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CHAPTER 1

INTRODUCTION

In this thesis we study both experimentally'and theoretically the
feasibility of fabricating blazed diffraction gratings with x-ray
lithography using holographically produced grating x-ray masks. Diffraction
gratings are produced-either.by classical method of ruling or by_inter-
ference (hologrpahically) [l] [2]. The advent of holographic gratings
was possible after the development -of lasers in the early sixties. Ruled
‘gratings with'up to 3600 grooves/mm and holographic gratings with up to
6000 grooves/mm are commerically available [1]. Smali'area ruled gratings
with 7500 grooves/mm and holographic gratings with more than 10000 grooves/mm
[3] have been produced. ' | ' |
Holographic gratings have certain advantages over ruled gratings.
They can be produced much faster, do not generate ghosts, can be of large
.area with'finer pitch [2] and it is possible to combine them with a lens
“function. An example of the later is comma, corrected grating. '
Holographic'gratings are usually cheaper than ruled ones; The main
~ disadvantage of the interference technique is that it ailows rather less .
control over the groove profile than one has with the ruling process. -
Control over the groove profile is of fundamental importance, since it is
the groove shape that determines the absolute efficiency which is defined
as the percentage of incident energy of a given wavelength that isr
‘diffracted into the order of interest [2] |
In order to obtain a better use of the grating it is desired to
concentrate spectral energy into any one of the orders. Tke principle

(for classically ruled gratings) is to rule the'grating so that the



reflecting elementsv(grooves), are tilted with<respect to the'grating
'surface. This profile is characteristic of blazed gratings. Figureyl.l _
shows a typical hlazed grating profile [1] [4] where b = a cos ¢ spectral
energy is concentrated in the direction d. v¢ is called blaze angle.

Blazed gratings are usually ruled. Blazed interference gratings of
spectroscopic guality have only been produced for the ultraviolet_spectral
region and the techniques are still being further developed [2]. |

X-rays may be used for high resolution lithography since their |
wavelengths are much smaller than optical wavelengths. In particular a :
. process.similar to the x-rayllithography'technique described by .D. L. Spears
| and H. I. Smith [5] together with a holographically fabricated x—ray
absorbing grating mask pattern can be used to fabricate diffraction
gratings. In particular; blazed gratings can be produced by the multiple.
angle exposure technique sketched in Fig. 1.2. &ghis process has potential
advantages over both mechanically ruled and direct holographic grating
fabrication techniques. Since the contact printing mask is itself a
holographic grating the two advantages of small period (10,000 lines/mm)
and large area uniformity can be preserved. The use of x-rays allows
. the planar pattern to be projected into the resist material without
significant absorption or spreading due to scattering or diffractiOn.
ﬁpon chemical development this yields both deeper and more desirable
groove shapes than those.producible interfero metrically in photoresists.
A very important process advantage is that a,single'mask can be used to
'replicate gratings with a varietylofvblaze angles.

In Chapter II, the principles of x-ray lithography are presented.
We start with a brief review of x-rays. The theory of x-ray lithography

and, in particular, the requirements for high-resolution lithography as
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applied to the fabrication of blazed'diffraction gratings are described.
' Aﬂaimple algeoraio model is presented along‘with curves for designing
blazed gratings with specified blaze and groove angle. lhe‘fundameotal
limit on groove shape imposed by the fact that smaller-period gratings '
require thinner masks having lower exposure contrast is explored.

In Chapter III we describe oor X-ray expoeure system and a,eolid-state
x—rayvdetector. )

In Chapter”lv, the process for fabricating x-ray absorbing masks
is described. The holographic fabrication of photoresist gratings, the
.subsequeot fabrication of the gold grating absorblng maek pattera and the
etcﬁing'of.the silicon substrate to produce an x—ray'éemitranéparent
thin silicon meobrane are discussed in some detail. |

Io'Chapter V'our experimental results are presented and explained.
_Eaposure dependeht resist properties are also discussed,_and in particular
the thermal effects during exposure. | |

In Chapter VI a rigorous simulation of the development procesa based
on geometricalvopties (ray tracing) is presented. Equations important E
for the algorithm are derived.b Results are presented for cases of |
particular‘interest to this work such as grating profiles for variocus.
perlode, source angles; developers and for different X~-ray wavelengths;
| Results are also presented forother examples and they are compared witﬁ
the»ones obtained osingldifferent algorithmic approaches.

In Chapter VII, we discuss our results and present our contlusionsg



CHAPTER 11

THEORY OF X-RAY LITHOGRAPHY

In this chepter we present a brief account on x-rays and we describe
~ the prinicples of x-ray lithography. In Section 1 we give a brief review_
on the theoriee_of the generation and absorpition of x-rays and of the
efficiency of production of both characteristlc and contlnuous x;rays.

In Section 2 the principles of.x-ray lithograph are described in detail,

and iniparticular'those aspects which are impcrtaht for high-resolution

1lithograph.

2.01- : x“Ra!s

X-rays are produced when rapidly moving electrons, which have been
accelerated through potential differences of a few thousand volts up to
hundred of thousands of volts, are allowed to strike a metal target.
xbrays‘are-electromaguetic rauiation and they are governed by_quantum
relations in their interactious with metter. We speak of x-ray photens
.or quanta, the energy of such a photon ° given by the familiarc
rele_'t:lon W = hv where h is Planck's constant and v is the frequencf of the
.radiation. Wavelengths of x-rays range from 10 10 to 10-6cm. erafs of
long wavelength are called soft and those of short wavelength are called
hard. |

The production of a beam.of‘x—rays_requires en.electron source, some’
means of accelerating tﬁe issuiug electron'beamvand directing it on tc the
anode (target) and usually some sort of cooling for the target. The details
of the system used to produce X~-rays will be described in Chapter III. |

Continuous x-rays are produced when the incident electrons are

decelerated and scattered in cdose collision with uuclei of the atoms in



vthe'anode.. This is a COuiomb interaction scattering. Aithough the eiectron
| does not lose energy to.the nucleué because nuclei are so'massive that
'_theyido not recoil appreciably, the electron sometimes‘does lose energy
by electrcmagnetic radiation. Tnis radiation constitutesrthe continuum
x-ray spectrum. _. | |

Hhen.there.are Coulomb interagction:cpllisicns between the incident
velectron and the electrons of the atoms in which the energy transfer is a
large fraction of the energy ofAthe.incident electron and.the energy 1is
.large enongh, it is possible to excite an atomic electron'of en inner shell
from its highly negative energy level to one of the slightly negative or
positive energy levels. This leaves the atom in a very highly excited
state. The atom will eventually return to its ground state and in this
, process it ©nits a set of very-high-energy quanta which are members of
its x-ray line spectrum.

For x-ray photon energies less than 5 Hev, the loss of x-ray beam
intensity‘as it traverses natter, occurs both by absqrption'(which transfers
energy to the absorber) and by scattering (which deflects‘it'out of the
‘beam).~ The absorbed energy.is re-emitted either as eecondery (fluorescent)
:radiatiqn or as phqto-eiectrons. When the energy of an x-ray photon is
comparable or greater than the.binding energy of atomic electroms, it can
leadvto thedejection of an electron. This is called the x-ray photoelectric
effect end the ejected electron, a photoelectron [6]. The ecattering
"may be either coherent, including Bragg diffraction, or incoherent, with
change of wavelength. (Compton Scattering) The degree of absorption of
x-rays of given wavelength varies as a high power of the atomic numner A
.of an elementnend on the amount of it-in_the path of the beam. For a

given element, absorption increases as a high power of the wavelength,



with interruptions of the'charactetistic absorption edges corresponding

to its emission lines.

We will now describe, in some detail, quantitative aspects of the

production of x-rays and the x—ray‘absorption process.

2.1.1. Continuous X-rays

As mentioned earlier, the emission of electromagnetic radiation by a
scattered éiecttbn constitutes the continuum x-ray spectrum. In this |
‘case, when the eléctron is an unbound ééatteréd'electron, élassicai'thgory
is capable of describing qﬁife»well certain features of the production
of continuum spectrum x-Tays. - |

According to classical electromagnetic theory, a particle of chatge,
ze suffering an acceleration a, will emit energy in the form of
electroﬁagnetic radiation at the rate [6}.

II.?.___Q_)___ SR ; _(2.1)~_
where ¢ is the velocity of light. When the particle is scattered by a
nucleus of charge Ze, it experieﬁces a Coulomb force which is pfoportional
- to zZezland; if the mass of the particle is m, its acceleration is
proportional to zZezlm.‘ Consequentiy the rate 6f_emission of energy in

electromagnetic radiation can be written

4,2 '. ' -
v z Z _

m -

" From the factor llmz, it may be predicted that the emission of electro-
magnétic radiation is very much more important for electrons than it is
for protons or other beam particles. This is true; the enegy emitted in

continuum spectrum x-rays by a heavy charged particle in traversing matter



is almostlimmeasurably émall;_ The pfesence'of the factor Z2 shows that
anodes of high atomic number’a;e much more efficient producers of these
X-rays. Thé 22 dependence aiéo show that the radiation emitted in
scatte;ing from an atémic eléctrﬁn (1.e._zl¥1) is negligiﬁle.
For.incidenf glectrons of npn—relativistic energies, the angular

distribution of the x-ray energy emitted in thebcontinuum spectrum is
given by [6][7]:

L 1(0) = sinZ0 (2.3)

whére © is the angle bétween :, the directidn of the eﬁitted x-rays, and
a, the'accele;ation of the incident electrons. |
Experimentally it is found that the shape of the coatinuum spectrum
depends only on'the'energy of the electrdns incident on the anode, and
not on thg pnature of the anode [8]. In particular, the short Qavelength
cutoffbkc is inﬁersély ptoportional to the inciden; electron kinetic

. energy E. Thg_cutoff frequéncy.vc = c/Ac follows the émpirical law

hvc = 3 ' (2.4)

where h is in excellent numerical agreement with the value of Planck's

constant.
The efficiency of production n. of the continuous spectrum, as the

~ ratio of energy in the x-ray beam to that in the incident electron beam,

follows the empirical relation [7].

n. - kzZv. . (2.5)

where V is the electron beam accelerating voltage and k is a numerical

factor. Wheh'v ijs in volts the value of k is given by Compton and
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Allison [8] as 1.1x10-9; however, slight variations of the above are
reported in the literature [7]}[9]. As the electron beam has power VI,

where I is the target current, the power of the x-ray beam Ec is given
by

E_ = v | - 2.6

so long as the target is "opaque," 1.e. thick enough to stop all electrons.
This expression.ho;ds déwn to about 2kV. 'The.number of quanta n, emittedA
in the continuous spectium frpm the high-fréquency limit set by the beam
voitage‘Vto the léwer limit, corresponding to a voltage V;, beyond which

quanta either do not escape from the target or fail to produce a response

in the recording system, is given by [7].

n, = 0.40(ekz1/n?) (v-ve)*®puc®® | @

where k is a constant e the electroniq charge, h Planck's constant. The
number of electrons falling on the target is I/e so that the quantum

efficiency Neq of the continuous spectrum is

1'65/V;0165

2, 2. . s
n__ = 0.40(e“h®) kz(V-V ) R
«“ ¢ (2.8)

-’1504x10‘9z(v_v;)l.sslv;o.es

Comparing the values of (2.7) and (2.8) it cén'be seen that the quantum

efficiency isvgfeaterbthan the energy efficiency except at lower voltages

close to V .
c

2.1.2. Characteristic X-rays

The characteristic or line radiation can be understood in considerable
detail from the Bohr theory of the atom. The development of wave mechanics

added to this understanding and enabled a detailed interpretation of the
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: fine structufe ﬁf.speéra to be built up. The classification of the orbital
electrons into.shells and the designation of individual electrons by means

‘of quantum numberé ére weil-known featﬁfes of the Bohr theory. figure 2.1

17} shows how the»orbital électrons may be grouped tégether into the

K, L, M, etc. shells of progressively decreasingbbinding energy, and_it'

| 1s'§een that (with the exception of the ) shell) each shell consists of
several sub-shells of slightly different energy. Each shell is. |
charﬁcterized by a Principal Qﬁantum Number n, which'has the values

-1, 2, 3 etc. for the K, L M etc. shells and it is this number which

| _appears 4in the expression for the binding energy of electrons 1n the

" hydrogen-like atom [7]:

—2n222ff : o R
En = ___..Ji____,, o _ ) ’ (2.9)

A h n

In this expression Zeff represents the effective atomic number -(Z) modified
by the screening effect of the orbital electrons. Equation (2.9) is often

written in the form

Rhczzff ' _ anel'mr _ . h '
E = _.._.i_.. where R = ———— - S (2'10)
: 3
n - ch .

