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CHARGE STORAGE ON EMULSION AND :
PHOTORESIST IRRADIATED BY AN ELECTRON BEAM

by

1

Surface potentials have been measured on photosensitive materials

| after‘irra&iationfby*a@'electrqn beam. Kodak HRP emulsion was ip—

radiated With96;2’x.1@f9 ¢o1p/am2 arid an order of magnitude above

and below this value. -Kﬁdak;*VFR~WasfsimilarlY irradia%edvata

above and below 6.2 x 10 caul/cﬁg. Both materials were irradiated
with 5, 10 and 15 KV electrons.

.Theresultiﬁzzpoténtials were:measured‘withaKelvin:PTObé ﬁe?iéev
featuring synchronous detection, phase adjustment and continuous

data output.

The photosensitive materials were evaluated on glass substrates,

with and without metal cladding on the glass. When metal cladding

was employed, the samplés were irradiated in the ungrounded and.

grounded -conditions. :WeFR'Was also tested on silicon-silicon oxide
wafers.,

ValueSﬁup to MOOOivoltS;wexefobtaine& for the metal clad ungrounded
KTFR sampies+While-valuesasﬁlow=as 1 voltwere obtained for the
grounded samples. Similar:mgasurementszén HRP resulted in measure-
ments aéhigh as 242 volts and as low as 2 volts. XKIFR Wi£h.no metal

cladding was measured as high as 13,000 wvolts while HRP was measured

silicon samples.
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ABSTRACT

Surface potentials have been measured on photosensitive materials
after irradiation by an electron beam. TKddaK HEP emulsion was ir-

radiated with 6.2 x 107 cou

;jcm?fand ari order of magnitude above
and below this value. Kodak KTFR was similarly irradiated at,
above and below 6.2 x 1070 coul/en”. ‘Both materials were irradiated

with 5, 10 and 15 KV electrons.

The resulting potentials were measured with a Kelvin Probe device
featuring synchronous deteetion,phaSééadJustment and continuous
- data. output.

The photoserisitive materials were evaluated on glass sﬂbstrat@é,
with and without metal eladiingngn@tha~glags? When metal cladding
was employed, the samples were irradiated in the ungrounded and
grounded conditions. XIFR was also tested On.siligon-giligangQXidé'
wafers.

Values up to 4000 volts were obtained for the metal clad ungrounded

KTFR samples while values &s low as 1 volt were obtained for the

grounded samples. Similar measurements on HRP resulted in measure—

ments as high as 242 volts and as low as 2 volts. KTFR with 1o metal
cladding was measured as high as 13,000 volts while HRP was measured
at 66 volts. Unusual charge distributions were obtained on the

silicon samples.

Charge distribution profiles and charge decay curves were measured

and recorded for the wvarious samples.




INTRODUCTION

The electronics industry currently utilizes photolithography as

& means of producing the small complex patterns required for inte-
grated circuit manufacture. Present technology inecorporates large
scale drawings with Phetographic.re@uctiOQI; Patterns for silicon
I.C."s, fér.exampie, are drawn to approximately 250 X final size,
reduced initially on a large reduction camera and then further re-
duced on a step and repeat c:a.'rne3:~a,2 .

high frequency performance, better yields, and higher packaging

densities approach the capability limits of the photographic process.

The effects of diffraction and lens aberrations limit the minimum

width of lines and spaces that can be produced over the required -

field (usually 2 inches by 2 inches). Electron beam irradiation has

been suggested as a substitute for the photographic process-.

Comparison of Conventional Photolithography and FElectron Beam

The processes of contact printing utilizing light microscope
alignment was ebmpafe&*to:eleetron'beamﬁirradiatioﬁﬁ, Diffraction
problems vere observed when mask-to-slice Separation exceeded 1 u
0 ﬁhe'li‘ht'9f0¢ﬁss~ Separations of 5am frequently oceur during
manufacture. The-shortawamelehgth_af-the~e1ectrbnbeam;(kaoo.g for
light versus ;1.? fOr 20 KV electrons) eliminates these diffraction

problems when the electron beam process is employed. The depth of

focus was found to increase from 7 um for light to approximately




3
50 pm for the electron beam under the same conditions, The electron
'bﬁﬁmﬂpfOCESSLiS alSdvCQnSidéTéblwaaﬁtEr'hhanmthe step and repeat

method required in photoreduction. The advantages of the electron

beam over light are discussed in detail by Samaro@,'Broy@eand.sagéls,
Gﬁé'af'thﬁvmostfimpeftaﬁf:applicaticnsaof‘the7electran,beanJ

would be prbcessing;directlyon-semicqnductor.materials without

the use of a magk. 'ThiSZteghniqué?is referred to:gs "direct eircuit

processing" in this report. The electron beam process should be

superior to photolithography in the production of high resolution

patterns.

The:electrOn.beamfpracessGQnSistS:essentialiy of & beam of
electrons guided over the surface of a flat sample 0f~pho£esensitive
material. Figure 1l shows g ﬁutaway'view;qf an Electron Beam Machine
(EBM}‘that.wasrdgvglgpe& fOr:eleptﬁqnfbeam;paﬁterning; The electron
optical column consists of an electron eun with re-entrant Wehnelt
eylinder, focusing lenses and a deflection system. The gun produces
a beam of electrons appoximately 50 pm in diameter. The lenses
are adjusted to focus the electrons on the target (photosensitive
material). A final beam size of L pu m diameter and currents from

lQéll td_lﬁﬁg

amperes are possible when the machine is operated
at 15 KV.
The work area consists of a chamber with turntables to hold the

photographic plates. The entire column and work ares is evacuated




to about 5 X'loﬁs-tgrriwith aniéil diffusion pump with a liquid
nitrogen baffle and a mechanical backing pump:

The beam 1s moved by ari. electrostatic or magnetic &efleetiqp
system. A;pfagfam:for the deSiredmpatternfis;printea on tape and
serves as the input to the computerized deflection system. :Thisu
data 1s converted on a-digitalftofanalogfconverter and activates
the deflection plates. The electron beam then sSweeps across the
photosensitive material producing the desired pattern.

Photosensitive and Blectron-sensitive Materials

The primary photosensitive materials employed in integrated
circuit~pattern:generation,‘whétherby‘phctolithogﬁaphy or electron
beam processes, are silver halide emulsions and photoresist. ThE;
emiilsion is Uﬁiiize@-iﬂimaSK-mahufactUTEwWhilEQEhoﬁoreSiét iS

employed for processing on the Semiconductor material.

The emulsions are essentially a dispersion of silver halide

crystals in an organic gelatin . The gelatin serves as a base for
the halides and usually contains sensitizing agents necessary to the

photographic process. Theflaﬂenﬁsimage formation is a functien of

the radiation (light or EISCtTOhS).Ongthe‘silver halide grains in the

presence of the gelatin. The characteristics (semsitivity, resolution,

etc.) of the emulsion are basically dependent on the relative pro-
¢pbrtions of'ﬁherargaﬂic:constitueﬁts and the size of the silver

halide erystals. The exact reaction initiating the formation of the

*Subsequently-insgluble.latent image is not breserntly known.
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Photoresists are synthetic polymers in an organic carrier.
.NegaﬁivePeSiStS‘berme.insoluble when irradiated while positive
resist5~becomé7861ubley Negative resists, such as Kodak Thin Film
Resist (KTFR) find the most frequent application. W. Kornfeld'
suggests the insolubility of negative resists is primarily dependent

on the interaction between the radistion and synthetic polymers

Chiarlesby , this interaction

infthe organic solution. According to
betweeneiectrons and polymers produces cross-linking and degra-
dation of the Organlc molecules. The amount of cross—llnk ing and
degradation is affected by the d6sé and energy of the radiation.
The response of photoresists may be improved by the addition of
ecertainxmetal organic compounds and some readily dissociated
materials, _B,;Braydeg"has shown thead&ition.cﬁ.&ibutyltiﬂ maleate
to Kodak Photo Resist (KPR) reduced the dos age necessary to insolu-
bilize g &QQO.Z thick film from 9 to 2.5 x_iﬁ_é:=cqulfcm?lwhile:the
addition of hexaphenyldilead to KTFR reduced the required dose from

.5 tQ“l.S‘x;lofé COwn/cm?Q

Subjecting a material to irradiation by an electron beam usually

results in the formation of a surface potential in the vicinity of

the radiation impingement The presence of local surface |

potential can disrupt the precisely controlled deposition of electrons
by deflecting the beam. An example of this distortion is shown by

1h

Munskata, Kohno, Maekawa, Honda and Miura . They demonstrated a




trapezoidal distortion during the anticipated formation of a
rectangle and attribute this distortion to the potential field
effects of deposited eléctrons oﬁ incoming-eleétrons,v The accumu-.
lation and decay of this surface potential Willbﬁ the major subject
of this thesis. In addition td-&etermining'the3ﬁagnitudes of any
surface potentials, the rates of accumilation and decay may add
iﬁfdrmétion ththe"knowledgemof‘thé:effects,offthe'raﬂiation on

the emulsion and photoresist.

