, said three electrodes including a
center electrode and a first and second adjacent
electrode adjacent to said center electrode;

(i2) applying, via said energy analyzer, a fixed

voltage to said first adjacent electrode and a zero

said second

10 adjacent electrode based on said instructions;

11 (13) varying said grid voltage in accordance with

12 said instructions;

13 (i4) determining a reference peak voltage based on

14 output from said detector:;

15 (i5) temporarily setting said first adjacent

16 electrode to a base voltage;

17 (i6) measuring a base peak voltage using output

18 from said detector:;

19 (1i7) subtracting'said base peak voltage from said

20 reference peak voltage to obtain said reference peak

21 voltage shift; and

22 (i8) storing said reference peak voltage shift

23 with respect to said fixed voltage.

A



calibration curve, the Type Il calibration curve is 20 obtained in step $4.
The Type |1 calibration curve, which is a plot of the shifts in peak
volktage of the specinen el ectrode versus adjacent el ectrode voltages, wll
be used in later, steps to correct for Type Il local field effects. 25
Figure 3 is a flow chart showing the nethod for obtaining the Type II
calibration curve. The description of224e flow chart shown in Figure 3
will be nmade in association with an exanple of a Type Il calibration curve
shown in FRgure 86. The metbod 88 cledm dde wheneidsisaidstep e(ehce
structure having approximately simlar electrode w dth:spacing as the
actual speci#encemprisescthe gkens efivwn in Figure 6, is placed in the

energy anal yzer 16. |n_obtaining the curve of Figure, (8, an un si vat ed
reference stfucture éﬁlhap?’ﬂa“ﬁgngl Ec T vﬁ’ﬁtﬂggBHEi & OB %ia‘i &FeP ons
wes used. Mg ofqj NGepdh8sRiahesh  98Fesgb} 2gRa (o] and V2

5 (e2) determining said peak voltage as an

6 inflection point in said curve.

1 . 7. The method of claim 4, wherein said step (h4)
2 comprises the steps of:

3 (h4l) producing a curve of output from said
4 detector versus said grid Voltage; and

5 (h42) determining said reference peak voltage as
6 an inflecfion point in said curQe.

1 8. The method of claim 5, wherein said step (i4)
2 comprises the steps of:.

3 (i41) producing a curve of output from said
4 detector versus said grid voltage; and

5 (i42) determining.said reference peak voltage as
6 an inflection point in said curve.

1 9. The method of claim 1, wherein said step (f)
2 includes the step of reading said specimen electrode
3 voltage from said type I calibration curve using said
4 measured peak voltage.

1 10. The method of claim 1, wherein said step (g)

2 comprises the steps of:

* c L M H *



Is fixed, and the other adjacent el ectrode voltage and t he speci nen

el ectrode voltage [err] are set to zero in step S32. For purposes of
description, it will be assunmed that adjacent electrode voltage V2 is
fixed. As shown',in Figure 8, the adjacent electrode voltage V2 is 5
initially fixed at -8V. The retarding grid voltage [err] is then varied in
step S34. The maxi mum range of variatior23+ the retarding grid voltage is
5to -50Vin incrememrmts of 1V. Typically, however, the range of 5 to -20V
at 0.5V 10 3 ncrenentgl) calsydating dansaveragespeak, voleage shift tfosr

I ncrement can be changed to suit accuracy requirenents. The range

itself nust4 SHaisl spaginaly /qlaatnode using Saick typea I3 caddbratdeinry

el ectron distribution. The above equally applies to obtaining
5 curve;

6 (92) reading a peak voltage of said specimen
7 electrode from said type I calibration curve using said
8 specimen electrode voltage;

9 (g3) correcting said read peak voltage using said
10 average peak voltage shift to pfoduce a corrected peak
11 voltage; and

12 (g4) reading a corrected specimen electrode

13 voltage from said type I calibration curve using said

14 corrected peak voltage.

1 11. The method of claim 10, wherein said step

2 (g91) includes the steps of:

3 (g1l1) obtaining a first and a second specimen

electrode voltage for a first and a second electrode

adjacent to said specimen electrode, respectively:
(g912) reading first and second peak voltage shifts

corresponding to said first and second specimen

electrode voltages from said type II calibration curve;

v 0 N 0 >

and
10 (913) calculating an average of said first and

11 second peak voltages shifts.

1 12. The method of claim 10, wherein said step

2 (g3) includes the step of (g31) subtracting said

- R ) O
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15 the Type | calibration curve. The PC 10 then stores in step S36 the

val ue of VR, when the output of the lock-in anplifier 20 is a nmaxi num as a
nmeasured voltage and stores the correspondi ng value of V2. The PC 10 then
determnes 20 the shift in the retarding grid voltage. This is
acconplished by tenporarily setting the adjacent electrode voltage to a
base | evel, e.g. zero, and storing the otg4ut of the lock-in anplifier as a
ref erence voltage. Afterwards, the adjacent electrode 25 voltage V2 is
returned to 3t avyeragepeakvekkagde \shifiTeraC sid readipeakivaktadgee shift
inretarding grid voltage [err] by subtracting the reference voltage from

t he neasured v@hiffe: The above steps S32-36 obtain one point on the 30
Type Il calibration curve. To obtain successive points, the above
operations are repeated for different values of the adjacent el ectrode

vol tage V2. 1F or | nStﬂ] .‘:’e"l'haeS method of claim 1, wherein said step (g)
2 comprises the steps of:

(gl) reading, from said type II calibration curve,

a first and second peak voltage shift corresponding to

a first and second electrode adjacent said specimen

3

4

5

6 electrode; and
7 (92) calculating an average peak voltage shift for
8 said specimen electrode using said first and second
9 peak voltage shifts;

10 (g3) reading a peak voltage of said specimen
11 electrode from said type I calibration curve using said
12 specimen electrode voltage:

13 (g4) correcting said read peak voltage using said
14 average peak voltage shift to produce a corrected peak
15 voltage; and

16 (g5) reading a corrected specimen electrode

17 voltage from said type I calibration curve using said

18 corrected peak voltage.

1 14. The method of claim 13, wherein each
2 electrode of said specimen structure is treated as a
3 specimen electrode, and further comprising the step of:
4 (h) repeating steps (b), (c), (d), (e) and (f) for

5 each electrode of said specimen structure; and

* c L L} L *



shown-in Figure 8,-the adj acent el ectrode voltage V2 was varied from-8V to
8V in increnents of 1.0OV. Thus, in 35 step 838, it is determ ned whet her

the Type Il calibration curve is conpleted (i.e.,, whether V2 = 8V for the
exanpl e shown in Figure 8). If, in step S38 it -12- is determ ned that
the Type Il “calibration curve i s not conpl eted, then in step S39, the value

of adjacent el ectrode voltage [err] is clesged according to the increnments
di scussed above, and steps S32-S36 are 5 repeated. If, in step S38 it is
det ermi ned téat the @parepembimmratepn(gnrﬁ@r|@a@m®1@,¢wdemﬁ sakd 4 is
-conplete, or, as an option, in step S40 the PC 10 can plot the Type |

cal i brati on turskegimen strugkure.

15. The method of claim 14, wherein

said step (g) further includes the step of (g6)
determining a correction amount for said specimen
electrode; and further comprising the step of,

(j) determining a maximum one of said correction
amounts;

(k) comparing output of said step (j) to a

threshold émount; and

© 00 N 6 0 W R

(1) re-correcting for said type II local field
10 effect error in output of said step (g5) based on a

11 result of said step (k).