The quantity_R is the Rydberg constant, mr'is.thevreduced masé of the’
orbital electron, and should be writ:en as mM/ (Mtm) where M is the atomic
mass. | |

There are thus many distinct Rydberg c0nstants,.for.nuc1ei of different
mass,_and‘these'distinctiOns are observéble:in fhe opticél4spectfa of light
elements; deeVet, the screening'efféct of orbital electrons‘imposes much
greater departures from the.simple formulas so we shall take o, in Eq. (2.9)

‘to be simply the mass of the electron. The Rydberg constant would be R_,
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appropriate for an infinitely heavy nucleus.

In tbe wave-mechanical treatment the complete enpression for the
" energy of allevel (n,l,j).where L 1is the orhital angular momentum quantum
number, j is the total engular momentum’nunber and is given‘hy +s where

' s(s'%) is the spin qnsntum number for an individual electron, is given by

j‘[7]:

R : _2. _ , . | _ -
' M | (Z- 02 a“(Z-0") [ n 3 ' .
B(n,!.,j) Rhe M-tm[ nz + nl' — (j +l - 4)] (g.ll)

Here © and o' are constants which have been introduced to allow for the
partial screening of the micleus by the orbital electrons. Each sub-shell'
-(ny2y3}) can contain several electrons up to a maximum 2j+l. This o
multiplicity of levels is of interest in that it affects the. intensity
_of lines thrOugh its effect upon the transition probabilities between shells.
It is a central featnre”of the interpretation of x-ray spectra that
observed lines correspond to transitions between two states.. We may draw
an energy level diagram in which each combination of n,% and ] gives rise
.bto a distinct level. We may depict the energy levels of theAatom as in
Fig. 2.2 [7]. The removnl of a strongly bonnd electron naturally glves
rise to a level at the top of the digram and the emission of an x-ray
photon corresponds to a transition from an upper level to a lower level.

States corresponding to the removal of an electron are known as "hole-

states." qut_all.transitions are poséible._ The selection rules which

govern transitions between states are

AL =41; A =-1,0,1 | (2'.12)'

The transitions that obey (2. 12) are shown in Fig. 2. 2. The totality of

x~-rays which are emitted in these transitions constitute the x-ray line
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'spectruﬁ of the atom. It is conventional to group those lines produced by
transitions from the K shell into the so called K—seties; from the L shellv
into the L‘series>etc, In the L series, the strongest lines wouid be expected
.‘;o.be those which originate from the_LIII.atomic energy level (since this |
contains four eléctfdns, anyone of which may bé'ejécted_by'the initial

' ionization proéess) and which terminate.in the Miv and Mv'levels, These
'_llines.are.d§Signated.La2 and Lal respgétively.

_IIn order for a photon to be emitted, an atom has first to be ionizéd in
‘.the.appropriate shéll, and this may be a¢hie§ed’by several means. The
ﬁaterial in which iohization is required may be in the form of a target which
‘18 then bomba#ded bj eiectrons (the usual_pr&éedure for generating x—:ays)
with an energy in excess of the required excita;ion energy. .This énergy.'
must be sufficient to either remove the electron altogether from the targét,
_or at least sufficient to put it into a vacant outer level or into the cOn-‘
duétion band in :hé:case of a metal drvsemiéopduétor. Alternatiﬁely the

' mﬁtetial may'be.ionized by radiation Qith X-rays or gamma rays of sufficient
_energy to be absotbed by theiphotoelectric,effect.,‘Following the ifonization,
an electron has to "fall in" from an outer shell, but it should be noted
‘,_thét ﬁhis éﬂergy is not a1ways emitted in the form of an x-ray photon. The
alternative préééss is known as the Auger effect; The Auger effect is a
‘radiationless transition in which the available energy is used to release

an electron from the outer shell. This electron is known as anAuger electron.
It is readily seen thaﬁ an atom which has emitted an Auger electron now_has
two vacan;igs, neither of which is the same as the vacancy created by the
1ﬁitial ionizing évént. An Auger transition thus involves two orbital
electrons and thrée eleétron orbits. The fluorescénce yield is defined

as w, = XK’(XQ+AK)’ for the k shell, where X, is the number of emitted

x-ray photons of the K-series, and AN is the number of K Auger electromns.
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If alphoton is emitted when an electron falls from an outer shell to

an inner one there will be one vacancy in the outer shell remaining to

- be filled.

.The frequency'v of an emitted photon bears the usual relation to the
energy E which it carries, E = hv, therefore, if we have a transition
_from an initial (excited) state (ni,li,ji), to a final energy ‘state
(nf, f,jf) the frequency v of the emitted phonon-is given by

. .l - _ )
Vo p By T B!

(2.13)
'In practice the contribution of the line to the total spectral

energy is always less than that from the continuous but the ratio rises

as the target voltage is raised above the minimum needed to excite a

given ‘1ine. We shall consider only the energy in the K ~line since the

- information on the L lines is very scant. In first approximation.experiment

establishes the simple.relation [8]:

1.65 | | N (2.14)

B = (V7))
~ for the energy in the K -1ine, if Vk is the minimum voltage needed for
its excitation and-V1 is the beam voltage. On theoretical grounds 91

the relation is
o vk _ - E :
B = AZWILa%) - (- 3] Bt - (2.15)
where A is a conetant, ‘1 is the beam current, w the fluorescent yield
for K& radiation, and Rk the ratio of the probability for K ionization.
to that for the production of a quantum of energy greater than Vk in the

continuum. The value of %kvaries somewhat with atomic number and 1is equal

to 3.5 for copper; it has been shown to be constant over a wide range of
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voltage. Comparison with experimental measurements shows that (2.;5).canf
be closely approximated_to the accuracy quoted in connection with the

-cpntinuoﬁs spectrum, by the following expression [7]
B, = 1.04x10  z1Ru, (v-7,) 1 Py, 0P L (2.16)

Comparison of (2}16) and (2.6) now gives the ratio of thelenergy in the
Kn-line to that in the continuous spectrum as a whole. For cdpper, with

the value of 0,395 for wys we have [7]

0135

E/E_ = 1. 1 v 2P - v )1 65y o (2.17)

= 1.1(0-1)/0°

ﬁn writing U = VIVk° 'Henge the eﬁergy in the Ka—line is less than that
from the continuous specfrum as a whole...EQuation (2.17) must be’régarded
as an empirical reiation becausé its deriv#tion rests on exp¢rimenta1
values.for this power law, fdr Rk?and fbr W,

The ratib of the energy efficiency for-the'xu-line Mee to that for

the continuous spectrum Nea is the same as the ratio of the actual energies,

so that the value of nk can be found by substituting (2.5) into (2.17).

The quantum effiéiency “kq for K production is a more important factor;

with o, and ne»for the number of ka-quanta and electrons respectively, it

is given by
= 1.04x10 9zam (U—l) 65

It follows from :his discussion that in all circumstances the efficiency,

‘whether measured in terms of energy or quanta, remains of order 10 ' to

10-2, being higher for elements of high Z and at high voltage; however, if
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the target reabsorption of the emitted x—rays is taken into account, there

is a practical upper limit to the accelerating voltage V for maximum

efficiency of production. This topic is discussed in detail by Green [10]
and also by Dyson [7]. For soft x-rays (8.34 A) and for accelerating
potential around 7kV the quantum efficiency is.around'lo.a photons per.

electron per steradian.

2.1.3. X-ray Absotption

When a collimated beam of x-rays passes through a thickness t of‘a
. particular element it is found that its intensity is reduced from the |

initial value I to a value I according to an exponential relation
(Lambert's Law):' |

I=1e"" | ‘ ST T (2.19)

where u is a constant, the value of'which depends on the atomic number

"iof the element and on the wavelength of the x~-rays. It has.the dimensions

of a reciprocal length and is known as the linear absorption coefficient.
Equation (2.19) implies that, in passing through successive elementary

layers of thickness‘dt, the beam loses a constant fraction of its intensity
in each layer:

d1/1 = -udt (2.20)

The value of the linear absorption coefficient depends on the number of

atoms in the path of the beam and hence on the state of aggregation of the

element. Division by its density (p) gives a more ptactically useful

quantity (u/p), which is independent of the physical state. It is known

as the mass absorption coefficient (u, = u/p) and ‘has dlmensions of area

over mass (cmz-gm-l); Absorption is thus referred to the amount of matter
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in the path of the beam, measured as the mass per unit area or "mass-
thickness" m, and since m = pt, (2.19) becomes

1= Ibe ' o ' ‘ (2.21)
Similarly, division of p by the number of atoms per unit volume (pN/A)‘

‘defines the absotption coefficient per atom

u, = uA/N | | N | SR (2.22)
wbere A is the atomic weight of the absorblng element and N is Avogadro's
number. Since absorption is primarily concerned with the inner electron
shells of the atom, u is almost entirely independent of the physical state
~and mode of chemical combination of the absorbing element.

As mentioned earlier the variation of the absorption coefflcient
with atomic numbet and wavelength is compllcated by the fact that loss of
beam intensity occurs both by,absotption.(photoelecttic absorption or
fluorescence) and by scattering. To this, if the photon energies are
larger than 5 MeV, we should add the loss of beam intensity due to electron-
positron pair production whicn can'take place in the Coulemb field of an
atom of the absorbing materia1° however, for photon energies of interest,
we can disregard'thevpair production cempletely.- The experimentally

determined mass absorption coefficient will thus be composed of two terms

'y wm PR L.SE - - ' (2.2
w : > . / . ( 3)

where —ll— represents absorption by photoelectric emission and fluorescence
and usélp is the mass_scattering coefficient. For the wavelengths used in

our work, the mass scattering coefficient is negligible compared to that

for absorption.
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The value of uph/p varies both with wavelength and étomic number
2. If we are away fromfcharacteristic absbrption edgés (to be discussed

below) then'uph/p is giveﬁ approximately by [8]

Mop/P = CA z° v o S @a2n

where C isva constant to withiq a narrow rangévof X and 2. For wavelengths
.in the range of i—iO A, the value of r and s is 3. | | |

A striking feature of plots of the mass absorptioﬁ coefficient vs.
wévelength is the apparently discoﬁtinuous jumps at various wavelengths
characteristic of the absorbing element. These éan‘be”expiained as fbllows.
When the energy of an eray photon is increased, the photon becbmes more
'penetrating, :‘l.e.'less, absorbéd by the absorbi_ng Amater'ial; however, whep
its energy:'excee'ds' that r‘equired for the ejection of an électron from an
;nner-Shell, this wi}l correpsohd to energy being transferred to the
absorber (for the.ejeétion.of the electron) hith-a'corresponding ihcrease
in the mass absorption coefficient. The jumps occur at wavelengths close
to those corresponding to the emission of characteristic x—fay lines. \Since“
- the photoelectric effect is the ejection of an electron of a shell.entirely
from the atom, and‘thé>characteristic lines arise from transitions from»one
shell to another, it is seen that the energy of the‘phqton'needed to ejeét
an electronvftom'a particdlar'shell is slightly lérger than the energy
of the corfesponding charactéristic x-ray line; therefore, a‘matgrial is
' alﬁays a bad absorber of its owﬁ characteristic radiation. Figure 2.3
shows qualitatively ﬁhe shape of part of the curve of the mass absorptiqn
coéfficient vs; wavelength. The wavéléngth of the charagteristic line

corresponding to the jump shown will be situated near the jdmp on the long

wavelength side.
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characteristic line

Fig. 2.3. X-ray absorption coefficient

vs. wavelength. : :
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2.2, Principles of x—fay Lithographz"

| In Chapter'I, we introduced the concept of sbft x-ray contact
printing by projeetion of an absorbing gold mask pattern into resist
material,(poly—methylmethaqrylate). The three major requirements for
x;rayﬁiithography are the.fabrication of an absorbing mask on a suitable
semitransparent substrate, a soft x-ray exposure system and x~-ray resists
with comparison chemical developers. A description of the soft x-ray
exposure system is given in Chapter III, and the fabrication procedure
for x-ray masks is given in Chapter IV. Imn this section we present the

theory of x-ray 1ithography and in particular the requirements for high-

resolution lithography as applied to the fabrication of blazed diffraction

gratings.