The surface charge can be measured with a device known as a
Kelvin Probe. While originally designed to meaéﬁré‘chtaQtipeten@igls
this device can measure any surface potential without touching the
surface of the specimen. Proper désign of the probe allows it to be
used as a scanning device before and after radiation. A profile

oi‘%he.eharge cn.a»sample-canpbe.developed, The Shapes¢of"ﬁhe.pr©—

flles and magnitudes of the charge will be determined.




AT, PROCEDURE

Sam sle Materials

The primary goal.qfthisAinvéstigation,is to determine the effects
of charge storage on materiéls c@mmdnly‘used.throughout thé semi=
conductor industry. Good examples of these materials are Kodak KTFR
(Kodak Thin Film Resist) a photoresist,; and Kodask HRP (High Resolution
Plates), an emulsion. Both of these materials may be applied to
various substrates. The HRP emulsion, for instance, is available
on film (Estar Polyester Base), plastic and glass. R
c¢ircuit application it 1s most desirable to utilize the materials
on a glass substrate for mask manufacture. The glass provides not
e required'ﬁranépareney,'buﬁ also supplies a rigid flat

working surface. Glass plates are available with a 3.5 x 102

in/in flatness tolerance. The substrates wtili zed here are 1/4 inch
tthk , 2-1/2 x 2-1/2 inch glass for HRP an .060 inches thick s 2 x 2
inch glass for the KIFR. Both these types of samples would be
Sﬁitablefor.ElectronBeam~Madhihe;PrOGessing* ’

Various techniques of applying the photosensitive materials to
the glass substrates may produce differént thicknesses. Both KTFR
and HEP may, in fact, be purchased by a Kodak customer and ‘applied
to & thickness desired by the customer. In an effort to exercise
some control over the application parameters, most of the samples
were purchased from Kodak already deposited on a surface. Where

this arrangement was not convenient, the photoresist was




The Kodak KTFR samples were mea-

applied in an apprqpfiate manner.
sured a81230025and”tﬂe laboratory prepared samples weie»GOOQ X.-
The HRP samples were approximately 40,000 A.

Processing with masks has been improved by utilizing a chromium
underlay on the glass substrate ~, beneath the photoresist or

emulsion. Typically a 700 A.thiCK-layer.of'ﬁhrcmium,m@y be deposited

oh. the glass substrate. Although originaily"designedgta improve
edge acuity an@Alime-resolutiony the preserice of a chromium
underlay could certainly affect the ﬂistributibnjqf‘dharges on
the surface of the material. ;Sineec%his metallic underlay may
affect the.surface-potential, samples with and without it were
evaluated.

In the direct processing app1icaﬁiQn?.photgreSistais applied
tﬁ-theiaxiaewsuffaae*Of;thé'SemicondUCt@rzmaﬁerial and patterned
with the electron beam. Since direct circuit proecessing is a
desi%&ble_accqmplishmént:Qf the=EBMjprogess,ﬁsampiés of silicon=
silicon oxide wafers were coated with Phctcresist.aﬁd.evaluate@,
?he*materialutilizedewas;arsenic doped silicon with a 1243 X.
thick oxide layer. These parameters are tYPical.foMQS device
manufacture.

JSummarizing5ith6n?;the'matérials to be evaluated will be Kodak

as grounded and ungrounded. The KTFR will also be evaluated on

~silicon oxide.
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During mask manufacture, the EBM provides a 4 um diameter
beam that is directed over the work area by a deflection system. An
estimate of the magnitude and decay of anyresulting'POfEﬁtial 1s
the goal of this inveStigation, A.measureﬁent~0fth€Ch@?gé'in“a-

4 4 mwide line is impossible by the method to be employed here.

A much wider line is drawn aﬂdﬂthe~Value of this charge estimated.
The results, then, are expressed as the potential produced by a
givén,denSity of electrons per unit surfade aresi.

The EBM employed in this investigaﬁidn utilized a Canalco gun
assembly. An RCA 206527 Electron Gun Filament Assembly heated by a
current of approximately 2 amperes Supplied the electrons. A re-
entrant Wehnelt cylinder located clos ely about the filament was
maintained at a voltage level sufficient to provide initial focusing
of the beam. The high voltage anode was situated in the gun approxi-

mately one inch from the filament.

The electrons were accelerated
towards the anode and focused by the Wehnelt cylinder so as to pass
through a hole in the anode. The position of the filament-Wehnelt
GylindeinassemblY‘Withwrespect:to the anode was adjustable in the
X~I directions to control the direction of the beam.
Fredquently, two or three magnet lenses are incorporated in the
EBM column for focusing the beam to a U y»n‘diameter size. Bince

o

the beam utilized here was comparatively large (1/8" diameter), only

one lens was included in the column. An adjustable aperture was
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located in the lens housing beneath the lens windings to establish

the final current density. The aperture was adjustable in the
X and Y directions and, to a degree, located the point of impinge-
ment of the beam on the sample.

Obtaining thesdeéired?beam size and current flow simultane-

~ously is not always possible by adjusting the filament current. If

the gun is operated outside of certain filament current ranges, a

within the range of the filament adjustments, the size of the

sperture may be changed. This allows more or less electrons to

remain in the beam. zge.lens'can'then”be;readjustedto=correct
the beam size.

To facilitate changing aperture sizes, eack aperture holder had
several different size apertures. The apertures were located in a
line and spaced so that only one would be in the beanm area at any
time3 The aperture was adjusted from outside the vacuumtﬁystem..
Aperture sizes of 1, 2 and 5 mils were utilized in this investi-
gation, gilving intensity ratios of 1l:4:25.

A magnetic deflection system was utilized for thése experi-
ments and is located beneath the lens apparatus. In an EBM designed
for manufacture, signals would be applied to the two sets of coils
- or deflection plate s in the form of _ digitally controlled f-vb‘i-t-agers‘
to sweep the beam over the area to be exposed. This sophisti-
cation is not required for the evaluations undertaken here. Tt

1s not necessary, or even desirable to produce any kind
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of complex pattern. In fact, the most desirable pattern is a
straight line. The straight line ShﬁuldTﬁéwlfgiinﬁh-widé and &
known distaneeqlong(aﬂ_inch.was found to be a satisfactory length).
To provide this pattern, one set of deflection coils was used to
control ﬁheUY‘pésitiQn Of~th@:line and the cherasétwﬁdfprdVide.&
continuous sweeping aection atdthaﬁ position. The Y position was
controlled through a battery and letage;diviaer‘circuit, A
:deflecting.eircuit-and the necessary amplifiers were utilized %o
control the nominal X position, the length of the beam and the sweep-
frequeney. A line one irch long was swept at a frequenecy of 75

times per second.

Chosen?tcgreduce_the‘passibility'af’missiﬁg the point of the beam

impingement when the probe is swept over the sample after irradiation.

uvishreasgning-will'beccmevmore apparent when the work chamber and .

probe design are discussed.

The work chamber in the system employed here consisted of a
large (15 in. x 15 in. x 15 in.) sealed chamber with doors serving
as two sides. The doors rov1ded ample acecess to the cliamber from -
either side. A porthole was located in the front of the chamber
for visual observation.  A:erating.diScAseven inChes in diameter
was located inside the chamber for mounting samples. The disc was
originally deéigned for irradiating one specimen and then rotating

another into position under the beam. The shaft for rotating

the disc extendéd outside the chanber and eould be used to control

|

|
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the position of the specimen in the chamber-inga~¢iraumfﬁrential_
direction as & function of voltage.