1 16. The method of claim 15, wherein said step
2 (g6) includes the step of (g6l) subtracting the
3 specimen electrode voltage from the corrected specimen

4 electrode voltage.

1 17. The method of claim 15, wherein said step (1)

2 comprises the steps of:

3 (11) setting said first and second peak voltage
4 shifts equal to said correction amount for said first
5 and second electrodes adjacent said specimen electrode;
6 and

7 (12) repeating steps (gl)-(g5).

* c L M S *



10 conpletion of step S4. For instance, the PC 10 could display on a

di splay screen or output to a printer, the Type Il calibration curve as
shewn in Figure 8. After obtaining the Type Il calibration curve, an actual
specimen structyre is located within the energy 15 analyzer 16, and
quantitative voltage contrast neasurenents, corrected for Type | |ocal

field effects, are nade for N el ectrodes-28-the actual specinen structure.

The nunber of electrodes to be neasured, N, varies depending on the

speci men, arld each di8+{ he An20apparatusdesfore meaguwing n quantitative

speci men el ectrode. The SEM 14 | ocates the el ectron beam on a specinen

el ectrode i ? st¥ptage GRNEY3EE (QeMBIBLSING: ret arding grid voltage [ERR] is

vari ed such as was described in 25 .obtaining. the el and Il calibration
Curves, the But put deaf EOEK GUERHERING cHRSETHCtADAR, GibdanaRReERY pC 10

det er m nes t4h € ar;xeaaj.syuzreeéi and' ksé/aorlntxf‘rgge eolf.ect:tt]reon microscope;

5 means for locating an electron beam of said
6 scanning electron microscope on a specimen electrode of
7 a specimen structure based on said instructions;

8 means for varying a grid voltage of said energy
9 analyzer in accordance with said instructions;

10 means for detecting secondary electron emission
11 from said specimen eledtrode;

12 means for determining a measured peak voltage of
13 said specimen electrode based on output from said means
14 for detecting;

15 means for obtaining a specimen electrode voltage
16 corrected for type I local field effect error using
17 said measured peak voltage and a type I calibration
18 curve, said type I calibration curve representing peak
19 voltage versus specimen electrode voltage:; and

20 means for correcting for type II 1local field
21 effect error in oﬁtput of said means for obtaining
22 based on a type II calibration curve, said type II
23 calibration curve representing a shift in specimen
24 electrode peak  voltage versus adjacent electrode

25 voltage.

_ e
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speci nmen el ectrode as the retarding grid voltage [err] corresponding to the
maxi mum out put of the lock-in 30 anplifier S20. Next, in step S10, the PC
10.obtains a quantitative voltage contrast measurenment of the specinen

el ectrode corrected for Type | local field effects by reading, fromthe
stored Type 1 calibration 35 curve (see Figure 7), the specinen el ectrode
vol tage corresponding to the neasured peag7v¥oltage. |f- a peak voltage of
the Type | calibration curve does not match -13- the measured peak

vol tage, theh the PC190 iTherappatatus hoef syladmas,ewhereddesadtlt mgansased
on the Type | calibration curve values greater than and | ess than the
measur ed peaR vEpradetevpininghineludesnanlodksini auplifier means for

3 producing a curve of output from said means for
4 detecting versus said grid voltage, and for determining

5 said peak voltage as an inflection point in said curve.

1 20. The apparatus of claim 18, wherein said means

N

for obtaining includes memory means for storing said
type I calibration curve; and means for reading said
specimen electrode voltage from said type I calibration

curve stored in said memory means using said measured

o u e W

peak voltage.

21. The apparatus of claim 18, wherein said means
for correcting.for type II local field effect error
comprises:

means for calculating an average peak voltage
shift for.said specimén'electrode using said type II
caliﬁration curve;

first means for reading a peak voltage of said

specimen electrode from said type I calibration curve

O 0 N o0 0 b W N

using said specimen electrode voltage:

means for dorrecting said read peak voltage using

[
o

said average peak voltage shift to produce a corrected

-
.

12 peak voltage: and.
13 second means for reading a corrected specimen
14 electrode voltage from said type I calibration curve

15 using said corrected peak voltage.
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5 herein uses | i near I nt er pol ati on, applicants contenplate the

use . of non-linear interpolation techniques. Al ternatively, curve
fitting techniques could be used. The above comments apply equally to al
“interpolation performed by the present invention, and, 10 therefore, wll
not be repeated. The PC 10 further nonitors the period of time the actual
speci men structure undergoes el ectron beeggbonbardnent and exposure to air.
When the period of tine exceeds a predeterm ned threshold, the PC 10 15
determ nes whether there is a positive charging present, due to the buil dup
of a contam nant |ayer on the specinmen surface, by repeating the Type |
calibration 1 curve 2ZeasThenapparatyg of retally 21 griyheregin fneans fts in
the repeated calibration curve 20 fromthe original calibration curve.

Accor di ngl y, 2i nrcateaiating inetudessur ed peak voltage for the remaining

electrodes of the acﬁggﬁss gglgg@afﬂiggtgrfiréQ?aégégigecond specimen

4 electrode voltage for a first and a second electrode
5 adjacent to said specimen electrode, respectively:

6 means for reading first and second peak voltage
7 shifts corresponding to said first and second specimen
8 electrode voltages from said type II calibration curve;
9 and

10 means for averaging said first and second peak

11 voltages shifts.

1 23. The apparatus of claim 21, wherein said
2 means for correcting subtracts said average peak

3 voltage shift from said read peak voltage shift.

1 24. An apparatus for producing a type I

calibration curve, comprising:

N

W

a three-electrode, unpassivated reference
structure, said three electrodes including a center
electrode and two adjaéent electrodes, said reference
structure being disposed in an energy analyzer of a
scanning electron microscope; |

means for applying; via said energy analyzer, a

W ®© N 6 O s

fixed voltage to said center electrode and a zero

10 voltage to said two adjacent electrodes:;

* c L M S * ’



uses the repeated Type | calibration curve in the sane manner as the Type |
calibration curve. 25 The nunber of el ectrodes N depends on the
actual specinen structure, and in step S12, it is determ ned whether al

N -electrodes have undergone the neasurenents of steps S8 and S10. |f
the answer in step S12 is no, then in step S14, the SEM 14 | ocates the 30
el ectron beam on the next electrode to bezgeasured as the speci nen

el ectrode. Steps S8 and S10 are then repeated for the new specinen
el ectrode. 11 the anmeensi fosxt aardtihg sa ygridt vedltagestiafh =il ety
corrects for the Type Il local field effect 35 on the quantitative voltage

contrast neddurandhygerrigures 4(a)-4(c) are flow charts showing in greater

detail the steps conprising step S16. The correction ..
13 means for detecting secondary electron emission

14 from said reference structure;

15 means for determining a reference peak voltage
16 based on output from said means for detecting; and

17 means for storing said reference peak voltage with

18 respect to said fixed voltage.