2.2.1; Soft eray Exposure

Figure~2.4 illsstrates the x-ray lithography technique. The mask
eomsists of a hiéhly absorbing pattern on top of a semitransparent
membrane. This is in contact (or off contact) with a substrate coated
“with a polymer fiim'sensitive to x-ray irradiation. X-rays are produced

by electron.bombardment of a metallic target. A'feil which is a combinatiom

of a heat and stray electron shield and x~-ray filter, is placed between

the mask substrate system and the x-ray source. The foil is semitransparent

to x-rays. For this scheme, the choice of x-ray wavelengths for efficient
and quick exposure of the sensitive polymer film (x-ray resist)lis limited
by the availability of sensitive x-raykresists and nighly transparent mask

substrates and x—rayvfilter foiis. Gold, being an excellent absorber of
'x-rays in wavelength regions far from its characteristic absorption edges, .

is used for the fabrication of the absorbing mask pattern.
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Substrate

X—ray resist

Mask absorber pattern

ﬁ . | ‘\\\‘ | NMask substrate
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electron and heat shield

X-rays

e~beam
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Fig. 2.4. X-ray lithography technique.



‘The x-ray flux at the resist substrate surface (originating from a
'monochromatic'source) is given by

. Ie hv
6s : 2 A( 2
.qd

(2.25)

, where I is the electron beam current, d is the source—to—substrate
distance, s is the x-ray yield measured in photons per electron per
steradian, q 1s the electronic charge and v iS-the frequency of radiation.
A is a factor proportional to the transmission of the filter foil and of

the mask substrate (without.taking into account the absorbing pattern),

and- it is given by

, catat o
a=e FE B (2.26)
where ae and as are the linear absorption coefficients of the foil and the -

mask substrate respectlvely and te and t, are their respectlve thicknesses
Og and a, are highly wavelength dependent.

- The x-ray flux passing through the resist film is attenuated accordingto

the relation

| | “%? : | : S

¢=d —) o o (2.27)
: . cm : R

where ¢ is the incident flux, ¢ is thevtransmittedbflux, a. is.the resist
linear absorption coefficient, and.z is the resist thickness. The total

energy dose absorbed in ‘the resist per unit volume is

o - 2 ‘ : _
-t t T Joules o _
D= Py (¢S-¢) = "z- @s(l—e ) ( m3 ) | . _ (2..28)

where t is the‘total exposure time. For poly-methylmethacrylate (PMMA)

a. & 1000 cm_l at theA!-k line (8.34 3). Therefore, for z small (<2x10-4cm)
. “ky . | »
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(2.28) becomes
D=ty , - o  (2.29)

i.e..the power dissipnted is uniform throughout the resist thickness.

The above relations are valid ion a'monochfomatic source of x—rajs.
Monochromatic raniation is»not.essential.for exposure of the resist;
however, the-highest:intensity is obtained by exciting characteristic
Kor L radietion‘at a voltage which exceeds the minimum'noltage required
for excitation by a factor of two or more [ll]. For efficient x~ray
exposure the mask substrate and the filter foil should be highly transparent
to the incident-"monochtomatie">radiation and simultaneously filter out
| the eontinuum, Also, theiwavelength of the incident radiation should be
such that it is-ebsorbed by the tesist film and exposes it.‘ For a thin.
silicon membrane mask, a thin aluminum foil-filtervann PHHA resist, the
optimum wavelength for the shortest exposure is the Azk line (8. 34 K)
[11][12]. Due to the aluminum absorption edge at 7.9 A, the. foil acts
as e.strong filter for any continuum x-rays with wavelengths below 7.9 A.
The thin silicon membrane with.n K-absorption edge at 6.7 A does-the same,
On thellong;wavelength side of 8.34 4, the absorption,coefficient of both

aluminum and silicon varies.as 12’73 [12] and any long wavelength continuum

X~-rays are strongly attenuated; therefore, with an aluminum target operated
at 7.5 kV, we can assume that the fadiation'ineident on_the polymer film is
almost entirely the Azhmline at 8.34'A.. For aluminum the 11near~absbrption

coefficient (cm ) is given by 40.18 lz -78 for A < 7. 95 A and by 3.19 12 -73

. for A between 7.95 and 114 X. For silicon it is given by 43. 11 12 17 for
_l<675Aandby359X273for675<l<82A. 'l‘heuseoftheCuL line

at 13.3 A is suitable only with an aluminum oxide mask because of the severe
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attenuation that the radiation experiences in passing through the thia
silicon'membrane—foil combination. For a 3 um silicon membrane only

302 of the incident AR irradiation (8.34 K) is absorbed as it tfaverses

k
a

 ft. For CuL irradiation (13. 5 A) 73%Z is absorbed. This makes exposure
- times extremely long. The major advantage of the CuL line over. the Azk
line is that CuL x-rays are more severely attenuated than Alk X~-rays .0
for the same gold thickness of the absorpting mask pattern, th:refore,-
providing a nmuch higher con;rast between the partiaily exposed and_the

completely-exposed region direétly'beneath_the mask pattern-'

2 2.2. Local Development Hodel

During irradiation, positive worklng x-ray resist will degrade from
a high average molecular weight Mh to a lower one Mf. For PMMA, ;Lis is
. accomplished by randonm chain scission [13]. The dependence of'ﬁf on the

" obsorbed energy demsity D has been shown to be [14,15]:

¥ gDH o e
14—
| : pAd | » |
vhere g is the efficiency factor proportional to the radiation chemical

yield, A, is Awogadro s number and p is the resist density. For PMMA

.D = 1f2 gmlcm and g = 1.9x10 ~2 eventslev. g is assumed the same for
both e-beam energy and x-ray energy. It has been shown [17] that the
developmehb rate of PMMA is'esseneially indepeodent of the natore of the
ionizing_radiatidn, and depends only on ;be energy dissipated permit
volume. | ' ” |

A key assumption is that during chemical development of irradiaoed

PMMA, it oan.be modeled by a surface etching process.’ That is, the | |

developer action is confined to:the active surfaee and the developer
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'solution has a strength which is independent of the relative amount of
previously dissolved material. PIMMA development measurements by Greeneich
tend to show a surface-etching process for electron-beam ‘exposure [14]
The surface—etching rate during development depends on the developer

used and it is a function of the average fragmented molecular weight T

The rate R is given by [14,16] -

: ——a 5
R = Rb+BM£ (2.31)

(usually in z/min) vhere R is the background etch rete and 8 and a are
" characteristic constants of the developer used. For developers with
: Rb‘- 0 we note that R is inversely proportional to the average fragmented

molecular weight Hf ' pata reported [14,17] for a number of developers

'is summarized below.

Developer a - 8 Rb
1:3 MBk:IPA  3.86  9.332x107" o
1:2 MIBK:IPA 3.4 5.24423x10%% o
1:1 MBk:IPA  1.188 6.645x10° 0

MmpBk 1.5 324108  84(A/min)

"'MIBK denotes methyl isobutyl ketone and IPA denotes isopropyl aleohol.

The above relation (2 31) is: valid over a large range of molecular weights

and only B is temperature dependent [16]

From (2.30) and (2.31) the dependence of R on D is given by

B ' zDMAJ . . :
R=R + (1+ ) | - (2.32)
(H ) ' o : o :

where ¢ is the transmission factor of the absorbing mask. o varies from O
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(perfect mask) to 1 (no mask). A contrast ratio I' is defined as
P = l-R /R where R, is defined as the slow etch rate (0<o<l) and Rf is

the fast etch rate (o=1). T varies from 0 to 1. /R is given by

- o
: : ghM ¢
R + B _a+ )
R, (n »® o (2.33)
' Rf 8 : gDﬁh
xo + Qa+ re )
' . (H )® Pl

We note that for a given resist and exposnre'conditions (i.e. constant |

g and D)'decreasing o higher values of contrast I' can be achieved.

For electron4bean exposure, D 1s given by [14]
0 Ko o -
D= ( )(TR_G') l(f) . (2.34)

vhere Q is the total incident charge per unit area, E is the beam energy

and A(f) is a normalized dose function. Due to A(f), ¢ is non-uniform

with depth except for high incident energies (E ) and thin resist films.

The non-uniform ‘absorption of energy is mainly due to the finite range of

electrons in the~resist and the backscattering of electrons from both the

_substrate and the resist-film. However, this problem is not.present in

x-ray exposure where.to'a good approximation the dose is independent of

the distance the ray has traveled in the resist as it was shown earlier. -

To explore the effects of x-ray exposure on contrast I and development

time it is convenient to use the exposure energy in Joules/cm . In

Figure 2. 5 the contrast T is plotted vs. D for the developers MIBK and

1:3 MIBK:IPA. The nonzero background development rate for MIBK requires

an exposure of about 250 J/cma. For a thin mask allowing up to 502

| transmission, the reqnired exposure can be as large as 600 chm3 for
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Fig. 2.5. The contrast ' vs. absorbed energy density € (positive slope)
for two developers and three transmission factors. The
development time for a 3000 A film. vs. ¢ (negative slope) for
two developers and two transmission factors.: - '
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P = 0. 5. The time required to develop a 3000 A film is also shown 1in
Pig. 2.5. For HIB&, contrast imposes the primary consideration for

exposure. For developer mixtures having R, = 0 such as 1:3 MIBK: IPA,

the contrast T for a perfect mask is always equal to unity. However,

" even for moderate development times (10 to 20 minutes for a 3000 A film)

'the energy required for exposure will necessitate long exposure times.

The primary constraint on exposure for these developers is the development

rate. In Fig. 2. 6 the development rate vs. D is shown for the three

developers: MIBK, 1:1 MIBK:IPA and 1:3 MIBK:IPA. The developer MIBK is '

the obvious choicevfor moderate contrast. For thin masks the use of

L (13.3 K) instead of Azk (8.3 Z) x-rays will reduce mask transmission
o v a - _ . :
and increase the contrast.

Cu

2.3. Blazing,with Non—threshold Development

In Chapter 1 we introduced the principle of multiple—angle soft
-x-ray contact printing of an absorbing (gold) grating mask pattern for the
: fabrication of blazed gratings (Fig. 1.2). An important problem is introduced

by the finite transmission of the mask (o>0) and the fact that the

‘development rate does not show a sharp threshold behavior with respect to

‘exposure energy. " The mask transmission leads to low exposure contrast

ratios (2:1). The non~-threshold development behavior implies that the

development effects in the shadowed or partially shadowed region lead to

significant groove shape changes.

The exposure process is modeled approximately as follows (A more rigorous

approach is described in Chapter VI) We calculate a finite gold transmission

factor based on the thickness and angle of jncidence. The attenuation in

-a_2z ,
'the PMMA (e r » o = 1000'cm.1) is neglected and absolute exposure levels
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were not considered as the development-process effects depend only on
relative exposure ratios provided the total exposure dose is such that
we are on the linear portion of the etch rates curves for the various
developers as shown in Fig. 2.6. The basic approximation is that of a

- zero thickness, but finite absorption, mask With this assumption we can
disregard geometries involving mask edge profiles, in which case the
determination of the exposure profile in the resist is more complicated;
" A modification of the mask opening, d, to an effective opening,'degg, to
B compensate.for our earlier assumption of zero thickness'(planar) mask
lis added, This is.shown in Fig. Z.l.