The entire column and work chamber 1s evacuated when the EBM
is operated: Electrons cannot travel well in air and the filament
would oxidize if the system were not evacuated. A mechanical
backing pump and & diffusion pump with a liguid nitrogen cold trap
were utilized to evacuate the system. All of the data was obtained

from runs at 2 to 5 x 1077 torrs.

The Kelvin Probe of the type uSed-hereww&s'originally'devel@péd

in 1932 by W. A. Zismanlé

as a method of measuring the contact
potential difference between two metals. When two dissimilar metals
are placed in contact with each other, electrons can lower their
energy by dropping from the Fermi level of omne metal to the lower
Fermi level of the other. This flow of electrons will continue
until éqﬁilihriumtis>es%ab1i3hed at which point the Fermi levels
are equal. The resulting displacement of electrons creates a
potential difference between the two metals. If, in place of
joining the metals directly, the two metals are connected through
& léfgg resistor, the electron flow will still ocecur and a
voltage drop;will'be;deveioped_agross-the;registor during the time
the electrons move. When the electrons have reached equilibrium,

no current flow and, hence, no voltage drop will b€ seen across

the resistor. However, if the two metals are in the form of capacitor




|
plates and the spacing between them is varied, the électrons must |

obey the equations:

o

If the contact potential V. .is

then:

aq .

at ~ ' 4t : o | ﬂ

cantinu@us.AG'voltage-aércSS the resistor connecting the two metals.
In the Criginal?Kelvin_Pbeés»cmntaet;Pbﬁéhtial_is determined not

be measuring ‘ggg‘but by applying & voltage to one of the plates

is zero and the wvoltage drop across the resistor is zéro. This is

essentially a "null" method and is depicted in figure 2.




FIGURE 2 INITIAL KELVIN PROBE DESIGN

The appératUwaas later refined by amplifying the signal dcross
the resistor t@~mQTeiaccurately‘determine the contact peﬁéntiallz}
An 1mportant modification was recently made by Petit-Clerc and
Carettero, Employing & synchronous detector and amplifier, they
uSédca feedback from the amplifier to¢provide.the'bubking voltage
that ééhcelsthecentapﬁ potential. fTHSTfeedback'buckihg voltage

was continually self-adjusting and could be monitored with a

recorder. The synchronous detector is employed to reject anmbient

noise. The amplifier must incorporate:a,phaSe“shifter'Sd voltage

of the proper sign is fed back.
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The capacitance of g 1/8 inch diameter probe located .008 inches

above the sample was calculated to be about .34 picofarads. To

achieve good sensitivity, the shunt capacitance to the amplifier
must be maintained at a low level. Towards this end, a bootstrapped
Darlington Clr‘ cuit was mounted on | the probe Supp Ort . This current
émpiifier hés unity gain and its proximity to the probe reduces
spurious signal pick-up. A schematic of the current amplifier is
shown in figure 3 and a diagram of the complete circuit is shown in
figure L.

These techniques are not confined to contact potential measure=
‘ments, but will also measure surface charge. This is the type of
apparatus used in this.invegtigatiqn;toimeasurerthe-ehargg stored

on photoresist and emulsion.

The probe was attached to a telescoping boom that could swing

in;aﬁlarggfarg, The base of this structuré was loeated on g set

of X-Y micromanipulators. The probe could be manually positioned
over the sample and final adjustments made with a micrometer to the
nearest .00l inch. A photograph of the probe assembly installed
in the chamber is shown in figure 5. |

Investigstors frequently employ electromagnets external to the
vacuum system and elaborate mechanismg to trasnsmit the vibrating
motion to a probe located within the vacuum system. A modification

to this concept was made in these experiments. The source of

vibration was a earphone. It has the advantages of being simple,
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inexpensive and easily used iﬁa,l@fSt@rrvacuum; -Ehéjprébe was
constructed from a Brandes "Admiral" Model BA-2 headset , a rigid
nylon rod and a Section of 1/ 8 inch diameter drill rod. The ear-—
phone was driven by a Hewlett Packard Model 2066 CD Signal Generator.
;The nylon rod was cemented_ta@ﬁhe-vibratingqmetal disc of the
earphone, and the drill rdd:insertedpintd th¢ other end of the

rod. The plastic retaining ring of the earphone was machined 4o

fit over the assenbly.

The AC signal developed across the large resistor was detected
and amplified by a Model H.R. 8 Precision Lock-In amplifier manu-~
factured by Princeton Applied Reséarch Corporat i.A'O;Iil" . A reference
signal was supplied to the Lock=In a.mpllfl er by the same H.P.
Signal Generator driving the vibrati ng probe. The Lock-In amplifier
has selective gains from .002 to 10,000 or in terms of sensitivity,
full scale deflection frgmpiaugmillivclﬁs~tg lQQ_Nano#clts, The
phas e of the referénce signal and iricomi ng signal is completely
- adjustable from 0° to 3600; An integral part of the amplifier is
a DC output of 0-10 volts for full scale deflectiomn. This output
is used for the bucking voltage on the vibrating probe.

A Hewlett-Packard Model lLOO)-l A recorder is connecéted acros s the
amplifier output to continuously monitor the surface charge.

A photograph of &1l the apparatus is shown in figure 6.

I3
e

The probe was usually operated in a feedback mode as outlined

above. This mode of operation is the most sensitive and provides a
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certain degree of confiderce. If the amplifier gain is sufficient
and therphase-angles1prqperly"adju5ted,-themagnitude of the re-
sample. This criterion can bHe breserted in the form of a boundary

condition equation &s:
AC signal x gain x refi si gnal X cos § > Surface: Charge

where gain ineludes canvérsion to DC. 1If the above is not true, a
measurement'lQWér'than'ac%ualiwill‘be~©bserVed, There is, however,
an additional condition. The-sﬁrface;@annqtf@xaeedyla volts
because that is the maximum DC output of the amplifier. ;jffthe
surface potential exceeds 10 volts the amplifier will simply
saturate. Although this-cdnditicn-W”Stht Originally:anticipa%ed,
it did cececur and the measurément technique required modification.

1he probe produces an AC voltage when moving in a potential
gradient. The magnitude of the AC signal can be determined from
measurements on the amplifier and indeed can be recorded as DC
output. The DC output does not have to match the potential on
the surface. Theesurface~charge:can-be:determined"byﬁKHQWinggtﬁe
relatlon ship between the surface oh arge and the DC output.

The relationship between the AC Silgnal developed and the DC

output is merely multiplying the sensiti vity times thie phase an gle
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times the percent of full scale deflection. :Bymamitoring the
mixing circuit with an oscilldscope the angle can be maintaitied so
that cos 9 = 1. Reading:thefrécarderhbutput'and.knawingfwhat
s@nsitivity~was selected provides the.magniﬁudeOf:theAC‘Signal'
at the probe directly.

potential on the surface and the AC signal developed. To establish

this relationship an "artificial Qﬁargeawag created on the sample
‘to be drradiated by means of a power supply rather than bombardment
by electrons. A DC power SUPP1Y‘WaSZattaChed,t@-ﬁhe-sampleané
various voltages applied and the corresponding AC signal developed
at the probe was measured. This technique, of course, can only be
applied to those samples with a metallic underl ay » but with these
samples it works well. EOtenﬁials were dgpplied up to 1400 volts.
At 150 volts, breakdown oceurs. A calibration curve of volts

(-DC ) versus uV (AC) was developed for each s ample. The results

were used to estimate the magnitude of the charge on the surfiace of

the sample after irradiation. The calibration curves were alsoc
utilized to estimate the charge on samples without a metallic
unaeriay,

This concept of creating an "artificial" charge was also
appli ed to check the operation of the circuit 4 n the feedback mode.
A potential was applied to the sample and the requnseoffﬁﬁé

recorder observed to assure the circuit was function ing properly.
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meagsurement of 5 wolts, the“VOItageLEEingff?d.backﬁtﬁ‘thaxVib?aiing-

probe.,

Several parameters QfWﬁhe-@r@be*qpératien afifect the voltage

heasured =

eh the circult is operated in the feedback

.Aﬁﬁiitgd€*=w:

mode thE-ampliﬁude'Of vibration must be great enough to
brovide sufficient feedback voltage to balance the surface
charge. ?Without feedback the AC voltsage developed will
depend directly on the magnitude of vibration. On these
experiments, the signal generator was maintained at 19.8

as .OOO6{inches,

Spacing - The vibratingyprQbEssh@iid;be«pla@ad SoOme
Ooptimum distance from the surface being investigated. TIf
the probe is too close, surface irregﬁlaritieSvamd-charge§
distributions become dominant effects. 'Iftheprobe is

too far, &n inadequateusignal is developed. Craig and

iRadekal9'have;evaluated_this probelm. An éguivalent

circuit for the feedback mode is shown in figure 7.