25. An apparatus for producing a type I
calibration curve, comprising:

a three-~electrode, unpassivated reference
structure, said three electrodes including a center
electrode and a first and second adjacent electrode
adjacent to said center electrode, said reference
structure being disposed in an energy analyzer of a

scanning electron microscope;

W 0 N & O b W N

means for applying, via said energy analyzer, a

-
o

fixed voltage to said first adjacent electrode and a

[y
=

zero voltage to said center electrode and said second

=
N

adjacent electrode;
13 means for varying a grid voltage of said energy
14 analyzer:
15 means for detecting secondary eleéﬁron emission
16 from said reference structure;

.17 means for determihing a reference peak vo;ltage

18 based on output from said means for detecting;

* € L M §



-14- schenme for Type Il local field effects, elaborated in the flow chart
of Figures 4-a -4-c, includes two iterative processes. In the first .
~iterative process, the voltages of 5 the adjacent el ectrodes for each of
the N el ectrodes are exam ned, and the shift in the peak voltage due to the
vol tages of the adjacent electrodes are determined for each of the N

el ectrodes using the Type Il calibration-zesve. The PC 10 then determ nes
a 10 corrected peak voltage for each of the N el ectrodes using the

determi ned ¥hi fts i medms phak temkpacgrilyn ekt ngiseid t firsictadjadcespeci nen
el ectrode vol tages therefrom If the | argest peak voltage correction
amount f al 120 be¢berctrode deo ca nbare volbtagete (i.e. 15 achieves a desired
measur enent accuracy), then the quantitative voltage contrast mneasurenent
process endd ot her R@aNS { FOIPMERJSREINGs & baesnFPeaker ¥oLEadsr Jietng

22 output from said means for detecting;

23 means for subtracting said base peak voltage from
24 said reference peak voltage to obtain said reference
25 peak voltage shift; and |

26 means for storing said reference peak voltage

27 shift with respect to said fixed voltage.

e e

[T



The second iterative process differs fromthe first iterative process in
that the peak voltage 20 correction anounts of the adjacent el ectrodes are

used, instead of the voltages of the adjacent el ectrodes,
shifts in the peak voltage for each of the N el ectrodes.

of

the quantitative voltage contrast measurenent process continues as in 25
the first iterative process. |f, howevesi-he | argest peak voltage
correction anount of the second iterative process exceeds the predeterm ned
tol erance, the second iterat ABSTRACTCOF THE HISCIOSUREND Wi ll only
term nate upon reaching the desired nmeasurepent accuracy. Each 30
successive iterati odmof ahe method | andat | apppratuss ks t Reaguxiingol t age
correction anounts of the previous iteration of the second iterative

process. The fduantdtative,yoltage,coptrasiocan silectyon beameof; thed in

detail with respect ,to Figures 4

since this is

10

15

nning electron microscope is locate n a specimen
€lectrode, and a grid' voltage of an energy analyzer of
the scanning electron microscope is varied. A detector
detects secondary electron emission from the specimen
electrode. A measured peak voltage of the specimen
electrode is determined based on output from the
detector. A specimen electrode voltage corrected for
type I local fieid effect error is then obtained using
the measured peak iroitage and a type I calibration
curve. The type I calibration curve represents peak
voltage versus specimen electrode voltage. Type II
local field effect error in the specimen electrode
voltage is thén corrected based on a type 1II
calibration curve. The type II calibration curve

represents a shift in specimen electrode peak voltage

versus adjacent electrode voltage.

to determ ne the
The remai nder

-a,-4-c-.- 35 At the gegi nni ng of, step S16,
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begi nning of the first iterative process, iterative process counter Kis
set to one in step S42. Then, in REPLACEMENT SHEET Date: -7 FEB 1996

step S44 the specinen el ectrode counter i is set to one. In step S46, the
PC 10 accesses the speci nmen el ectrode vol tages [err] and [err] deternined
in step S1I05 for electrodes i+1 apd i-1, respectively, adjacent to

electrode i. Then, in step S48 the eterm nes whether i equals one.
If i equals one, then PC 10 sets, ijn"Step) S50, the voltage [err] of,
el ectrode i-1 equal to the vol tage er of el ectrode I +1 because 10
el ectrode i-1 does n§ 2)“1 er gr S50, or i T not equal 1, the

PC Obtam ypel ation Curve ()-.-.mfg
Meﬁ&-f enedt AW&M P o FiG. S'J

< Q | Obtain Type il Calibration Curve Usivg the ]
Mecscrement t4'ﬂa-.ra.+-s oFFig. 5 f

| Usieg the Meosromer & Acatis of FIG.5 \
5 é locate Hhe e/eC#OA/ .éeqm
on electrode of actual specimen at whlch

voltage is to be measured

Va:?y VR and note value at which lock-in amplifier
Sg shows maximum output. This is the measured peak voltage
of the electrode on the actual specimen.

Correct for Type | Local Field Effect:

Using Type | Calibration Curve, obtain

S {0 the corresponding specimen voltage

of the electrode from the measured
peak voltage.

Sy

Move electron beam

Measurements of all N

{0 next electrode

Electrodes Completed ?

Figure 1

S IQ Correct for Type il

Local Field Effect:
) This Sheet Has Been Relilac

End
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10 deternmines, in step S52, if i equals N (the total nunber of electrodes).
If i equals N, then PC 10 sets, in step S54, the voltage [err] of electrode
i +1 equal to 15 the voltage [err] of electrode i-1 because electrode i+
does not exist. The PC 10 determines, in step S56, the shifts, [err] and
[err] in the peak voltage of the specinmen el ectrode due to the voltages
[err] and [err] of the 20 adjacent electrodes using voltages [err] and
[err] and the Type Il calibration curve. Shifts in the peak voltage of the
speci nen el ectrode, [err] and [err] are.read fromthe Type Il calibration
curve using the adjacent e eg%#gg *eltages [err] and [err] respectively.
If a peak 25 voltage of the ,b calilbration curve does not match the
nmeasured peak voltage, then the PL 10 interpolates the shift in specinen

el ectrode peak voltage based on the Type Il calibration curve val ues

greater than and | ess than the neasured peak voltage.
- f

52'0 Fix ‘[S)QJA Sg—‘- V\:\/Z-:¢

;

S22 Varﬁ ‘/.Z add (,,/J, tHe l&/dc. 01£ l[{ |
ab ki ch e Lock-1t amp, '3 Ao,

$

Ddore thas valae. eof VQ a.\,c( f:ke; S 27,
Corraspodi‘""s Va{ue_ ot VS '

s28 S26
Clovse Vs with Type L
-1 V=U=g /f Calihrutions Cucve
| Complede d &
| Y
S30 (optionald Plot Type T Colibeuchon
Corve (Sce FicpeT )

En D

F?ﬂuréfZi

(S'\'e.p S 2_)
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30 Then in step S58, PC 10 determ nes the average shift [err]
according to the follomﬁng equation: [err] ( [err] + [err] *0.5
(1) I'n step S60. the PC 10 accesses the specinen el ectrode voltage [err]

determined in step S10 35 corresponding to electrode i, and reads the
peak voltage [err] corresponding to the voltage [err] fromthe Type |
calibration curve. As described previously, PC -16- 10 interpolates to

determ ne the peak voltage [err] when the Type | calibration curve does not
match the voltage Vi. In gtep S62, the |PC 10 corrects the peak voltage 5

[err] corresponding to voltébeﬂkttﬂ] byl subtracting the average shift [err]
fromthe peak voltage [err] The