The above model'predicts arplanar iront'etching phenomenon.A A sketch
of how the planar etching front occurs is shown in Fig. 2.8. 1In this
case a single exposure results in distinct regiomns having exposed and
background etch rates RE and Rn,’respectively. When the developer is
applied to the top surface the locus of the developer front can be found
by using- a technique anologous .to uqygeﬁ's principle for electromagnetic
ltheory. At any time t, each point on the developer'front‘can be thought
of as an etching center about which a sphere (or cylinder in two dimensions)

of radius RAt is produced, where R is the etch rate at the center of each

| sphere. The envelope of the intersecting spheres forms the developer front
at t + At. Due to the fact that R depends on position the appropriate
‘1imits on At discoutinuities of R at shadow boundaries must be considered.

For the exposure profile shown in Fig. 2. 8, the development process

can be solved analytically. The planar surface of the exposed and back-

ground regions translate verticallyaﬂ:rates RB and RE respectively. For an
exposure'at an énglevei, the horizontal planar front in the RE region

intercepts-a point on the shadow boundary of the mask which moves at a
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velocity RES RE/cos 6,. This moving interception point generates a
hcontinuous sequence of etching centers whose spheres move into the |

. background region at a rate RB The largest of these spheres move into
the background region at a rate RB At time t the envelope of the sequence
of interception point_generated.spheres is a neW’planar front tangent

to the largest sphere and passing through the transition point a distance

RE t down the mask shadow boundary. This new planar front forms an :angle

a = arc sin(RBthEst) with respect to the interface. The net planar front
angle is thus BF = ei-farc sin(RBcos ) IRE)

Figure 2.9 shows a complete line shape where for clarity the
absorbing mask has not been removed. Normal incidence of x-rays is assumed.-
The minimum sidewall angle(based on some application criterion such as
for 1IC lithography or a minimum groove half angle, 0 /2 for diffraction
grating fabrication) is also shown.. This angle (o /2) is given by

0 IZ = arc sin R IR ‘or arc sin (L-T) where R is the etch rate in the shadowed

region and Rf is the etch rate in the exposed region. Through I', mask

absorption can be related to the minimm feature resolution. it should be
noted that the profile shown in Fig. 2 9 is exact since the exposure does
not depend on mask edge profile for this configuration. The minimum sidewall

angle vs:. D for various developers and different ¢ is shown in Fig.r2;10.

Our PMMA was obtained commercially [18] and its initial average

~ molecular weight is approximately 150,000 [19] This is the value used

(H =150,000) in calculating the curves for Figs. 2-5, 2.6 and 2.11 PMMA

‘with a higher initial average molecular weight (M =950, 000) is available

commercially [{17}. For M = 150,000, the minimum sidewall angle vs. D for

various developers and different ¢ is shown in Fig. 2.11. For the same

developer and mask transmission the resulting BG/Z for the two different



35

////////% I //////{t

Ve §

8
2 —.arcsm-ﬁ-‘—-qrcsm(l I')

t'i.g 2.9. Mask-resist system with a c‘xaracteristic |
developnent profile. ‘



‘G /2 ( degree)

Minimum sidewall ongle, &

36

,...‘.'.-- 0.2 Transmission
—— 0.5 Transmission

T_r_lllz 1 l1~rfll|3 L B—
0* 10 o
Absorbed energy densily, € (j'oule/cms)_

6

Fig. 2.10. The minimum sidewall angle,~7§ vs. absorbed energy

density € for three developers and two transmission factors.
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values of ﬁh-is shown in Fig..Z.lz.. We note that for an energy dose
D < 1000 Joules/cm3, the minimum sidewall angle QGIZ depends on the
intitial average molecnlar neight ﬁh.j The final average molecular
weight ﬁf'vs. initial average nolecular weight'ﬁhjfor D = 1000 Joules/cm
'is shown in Fig. 2.13. | |
The planar-front phenomenon makes blaaing of gratings possible even
wvhen development can occur in partially or totally shadowed regions. Tno
exposure techniques for blazing gratings are shown in Fig. 2. 14. The single

- source approachxusesplanar fronts on both sides and the exposed shaft is

removed at a rate RE A groove angle 8 = 2 arc sin(RB/RE) is ‘produced.
This is the smallest possible groove angle and can be’ used to estimate the
ultimate capabilities of x-ray lithography. The minimum groove angle. vs.-_-
period,for various mask (gold) thickness to period ratios and for the
developer 1:2 HIBk:IPA is shown in Fig. 2.15'where Alk (8.34_A) irradiation -
is assumed. ' e : |

As the period is decreased and hence the gold thickness is also -

decreased the mask transmission increases which in turn increases the ratio

of RBIRE and consequently increases the ninimum groove angle. The curves

for various gold thickness to period ratios emphasize the importance of

mask thickness, The angle of incidence changes the apparent mask thickness

" but this is only a relatively-minor effect.‘ _
The more flexible two source exposure technique shown in Fig. 2.14,
vhich also takes advantage of the planar etching—front phenomenon, is also

' treated an-alytically. In this case the exposure at e i and GR creates regions

having etch rates RB 1° R and R12 corresponding to partial exposure

by both source 1 and 2, source 2 and partially source 1, source 1 and

partially source 2 and both source 1 and 2 respectively. Planar etching
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ftopts along ;he shadéw béundaries whiéb in£eisect at an anglé BG deep

in the resist férm the gfatihg facets. It is.necessary‘to stop the

" development proceés when the direct vertical étching of the region exposed
to both source 1 and 2 reaches the intérsection t& = R12/h. Thé actual

graﬁing height will necessarily be less than h. The blaze angle is

= °— -
| OB 90 GR Be »
The effective mask opening deff is typically equal to (p/2)-t where
p is the grating period and t is the thickness of the mask. For the

shadow boundaries to intersect at depth h, 6p 1is given by

dogs
6_ = arc tan('h - tan ei) .

R (2f35)

Let ug denote the linear absorption coefficient for gold (ag=6.60517 um.l

at 8.34 %) and a' denote the developer parameter a defined earlier. The

groove and blaze angles are then given by

OG'B 91 + OR +a+ 8- (2.363a)
= 90° - 6. -
GB 90 eR. B ‘(2736b)
hhere :
’ ]
-a_t/cos ei a
: (1 +e )
a = arc sin - . cos 6O (2.37a)
_and v
: ot
: -a_t/cos 8, _ :
(L+e B Yy | |
B = arc sin — cos GR (2.37b)
o 2? -

The determining parameters are deff/h and t.

Information for the design of blazed gratings in the presence of

non-threshold development effects can be obtained from the above equations;
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Figure 2.16 shows that for a given;deff/h and t, the groove anlge Bc is a
relatively insensitive function of ei. The thickness of the mask is
_chosen to be a small percentagelof the grating period and the appropriate

d ffIh value is read from the curves. The blaze angle dependence onlei

is shown in Fig.»2.17. Given the desired eB the required Bi is read from
- the particular t and d éf/h curve seieéted previously. A final important

consideration is the selection of the d off value, which can be different

from p/2-t. It depends on the actual fabrication of the mask. It is chosen

such that the two facets forming the peak of the groove profile intersect

at the intersection of the shadow boundaries for the two exposures as

shown in Fig. 2.18. _
Figure 2 18 as an example of the designing technique just described.

The period is equal to .5 pm. For GB = 37° and e = 96° we first select

a gold thickness of 2 um. Figure 2.17 indicates that d ffIh = .8 and

6, = 18°. This given GG = 96° from Fig. 2.16, a = 25°, B = 27° and

O = 26°. The resulting profile is shown in Fig. 2.18.
In Chapter VI, a more rigotous approach is described for predicting

groove Shapes.

2.4. Geometric Considerations

For the x-ray lithography configuration as shown in Fig. 2.4, the
finite source size A and the finite maskrto-substrate gap s lead to the

penumbral shadowing which leads to a line edge uncertainty é = E-A.where

d is showm in Fig. 2.4 and 6 is shown in Fig. 2.19a. " Figure 2.19b shows

 the geometric distortlon Y = g-i-where w is the substrate wafer diameter.
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" CHAPTER III

X-RAY EXPOSURE SYSTEM

In Section 1 of this Chapter, we describe the x-ray expsoure system

used for x~-ray lithography. In Section 2 we give a brief description of

a solid state x~ray detector.

- 3.,1. X-ray Exposure-system:A

The soft x-ray source consists of an electron evaporator gun
assembly, a water-cooled target, a substrate holder and a water cooled
ISubstrate.holder for long exposures, both situated above the x-ray
source. The above,arevincorporated in a vacuum system shared with other
'experiments. A general view of the system is shown in Fig. 35i and'a
’schematic of the system in Fig. 3. 2. FA high voltage power supply is a
separate unit and provides the accelerating potential for operation of

.the x-ray system. A description of the various system components is

given below.

3.1.1. Electron gun, power supply and x-ray target

The electron gun used in our system is a commercially available

evaporator gun [20]. 1t had been used-previously for metal evaporatiomn. -
The gun has the following characteristics.

1. It is a straight gun. Originally it was a 90° gun but the
",focussing magnet was removed.
| 2. Its cathode consists of a spiral tangsten.- filament. The'diameter
of the filament is 4 mm. A 6 volts DC potential is applied across the
filament. Maximum current through the filament is 12 A.

3. The emergent electron-beam is accelerated by a high negative



-Fig. 3.1.

Two views of the x-ray eprsure system sharing vacuum
chamber with other systems. Top picture shows high
voltage power supply in background.
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.petential applied to the cathode and to the focussing cup. .The nominal
value of the beam diameter is 3 mm;however, experimental results indicate
that the beam diameter is closer to 5 mm [20].

4. There is no'provision‘for removal of the cathode.heat (maximum
vpdwer: 70 watts). Under higa-vacuum cbnditiohs,'it is radiated away
from the cathode and increases the temperature of the substrate holder and
;the maskrresist-substtate system. Figure 3.3 is a schematic of the electron
- gun. | |
| The vacuum}system, where thewxeray apbaratus is iaeorpdrated, can )
reach an sltimate pressure of 107 Torr, in.45“minutes from atmospheric
preSsqte. It has a manual high vacuum valve with no automatic shut off
if the-pressure,in the chamber rises above a certain value. The high
ioltaée power supply is also commercially available [21). There exists
an interlock between the high-vacuum valve and the powervsﬁpsly. |

Figure 3 4 shows a diagram of the x-ray target. This configuration
was machined to our own specifications in order to meet the particular
| needs of our x-ray iithographic system. As shown in Fig. 3.2, the target
makes an angle of 45° with the incident electron-beam. Its main features
are the.f0110wing: |

1. it has a demountable ﬁetal plate target. An aluminum élate is
. used ﬁhen the Azk line (8. 34 A) is desired, and a copper one when the
_CuL line (13.3 A; is desired. The plate is 1 5 mm thick and 50 mm
in diameter. A Viton gasket makes a vacuum tight seal between the front
and the back surfaces of the metal plate. The main adyantage of this
scheme is the easeiof removal if the target plate. This_allows for quick

interchange between targets of different materiais of a different

characteristic x-ray line is desired.
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2.>,Watei cooling. This is very impo:tant~for heat dissipafion, due

to beam power striking the target, so that the system can be operated |
- at high power levels. .Quantitative resulfs will_be mentioned below.