Ve C

FIGURE 7 EQUIVALENT CIRCUIT FOR KELVIN PROBE | |

An equation for the AC signal deve loped may be written as:

Vae = ¢ Af¢ ~ Vg - B Vc)

where AV . = surface charge
V., = bucking voltage

BV qe = fraction B of DC output added to bucking

voltage

T a E:?gilnz) rLbration, 5 Probe modulation index

d Q@

Then, since V. = &« V
de ac

(l+igé ) x AV, - V)

1feafB3>>1

%= 5
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In these investigations # = 1 and Vg = 0, so:

Vdc = 4 VC

as desired.
To obtain the condition ea>>1, since 8 = 1, € and o

must be properly chosen. A gain of 200 was employed with a

.0006
.008

spacing of .008 to give a eaf value of: x 200 x 1=16.
Since Craig and Radeka consider 10 sufficient, 16 should
be adequate. lThé apparatus appears to perform well with
these p-a-r':-ame' ters in the feedback mode. |
When the apparatus was not used in the feedback mode , the

- .008 inch spac:Lng was maintaine d for both the callbratlon
runs and sample evaluation. .

3. Gain - When the DC output of the recorder is used at low gain
values (without f eedback), the effeét of Varj;'ln g probe spac-
ing becomes important. In some instances the probé was used
in this mode to gain some knowledge of tfh"eé. charge profile
of a sample charged to very high voltages. The resulting
profile is not used to determine exact voltage level, but

to estimaté charge distribution.

h.  Frequency - A frequency of L50 Hertz was employed.

Parameters

Electron Beam Machines are fre quently operated at a high voltage

“here is operated

level of 10 or 15 kilovolts. The system under study
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at 15 KV while other electron exposure systems are designed to

operate at 10 K h

These two energy levels were investigated.

In addition, since previous experiments ‘indicate thatphétoresist

”““&Vbermqre~efficientiy exposed at 5 KV, the 5~KN‘energyflevel
was also 1 nvestlgat ed.
Emulsion and photoresist do not require the same dose level.
Fhotoresists generally require a thousand times greater dose than
emulsion. Typical emulsions doses are 5 x l'-9 coul/ c:m2 and

photoresist doses are freguently 5 x 10 coul/cm-.

In an attempt
to evaluate the effects of the dose level on charge storage, each

type of sample was irradiated”wi%h ﬁhewpf@ViOuSIy mentioned dose,

plus and minus one order of magnitude on each side. More accurately,

1KfFR‘was evaluated at dose levels of 6.2 x 102 ccul/cm2, 6yé x-ld‘é
caul/ng, 6@2'x.10_7-cdul/cm2 at each of the three energy levels,

15 KV, 10 KV and 5 KV. -HRP‘wasAevaluated_at;the same,energy41eve1s
with doses of 6.2 x :LO"8 coul/ ot , 6.2 x 1077 coul/cm and

6.2 x 1070 coul/en?.

The dose levels apply to a line b wm wide. That is, a line
drawn, by the movement of a I | g m diameter beam. This dose was con-
verted to a dose for a 1/8 inch wide line as follows: a beam of a
certain current(eleétroniflow}'Was repeatedly swept over a known

distance for a preséribed;period.Qf tim§~tQ'prQVidegﬁhe correct dose.

A distance of one inch was selected as a convenient distance to

8

sweep the beam. A current flow of 1 x 10~

- Amperes was selected for

. . . : = = —

P T eam—
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irradiating the photoresist and 1. x:lO—lO¢Ampefes.ﬁor the emulsion.
=4 | | |
these are the same current flows utilized in a mask-making EBM

facility. The period of irradiation was adjusted to provide the
correct dosage.

The electrons are deposited in a one-inch line to facilitate

charge measurement. The sample must be irradiated under the beam

and then rotated to a position under the probe. It Wbuid be ex-
tremely dlffléult to place a 1/8 inch diameter spot dlrectly under ' |
a 1/8 inch diametur probe. Thé line gener&tl@n‘wasiaﬁselutionmto i |

that problem. Actually, it also duplicates the £ealEBM;prQéess,

It éhouldfbeﬁnated,Lhowgver, that since the period of irradig-

tion is adjusted to provide the proper dose (and indeed varies from 'u‘

5 seconds for the smallest dose on HRP to 83 minutes for the |

largest dose on KTFR), the rate of dose is a variable. Measurements
were made to evaluate this effect. | ., ﬁ J

‘TdvihSuEG:GOTBECf doses., thEchrrent»floWWasmeasureﬁ;immediaté- i | J
IY'beere'Each sample irradiation.  A Faraday Cup was located on the | ‘
rotating disc inside the work chamber. The Faraday Cup serves as a
device to measure all the electrons in & beam. A flat object would

not count the primary and secondary backscattered electrons that

leave theudbjectxafter*electrﬁns Oof these energy levels strike the
surfaceée. The Faraday Cup is esséentially a hollow cylinder, closed
at both ends except for a small hole for the beam to enter. Only

those electrons backscattered within the solid angle that describes
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the entry hole are not counted and this is very few of the total.
The Faraday Cup is insulsted from ground and the beam current is
read on a micromicroammeter connécted to the Cup. A Faraday Cup is

shown in figu

Each time the energy level is changed the beam size changes.

_A method.fdr.measuriggAthisipaﬁameter~quickly and accurately was

necessary. ‘fce"beamwsize:wasﬂdetermiﬁe&*bY'movingfa.céppér plate
with a square hole in it under the beam. fThe:vqitaga from the
potentiometer attached to the shaft of the disc was“use&,ﬁo deter-
mine the distance the copper plate moved. An ammeter connected to
-the.insulaied.copperﬁplate~was used to indicate When thE'bEHM:enter%
ed or left the hole in the plate. The potentiométer output was »
applied to the X axis of & recorder and the ammeter output was
applied to the ¥ axis. As the CQEPef'Plaﬁé;Was rotated through
thezbeamg the recorder would measure the current as a function

- of position. A sample result is shown in figure 9. The battery

voltage supplied to the shaft potentiometer was 1.52 volts.
clrcumference of the circle on whicéh the copper plate moves is 25.13

inches. The distance moved, then, is




1/8 inch diameter, ho current flow would appear for T.50 mv. That
is,

Beamn Size = .250 - zSSG

125 = .250 - 16.53 x AV

The recorder has a useful sensitivity of 2 mv/in with 10 divisions

per inch. The points where current flow stqp=aﬂa'begin,ean.easiiy

| + ., | | B .
be read to - 1/2 div. or .1 mv. e accuracy then is:

16.53 inches/volt x 2 D'leOl-'LL volts = .0023 inches

The appearance of the curves generated while the plate is moved

through the beam is useful

also for studying the density and sym-
metry of the beam: The actual shape of the slopes as the beam
leaves or comes to an edge involves the convolution of circles and .
lines and will not be dealt with hefeu But, obviously, the curves |

under both conditions (OPPOSitﬁ sides of the beam) shoi
The copper plate can be sSeen in fi gure 8.