Y

S32 | Fix \[Z; wad Set V\:V5:¢J

i

Vk

S39 | Va

J

Stoce WIS blue of V avd Corre.?oodc//»/j

ﬁ{wo«ﬁf § omrd («!c-«lc«:f{, He shift v V@ S3é

S39

C_La..rxe. \/z ua\u*Hv\

S38

Ty T

N V‘ - \/5 = ¢ ud Ca-'-'lrcd‘iom Cucve
[°-9 ‘e{g A ?
S?OJ . (Op+ca~al> Plo“(‘ ’y(t_x C“\ Lm—-‘-{uq
Curve (34'.: f"-so.zs )

|

En D

Fﬂuf‘e- 3

(S‘i’ep S L])
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10 thenh reads, in step S64, the corrected specinmen el ectrode voltage for
electrode i fromthe Type | calibration curve using the corrected peak
voltage [err] 10 In step S66, the PC 10 determ nes and stores the
anount of correction [err] of the specinen el ectrode voltage for el ectrode
I . The anount of correction [err] is determ ned by subtracting the

speci nen el ectrode voltage [err] for electrode i in step S60 from 15 the
corrected speci nmen el ectrode volt ode i determned in step
S64. In step S68 the specinen el gc untef i is increnented by one,
and in step S70 PC 10 determ nes al | el ectrodes have undergone
t he neasurenent 20 steps of S46-S66 (1.¢., I1s1 > N?). |If the answer to

step S70 is yes, the PC 10 d correction anounts,

[err] for the N el ectrodes ib1§ﬁf§§ﬁ¢ep.{oeé£§:x&§t PpSSf4 Then in step S76
'S han

the PC 10 determnes if [err ess t

—

/

Start with 1st Electrode: i = 1 5 L/'L(

Note Neighbouring Electrode Voltages,

i S
Vi_y &V, of Electrode YL,

©

Fiss. 4y - 4(cy

438
Ye

S50
shows S$tee SIG6
S5y

From -b’\g‘l‘y(velr CoJier:\-}a./G_.“¢) Je_-'-c_;,utuc, 5L}£45 ) ‘40("403 and
Vali-n , tw the pem K wltaye of the specimen 356

&(c_-‘w’bc(e Joe. to \/.-'44 a-tJ Vf._( )fesfe.c'r‘,)e.\-a,

1

Calculate Average Shift:

=V +V ]% 05 >55

Vp(av) pli~1 pli+1)
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25 a ptedetermned tol erance value. The tol erance valu€e will depend on the
accuracy required for the corrected specinen voltage and the conputation
time incurred in performng the correction schenme. This value is al so

dependent on.the.increnment step si ghosen for the 30 retarding grid
voltage [err] (typically not nore N an order of magnitude smaller than |
the increment), as it will not makeySense to correct the voltage to an
accuracy which the ¢ give (again this
-depends on the accurja®btal~ tdha ?Eodmfcdﬁ EatMP@ﬂ) in re % val ues fromthe
stored calibration cuwﬁ%ﬁbhﬂw e SEER {S7q + aés, t hen the
corrected speci nen gl egé¢ vpl¥ages for the -17-f N el ectrodes

determ ned in step S64 are determ ngd as
1

Correct for V() : .
et for Vp scz
Vp(i) - Vp(D ~ Votaw)
4
Find Corrected Specimen Voltage of SQ C/

Electrode i corresponding to corrected Vpﬁ)

Store Amount of Correction of Specimen Voltage S C’Q
of Electrode i. Call this V

corr(i)

izit1| S 68

=270

v

{ Find Largest Amount of Correction for All < 7
N Electrodes. Call this Vco_r_r(max) . S[
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the- quantitative voltage contrast neasurenents. |f the answer in step S76
is no, then the second iterative process begins wth increnenting the
5 .iterative process counter Kin step S78, setting the neasurenent
electrode countegr to one in step S82, setting the specinen el ectrode
voltage for electrode i+l equal to the correction anount [err] for .
electrode [err] in step S86, and setting the specinen el ectrode 10 voltage
for electrode i-1 equal to the correction anount [err] for the el ectrode
i-1 also in step S86. After step S86 the second iterative process beings
measur enent processing at step S48. If the answer in step S70 is no, then
in step S72 15 it is determned if the iterative process counter Kis
greater than one. If the answer to step S72 is yes, then second iterative
processi ng conti nues begi nni ng at S86. If the answer to step S72 is
no, then first iterative processi nti nues beginning at step S$46.

S76

Veorrimaxy < Tolerance ?

Yes

JNo

k=k+1| DT

Set vl -1 =Vcorr(i-1) 5 g/é

vi+1 = Vcorr(i+1)

End
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20 - Figure 9 is a graph of the error in the neasured specinen

el ectrode voltage, as to Type | local field effects only, versus the actual
speci nen voltage [err] with the adjacent el ectrode voltages set to zero.
Figure 9 proyvides a conparison between the conventional feedback 25

techni que and three nethods (A, B, and C) according to the present

I nvention. Method A Is the nmethod just described above with respect to

Figures 1-4-c, (i.e., Neumann boundary conditions arejused). Method B is
the sane as nethod 30 A except that in step S50, | ,zero and
in step S54, [err] is set to zero (i.e., Dirichletf boundary condftions).
Method Cis also the sane .as net 2\(:/1 B ‘except that ptep S86 is oﬂtted. As
seen fromFigure 9, the present gi‘fiventi on provides| for greatly ificreased 35
accuracy in maR@i ng quantitatlve vol tage contrasg. F@ 10 i § a scatter
pl ot show ng error in the reasured elfctrode vpltage, when bpth Type |
and )
G —y _/
Amplifier . L i8
Circuit b Detector
VRE
VR /VSH Energy
VS. Vi, V2 Analyzer VE
Small Amplitude
A.C. Signal
(To Retarding Grid) ‘
Function | Lock—In
Generator Amplifier
Reference SEM Detector
Signal Output

| Lock—In Output

Oscilloscope [~ 2%

Figure 5§
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REPLACEMENT SHEET Date: 7 FEB 1996 Type Il local field effects are
present, versus the actual electrode voltage for the specinen and adjacent
el ectrodes when nethod B is followed. As with Figure 9, Figure 10
illustrates the accuracy obtained by the 5 present invention in
quantitative voltage contrast neasurenents. The invention being thus
described, it will be obvious that the sane may be varied in nmany

Such variations are not to be regarded as a departure from 10 Hé¥6p|r|t
and scopefof the i nventhgﬁbctmdaaalvR%ueh. swdi fication as

be obvi ous

Direction of SE Emission 2 mm

to one s led in the art are intended to be included w he scope of
the flolTTowihg cl ai ns. ', i
7.5 mm
Retarding Grid Vg ,
. . !k
: 10.25 mm
Shielding Grid Vgiy= VR :
" 1T
: - -110.25 mm
. Extraction Grid Vg = 100 V
' Normal to Specimen Plane

x|

Specimen Plane

a = Electrode Width

b = Separation Between Electrodes

[
. ——
e

—

Figure &
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-19- {/we claim 1 1. A method of neasuring quantitative voltage 2
contrast conprising the steps of: 3 (a) outputting instructions from
a processor to an 4 energy anal yzer and scanning el ectron m croscope; 5
(b) locating an electron beam of said scanning 6 electron m croscope on a
speci nen el ectrode of a 7 specinen structure based on said instructions; 8
(c) varying a grid voltage of said energy analyzer 9 in accordance with
said instructions; 10 (d) detecting secondary electron em ssion from
11 said specinen electrode with a detector of said 12 scanning el ectron

m croscope; 13 (e) determ ning a neasured peak voltage of said

¢
¢

peak voltage (V)
10

@ Repeated ¥ Original

specimen @ lectrod e Vo “"‘hy- )

Figure 7
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14-'speci men el ectrode based on output fromsaid detector; 15 (1)
obtaining a specinen electrode voltage 16 corrected for type | | ocal
field effect error using 17 said neasured peak voltage and a type |
calibration 18 curve, said type | calibration curve representing peak 19
vol t age versus specinen el ectrode vol tage; and -20- 20 (9)
correcting for type Il local field effect 21 error in output of said step
(f) based on a type Il 22 calibration curve, said type Il calibration curve
23 representing a shift in specinmen el ectrode peak voltage 24 versus

adj acent el ectrode voltage. 1 - 2. The nethod of claim1, wherein said
step (c) 2 varies a grid voltage of a‘retarding grid of said 3 energy

anal yzer.