A major problem is that the accumulation of even very thin layers _
of tuhgsten COn;amination (from the filament) at the tartet (anode) can
greatiy reduce the‘intensifj of the emittéd soft characteristic radiation
from the underlying light element-targeﬁvmaterial [7]3. Since itvis
impossible to avoid this, given the design-éf our system,'each time ah

.equsure is to be made, the metal target plate should be cleaned as
follows: | |

1, Polish both éurfaces of the farget' plate. In particﬁlar it is

- important that no Scratches femain onvfhe side wﬁich is in contact with
2_the'Vi£on gaskgt.
| 2. Degreaseixfhot tfichlqroethyléné (60° C) for 10.minutes.
3. Rinse in aéetone and blow dray withiNZ.
‘4. Mount the target.
For a worst case analysisifor heat dissipatioh in the target we.
may assume the heat flow to be l;near across the target plate as shown in

Fig. 3.5; The magnitude of the'heat current in the steady state is then

given by
. T_=T v o
"= KA F (calories : _ : , ,(3.1)‘

L second
| where k is the thermél conductivity given in calories per second, per
cm per degree (.49 for Aluminum, .92 for copper), A is the cross section

of the electron-beam, L is the plate thickness, TF.is the temperature on

the front surféce of the target and TB is the temperature of the water -

" cooled surface (3.1) can be writtgn
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AT =T - Ty = ;‘ﬁ R '__'(3.'1a)
Fbr a 5 mm beam diameter and a total beam power of. 800 watts (7.3 KV
vaccelerating voltage, 110 mA beam current), and for an aluminum target°
AT is equal to 300°C. 1f a copper target is used AT = 160°C. For

TB = 70°C, Tp is still well below the melting point of both metals (660°C
for Aluminum and 1083°C for copper) Since the target thickness is not

~ large compared to the beam spot size, we can not assume that the heat

~ flow is radial into the hemisphere of which the spot is the center and
furthermore assume a semi-infinite block of material [ §]; nevertheless

a calculation based on this wrong assumption,'yields values of AT lower

than the ones derived from the linear model.

3.1.2. Substrate Holders - Backsc.attered Electron Shield

‘Figure 3 6 shows the layout of the two substrate holders. The rigid
one can move vertically so that the distance, d, between x-ray source

' and the mask substrate can be increased or decreased at will.

"A thin aluminum foil (2 S ym thick)[ZZ] serves both as a shield for

backscattered electrons and as an x-ray filter. For an electron—beam

incident at ASf to the normal on an aluminum target, the fraction of

backscattered current is 0;3. The fraction of primary beam energy which

is carried away by the-backscattered electrons is 0.13 and it is

“independent of beam voltage [23].

The flexible substrate holder was machined to our own specifications.

It is vater’cooledrand it shares the same water feedthroughs asthe x-ray

target. Restrictors in the pipes divert most of the water flow to the

x—ray target vhere cooling is extremely important. The flexible'bellows

pipes allow for the rotation of the substrate holder so that its surface
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makes an angle with the.surface of the rigid holder.~:This'in effect
provides for an exposure of an angle. The-mask-resist-substrate system
is retained with clamps (. 024" tungsten gauge wire) which provide the
necessary contact between ‘the mask and the re51st substrate. ‘A thin
layer of silicon grease between the back surface of the substrate and
‘the surface of the holder provides a conduction path and good thermal
contact between the surfaces for efficient cooling of the system.

During the flexible holder is retained into position using clamps.

3.2.. X~-ray Solid State Detector System

The x-ray detector system uses a silicon PIN Schottky barrier
photodiode (United Detector Technology PIN 10uv enhanced):hxorder to
measure x-ray flux W per cm ).' It does not measure. photons per cm~ per
' second, therefore, it is particularly sensitive to high-energy continuum ;
radiation that reaches its active surface. More than 50Z of the energy
-_that reaches the detector is due to the continuous radiation for a copper
'target. 'In order to measure only characteristic x-rays (either ‘the Alk
or the CuL lines depending on the target material nsed) it would requi:e_
a flowing gas proportional detector and a pulse-height discriminator.

Below we give a brief description of ‘the Schottky barrier silicon PIN

photodiode, the electronics of the detector system and our measerements

using the detector.

3.2.1. PIN and Schottky barrier PIN photodicdes.

Both the PIN and the Schottky barrier PI\photodiodes are depletion—layer
photodiodes. Depletion layer photodicde consisty, in essence, of a reverse biased

semiconduCtor diode whose reverse current is modulated by the electron—hole

pairs produced in or near the deplction layer by the absorption of light.

One of the key factors that determines wavelength response is the
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absorption coefficient a; Figure 3.7a [241.shows theintrinsicabsorption

coefficients for 51 as a function of wavelength. The short wavelength

| cutoff of the photoresponse comes about because the values of a for short
velengths are very large (- 105cm ) and the radiation is absorbedtu

very near the surface where the recombination time is short sO - they

; recombine before they are.swept out. The long wavelength cutoff is

| established by the energy gap of the semiconductor since for longer
.wavelengths than the cutoff A et is too small for appreciable absorption. .
| The cutoff A is equal to hIE where h is Planck's constant and Eg is the |

energy gap for a particular semiconductor.

‘Figure 3. 8 [25] shows the spectral response of the phbtodiOde'
"[Plniouv] The responsivity, R, is defined as the signal current out of
the photodiode over the input light intensity for a particular wavelength.
.’F_Figure 3. 7b [11] shows the attenuation coefficient as a function of |

x—ray wavelength for gold, silicon and beryllium, In-thevsoft x-ray~region .
: (5—20 A), the linear absorption coefficient of silicon as shown in B
Fig. 3. 7b comparable to the values shown in Fig. 3. 7a' therefore;'the :

: photodiode can be used as an x—ray detector where, for a particular
A-twavelength in the soft x-ray region of interest, the responsivity R has
".the value that corresponds to the optical wavelength R with the same . -

Zahsorption coefficient as the x—ray wavelength For the x—ray wavelength _
of interest (5-15 A) all of the absorbed energy produces carrier pairs
since the absorption is accomplished by photoelectric enission (Chapter II)

Figure 3.9a is a schematic of a Schottky barrier PIN photodiode,{»
Fig. 3.9b shows the energy band diagram of a metal—semiconductor barrier,

- and Fig.'3.9c shows a band-to-band excitation of electron-hole pairs

(hv>Eg>q¢Bn where Eg is the energy gap, hv is the energy of the inconing
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' photon and ¢B'-is'the Schottky barrier height on the n-type semiconductor).
- A S m
For the case depicted in Fig. 3.9c, the general characteristics of
the diode are very similar to those of a PIN photodiode. Under steady-

‘gtate conditions the total current density through a. reverse-biased

depletion'layer is given by

Jeor = Jar ¥ Jaues (3.2)
“where J& is the drift current due to carriers generated inside the
depletion region and Jdiff is the diffusion current density due to
. carriers generated outside the depletion layer in the bulk of the
semiconductor and diffusing into the reverse-biased junction. The total
current.density is given by [24]. N |

—aW |

‘ e
Jtot qQo - 1+aL

: e o (3.3),.

»1where ¢ is the total incident photon flux in photons per cm2 per second,i
pa is the absorption coefficient, W is the width of the depletion region

- and L is the diffusion length. We note that the total photocurrent is

proportional to the photon flux density.

3.2.2. Detector System

The Schottky.barrier PIN photodio&e is nsed in conbination with a
FET.input operational amplifier (signetics NE 536) and this conbination
constitutes the x-ray detector system. _Figure 3.10a shows the hookup

’configuretion used. There is no reverse bias applied to the diode (V =0).
The 1-V characteristics of this hookup are those of the photovoltaic .
| region [25]. In order for the photodiode response to be linearly

dependent on the input x-ray intensity when operated in the photovoltaic
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region, the»load_resistance Rl should be as small as possible. Ré is
given by Rf/A'where Rf.is the feedback resistance. For R < 10 ohms,
Rf should oe less than or equal to 1 MQ lhe linear relationship_between_,
the eignal current out of the photodiode;and the output x-ray intensity
is given'by. | o B

fe=Ry, o ee
:where R is the responsioity of the ohotodio&e in amperes‘per wett,!and.
IL is the input 1light intensity in watts. |

The voltage out of the opamps 1is the product -of the current in the
“feedback loop and the feedback resistance Rf Since the open loop gainr.
‘oA is much greater than 1, the feedback current and input signal current |
are equal,vand the opaoys output voltage is

€ = L% o S LU o A

If we combine (3.4) ﬁitﬁ'(3.5)iwe get

Tovadjustvthe ootput'offéet voltage tovcero,:avlo kQApotentiometer ie
connected to.the opamp between points 1 and o.,fv+ and V .are +15 and
-15 volts resbectively.- Figure 3.10b shows the hookup for the input
offset voltage (V ) test circuit used to minimize it. Its value is

tnegligible. The feedback capacitor Cf in parallel with the feedback |

resistance stabilizes the circuit and lowers the noise by rolling off

the high frequency response atv1/2nR£C£.

3.2.3. X-ray Intensity MeAusrements

Figure 3.11 shows the x-ray detector set up in the vacuum system
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for x-ray detection and measurement. The teason.for use of beth the
tﬁin aluminuz foil and the thickef one surrounding the diode is to
'prevent 1ight from reaching the detector and generating current. Light
is produced both by the filament of the electron gun and, in some cases,
by luminescence in samples and partlcles exposed to electron or X-ray
bombardment. The later case was verified optically. Futthermore, fhe
thin aluminum foil acts as a shield for backscattered electrons that might
cause damage to the diode; however, the above was not adequate enough
{n shielding the light completely. | |

A copper target was used for ouf measurements. The:accelerating
vbltage,was kept at 7.6 kv. This 1is below the threshold for the excitation
of copper 1(.ul radiation (8.027 keV); The value of Rf is 98 470 ohms and
a typical value of 150vi fof the fold layer of the diode active region
wasvaséumed [25]. Ihe distance d between source and detector was
9.8 cm (+lmm). | |

Figure 3.12'is a plotof e (the opamp output voltage) and the cathode'
ray current. During measurements the vacuun was kept at 2x10 -3 Torr.
For zZero- cathod ray cutrent, the background output voltage was .0179 volts.
Ve notice the llnearity of the relationship between output voltage and
cathdde-ray'current. This follows since, for a constant accelerating
voltege, the total power of the x-ray beam due to the continuous spectrum
is linearly dependent on the electron-beam current (Eq. (2.6)) and the

same holds true for the total energy of the characteristlc line

(Cu : at 13 3 A) (Eq. (2.26)). A linear regression was. performed on the

L
o
data and the coefficient of determination was calculated to be 0.99 where

1l denotes a perfect fit.

In order to'be able to discriminate between the power input due to



1.1
1.0

0.9}

0.8

0.7}

0.6
0.5
0.4
0.3
0.2
0.1

]
1.3
1.2)

e, (volts)

A ‘ b

35

cathode-ray
current (mi)

Fig._3.12. ‘Plot of operational amplifier output voltage

vs. electron-beam current.

69



70 -

the continuous radiation and that of the characteristic line, the

continuuous spectrum profile should be known so that different absorption

of various wavelengths in the thin aluminum foil and the gold layer can
be'taken into account. The diode should also be calibrated against an
‘:ﬂBS standard'-howeVer, that doesn’t renove-the reonirement~of accurately
measuring the,continuous Spectrum. |

For a first—order approximation we assume the following.l

»1.- The total transmittlng factor (gold + aluminum foil) and the
dibde'responsivity for the whole_continuous,spectrum_are equal_to the ones
corresponding to the CuL characteristic line (13 3 X) -

2 No loss of input electron-beam energy due to backscattered electrons.

| 3. The target reabsorbtion factor is taken equal to l, ‘and isotropic
| angular distribution for the continuous radiation.lv

The value of the quantum efficiency for the CuL line (13 3 3) is
1 35x10 4 quanta per electron per steradian [26}. The total calculated
'power reaching the detection is 4. 6086x10 /d (W) for a 5 mA cathode ray

| current. The detection reading is 3. 9063x10 6 WZ' From those values
we calculate d to be equal to 10.62 cm. . Even t§:ugh this value of the
‘ distance betweeu source and detector is very close to the actual one, it
has to be accepted with reservations.

There was no noticeable change in diode:sensitivity with time. The .
k—rays used were.too-soft‘tovcause any significant radiation damagevto-the
detector. A.

A 50 A change in the gold thickness will increase the signal currenf
less than 8%. The overall sensitivity is approximately 30000 V/w.
In conclusion, the x-ray detector is a good indicator of.relative

exposure dose changes as a function of fluctuations in’electron-bean .



accelerating voltage, éhanges in beam current, beam location on the

target and the distance between source and substrate holder.
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. CHAPTER IV

' MASK FABRICATION

6.1, Introduction

- A very important step for x-ray lithography is the fabrication of

the absorbing mask pattern to be replicated on an x-ray semitransparent

membrane. In this chapter we give the actual steps in fabricating x-ray

masks in sufficient detail so that the process could be easily reproduced.