A plastiC-Sam@le hcldériwas.fabricated'té securely hold the

samples. It is pictured also in Ffigure 8. The plastic construction

allows the sample to be elegtfieally'ismlated-frbm,grQUhd; An

desired. The Qlipfpenéﬁratéd;ﬁhroﬁgh the photgsensitivézSurfaQe.
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A voltage regulator was utilized with the gun filament supply to
stabilize the beam. The beam appeared stable within 5 percent for
30 minutes at the current levels employed.

The parameters are summarized in Table I.

Testing Procedure
To obtain results in the most useful forms, the following pro-

cedure was employed.

+. Heedback Mode - The sample was secured in the sample holder and
initially connected to an adjustable battery voltage. The

system was then evacusted and the sample was set at various

tlon. The response of the amplifier output and recorder were

checked and adjusted if necessary. The battery was then dis-

CaneCtE&‘and:the7sample grounded.  Thesé;¢ane§tiQnS ave exm
ternal to the vacuum system and reach the sample through vacuum
tight @Onnectors~iﬁstalled'in¥thé'wgrk;chamber«

e beam is then turned on and the Faraday Cup moved under
the beam. The filament voltage is adjusted to obtain the
correct current flow. The deflection system was then;actiVated,

The sample was rotated under the beam, observing the shaft
potentiometer output for positiOﬁing¢ After the prescribed

eXposure, the beam was turned off, a stop watch started and the

sample rotated to a position under the probe.
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Iﬁitially,.a:Chaxge profiléhwasﬁ@btain5d~by sweeping across

the entire sample, After sweeping the sample, the FIRRS was

placed over the point of interest on the sample (as determined

on ‘the recorder by the profile) and the recorder switched to a time

base mode. The charge decay at the point of interest was then re

corded as a function of time.

;NQ,E?edba@k - A similar proceduré‘was follawe&:hereiéX¢€Pf'ﬁhe”
battery voltage applied was of a much greater magnitude and the
sample was left uﬂgréundedWhile’being_irradiatéd and tested.
The calibration curve determined by applying the potential was
iﬂiﬁially_gEHeratedaby.observimgs%he;A@»signal V&lue on the

amplifier meter. Refinements as the experiments proceeded

in the bProbe~sample spacing due EQtaurfaﬁefirrﬁgularities'

Miscellaneous -

a) all parameters Wéﬁe:reé@fdéd on a standard form for each

b) silicon slices were not grounded with clips.
solution (angaQHeOus:SuSpension~©f:finefcarbon’partiﬁleS)
was used to paste the slice to the sample holder. A path

of solution was formed to a fastening screw in one corner

of the hglderfanﬂutheﬁgr@und:wire~attach€d‘here‘

afforded good contact.




The data ?ffg@'fm~ the charge measurements were obtained in two
basic forms. A ch arge distribution profile was generated by
SWéepingitheentiPE‘Sample under the pxobe-immediately after
irradiation. After establishing the shape of the charge distri—
bution, a point of interest was selected for decay-meaéurementsa

The probe was located over that area (as seen by recorder position)

2

and the recorder operated on & time base. In some cases > proflles
of the entire sample were recor ded at convenient time intervals.
The data, then, appear as curves of charge distribution and charge
decay.

The charge distribution was similar for certain conditions.

relatively low potentials and clearly show the area of beam

impingement. The ungrounded metal-clad samples. appear as deep
uniform wells at high potentials. As soon as the prdbé:réaches

the edge of the sampl e, it indi cates A large negative voltage and
continues to indicate approximately the same potential as the
probe sweeps. aéro ss. the sple . It is difficult to detect the ares
of impingemEHt'Qn:ﬁheSe samples. The low gain values requiredhtb
record the high voltage levels makes the detection of relatively
small variations difficult. The profiles observed for the samples
without metal cladding indicate clearly the pomt of impingement,.
although the charge seems to have spread over a larger ares.

The silicon samples behave in much the same manner as the KTFR

e

i T




samples, A summation of the charge distributions for the various
conditions is presented in figure 10. No attempt is made to
indicate actual voltage.

The decay curves for KTFR and HRP are plotted on semi _ log

11 and 12 respectively. It is obvious that the ungrounded met al
clad samples charge to a much greater potential level than the
grounded samples. As-mi;:tfbevexpected@ the samples charged to
the Highest potential dec ay at the fastest rate. ‘The decay tlmes
are plotted for 30 to 50 minutes for the various samples. The
bime required to record the charge distribution profile frequently
prevented the re COl"dlng of p01nts near +t = 0.

There appeared to be little difference between the results

obtained at 15 KV, 10 KV or 5 KV energy levels. To indicate

the similarities, the decay curves for ungrounded KTFR with the

6

same dose level (6.2 x 10 chl/cﬁg) and energy levels of 5, 10
and 15 KV are plotted on the same graph as fi gure 13, Curves for
the charge decay on grounded HRP with the same dose level

(6.2 x 1077 cgul/em??~an@ energy levels of 5, 10 and 15 KV are

also plotted together as figure 1k,

An exception to this rulée occurred in the irradiation of
grounded KTFR at 5 KV. Under these conditions, & much greater

charge was apparent - than ‘gt the 10

saE
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One of the most interesting observations was the appearance of | N
a positive node in the profile of the charge distribution of the v | l
grounded KTFR samples. The node appeared at all dose levels at ( ;
the 10 and 15 KV energies. While it could not easily been seen at | |
> KV, there were indications that it did occur there'also{ The c %.

magnitude of the positive node was frequently great enough to pro—

duce a total resulting potential that was positive. Subsequent !

profiles obtained during the charge decay indicate the positive

peak becomes reduced. An exp]_e of this phenomenon is shown
in figure 16. All the decay curves for KTFR were obtained from

the most negative point on the profile. To indicate the presence

of this node a decay curve was acquired forfthefpéak, A curve

not exhibit this effect.

The vacuum pressure appears to greatly influence the charge

mebex in datail, figure 1§ shows the effect of opening the system r o

The silicon wafers coated with KTFR produced results that were,

in some aspects, similar to the results fromK'I‘FR on glass with a

metal underlay. The magnitude of the positive peak on the grounded

silicon sample appeared to be greater than occurred on glass and

the areas of the wafer not irradiated~appeareat@fbe:at a uniform ]

negative potential. The positive charge on the silicon did not
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décay rapidly, even when the system was open to the air. ‘Lnsfacﬁ,

the Samﬁle:eﬁanged little over a 2h-hour period at atmospheric

pressure. Profiles obtained 2k hours apart are Shdwn”in;figure 19. }: W

The ungrounded silicon samples acted like unclad KTFR samples., '
In anticipation of annealing the silicon sample to measure ; ‘

the effects of antiealing on the charge storage, the KTFR was re- |

moved. Acetone was used to remove the resist. - Before annealing,

%he.samp1e~was-renhe@ked,and'thEacharge appeaféd'to be completely
gone. Profiles before and after the resist removal are shown in

figure 20.

An attempt was made to measure charge storage on the silicon
wafer (grounded) with no resist coating. After exteénsive radiation
no effects could be detected.

An attempt was made to evaludte the effects of the rate of |

irradiation. A sample of KTFR was irradiated-wiﬁh‘adQSe of

6.2 x_10'6 coul/cmg'at.an energy level of 15 KV. The sample was )

[

initially irradiated with a current of I X;lO—a‘amperes for |

500 seconds. As a comparison, a sample was irradiated with s ” ‘

current of 8 x 10 8 amperes for 62.5 séconds. No difference was

observed beyond the limit of experimental accuracy. The profile

for thése samples are shown in figure 21. KTFR wss chosen for

evaluation because of the appesrance of the positive peak. It

was fhought'that-ﬁhisqpeah might be sensitive to the dose rate and. | ,K




itzwculd.be easy to observe any difference. Br@ydég does say
that photoresists show reciproeity for current density and time.
'Ehis:data-ﬁguld?substanﬁiate"tnat supposition..

Since the magnitudes of the charge on any sample could not be

measured at t = 0, a regression analysis was performed and the
t =wO.intercept‘was:determine&. ‘The%data“foritha.intercept ingluded
only the first 3 or 4 points. It was assumed the}decaycufveszdbay
an exponential equation so a logarithmic regression.wasAperfonmed.
Assumihg those curves that Gﬁange-SIOpe'cQuld‘bEHPTQCéSS activated
by two or more drivi ng forces, the rate constants at the beginning
and end of the measured decay were calculated. Table II summarizes
the expected peak values and the rate constants. The first values
of V_ (surface potential-volts) ané.Af(rate‘GOﬁstantﬁre@iproﬁaif

minutes) are near the t = 0 intercept.