stafs W
peak voltage (V)

. . . . . . . .
) MPEFEUN SIS SPFEPI S S SPEFEME S B EPEPR R

-10 -8 -6 -4 -2 0 2 4 ' 6 8 10
adjacent electcod e \/oH'ﬁﬁe V)

Figure 8
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1 ~ 3. The nethod of claim1, further conprising.the 2 steps of: 3

(h) preparing said type | calibration curve; and 4 (i) preparing said
type Il calibration curve. 1 4. The nethod of claim3, wherein said
step (h) 2 canprieses the steps of: 3 (hl') providing a

three-el ectrode, wunpassivated 4 reference structure, said three el ectrodes
including a 5 center electrode and two adj acent el ectrodes; 6 (h2)
applying, via said energy analyzer, a fixed 7 voltage to said center

el ectrode and a zero voltage to 8 said t wo adj acent el ectrodes

based on said 9 instructions; 10 (h3) varying said grid voltage in
accordance with 11 said instructions; 12 (h4) determning a reference
peak vol tage based on 13 output from said detector;

8 — ,

e P P R
vi =2 =0V } | o Method A

S 6 [t il L] Metd B
@ - ' ; O lethed C
% - : i o , - Feedback Technique
S 4 : S LI - =rererrer—
-
e 2
3
Q 0
w s
s 2
=3 H
@ :
g - |
£ S :
= [ i E é
g 8 Lo i ottt d s, '
T -8 6 4 2 0 2 4 6 8

AcvAL Seamen Electeote Voltage Vs (V)

Fﬁg;txrea q
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-21- 14 . @ (h5) storing said reference peak voltage with 15 respect to
sai d-fixed voltage 1 5. The nethod of claim3, wherein said step
(1)"2 conprises the steps of: 3 (i1) providing a three-el ectrode,
unpassivated 4 reference structure, said three electrodes including a 5
center electrode and a first and second adjacent 6 el ectrode adjacent to
said center electrode; 7 (i2) applying, via said energy anal yzer, a.
fixed 8 voltage to said first adjacent electrode and a zero 9 voltage to
said center electrode and said second 10 adjacent el ectrode based on said

I nstructions; 11 (13) varying said grid voltage in accordance with 12
sai d iqg;ructimn —13 (-4 —det-erm-pi-Rg—a—eferahce—peak—el t age based
on - _ t :

o - | o Electrode Vi |, . % |

o) 6 - | o Blectrode Vs || - -~ - - . e

J | | o Electrode V2 ;

o ) :

S 4 e p.n?"m__.fl e

o© - f o

O 2 L e S B e

® oPoB _ 4 ol 8 o |

w - o ; BO Al -

- ®A :

O - f e z

O -2 - _ - - —_

B i

o - ! !

ES 4 |- - i S S R
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Ty

14’0qu£ Aromsald detector; 15 (15) tenporarily setting said

first dj acent’ 16 el ectrode to a base voltage; 17 (i 6) nmeasuring a
- base pepk voltage usi ng output 18 from said detector; 19 (17)
subtracwtng .sai d base peak voltage fromsaid 20 reference peak voltage to
obt ai n sai d“reference peak 21 voltage shift; and 22 (18) storing said
ref erence.. peak vol tage shift 23 with re-§|bect to said fixed vol tage. -22-
1 : 6. - The method of claim 1, wherein said step (e) 2 conprises the
steps of: 3 (el) producing a Wut put fromsaid step 4 (d)

versus said grid vol tage; and
" A method and apparatus for measuring quantitative voltage contrast are

described in which an electron beam of the scanning electron microscope is located
on a specimen electrode, and a grid voltage of an energy analyzer of the scanning .
electron microscope is varied. A_ detector detects secondary electron emission from |
the specimen électrode. A measured peak voltage of th_e' specimen electrode is
determined based on output from the detector. A specimen electrode voltage
corrected for type I local field éffect error is then obtained using the measured peak
voltage and a type I calibration curve. The type I calibration curve represents peak
voltage versus specimen electrode voltage. Type II local field effect error in the
specimen electrode voltage is then corrected based on a type II calibration curve.
The type II calibration curve represents a shift in specimen electrode peak voltage

versus adjacent electrode voltage. (Fig. 1)

N uﬂin
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5"; ” (e2) determning said peak voltage as an 6 inflection point

in said curve. 1 7. The nmethod of claim4, wherein said step (h4) 2
conprises the steps of: 3 (h41) producing a curve of output from
said 4 detector versus said grid voltage; and 5 (h42) determ ning

said reference ,peak voltage as 6 an inflection point in said curve. 1
8. The nethod of claim5, wherein said step (i4) 2 conprises the steps of: -
3 (141 producing a curve of outp¥t from said 4 detector versus

said grid VOI;HQ (142) deternlnlng said reference géak
vol tage as 6 ??ﬁ?%@%?%napHFﬁﬁqq?QNEQF%uY?% ge of sajd SPECiBERod of

claim1l, whereéhectrodaet cpatéid declmﬂqmtt hefpomp shideadiewnssai fospeci men
el ectrode 3 V%&?@&L‘.&m $athel VP! oBRRIRIRY O EHebinds Né188tHode

measur ed peak VO
voltage corrected for type I local field effect error

5 using said measured peak voltage and a type I
calibration curve, said type I calibration curve
representing peak voltage versus specimen electrode
voltage; and means for correcting. for type II local
field effect error in output of said means for

10 obtaining based on a type II calibration curve, said
type II calibration curve representing a shift in
specimen electrode peak voltage versus adjacent
electrode voltage.

These and other related objectives of the present

15 invention will become more readily apparent from the
detailed description given hereafter. It should,
however, be understood that the detailed description
and specific examples, while indicating preferred
embodiments of the invention, are given by way of

20 illustration only, since various <changes and
modifications within the spirit and scope of the
invention will become apparent to those skilled in the
art from this detailed description.

- BRIEF DESCRIPTION OF THE DRAWINGS
25 ~ The present invention will become more fully
understood from the detailed description here-in-below
and the accompanying drawings which are given by way of
illustration only, and thus do not limit the present
invention.
30 Figures 1-4-c are floW'charts illustrative of the
method according to the present invention;
Figure 5 is a block diagram of the measurement
apparatus according to the present invention;
Figure 6 is a schematic diagram of the energy
35 analyzer according to the present invention;

REPLACEMENTSHEEf

------------------------




1+ 7 10. The method of claim 1, wherein said step (g) 2 conprises the
steps of: -23- 3 (gl) calculating an average peak voltage shift
for 4 said specinmen electrode using said type Il calibration 5 curve; 6
(92) reading a peak voltage of said specinen 7 electrode fromsaid type |
calibration curye using said 8 specinmen el ectrode voltage; 9 (93)
correcting said read peak voltage using said 10 average peak voltage shift
to produce a corrected peak 11 voltage; =g 12 (g4) reading a
corrected specinmen electrode 13 voltage fromsaid type I calibration
curve using sail®cksigor mmpldfimmk 20| tagevoltage representing the

detected secondary electrons. The lock-in amplifier 20

also receives the small a.c. signal from the function

generator 24 as a reference signal. The lock-in

5 amplifier 20 differentiates the curve representing the

output of detector 18 versus the retarding grid voltage

Vp- The output of the lock-in amplifier 20 corresponds

to the energy distribution of secondary electron

emissions. The shift in the peak of the secondary

10 electron energy distribution provides information on

the voltage of the electrodes. The retarding grid

voltage V, where the output of the lock-in amplifier 20

is maximum indicates the peak of the secondary electron

distribution. The 1lock-in amplifier 20 may be a

15 commercially available lock-in amplifier such as the

SR~530 Lock~-in Amplifier from Stanford Research
Systens. ' '

The PC 10 receives the output of the 1lock-in

amplifier 20, and measures the quantitative voltage

20 contrast based thereon. The output of the lock-in
amplifier 20 can also be monitored using oscilloscope
22. B '

The quantitative voltage contrast measurement
performed by the measurement apparatus of Figure 5 will

25 now be described with reference to the flow charts of
Figures 1-4—c .