A summary of steps in outline form is given at the end of the chapter.

To date three kinds of membranes have been used as mask substrates.

Thin silicon membranes [17][27], mylar membranes [28] [29] and aluminum-oxide‘

membrane [12][30]. A schematic of the- three different mask-membrane

~ combinations is shown in Fig. 4.1. For our mask we chose the thin silicon

membrane for the following reasons:
1. Good dimensional stability and sturdiness of the membrane. This
is of paramount importance when distortion of the gold grating mask

‘pattern might be particularly important in incorporating a replicated

grating ( in PMMA) into a standard optical or integrated optics device.

‘ 2. Fabrication processes and equipment peculiar to our laboratory,

‘are compatible with silicon technologies.

3. For optimum;exposure time‘when tne Aik' (8.34.5) line is used,
a _

the thin silicon membrane is the best choice.

The fabrication steps of x-ray masks by placing gold patterns on
_thin silicon membranes have been described by McCoy and Jullivan [27],
and by Cohen et al. [31]. Here we describe the fabrication process used

in our laboratory and, in particular, the steps that differ from those

described elsewhere [27][32].
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4,2. Initial Processing

4.2.1. Initial Wafer Preparation

The wafers used for mask fabrication were obtained commercially

with the following specifications:
Diameter: 1-1/4 inches |
'Resistivity: 4.8-7.2 ohms;emf
Flat width: +25-.5 inches
Orientation: <100>
| Thickness: .008-.012 inches
" Doping: phosphous n-type

Polished one side

' The wafer was cleaned as follows: »

1. Degreasihg by dipping in 66°C trichloroethylene (TCE) for 12
minutes. This removes gross organic contaminants. Upon removal from
the hot TCE bath, the wafer is immediately immersed in acetone for 2
minutes; The wafer is then rinsed with dionized (p1) H20 for 1 minute.
. 2. The wafer is then immersed in a 75°C solution _6f 5 parts HZO’

1 part N340H and 1 part Hy0, for 12 minutes. This solution removes
~organic contaminants. Upon removal the wafer is rinsed in DI HZO for 1
minute. At this point the wafer should be hydrophylic.

3. The wafer isfthen immersed in a 75°C solution of 6 parts H,0,
‘1 part HCL and 1 part H,0, for 12 minutes. This solufion removes
inorganic contaminants and metal traces [32]. The wafer is rinsed in DI

2O,upon removal from the solution for 1-1/2 minutes. = It should be

hydrophylic at this stage. It is then blown dry with.NZ.

H

A thermal oxide is grown in a wet atmosphere in an oxidation furnace.



The:oxidation temperature is 1160°C. A flow of .4 lit/min of 02.1$
'introdﬁced into the furnace through an H20 bubbler after the furnace
| temperature has stabilized. The wafer is ihtroduced into the furnace
lb minutes after the initiation of the 0, flow. A 1-1/2 hours of oxidaticn
results in a .8 pm thick layer of 5i0, on both sides of the ﬁafer. This |

is verified optically with the thermally grown oxide color chart.

4.2.2. Oxide Striping

‘ The oxi&e layer on the front surface of the wafer has'to be removed
next. The oxide will mask the back surface during a subsequent boron ‘-
predeposition.. The oxide can be removed by photoresist method as described
by Huang [33], or with a cotton swab, or with a wax technique. We briefly
describe the swabltechnique and in more.detail the wax technique.

Thehswab'technique cohsists of depositing droplets of cqﬁcentrated
HF on the center of the wafer front'surfsce end gradually with a circular
motion covet the surface with a layer of HF. Care should be taken not to ‘
cover the edges of the wafer or else there is a pessibility of HF
- attacking the back-surface oxide layer. The wafer is then rinsec in
)] 8 HiO._ if the oxide has been etched the surface will be both hydrophobic
ahd HF—phobic. The.main disadvantage cf this approach is the possible
scratching of the surface with the swab. | |

-The steps involved in the oxide removal with wax technique are the
following:

‘1. Place a glass slide on a hot plate and touch a stick of biack
wax to the slide until it melts andvcoats ailarge area of the slide;

2. ,Place.thc wafer, back side (unpolished) facing the molten wax

layer, on the wax. Press the edges slightly with a cotton swab and
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| immediately slide the wafer parallel to the slidevsurface and off the slide.
13. Visually check if the back surface is coated completely. Let
dry for 15 seconds andvthen_immerse in concentrated HF.‘.Complete removal .
of'the-oxide‘takea place in less than 2 minutes. Rinse-in DI HZO; |
4, Immerse the wafer in a beaker with TCEfwhichlis agitated by an
JAultrasonic cleaner. This will remove the wax from the back surface.

" The wafer is again cleaned as in 4.2.1. After_therecleaning,the wafer

is ready for a boron predeposition.

d.2.3.v Boron Predeposition and Drive-in
Boron predepoeition'occure-in an openrtubebfnrnace under'the following
_ conditions:'

.v Temperature: 1100°C

N, flow: 1.3 2/min
0, flow 13 cc/min
 BH, flow: 260 cc/min.

I'The flow of the gases was started at least 15 minutes ‘before the
' wafer was introduced into the furnace so that the gas atmosphere stabilized.
The wafer was placed flat on a quartz boat, polished side facing up. This
is 8o that a more even deposition occurs on the front surface. The
predeposition takes 6 hours. At the end of the predeposition time the
wafer 1s slowly removed from the furnace.

The large boron surface concentration (__7x1019cc ) coupled with
field aided diffusion [34] and enhanced diffu51on by induced lattice strain
[35] results in a boron distribution which is not represented as a

complementary error function but has the profile shown in Fig. 4.2 [35].

The long predeposition time leads to layers of different comp051tion
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on both the front and back surface of the wafer. dn the front surface
of the wafer there exist a Si-B interface on top of the Si surface and

: a silicon glass—boron glass layer on top of the SifB phase.  On the .
baek surface, a'SiQB‘glass’layer exists.

;n order to remove those layers, a low‘temperature oridation and
drive-in was done. at a temperature of'350°c for'three hours-under-the
same conditions as those of the initial oxidation in 4.2. 1.

Removal of the layer takes place upon immersion of the wafer in

'concentrated HF for 6 minutes. Again the surface of the wafer should'he

hydrophobic upon complete removal of the oxide and Si-B phases.

4 2. 4. Gold Deposition

A thich film of 3102 was first sputter deposited on the undoped

} surface of the wafer as follows. The wafer was placed at the center of
the sputtering system substrate holder on top of a glass slide. Centering
provides for the most uniform film and protection of the front surface

 from possible damage by the roughness of the substrate holder plate

surface. The system was pumped down to 3x10.7 Torr. This low pressure

assures a certain degree of cleanliness even though extreme cleanliness
isinot very important for this phase of the.mask'fabrieation process.
.Argon.was then introduced to the system at a pressure of 6-8xlo-3 Torr.
Before the actualvsputtering process was initiated;:the system was left
with argonvfIOwing for 15 minutes in order:that,any residualugaSes would
be,flushed, A note of caution:‘ Usually a mixture of both argondand V
oxygen is used when sputtered deposition of'SiO2 is desired [36}. This

prevents the deposition of a mixture of Sio—SiO2 instead of SiOz, where

the Si0 is rather difficult to etch [37]; however, ve have found no
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difficulty in etching sputter deposited oxide films when only argon was
introdueed_during'the actual sputtering. Sputtering takes place under
tne'followingjcondicions: |

Forvard power;,'»_320 vattsp

Reflected power._ makimum‘(j3-4‘watts)

Target Bias' ‘ 2120vvolts.

After two»hOurs of sputtering, the'thickness of the film optained .
is around iZOOO A. For nitra-clean and UnifOrm.filmsdthe following
procedure should be fdildwed: |

1;' Ten minutes before-sputtering on the wafer, sputter on a dummy
substrate. fhis_cleans the 5102 target fron contaminants‘and dnring this
brief period-the»spnttering parameters stabilize. - | |

| 2. After onelhonr of'Sputtering (for_a total of two hours of
sputtering), stop_thevsputteringiand‘rotate_the wafer. Repeatvthe
previous steps'for the'remaining hour. This preventsﬂpinhOIes in the
oxide and also results in a more uniform layer [23].

A 1000 Ar1500 A Sio2 filnm is sputter deposited on the doped surface’
of the wafer next. The purpose of this film is to provide an interface
. between the silicon surface and the NiCr-Aulayer to be deposited next.

A thin. layer ( 300 A) of nichrome is deposited on the doped surfacei

of the wafer by evaporation. The evaporation is done when the vacuum

system has reached'a'pressure of 4x10 -7 Torr. This thin NiCr layer is

used for adhesion during the SUSsequent gold evaporation.
Under the same vacuum conditions, a 2000 A thick Au film is deposited

by evaporation.' It is very important that the wafer be at least 20 cm

away from the evaporation.source, otherwise, the gold film deposited has
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a dull and frosty appearance._ Occasionally globules of gold (25-50 pm)
-appear on an otherwise very good quality gold surface. It isAuery
 important to have a very flat gold film for good contact between mask

and resist-substrate during an x-ray exposure.

Glass slides which were used to cover remaining openings of the
evaporation chimney and have a deposited gold film on them are kept in

order to be used later as monitors.

§.3. . Holographic Gratinngabrication

Gratings are produced interferometrically ‘on the gold layer via

.photoresist [3] The use of a helium—cadmium laser (A=3250 A) was

preferred instead of an argon laser (1=4880 A) because gold is much less

reflective at 3250 A than at 4880 A. Table 1l [38] shows the reflection

coefficient of gold for various wavelengths.- Highly reflective substrates

 create standing waves. in the photoresist with substantial broadening of

the 1ines and appearance of standing-wave effects (39].

The photoresist used for'ourexposure was Shipley AZlBSOJ.' It was

“thinned to a mixture of one part thinner (Snipley AZ thinner) ~ one part

photoresist at full strength. It was not found necessary to filter the

.solution. The initial preparation of the wafer for subsequent holographic

expOsure'is-as follows:

1. Blow-nith NZ This will remove dust particles on the polished

‘surface of the wafer. Place the wafer on the spinner head.

2.1 Flood the wafer with the 1:1 mixture of the photoresist. Spin

for 30 seconds.