The second values are

taken where the slope of the curve appears to be constant; that is,

where t 2 50 minutes.
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DISCUSSION

One of the most important results of these experiments is the

determination of the magnitude of the surface potential on photo-

sensitive materials when they are irradiated with an electron beam.
As can be seen from either the decay curves or the data in Table 1T,
values of hundreds and thousands of volts were measured. The metal

clad

ungrounded KIFR, for instance, was measured &t a potential

of 2600 volts one minute after irradiation. The magnitude of

these potentials makes them important.

each

The magnitude of the surface potential will be aisausse&_%or

set of conditions.

L. Metal Clad, Uggrqun&edj- the shape of the profiles and the
iélative_peﬁentialfievelsgsuggest the magnitude of the sur-

face potentigl is & function of the number of €lectrons ir-

radisting the sample. The electrons apparentiy strike the
Sample and then spread out over the surface of the sample in

an even distribution.

This type of distribution was observed
on all the ungrounded metal clad samples and the ungrounded
siligqn-wafer sampies@

A comparison of the uﬁgrﬁun&éd;KTFRmSamples in figure 11
with the ungrounded HRP samples in figure 12 indicates the

KTFR samples charge to a higher potential than the HRP (see

also Table II). This is probsbly not a function of the

|

. 1
.
I
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striking the sample. The dose on the KTFR is, on thé average,

3 orders of magnitude greater than the HRP dose. If the
materials themselves contribute to the magnitude of the
potential, it is prbbébiy-ﬁhrough SuCh éharagteristies as
electron backscattering coefficients and conduction.
Théﬁpotﬁﬂtial.dEPEHQéncy on dose is fﬁfﬁher'illﬁstraied

ves. indlcate that dose determines

in figure 13. These ¢t
the potential and that energy has little effect on the
resulting potential . '

It 1s obvious that increasing the dose increases the
resulting surface potential. If the surface potential is
a direct function of dose alone, then since the dose was
varied over three orders of magnitude f@r:eaéh‘sample, the
surface potential should vary over the same magnitudes. The
aata,does not. indicate~that it does. There are several -
reasons why this may not occur. An importsnt consideration
is the effect the potential field established by electrons
previously striking the surface has on incoming electrons.
Certainly the first élédtrons striking a sample that is
at zero potential respond differently than an electron tﬁat
attempts to strike the sample when it is at a several hundred
or th@usand‘vcltipbtﬁﬁtialu Quite possibly, the secondary

¥ield may increase as the potential of the sample increases,
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resulting in proportionately fewer electrons reméining
on ‘the sample. .

If this were the only effect, the curves would merely
become closer together as the dose is increased. That this
oceurs is not obvious from the data, however, three values
of dose may not be sufficient to | clearly demonstrate the B
effect.

Another factor may be voltage breskdown along the edge

of the sample. If the local electric field exceeds breakdown

value, microdischarge will occur, limiting the maximum

potential.

Theoretically, the iﬁolaﬁed,ﬁample-C@4ﬁd»¢harge:tQ the

same level as the energy of the eleatrdﬁ-(S,’lo or 15 Kijhi
If one Of”the above or some Oﬁherif&é%orwdQ&SﬂnOt 1imiﬁ

the maximum value of the potential this may indeed ocecur.
,ThiSWOuld“meanthats£hepotenﬁialuof.a.metal~élad‘unw
grounded glass plate Empioyed.infmask generation (o¥ &n un-

grounded silicon SIice:in-direct.cirauit»prdceSSiﬁg) would

'béfdepandéﬁt on the energy of the beam;an&‘thé:ddse and. the
density of the pattern. This last factor is a consequence
of the relationship between the surface potential =nd the
total number of &lectrons stri king the sample.

2. Metal Clad, Grounded - the profiles recorded for this

condition indicate a localized effect in both KTFR and HRP.
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As opposed to the magnitudes of the ungrounded ¢onditions

that were never measured below ﬂQWVQlt83-ﬁhese:magnituﬁés |
do not exceed 20 volts and most are less than 10 volts. For . m
the same beam and sample conditions and only ‘the ground | | !

varied, the potential is at least 2 orders of magnitudes less

for the grounded condition. While both the KTFR and HRP show “’ i
the localized effects when grounded (both show unifo rm d-i-;s-:—.
|

tribution over the s ample when grounded) the details of the

HRP profile is a simple negative depression.

L | effects are markedly different. As shown in figure 10, the

however, shows a positive pesk at the center of the negative

depression. The absolute walue of this peak can be positive,

as was seen on a sample irradiated at 15 KV w:Lth a dose of -

6.2 x 1_6 coul/ecm®. The relative height of this peak appears

to inereasé with dose, however , the absolute wvalue decreases

as the dose increases because the level from which it begins o i
I

is lowered. Profiles with absolute values of this peak |

positive are the results of @ moderate dose. |

The charge decay on this type of samplé was not as simple
as 1t was on the other samples. Not orly does the negative

charge decay > but the peak also decays. As a result of the

‘beak decay; some points on ‘the charge profile will become
more negative with time. Eventually the peak disappears and |

the charge at that point decays towards zero vol tage. Figure 16
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1s an example of the peak decay. It also indicates the Te-
lative potentials involved. The decay curves are normally
Pléttedqfr9m~daté recorded at the-loWeStAPéiﬂtiOntheﬁprefilé‘

Figure 17 indicates the type of results obtained if the decay

is measured from the top of the pesk.
The charge distribution for KTFR on the silicon wafer also
shows the formation of a positive peak. However, on this

sample a uniform negative potential exists everywhere else

on the sample. The absolute value of the peak is clearly
positive.

Charge profiles of the nature discussed sbove indicate
that more than just electron storage is occurring. The
formation of potentials WithiabsQlutﬁprSitive'ValHES-SuggeSts
some contribution by the material itself. Possible mechanisms
st coud promuce the ceemmen reSulﬁs.will-be.ingUSSed;in

3. DNo Metal Cladding - the storage on KTFR and HRP with no

metal cladding differed from each other and both differed

from the metal clad conditions.

ungrounded. condition but still showed the positive peak
effect as seen in the grounded condition. (See figure 10.)
The fact that the entire sample drops to some negative

potential level suggests that the electrons spread out (diffuse)
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through the resist rather rapidly. The presence of the positive
peak Indicates the material is;Still making-sOme‘kindef contri-
EUtiQn,tﬁvthe charge distribution. ‘Theimagﬁitudé:éf o
was initially surprising. When irradisted at 15 KV and 6.0 X

10%2 c@;T/Cm?

, the ungrounded metal clad sample is at -385 volts
while the sample with no metal cladding is at -2800 volts if both
are measured two minutes after decay begins. One dlfference be-
tween the clad and not clad samples is the thickness. The photo-
resist on thewmetalygiad samples was applied by Kodak and mea-
sured as 2800 A thick, The resist on the sample without cladding
was applied in the laboratory and subsequently measured at 6000 A.
This difference in thickness_cQUld"béﬁresPQﬁSiblé for the apparent
increased charge storage.

The HRP profile was similar to the grounded metal ciad;HRP
sample, except the potential was somewhat greater. Under identi-
cal irradiating conditions of 15 KV and 6.2 x 10”0 coul/cm® the
grounded metal c¢lad sample is at a potential of f17~VOltSEWhilé
the sample with no metal cladding is at -46 volts when measured
three minutes after decay starts. The charge is spread over a
wider area than in the grounded metal clad condition and indeed
there are indieations that the whole sample is becoming charged

as in the-ungrdunded,egnditionq similar to the KTFR.