The flow chart of Figure 1 shows the method for
making quantitative voltage contrast measurements. In
step S2 a Type I calibration curve is obtained. The

30 Type I calibration curve, which is a plot of peak
voltage versus specimen electrode voltage, will be
used in later steps for correcting Type I local field
effect errors.

Figure 2 is a flow chart showing the method for

35 obtaining the Type I calibration curve. The
description of the flow chart shown in Figure 2 will be
made in association with an example of a Type I

REPLACEMENT SHEET .'
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1 - 11. The nethod of claim 10, wherein said step 2 (gl) includes the
steps of: 3 (g11) obtaining a first and a second speci nen 4

el ectrode voltage for a first and a second el ectrode 5 adjacent to said
speci men el ectrode, respectively; 6 (gl2) reading first and second
peak voltage shifts 7 corresponding to said first and second speci nen 8

el ectrode voltages fromsaid type Il calibration curve; 9 and 10

(gl3) caIcuIatlng an average of said fiT%~and 11 second peak vol t ages

?P\::}cfjfieslt he s?‘élbe%? %[351 gi’:aé‘f’cﬁa ?&eg'd Wf}fe - n o b‘éﬁb da(k&?ol t age

shift from saithe eailq&eabhautt agf Figures 4-a, —4-c , includes two
iterative processes.

" In the first iterative process, the voltages of
5 the adjacent electrodes for each of the N electrodes
are examined, and the shift in the peak voltage due to
the voltages of the adjacent electrodes are determined
for each of the N electrodes using the Type 1II
calibration curve. The PC 10 then determines a
10 corrected peak voltage for each of the N electrodes
using the determined shifts in the peak voltage, and
determines the actual N specimen electrode voltages
therefrom. = If the largest peak voltage correction
amount falls below a predetermined tolerance ,(i.e.
15 achieves a desired measurement accuracy), then the
quantitative voltage contrast measurement process ends;
otherwise, the PC 10 begins a second iterative process.
The second iterative process differs from the
first iterative process in that the peak voltage
20 correction amounts of the adjacent electrodes are used,
instead of the voltages of the adjacent electrodes, to
determine the shifts in the peak voltage for each of
the N electrodes. The remainder of the quantitative
voltage contrast measurement process continues as in
25 the first 1terative'procesé. If, however, the largest
peak voltage correction amount of the second iterative
process exceeds thejpredetermined tolerance, the second
iterative process is repeated, and will only terminate
upon reaching the desired measurement accuracy. Each
30 successive iteration of the second iterative process
uses the peak voltage correction amounts of the
previous iteration of the second iterative process.
The first and second iterative process will now be
described in detail with respect to Figures 4-a -4~c .-
35 At the beginning of step S16, since this is the
beginning of the first iterative process, iterative
process counter K is set to one in step S42. Then, in
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47shift: 1 13. The method of claim1, wherein said step (g) 2
conprises the steps of: 3 (gl) readi'ng, fromsaid type Il calibration
curve, 4 a first and second peak voltage shift corresponding to 5 a first
and segond el ectrode adj acent said specinen 6 el ectrode; and 7 (92)
cal cul &ing an .average peak voltage shift for 8 said specinmen electrode
using said first and second 9 peak voltage shifts; 10 (g3) reading a
peak voltage of said specinmen 11 electrod fromsaid type | calibration

ol d road pealt VEN9aERPde e tariinadatl, shabo558 voe ARESMINed B r oduce
a corrected petdie namtitafivenoltage contrigt measurementscorrected
:gieg' men el ectroded Anel 1RG5l o S8k 5¥8Cik 73, U Yhe Yo' N9
iterative process begins with incrementing the
5 iterative process counter K in step 8§78, setting the
measurement electrode counter to one in step 882,
setting the specimen electrode voltage for electrode
i+l equal to the correction amount V. . .4, for electrode
i+1 in step S86, and setting the specimen electrode
10 voltage for electrode i~-1 equal to the correction
amount Vco"ﬁ_u
After step S86 the second iterative process beings
measurement processing at step S48.

for the electrode i-1 also in step S86.

If the answer in step S70 is no, then in step S72

15 it is determined if the iterative process counter K is
greater than one. 1If the answer to step S72 is yes,
then second iterative processing continues beginning at
step S86. If the answer to step 872 is no, then first
iterative processing continues beginning at step S46.

20 Figure 9 is a graph of the error in the measured
specimen electrode voltaqé, as to Type I local field '
effects only, versus the actual specimen voltage Vg with
the adjacent electrode voltages set to zero. Figure 9
provides a comparison between the conventional feedback

25 technique and three methods (A, B, and C) according to
the present invention.

Method A is the method just described above with'
respect to Figures 1-~4-c, (i.e., Neumann boundary
conditions are used). Method B is the same as method

30 A except that in step S50, V,, is set to zero and in
step S54, V., is set to zero (i.e., Dirichlet boundary
conditions). Method C is also the same as method B
except that step S86 is omitted. As seen from Figure
9, the present invention provides for greatly increased

35 accuracy in measuring quantitative voltage contrast.

Figure 10 is a scatter plot showing the error in

the measured electrode voltage, when both Type I and

I P
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18 cerrectled peak voltage. 1 14. The method of claim 13,
wherein. -each 2 el ectrode of said specimen structure is treated as a 3
speci nen jel ectrode, and further conprising the step of: 4 (h)
repeatjng steps (b), (c), (d), (e) and (f) for 5 each electrode of said
specintg.structure; and -25- 6 1) repeating step (g) for each
el ectrdte of said 7 specinen structure. 15. The nethod of claim
14, wherein 2 said step (g) further includes the step of (g6) 3
determning a correction anount for sag imen 4 electrode; and further
conprising the step of, 5 (j) d;&ﬁgm ng a maxi num one of said
correction 6 amounts;

[

OBTAIN TYPE | CALIBRATION CURVE USING THE
S2 /] MEASUREMENT APPARATUS OF FIG. &

[

OBTAIN TYPE Il CALIBRATION CURVE USING THE
S4 / MEASUREMENT APPARATUS OF FIG. 5§

USING THE MEASUREMENT APPARATUS OF FIG. §
LOCATE THE ELECTRON BEAM

S6 _/| ON ELECTRODE OF ACTUAL SPECIMEN AT WHICH

VOLTAGE IS TO BE MEASURED

S8
)

VARY VR AND NOTE VALUE AT WHICH LOCK-IN AMPLIFIER

SHOWS MAXIMUM OUTPUT. THIS IS THE MEASURED PEAK VOLTAGE
OF THE ELECTRODE ON THE ACTUAL SPECIMEN.