3. The following rpm are used: 5000 rpm and 4000 rpm. The first

results in a.photoresist layer thick enough to be suitable for the



. Wave- Index of | Extinction|{ Refec-
Metal lenath, | refroction | coellicient:y  tauce
) v ) pm n k calculated
GD’d, e'ﬁponkdo el e { cssnssces 0.140 - 1.357 1.070 0.1593
: . 0.143 1.336 1.039 0.1931
) 0.150 1.419 1.102 0.1967
0.155 1,430 | 1.108 0.1978 |
0.100 1.4533 1.1C8 0.1971
0.165 1.512 1.023 0.1041
0.170 1.519 -1.070 - 0.1888
0.175 1.500 1.070 - 0.18¢6
0.180 1.470 1.085 0.1921
0.1835 - 1.442 1.107 0.1976
0,150 1.427 1.135 0.2049
0.195 1.424 1.170 0.2133
0.200 1.427 1.215 0.2251
0.450 1.40 1.88 0.397
0.570 0.84 1.64 0.504
0.55 0.331 2.324 . 0.815
0.600 0.200 | 2.897 0.919
0.659 0.142 3.374 0.955
0.700 0.131 3.842 0.967
0.759 0.140 4.268 0.971
0.800 0.149 | 4.654 0.974
0.850 0.157 4.993 0.976
0.97%0 0.166 | 5.333 0.978
. 0.95% 0.174 5.691 0,979
B 1.000 0.179 6.044 | 0.951
Gold, erystallint..vrocorcceeass] 0.44C0 | 1.5778 | 1.9277 0.3563
C 0.4600 1.4843 1.8257 0.3754
) 0.45C0 1.2543 | 1.7301 0.3757
0.50C0 0.8031 I.8180- 0.5100
0.5200 0.8204 2.1277 | 0.6920
0.5400 0.3772 2.4520 0.80232
0.5500 0.3032 ?2.750% 0.86%2
0.5500 0.2524 3.Ci9% 0.5230
0.6000 0.2113 3.2411 0.9294
0.6200 0.1905 3.4621 0.9431
0.6420 | 0.16067 3.6992 0.9555
1.0000 {° 0.2200 6.7100 0.951¢
1.8000 0.3500 | 10.4030 0.9850
2.0002 0.5500 | 13.9G00 0.98358
2.50C0 0.8290 117 L3090 0.9392
3.0000 1.1700 | 21.0009 0.9%25
4,000 2.04C0 | 27.9000 0.6%95
8.0000 3.2700 | 35.2000 0.9%26
6.0000 4.7030 | 35.2C09 0.6596
g.0000 | 7.8200 | 54.60C00 0.9563
10.0000 | 11.50X 67.5£90 0.6522
12.€000 | 15.4950 | $0.5C00 0.829)
1.000 0.3100 3.5%00 0.9523
2.0000 0.5400 | 11,2022 0.6%32
3.0000 0.5300 | 16.7CCO- 0.95:3
4.0000 1.4200 { 22.200) 0.¢5831
$.0220 92,1600 | 27.7000 0.6%87
6.C000 3.0100 { 33.0212 0.9%91
7.0000 3.0:00 | 38.3500 0.53%
8.0009 5.0520 | 43.50C0 0.9%‘.‘-5
- 9.0000 6.2100 | 48.60C0 0.9597

zable 1. Optical constants of gold.
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-.subsequent holographic fabrication of .6 um period gratings. 4000 rpm

: fare used when 1 um period gratings will be fabricated. |

| 4 Bake the wafer for 8-10 minutes in a 88°C oven. Care:should be

-~ taken in not'exposing the resist‘tovlight before the holographic exposure.
The resist—coated wafer should be exposed no later than 48 hours.

) Occasionally the photoresist film will have a spotty appearance.

When this occurs, the photoresist film should be stipped by dipping in
acetone for 30 seconds. ‘Then the wafer should be rinsed in DI HZO blown
,:dry with N2 and placed under an infrared lamp for 5 minutes. After it

‘icools down, it can be coated . again following all of the previous steps

Figure 4.3 shows a schematic of the holographic exposure set up.

For the Liconix 301 Laser, the total beam path lengths OBE ‘and OAE should
be to within 2 to 3 cm from each other, otherwise the quality of the
gratings obtained will,not’be good. A filter—beam expander collimator

is more desirable than the lens-iris combination. The rim of the iris
diffracts the beam and the ‘pattern is recorded on the photoresist.'

The groove spacing a of a holographically recorded diffraction
grating is given by -

where A is the laser wauelength, a is the angle'of incidence of the
laser beam as shown in Fig. 4. 3 and n is the index of refraction if a
liquid immersion is used. Using refractive index liquids as explained
by C. V. Schank and R. V. Schoidt [3], periods of the order of 1800 _A
and 1000 A can be achievedeith the argon and helium cadmium lasers,
respectivel&. | |

Figure 4.4 shows the diffraction grating formula [1]. The formula

is given by
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sin a + sin 8 = %%b ' ’ | o | (4.2)

The formule gives, for each value of a, all the posSibie values of B

‘where a ﬁaximum‘bf idtensity for ﬁavelengrh A is foued (one maximum_for
each ralue'of k)..-Eor the sbortest visiﬁle wavelength‘(k*éooo Krvielet)
‘_the smallestjvaluevof the grating period a»for wvhich there can be vienal

observation of the diffracted beam is given by

a=— A 40200"'2000A |  (4.3)
sin 90° +sin 90° - ‘ '

where 90°~ denotes a surface grazing angle' howeger, the color observable
from a 3000 A periodidity grating at a grazingdviewing angle is,deep~
purble [46], For the ﬁeriodicitiee of.interest [QG ym and 1 um] rhe
whole color spectrum is obserable and the periodicities are well within
the optical microscope resolution limit. The following method is suggested
for determination of the optimal exposure times and photoresist layer
thickpess. Due to the slowly decreasing power output of helium—cadmium
laser during its lifetimevexposure times cannot be quoted.

1. The resist thickneSs sbeu;d be smaller or comparable to the
E grating perlod being produced. | o

2. ' Expose different portions of a photoresist coated test wafer |

for different times. | »

3, Develop in a 1: 1 mixture of AZ1350 Developer. HZO for 25-30
20 to stop the developer actien and blow dry eith:

'Nz. Check the wafer for diffraction under jellow 1light. Ifrrhe grating

has opened down to the gold, it will diffract much more than if it has not.

seconde. Rinse in DI H

" Here more diffraction is more'brightness‘ This is because‘the refectivity

of gold, the surface of which now forms part of photoresist-gold relief
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structure, at vis1b1e optical wavelengths in big (See Table 1).

When the grating is viewed under an optical microscope under complete
| phase contrast view field if the grating has opened down to the gold
surface, a light green to medium dark beige should be observed together
with the'delineation of the»gratiug structure; If the grating has not
reached the gold.coepletely, the color observed will be Brown, A dark
brown color (Stlll under phase contrast view field) denotes no grating
area (or a very light resist surface perturbation) and just photoresist
which covers the gold completely. In the next section, a second method '
for determining optimum exposure times and resist thickness §111 be

_described. This method will be also applicable to smaller period gratings.

The gratings obtained had a diameter of 6 mm and were uniform over

the whole area.

4.4. Gold Gratings

The postbaking of the developed resist profile is critical for two

reasons! The resist has to hold and not flow during radio-frequency

(r.f.) sputter.etching'of the gold layer. This requires a rather

~ elevated (postbaking)_temperature. Also the preservation of the

developed'resist_profile (a micron'ornsubmicron period grating structure)

during postbaking 1mposes the opposite requirement, i.e. a low postbaking

temperature. We chose a two-step process where the wafer is postbaked
- first at a low temperature (88—90°C) for 20 einutes for outgassing and

jmmediately. aftervards at a higher temperature (110°-115°C) for 30 minutes.
The postbaking should be done no later than 2& hours after exposure..

This is to avoid deterioratlon of the developed resist proflle which will

result in rippled line edges (and'rippled,curvy lines) both during
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postbaking and r-f sputter etching.

Both r-f sputter etching and wet (chemical) etching have beenvused

to produce the gold pattern on the front side of the wafer; however,

due to edge resolution and undercutting of chemical etching, r.f. sputter
etching is preferred over chemical etching.. Figure 4.5 show al um '

_ period gold grating obtained after chemical etching. It was fabricated

centrated aqua regia (1: 3, HNO :HC1) and the

: byvdipping-the wafer in con 3

sist profile provided the necessary masking. After the etching the

photoresist was easily removed by dipping in acetone; For chemical

etching, the resist pattern need only to be postbaked at 90°C for

15 minutes.

The major constraint in increasing the gold mask thickness for a

better exposure’ contrast is the fact that the sputtex'etdhrate of the

photoresist (AZl350J) is comparable to that of gold. During r-f sputter

etching, liftoff of the resist has been observed before complete etching

of the gold pattern.

" For r-f sPutter>etching.the'wafer is placed at the center of the water

cooled substrate electrode of the r-f sputtering system. Excessive heating

of the substrate being etched is appreciable so,. ‘for a better heat conduction

path between wafer and the water cooled electrode surface, gallium is

spread on the back surface of the wafer (the gallium spreads and sticks

much better on the SiO2 covered backsurface than it does on a bare silicon

surface) and then pressed on the electrode surface. The gallium will

provide the necessary heat conduction path. This cooling is important

since even with the previous postbaking process, resist lines occasionally

would flow during etching. A glass.slide which was partially coated with

gold when it was used to cover the evaporation chimney during gold
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‘deposition;‘is placedinext to the wafer.on the.electrode; lt acts as.an.
etch monitor since the thickness of the gold layer on it is almost equal
"to that on the wafer.' Visual observation will determine when the gold
has been etched. | |

The r-f sputtering system was first pumped down to a pressure of
5x10 -3 Torr and argon at a pressure of 2%102 Torr was introduced in the
:1‘system of least_lo minutes before actual sputter etching of the substrate._

Oxygen will hasten the removal of the photoresist due to oxidation;

1'therefore,lit is desirable to have a“relatively'oxygen—free atmosphere. _
The actual'sputter etching is done at low power. This Prevents'the ~ J
resist from polymerizing, something that makes removal of3the resist
extremely difficult. Upon removal from the electrode (if the gallium is
solidified the wafer electrode system should be heated up with a heat
gun for easier-removalvof the wafer).the wafer is placed with its back
surface facing up. Removal of the gallium is accomplished as follows: A
| 1. Wet the cotton tip of a_swab withgconcentrated'HCli Touch the
goallium with the wet tip. ‘lf the gallium is in liquid‘phase it will be
instantaneously removed.. i |

2. Small globules of gallium should be thrown off the wafer with :
a quick radial movement using the tip of a dry cotton swab. It is
important that no gallium gets deposited on the front (gold) surface of
the wafer. It will stick on the gold.

3. Rinse in DI HZO-and blow with Nz.

Remoyal of the remaining pnotoresist layer'is best:accomplished with
~a plasma asher (plasma oxidation). This'system is not currently awvailable.
It is impossible to remove the resist with regular resist strippers

commercially available. Partial removal of the photoresist layer is
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accOmplished with 1mnersion in hot acids. 'l'he process (described below)
is uncontrollable to a degree and visual observation of the wafer surface
during actual immersi—on in the acid bath is very important for immediate

withdrawal of. the wafer before damage is done to the pattern.
‘The wafer is 1mmersed in a 5:,1 freshly made solution of conce‘ntrated

B 504 and concentrated H2 2 It is very important that the solution is

2

thoroughly mixed before immersion of the wafer, so that concentrated Hz 2

‘ does not attacﬁ the surface. (The acid mixture will etch gold at spots

where gallium is present). When lift off is imminent (this becomes

apparent when gold scarts lifting off at the edges of the wafer and swelling'

of gold starts in various parts of the wafer) the wafer should be immediately

withdrawn -from the solution, rinsed in DI Hzo .and blown dry with Nz».‘

_pigm_-e-s 4.6 up to &- 14 show gold grating mask patterns. Details are

given under the figure captions.

. The second method for determining optimum expSOure times and resist
. -thickness (the first one was described in Secti.on 3) again makes use of

a test wafer where gratings have been fabricated holographically at various

'exposure' times. The wafer is r-f sputter etched following the sequence

of steps just described- The resist is stripped by innnersion in the 5:1

solution of stol‘ n 2 2° At grating spots where the resist grating groove

had not opened down to the. gold surface during -development, the .gold

surface will be unperturbed (it will reveal no etching) except if the

resist grating groove was originally very close to the gold surface,

however at spots where grating grooves have reached the gold surface, a

gold grating wﬂ_l be present upon removal of the resist. SEM studies

can be used to measure the opening of the gold grating.



Fig. 4.6. 0.6 um period gold grating.
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Close up of a 0.6 um périod

gold grating mask showing
roughness related to developed:

photoresist'rpughness.
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. Fig. 4.8. 1 um period gold grating :

mask pattern. Notice the
large mask opening to
period ratio.
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. Fig. 4.9. 1 um period gold grating

' mask pattern. Same mask

as in Fig. 4.9 but lower
magnification.
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1 ym grating structure.
. Same area as in Fig. 4.10
but higher magnification..

- 5° Tilt.
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Fig. 4.12. Edge view (90° tilt)
. . of the 1 um period
gold grating.



‘Fig. 4.13.
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High magnification electron
micrograph of the edge view of

‘a 1 pm grating mask pattern.

For this particular mask, the

- mask opening is half the period.