ﬁecaY:CurVES_fOr:KTFR:and_HRPﬁwithan metal ¢ladding are

shown in figures 22 and 23, respecti vely .
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Charge Storage and Decay Mechanisms

’Eﬁﬁf 1. Metal Clad Ungrounded Samples and Samples with no Metal

Cladding - the accumulation or decay of the chargeién photo=

sensitive materials does not lend itself to rigid mathematical
solution. For instance, the charge distribution on the metal

- clad ungrounded samples and the samples #ith no metal cladding
should be largely a function of electron diffusion (conduction)

in the material. The area where the beam strikes the sample

7ould be at a large potential and create the potential gradient
(fielq) ﬁecessary‘for:thé net transport of eleetrons.away from
that area. In some period of time after irradiation ceases,
the chargé;Shouldibe'uﬁiformiy spread over the sample. Such

a plcture is useful aﬁﬂwpiébéblyireaSDnablY“aQ@ur%te. However,
an applicable mathematical model for the evaluation of measured
barameters: 1s not available.

The Taﬁé§ﬁ©f‘electrbn diffusion in the photosensitive
materials and in the metal:Cladding~cou1d.be*evaluated'by
‘comparing the HRP metal clad ungrounded sample with the HRP
unclad sample. The electrons in the metal clad samples have
two paths by which they can move. They can diffuse through
the photosensitive material or they can move ﬁhfgugh~theA
metal. In the unclad sample they can only move through the

material. A comparison of the effects of these paths may

be seen in the HRP profiles in figure 10, The metal clad
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;samples present‘a unifbrm peri1e.immediaﬁely after irradia-

the point of impingement. This would indicate the electrons

reach the metal and diffuse more rapidly in the metal.
If‘théfé~wefe?nQ chET:f&Cﬁ©rs'ﬁ©'be considered; the : ' | “

potential it the depression of the unclad sample should be

greater than that of the clad sample.

This is not substan= ; {
tiated by the HRP data. The rate of decay for the sample

with no cladding may be a clue to the difference in accumulated
charge. As can be seen by comparing the decay curves for HRP,
the unclad sample decays at a much greater rate than the cl ad

sample. The decay is not due to charge spreading. Repeated

profile measurements show the potential decreasing everywhere.

It is possible that the unclad sample may decay too rapidly
to be measured or it may decay too rapidly to build to a high

potential. The reason for this is not clear. ' ‘

The clad and unclad KTFR samples cannot be directly

compared because they have different thicknesses. ' l

2. Metal Clad Grounded Samiplés - the grounded metal clad {

sample produces only local disturbances. Any model similar to

relatively small potential gradient. The potential is

minimized because the electrons cannot accumulate on the
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sample. Indeed, tHe samples were grounded through an ammeter
and as ﬁhe*beam;was,strikiﬁguthe:sample, a current was
- measured that was approximately eighty percent of the beam

e is the KTFR sample irradiated

The exception to this rul

with a 5 KV beam. The potentials measured for S, 10 and 15 KV

are shown in figure 15. 'This i ncreas e in stored charge could
be a measure of the electrons' ability to penetrate the
resist.

The following calculation is used to determine the depth
of penetratibﬁ in KTFR. #&n epproximation to the Thomson-

Widdington Law isg;

<
I

&
1l

- average gram atomic wéight

]

= materials average atomic number

= materials mean excitation potential

L
I

B
I

<
I

€ = electron charge
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P = matérial density
X = péneétration distance in-ma%erial

solving for x at V = 0.

for a 15 KV electron:

10

6
T
f

NZ

*gngm/QﬁQ

3 x 10°°

and.

= 1.07 miecrons

I

For 5 KV, x = 0.13 microns

10 KV, X = 0.5 microns

15 KV, X = 1.07 microns

The KTFR samples are 2800 A or .28 microns thick. The

calculations suggest that most of the 10 and 15 KV electrons

pass entirely through the KTFR and most of the 5 KV electrons

‘are captured. Theé results here would seem to confirm th e

Thomas-Widdington Law as opposed to many other solutions for

%he*Eéhetratiﬁﬁgﬁistanee,
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KTFR - the appearance of this peak

suggests the redistribution of charges in the matérial,preper.
The writer proposes the peaks are the result of accumulation
of p031t1vely charged ions. The ions are either 1n the resist
initially or are a result @f~reaction.between}thenresiét ana

While the béamLis striking the resist

the electron beam.

& large negative potential exists and the positive ions are

attracted to that area. When the beam is turned off, the

electrons creating the negatiye-potential-qﬁickly*dia@erse'
and the positive ions are left in_p@sitioﬁﬁ They too will
disperse, but at a much slower rate than the .accumulation
rate because the driving force (potential) is much less.
KTFR, a polymerized isoprene dimer of molecular weight
100,000, is insolubilized by free radical reactions like the

following.

CH=—C—C LIGHT (B)—CH=—C—C
2 \ OR m 2 \
CH — CH—(B)__
/ ELECTRON / p
HC—C—CH,, ENERGY « C—C—CH,
2 A éhéﬁ
H CHB 3

KITR A DIRADICAL
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This diradical reacts with ariother

H—C—C —CH,_
/\

H CH
3

H—C—(C—CH
YANR |
CH. CH—(B)
3 o
(B)E-CHg—C—-C
“/\
CH3 CH3

a diradical that can react furtheér.

The purpose for presenting the reaction is to indicate the

KTFR molecule to give:

where B is the

monomerxr :

CH. CH
3 / 3
— CH —C —Y:

2 \
/ s

HC—C

large number of hydrogen bonds in the molecules. The bond

energies of the carbon-hydrogen bonds are of the order of

L eV and the double carbon bonds are 6f the order of 5 10

6eV. The 5K to 15K €V electrons have more than enough energy

10 break both these bonds. The insqlubilizaiioﬁ of the resist

is proof that the C = C bonds break and if they break, then

there is every reason- to expect the

Ordinarily the hydrogen ions would bécome re-bonded to the




- carbon. However, in ﬁhe;preaénGQLOf-a”largg potential field_
they may move towards the field. The probe measures the
hydrogen ions remaining in the aresa of the beam impingement
after the beam is turned off.

~Since the charge apparently redistributes itself, it may
have no effect on subsequent processing of thé resist.

- A somewhat similsy f@rmfaf“pcsitiverchafgé”Was obserived
by Petit-Clerc and.CarettelB, No attempt to explain it was
made at the time.

k. Bilicon Wafer Sample - the ungrounded silicon samples behave

like the unclad KTFnglaSS samples. The potential is rather
large (50-100 volts) and shows a more positive value in the

cénter of the sample.

The grounded sample appears to possess the characteristics

of both the grounded and ungrounded KTFR s amples. This effect
iﬁi@r@bably due to the insulating effect of the silicon oxide
layer on the wafer. This insulating mater‘lal would make the
KIFR behave as though it were ungrounded (or unclad, and there
is not-saimuch.&iffEEénce‘bE$Wéén the +wo) and'reéultSiin
negative potential on the entire surface of the sample. Since
the silicon material under the oxide is grounded, and the

beam has enough energy to peénetrate the photoresist (these

‘experiments were conducted at 10 and 15 KV), the uniform




46

potential would not be very large. It probably results from
electrons scattered back into the photoresist from the SiliCQﬁ
or silicon oxide layers. The relatively hlgh diffusion rates
;in'KTFR'ﬁhat‘rasulted'in:a»lafgﬁ'nﬁgative potential over the
entire glass sample in the unclad condition wou_ld also spread
this smaller charge uniformly over the silicon sample.

The fact that the sample is acting as a grounded sample .

would result in the familar positive peak formation as is

observed.
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The results of this i nvestigation indicate large surface po~
tentials may be developed on photosensitive materials when they
are exposed by ‘the electron beam method. 'These;pgtentials do not
decay very rapidly. As a result, the Shapé.of a pattern generated
on the material could be affected.

The most desirable condition from the viewpoint of surface
potentl al is metsl clad gr@unded samples: The surface potential
is reduced to a minimum under these conditions.

To obtain these conditions the photosensitive substrate would
have to be acquired with a metal coating. 8i nce present technology
incorporates a metal layer for other reasons, this should be no

problem.

Grounding the sample is also relatively simple. If some area
of the sample is provided that is not necessary to the pattern
generation, the holding device may be designed to scratch through

the photosensitive material to the metal cladding. Grounding

through an ammeter is & simple way to be sure the sample is grounded.