CORRECT FOR TYPE | LOCAL FIELD EFFECT:
USING TYPE | CALIBRATION CURVE, OBTAIN
THE CORRESPONDING SPECIMEN VOLTAGE

S10 /| OF THE ELECTRODE FROM THE MEASURED

PEAK VOLTAGE.

MEASUREMENTS OF ALL N
ELECTRODES COMPLETED ?

| _|MOVE ELECTRON BEAM
TO NEXT ELECTRODE

\
S14

S12

CORRECT FOR TYPE 1
S16 _/| LOCAL FIELD EFFECT:

END

FIG.1
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7 : (k) conmparing output of said step (j) to a 8 threshold
amount; and 9 (1) re-correcting for said type Il local field 10
effect error in output of said step (g5) based on a 11 result of said step
(k). 1 16. The nethod of claim15, wherein said step 2 (g6)
includes the step of (g6l) subtractjng the 3 specinen el ectrode
voltage fromthe corrected specinen 4 el4«ctrode voltage. 1 17. The
met hod of claim 15, wherein said step (1) 2 conprises the steps of: 3

(11) setting said first and second peaqéﬁﬁgﬁfte 4 shifts equal to said
correction anount for said first 5 and | ectrodes adj acent said
speci nen el ectrode; 6 and 7 (12) repeating steps (gl)-(g5).

FIx Vg, aND SET Vy=Vy=0

s20 /L

VARY VR AND FIND THE VALUE OF VR
522 /] AT WHICH THE LOCK-IN AMP. IS MAX.

STORE THIS VALUE OF Vg AND THE
CORRESPONDING VALUE OF Vg

s24 -/

TYPE |
CALIBRATION CURVE
COMPLETED ?

CHANGE Vg WITH
Vi=Vo=@ -

S S26

S28 L

(OPTIONAL) PLOT TYPE | CALIBRATION

330./ CURVE (SEE FIGURE 7)
END
REPLACEMENT SHEET FIG - 2
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26- .1 . 18.  An apparatus for neasuring quantitative 2 voltage
contrast conprising: 3 means for outputting instructions to an energy
4 anal yzer and scanning el ectron m croscope; 5 means for |ocating an
el ectron beam of said 6 scanning el ectron m croscope on a speci nen

el ectrode of 7 a specinen structure based on said instructions; 8

means for varying a grid voltage of sai & energy 9 anal yzer in accordance

with said instructions; 10 means for detecting secondary el ectron

em ssion 11 from said speci nen el ectrodg; means for determning a
nmeasur ed peak voltage of 13 said speci ﬁyngE]rode based on out put from
said neans 14 for detecting; 15 nmeans] f or obtai ning a speci nen

el ectrode voltage 16 corrected for type | Jocal field effect error using

FIX V,, AND SET V =Vg=@

s32 -/

334/ VARY Vp

STORE THIS VALUE OF Vg AND CORRESPONDING
VALUE OF V,; AND CALCULATE THE SHIFT IN Vg

$36 -

TYPE 1l .
CALIBRATION CURVE

COMPLETED ?

CHANGE V, WITH

\/1==\/S= Qa.
S 38
S39

(OPTIONAL) PLOT TYPE Hl CALIBRATION
sS40~ CURVE (SEE FIGURE 8)

END

FIG.3
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17 said neasured peak voltage and a type |I calibration 18 curve, said
type | cali-bration curve representing peak 19 voltage versus speci nmen

el ectrode vol tage; and 20 nmeans for correcting for type Il |ocal
field 21 effect error in output of said neans for obtaining 22 based on a
type Il calibration curve, said type Il 23 calibration curve representing a

shift in specinen 24 el ectrode peak volﬂage versus adj acent el ectrode 25
vol t age. -27- 1 19. The appar claim 18, wherein said neans
2 for determning includes a |lock-in a AR neans for 3 produci ng a

ete¢

curve of output fromsaid neans for 4 cting versus said grid voltage,
and for determning 5 said peak voltage asVan jnflection point in said
curve. S42 /| 1ST ITERATIVE PROCESS: K=1

. j
'S44 /| START WITH 1ST ELECTRODE: i=1

@

S46 - NOTE NEIGHBOURING ELECTRODE VOLTAGES,
Vi1 &V +T OF ELECTRODE |

= Vis1
\
'S50
= Vi-1
<
S54 S56
l Z

FROM THE TYPE Il CALIBRATION CURVE, DETERMINE SHIFTS,
Vp(i+1) AND Vp(j-1). N THE PEAK VOLTAGE

OF THE SPECIMEN ELECTRODE DUE TO
Vis{ AND V;_4, RESPECTIVELY

o
CALCULATE AVERAGE SHIFT:

$58-] Vp(av) = [Vp(i-1) * Vp(ir1) 1 * 05

. ~ . _ REPLACEMENT SHEET
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1r :  20. The apparatus of claim 18, wherein said neans 2 for obtaining
I ncl udes nenory neans for storing said 3 type | calibration curve; and
means for reading said 4 specinen electrode voltage fromsaid type |
calibration 5 curve stored in said nenory means using said neasured 6 peak

voltage. 1 21. The apparatus of claim18, wherein said nmeans 2 for
correcting for type Il local field effec rror 3 conprises: 4 nmeans
for cal culating an average peak voltage hift for said specinen

el ectrode using said type Il 6 calibrati urve; 7 first neans for

readi ng a peak voltage of said 8 specinen gl ectrode fron1sa|d type |

calibration curve 9 USTNg Sai 0 Speci men el ecirode v
for correcting said rfead }SE'EAIN)ITHEeHEMﬁgVQLTAﬁEi

nmeans

rf(r')ge peak VQI t age

shift to produce a corrected 12 ﬁ vol tg@
S60 CORRESPO DING TO OLTAGE OF LOCAL

ELECTRODE i.

CORRECT FOR Vp(i) :

s62-/ Vo) = Vp(.i)_ - Vp(av)

S64
\

FIND CORRECTED SPECIMEN VOLTAGE OF
ELECTRODE | CORRESPONDING TO CORRECTED p(l)

STORE AMOUNT OF CORRECTION OF SPECIMEN VOLTAGE
OF ELECTRODE i . CALL THIS Vcorr(i)

-
S66

i=1i+1

s68 -/

FIND LARGEST AMOUNT OF CORRECTION FOR ALL
N ELECTRODES. CALL THIS _Vcorr(max)

®

s74-/]

REPLACEMENT SHEET
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13 . second neans for reading a corrected specinen 14 el ectrode vol tage
fromsajd type | calibration curve 15 using said corrected peak voltage.
-28-+1 22. The apparatus of claim 21, wherein neans for 2

cal cul ating includes: 3 means for obtaining a first and a second
specinmen 4 electrode voltage for a firsp and a second el ectrode 5 adj acent
to said specinen el ectrode, respectively? 6 means for reading first
and second peak voltage 7 shifts corresponding to said first and second
speci nen 8 el ectrode voltages fromsaid type Il calibration curve; 9 and 10
means for averaging said first and second peak 11 vol tages shifts.

S76
NO
] .
= +
878 -/ K K 1
sa2 /=1

seT Vi-1= Veorr(i-1) | '
s86 -/ Vieg = V . =
i+1 corr(|+1_)
FIG.4-c
REPLACEMENT SHEET _
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1 : 23. The apparatus of claim21, wherein said 2 neans for
correcting.subtracts said average peak 3 voltage shift fromsaid read peak
vol tage shift. 1 24. An apparatus for producing a type | 2
calibration curve, conprising: 3 a three-electrode, unpassi vat ed
reference 4 structure, said three electrpdes including a center 5 el ectrode
and two adj acent el ectrodes, said referénce 6 structure being disposed in

an energy analyzer of a 7 scanning el ectron mcroscope; 8 nmeans for
applying, via said energy analyzer, a 9 fixed voltage to said center
el ectrode and a zero 10 voltage to said two adjacent el ectrodes; -29-" 11

means for varying a grid voltage of said énergy

14
Z
12
| <
10 PC SEM

AMPLIFIER 16 DET.
CIRCUIT |

VRE = ‘
VR/VsH ENERGY

I‘: BUFFER/ | /18
<}_—_—| A
P ’ N

Vg Vi Vg | |ANALYZER
| VE
SMALL AMPLITUDE
~ A.C. SIGNAL
04 (TO RETARDING GRID) 20
/
FUNCTION .| LOCK-IN
GENERATOR | peeppence | AMPUFER | SEM peTECTOR
SIGNAL OUTPUT
LOCK-IN OUTPUT
22 /| 0SCILLOSCOPE
REPLACEMENT SHEET
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12 anal yzer; 13 means for detecting secondary electron em ssion 14
from sai d reference structure; 15 nmeans for determ ning a reference
peak voltage 16 based on output from said neans for detecting; and 17

means for storing said reference peak voltage with 18 respect to said fixed
voltage. 1 25.  An apparatus ;?r producing a type | 2

cali bration curve, conprising: 3 t hr ee- el ectr ode, unpassi vat ed
reference 4 structure, said three electrodes including a center 5 el ectrode
and a first and second adj acent el ectrode 6 adjacent to said center

el ectrode, said reference 7 structure being disposed in an energy anal yzer
of a 8 scanning electron m croscope; 9 nmeans for applying, via said
energy analyzer, a 10 fixed voltage to said first adjacent, el ectyode and a

11 zero volt@Age to sai %EFEE@TI@I\FCGR@EVEQEWS%V second p,

7.5 MM
RETARDING GRID VR

10.25 MM

SHIELDING GRID Vgy = VR

10.256 MM

EXTRACTION GRID Vg = 100 V

NORMAL TO SPECIMEN PLANE
. DIRECTION OF

Vi Vsi X
N
b aJ /

= < <= <

a!b!a!

SPECIMEN PLANE

-29.5 MM

a = ELECTRODE WIDTH"
b = SEPARATION BETWEEN ELECTRODES

FIG. 6
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12 adj acent electrode; 13 means for varying a grid voltage of said
energy 14 anal yzer; 15 means for detecting secondary el ectron

em ssion 16 fromsaid reference structure; 17 means for determning a
reference peak voltage 18 based on output from said neans for detecting;
-30- 19 means for tenporarily setting said first adjacent 20

el ectrode to a base voltage; 21 ns for neasuring a base peak

vol tage using 22 output fromsaid neans for detecting; 23 nmeans for
subtracting said base peak voltage from 24 said reference peak voltage to

obtain said referenpEgR REAKTAGE! @9y shift; and

10

-0 REPEATED X ORIGINAL

PP S R DU DU U U DU T R T

10 -8 -6 -4 -2 0 2 4 6 8 10
SPECIMEN ELECTRODE VOLTAGE (V)

FIG. 7

SHIFT IN
PEAK VOLTAGE (V)

2 o

[

. . . . . . B -
[ IPEPUPN EPAPEPY APEPEFIE APETEPEE BPATEraS B Er S B S i

2T e s 2 o T2 T Ts 8 10

ADJACENT ELECTRODE VOLTAGE (V)

FIG. 8 REPLAC.EMENT SHEET
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26 - - means for storing said reference peak voltage 27 shift with
respect to-said fixed voltage. -31- ABSTRACT OF THE DI SCLOSURE In a
nmet hod® and apparatus for neasuring quantitative voltage contrast, an
el ectron beam of the scanning el ectron mcroscope is |ocated on a
speci men el ectrode, and a grid voltage of an energy analyzer of 5 the
scanni ng el ectron mcroscope is varied. 10A detector detects secondary

el ectron em ssion fromthe specinen el ectrode. A neasured peak voltage of
t he specinmen electrode is determned based on output fromthe detector.
A specinmen el ectrode voltage corrected for 10 type |I local field effect

error is then obtained using the neasured peak voltage an a type |
cal i bration

8 .

visjvzqov| | ThERSR
6t —|-o-METHOD C

X -~ FEEDBACK TECHNIQUE
4 7R -

ERROR IN i WM %%u
MEASURED I NN
SPECIMEN I '\D\Ll
VOLTAGE (V) 0 = . \D\(
| [ ,
-2 _ \
-4 : ) YHky\“
-8 - B - SRS ket kL T R |\r‘-\AA_

-8 -6 -4 -2 0 2 4 6 8
ACTUAL SPECIMEN ELECTRODE VOLTAGE Vg (V)

FIG. 9
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curve. The type | calibration ¢ e represents peak voltage versus specinen

el ectrode Vol t'age. Type Il local field effect error in the specinen
el eatrode 15 voltage is then corrected based- on type I
calibration curve. The type |11 calibration curve represents a shift

in specinen el ectrode peak v tage versii adj acent el ectrode vol tage. -31-
ABSTRACT A net hod and apparatus for neasudring quantitative voltage contrast
are described in which an el ectron beam of the scanning el ectron m croscope
is located on a specinmen electrode, and a grid voltage of an energy

anal yzer of the scanning electron mcroscope is varied. A detector detects
secondary el ectron em ssion fromthe speci nen el ectrode. A neasured peak
vol tage of the specinen electrode is determ ned based on output fromthe
detector. A specinen electrode voltage corrected for type | local field
effect error is then obtained using the neasured peak voltage and a type |
calibration curve. The type | calibration curve represents peak

8 , I .

o ELECTRODE VA1
6 || 2 ELECTRODE VS
[ | o ELECTRODE V2

LIS ]

4 il
ERROR IN , | - a ?
CORRECTED A -
ELECTRODE N .\ i A
VOLTAGE (V) 0 oo % — $o Z
X oA T
-2 L
-4
-6 L

8 -6 -4 -2 0 2 4 6 8
ACTUAL ELECTRODE VOLTAGE (V)

FIG. 10
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vol t age Ver sus speci men el ectrode voltage.. Type Il local field effect
error in the specinen electrode voltage is . then corrected based on a type

calibration curve. The type |1 cali bration curve represents a shift

in

speci nen el ectrode peak " voltage Ver sus adjacent el ectrode vol tage. (Fig.

-31-

ABSTRACT

METHOD AND APPARATUS FOR MEASURING QUANTITATIVE
VOLTAGE CONTRAST '

A method and apparatus for measuring quantitative voltage contrast are
described in which an electron beam of the scanning electron microscope is located
on a specimen electrode, and a grid voltage of an energy analyzer of the scanning
electron microscope is varied. A detector detects secondary electron emission from
the specimen electrode. A measured peak voltage of the specimen electrode is
determined based on output from ‘the detector. A: specimen electrode voltage
corrected for type'I local field et‘fec.t error is then obtained using the measured peak
voltage and a type I calibration curi(e._ The type I calibration curve represents peek
voltage versus speeimerr electrode voltage. Type II local field effect error in the
specimen electrode voltage is then corrected based on a type II calibration curve.
The type I calibration curve represents a shift in specrmen electrode peak voltage
versus adjacent electrode voltage. (Fig. 1isto be published.)

1)
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