An sppropriate current reading on the meter during irradiation will
indicate charge not accumulating on the sample.

The problem of irradiating silicon wafers with oxide surfaces
is not so easily solved. If the charge never éccumulateSJbeyond

the 5 wvolt level observed here, then grounding will work on the
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silicon samplés also. Howevér, if the charge observed is a function
of the oxide thitckness or some other inherent characteristic of
the material, charge may accumulate to a higher potential and

some other solution may be necessary.

Iﬁﬂébnclusidn,-thesefex@eriments have been“usefxi in deter-

mning the magnitude of the surface potential on photosensitive

materials under typical irradiation conditions.




TABLE I

MATERTAL KTFR HRP SILICON

Dose (x 6.2 coul/cmg)

10

10

10

10

10

10

10—6

Energy:

15 KV

GUN

GUN

- GUN

GUN

GUN

GUN

10 KV

GU

GU

> KV

GU

i

1

1

= Metal Clad, Grounded

= No Metal Cladding
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TABLE IT

ASSUMING EQUATION OF FORM: V =

-At
v
O

SAMPLE

l

NEAR t

AT CONSTANT SLOPE

|

v
@)

o |

o |

A

ﬂ
..*

KTFR (metal clad)

Ungrounded 15 KV

6@2:X'lOfSrCOul/Qﬁ2
) ’

’6?2 x 10 ~ eOul/cm2

6.2 X10;7'¢0ul/Cm2
Grounded 15 KV

6.2 x 107 coul/en®
6 coul fon?

6.2 x 107! cQul/cm?’

~ 6.2 X lO!

HRP (metal clad)

Ungrounded 15 KV

6.2 X'J__’O._8 couljgmg

9 2

6,2“X“10‘ coul/cm

10

6.2 x 107 %0u1 /em?

Grounded 15 KV

6.2 x 1070 coul/cm?

6.2.&,10—9 Céui/cmg

10

Coul/cm2

I 6.2 x'lo_

4000
650
L60

14.00
1.86

1.18

L2
68
L2

17.40

2.41

[.2'18

,ouu

.050
017

.013

.025

.018

.020

340
190

90

1.73

1.07

150
50
37

13.2

.0k43
043
.058

.006
.001

.00k

.016
.002

.005

.008




51

TABLE II (Cont.)

ASSUMING EQUATION OF FORM:

V

O

-At

SAMPLE

|

NEAR € 0
P I
O ol

AT CONSTANT SLOPE

KTFR (not metal clad)

15 KV

6.2 X:loiﬁléOUl/cﬁg

6.2 X lO- COU_]_/Cm

6.2”X.1Q*8.c©ul/cﬁ2

15 KV

3 2

6.2'X.10; COul/me

6.2 x 107 coul/cm”

KTFR (metal clad)

Pt

Ungrounded-6r24X-lOﬁQCOUl/cm

15 KV
10 XV
5 KV

'coul/amg

2

15 KV
10 KV

> KV

ﬂ*

13,000

3,750

135

66
L0

33

600
1050

660

2.53

400

135

.2L48

133

. 365

.280

.233
460

.184

.006

.022

.01k

2000

2800

350

ele)
16.3

16.0

187
105

170

2.5
1.65

2.05

A

.016

053

.102

055

.0013

.0013

LoLL

.035

.036

.005
015

.006
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FIGURE 1
ELECTRON BEAM MACHINE

S |
| — FILAMENT

ANODE
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ELECTRON LENS |

2nd ELECTROMAGNETIC
ELECTRON LENS
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ELECTRON LENS
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WORK CHAMBER




FIGURE 3

BOOTSTRAPPED DARLINGTON CIRCUIT
CURRENT AMPLIFIER
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FIGURE 4
COMPLETE KELVIN PROBE
:ﬂ
e
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FIGURE 5

PROBE ASSEMBLY IN CHAMBER

EARPHONE IS ATTACHED TO TELESCOPRING
BEAM. PROBE IS POSITIONED OVER SAMPLE
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FIGURE 6
PHOTOGRAPH OF EQUIPMENT.

ELECTRON BEAM AND VACUUM CHAMBER ARE
LOCATED INCENTER. BEAM OPERATING
APPARATUS IS ON RIGHT AND KELVIN
PROBE OPERATING EQUIPMENT ON LEFT




FIGURE 8

FROM LEFT TO RIGHT: SAMPLE IN SAMPLE
HOLDER, FARADAY CUP, COPPER PL.ATE FOR

BEAM SIZE DETERMINATION APPROX. a4 FULL SIZE
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FIGURE 9

CURRENT PATTERN GENERATED
DURING BEAM SIZE DETERMINATION

CURRENT —e

L] ] 1 l l l l | l L1 l
2mv/div.
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FIGURE 10

- TYPICAL CHARGE PROFILES ON

DIFFERENT
TYPES OF MATERIALS

|
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FIGURE 11

DECAY OF SURFACE POTENTIAL ON METAL

CLAD KTFR. 6.2x10°° COUL/CM?- X, 6.2x10"' COUL/CM2- o
6.2 x 1077 COUL/CM% -0 . ALL AT I5KV. UPPER THREE

CURVES ARE UNGROUNDED, LOWER THREE ARE GROUNDED
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| FIGURE 12
DECAY OF SURFACE POTENTIAL ON METAL CLAD

HRP. 6.2 x10~° couL/cM®-X, 6.2x10"°% couL/cM%o
6.2x107'° coOUL/CM %-a. ALL AT I5KVY. UPPER THREE

CURVES ARE UNGROUNDED, LOWER THREE ARE GROUNDED.
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SURFACE POTENTIAL ( VOLTS)

FIGURE 13 :
DECAY OF SURFACE POTENTIAL ON

METAL CLAD UNGROUNDED KTFR. |5 KV-X, 10 KV -O
5 KV-@ . ALL AT DOSE OF 62x10"% coUuL/CM 2
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SURFACE POTENTIAL (VOLTS)

FIGURE 14

DECAY OF SURFACE POTENTIAL ON

METAL CLAD GROUNDED HRP.

IS KV-X, IOKV-0

SKV-@ ALL AT DOSE OF 6.2x10"° COUL/CM?
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FIGURE 15

DECAY OF SURFACE POTENTIAL ON METAL CLAD
GROUNDED KTFR. 15 KV=X, I0KVY-05KV-0.

ALL AT DOSE OF 6.2 x10° ' coul /em?2
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SURFACE POTENTIAL (VOLTS)
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FIGURE 16

CHARGE REDISTRIBUTION ON KTFR.
DOSE IS 6.2 x 10° coul /ecm® AT 10 KV
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SURFACE POTENTIAL (VOLTS)

FIGURE 17

DECAY OF SURFACE POTENTIAL
ON METAL CLAD GROUNDED
 KTFR MEASURED ON POSITIVE PEAK.

-7
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SURFACE POTENTIAL (VOLTS)

FIGURE 18

EFFECTS OF ATMOSPHERE PRESSURE

ON CHARGE STORED ON KTFR; METAL
CLAD, GROUNDED. DOSE IS

6.2 x 1005 couL/cm? AT 10 KV
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FIGURE 19
SLOW DECAY OF CHARGE ON SILICON WAFER
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FIGURE 21

COMPARISON OF RATES OF DOSE - y
TOTAL DOSE IS 6.2 x 10 °coul /cm® AT 15 KV

SURFACE POTENTIAL (VOLTS )
o

-8 9.6 x 16° coul /emZ/sec
-9 1.2 x 10" 8coul Zem®/sec
-10
i 1 N I
O .25 .50 .5 1.0

DISTANCE (INCHES)—=




70
| FIGURE 22 |
DECAY OF SURFACE POTENTIAL ON KTFR
WITH NO METAL CLADDING. 6.2 x107° COUL/CM?-X
6.2x107° COUL/CM*-0,6.2x10""COUL/CM2e. ALL ATISKY
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FIGURE 23

DECAY OF SURFACE POTENTIAL ON
HRP WITH NO METAL CLADDING.

6.2 x 107 coul/cm®-X 6.2 xﬂ@’acoullcmz-o,
6.2 x16'° coul Zem - 0. ALL AT I5KV.
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