The gold th}ckness'was measured
to be 2000 A. The depression at

. the center of the gold bars is
most probably due to the photo-

resist profile after deve;ppment.bn
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4.S,v Thin-Silicon Windows
ZIn this section we describe the fabrication process of the thin

| silicon membranes. The fabrication process is based on the following

facts:

1. The ethylenediamine—pyrocatechol-water mixture shows preferential
etching of a p n junction and anisotropic etching of bulk silicon [41][42]
Using a solution composed of 255 ml of ethylenediamine (NH (CH ) NH ),

120° ml of DI HZO and 45 grams of pyrocatechol (C (OH) ) or 1ower con-

centrations but of the same ratios the etch ratios for <111>, <110> and <100>

oriented silicon are approximately 3:30:50 [41] The mixture will etch the

‘n~type bulk silicon and will abruptly stop at a boron concentration (p—type)

+19

of 7x10 atoms/cm [43] The value of 2x10 19a.tomslcm3w'as alsoreported[31].

»2. The above etchant has an extremely slow etch rate for SiO2 films

(-200 Alhour) s0 they are used as etching masks.'

3. At a temperature of 115°C the etch rate for <100> oriented silicon

18 approximately 50-60 pm/hour [41]. The etch rate varies considerably
,with even minute changes of ‘the mixture rations as well as’ with temperature
as reported by R. M. Finne and D. L Klein [41] and verified experimentally.

A freshly prepared solution has slightly higher etch rates than one a

_'few hours old.

The thickness of membranes obtained can be measured with various

techniques. For ‘membranes 2000 A thick or less, a color chart is available'

[33]foz'visual determination of the thickness. SEM measurements of the

edges of broken membranes are also quite accurate. For thick membranes

(_lum) an optical interference method using the concept of the Fabry-Perot

resonance observed when a light beam is transmitted through a transluscent

film and the spectral output‘is measured, has been used to measure
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membrane thickness [44]. This method is accurate to‘ilOZ..,A third
‘nethod which gives satisfactory results with an uncertainty of +15%
makes use of the groove and stain procedurepto_measure.the junction
depth‘in combination with the four-point‘probe technique in measuring
the average‘resistivity p of a diffusedvlayer {34]. In brief the

| technidue is as follows: o |

i. A set of measurements (voltage and current) are taken using the

_four-point probe..

2. The junction depth is determined by grooving and staining. A

set of measured values of the junction depth xj was averaged to the

value X, o
- jav
3. For diffused layers whose lateral dimensions are large and. whose

 width x is small in comparison ‘to the spacing of the probe, the average

]
resistivity p is given by [34],

.pfny ﬁn_asnlﬁ“. o - _:(mn

av

g

To a first order approximation a "box" distribution was assumed.
The "box" distribntion is a valid approxitation for the cases where both

" the boron surface concentration and the predeposition temperature are

large as'shonn in Fig.-&.?. Figure 4.15 [34} shows the surface concentration

V8. average resistivity with a box impurity distribution. Cs is the Surface
concentration and: CB is the bulk silicon concentration. For our

1predeposition time (6 hours) and temperature (1100°), the groove and

, and the four point

av _ _
ohm-cm. Figure 4.15

stain procedure yields a value of 3.34 pm for x

probe measurements yield a value p = 1.178x10 -3

20 -3

yields a value of 1. 2x10 for Cs A plot of concentration vs. depth

vhere x,

3 = 3,34 ym and C_ = 1.2x1020'atoms/cm3 and which follows
“av :

S
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approximately a "box“ distribution yields a value for the membrane
thickness d equal to 2 75 um +10bo' (A boron concentration of leolgcm .
vas assumed sufficient to stop the etching) This is shown in Fig. 4. l6.
Measurements made using the optical interference method indicate a

- membrane thickness between 2. 5 um and 3 uym.

The preferential etchant of silicon (ethylenediamine-pyrocatechol-
water) will attack the gold surface of the wafer after 4 or 5 hours of
continuous etching. After 5 hours the gold-surface would aquire a
frosty appearance which is due to swelling of the thin gold film, however,
'the grating lines would be literally ripped off almost. immediately upon
immersion in the etching solution. .Before opting for the fabrication
: procedure described below, two alternative procedures for protecting
the gold pattern during etching'were examined.-

The first one, proposed by Cohen et. al. [31] was to
_use a teflon fixture S0 that only one side (backside) of the wafer is in
contact with the etchant however, our fixture could- only accommodate a
certain.size_circular wafer (1" diameter) and it was'difficult to_handle
a variety of uafer sizes»and;pieces of various shapes. Figure 4.17 is a
schematic of our teflon wafer holder. The preferential ethant does attack
and etch rubber, butvnot teflon. | | o :

Another procedure was to fabricate the thin silicon membrane first
and then deposit the gold mask. The difficulty of this approach was that

_ the handling of the wafer through the remaining process steps had to be |

extremely careful.

' A.variety of different resist and wax films were tried for protection '
during etching, but they were alnost immediately lifted off upon immersion

in the etching solution. One known material that etches very slowly is



103

A ,conéeatratiop (Atoms/ch3)

101?
1018
10t7 i
1016 |
15 _ , S : -
cB = 10 : ' ' H 2 _ 1 >
0 1 2 .3 x4 4
o - : - x(um)

Fig. 4.16. Boron concentration vs. depth.A
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Fig. 4.18. Mask aligning scheme.
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5102, therefore, it was decided to use SiO2 as a protective film. The
remaining mask fabrication steps are as follows.

.A. A thin film (~3000 A) of nichrome was evaporated on  the gold
hrelief structure. This film is used as a convenient adhesive interface
hetveen gold and Sin. Tests indicate that nichrome etches much faster
.in aii:l nixture of‘concentrated_HCl:HZO_than it does in a 1:1 mixture
of concentrated HBOB'HZO. Glass slides covering the evaporation chimney
and covered with nichrome can again be used as etch monitors during a
later removal of the thin nichrome £ilm.

| Bt' Following the nichrome evaporation, a thick film of SiO ( 1.2 vm)
‘h:was sputter deposited on top of the nichrome film. The same procedure
was used as when the SiO2 film was deposited on the back surface of the
wafer (see Section 4.2.4.). ‘This film protects the gold pattern during the
preferential etching of silicon.

C. The next step was the opening of t‘he_SiO2 window on the back
. surface directly beneath’the gold grating patternm. The procedure is as
| followsé_- | |
| 1. Spincoat the front side of ‘the wafer with undiluted AZl350J at
" 3000 rpm for 30 seconds. Prebake at 88°C—90°C for 10 minutes. This
thick coat of photoresist (-2 ym) will protect the gold grating pattern
"_from scatching during the rest of the process when the wafer is laid on
its front surface. ' | o |

2.' Spincoat the back side of the wafer with undiluted AZ1350J at
the same conditions as in 1. 'Prebake at 88°C -90°C for 10 minutes.

3. The wafer is laid flat on its back surface on top of a piece of

wvhite paper (preferably filter paper) The wafer rim is outlined on the

,paper as shown in Fig. 4.18 and two lines perpendicular to each other are
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drawn.'_TheirvextensionS'intersect at the center of the grating structure.

. Overturning the filter paper, the outline of thevwafer and the'straight
'lines are graphed again. ,

: 4.: Lay the overturned filter paper directly beneath a sun lamp
(6501watts). The distance between the lamp and the filter paper is-
20.cm. :The.wafer.is then placed'front side down on top of,the filter
paper and within the graphed rim outline. A contact mash_with'just a
| :transparent square (7 mm x 7 mm) is placed onto the wafer. By visual
| observation the sides of the square should be perpendicular to the two

drawn lines and the intersection of the extension of the lines should

A roughly coincide with the center of the mask square. The wafer mask

system is exposed for 30 seconds. Development is accomplished in less

than one minute by dipping in a 1:1 mixture of AZl350 Developer. DI HZO'_
’ The wafer is then rinsed with DI H20 and blown dry with Nz It is not
critical for the square side to be aligned ‘with the flat edge of the
‘wafer since a smboth window'side edge is not important; however, the
'square edges were roughly aligned either perpendicular or parallel
(depending on the side) to the wafer flat edge.

5. The wafer is postbaked at 165°C for 15 minutes. This will
harden the resist so that it will stay during the subsequent etching of
the Sioz. | |
- 6. In order to prevent photoresist liftoff and etchingdof'the SiO2
| at places where the resist lifted off (besides the window area) drops

of the buffered HF etchant (one part concentrated HF, five parts NH F)

were deposited only on the window area to be etched using a cotton swab.

The etchant wets the 3102 but not the photoresist. The etching of the

1.2 um thick SiO2 layer takes about 10 minutes. If, on the touch of a
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dry cotton tip on‘the etchant, the film breaks immediately, then the -
etching is complete. - The window area should have a silvery color. .Rinse
- with DI H20. If the window area is hydrophobic then the etching is
complete. It should be noted that usually, due to incomplete weting, the
‘corner areas of the square 3102 opening will require additional time
(-3 minutes) for complete etching and supplemental weting may be required.
‘ b. The wafer is now ready-for immersion in the preferentia1~
etchant of silicon. The etchant consists of a mixture of 130 ml of
Aethylenediamine;‘GO ml of.H20 snd.22.5 grams of pyrocatechol. The wafer
1s immersed in the solution which is then'hested up to.110°C-115°C. The
_ wafer—solution system forms’part of a gas refluking»system‘in order‘to
conserve volatile water, as shown in Huang [33] N2 is bubbled in the
solution for agitation and mixing, Initially, when the solution reaches
75°C-80°C, bubbles should start emanating from the window area. This
v_‘heraldsthe onset of etching. The thick photo-resist layer that was
covering both sides of the wafer is also lifted off. Figure 4.19ashows
the wafer topology for nichrome SiO2 protection of the gold mask during
lithe window etching. Complete etching takes place anywhere from 3 hours to

5 hours for a 220 um thick silicOn wafer. This is due to the sensitivity

'of'the'etchant to factors described above. When the window surface area

has been smoothed by the etchant which has reached the high boron
concentration, the etching should be maintained for half an hour more;

- otherwise, small crystallites will be present on the surface of the window

upon removal from the solution. The solution should be cooled to 60°C

before removal of the wafer [31]. Figure 4. 20 shows a picture of'a'window.

E. Upon removal, the wafer should be immediately immersed in warm -

- .(50°C) methanol for 1 minute and rinsed with DI HZO' It should be handled
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Fig. 4.20.' Picture of window. Thé dark
U - spots on the membrane are due
to coloring.
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ulth extreme care. It should be dried both with the application of

filter paper to remove gross quantities of H20 and . bf blowlng it with a
very gentle stream of N2 always parallel to the window surface. At this
_fstage the membrane is wavy, i.e. it is not stretched flat. This is due
to the‘thick (1;2 pm) SiO2 film still present‘on-top of the gold_relief
' P?ttern. . a - | |
F. Removal of the 8102 layer should be 'done with extreme care.

'Immersion of the wafer {no agitation) in a 3: 1 mixture of concentrated

NH,F F and concentrated HF will remove the 8102 layers from both s1des of

4
the wafer. The,thlckness being the same for both layers, visual observation

of the color change of the back surface (i. e. to a shiny silver color
j when all the SiO2 has been removed) and .a change from an HFbphylic surface
to an HF-phobic and hydrophobic will herald the complete etching of all

the SiO 1f smallcrystallites are present on the back’surface of the

2°
v membrane, hey will be colored red by the SiO2 etchant along with the

'surroundlng smooth area; however, if the surface is really smooth and shiny

"~ with no obvious crystallltes no coloring w111 occur. The coloring has

no detrimental effect on the mask' therefore, it can be tolerated. The
vvafer is then r1nsed with DI HZO and dried as in E. The membrane should
'now'be well stretched. Thls is due to the tensile stressexisting in the
siliconumembrane-as a result of boron doplng which is a substitutional
impurity with a lattice nissfit ratio, ', of 0.746 [27]. This introduces
the stress. Also the gold layer is under tensile stress [45] 1f the
membrane is removed from its bulk silicon support structure, it will curl
“up. 1f, at tle center ‘of the membrane a spot exists with no gold. the
membrane will be dimpled toward the gold side in that area. This is due

to the stress exerted by the surrounding gold.
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" G. The thin-nichreme film present on the gold relief pattern can
be temoved by dipping of the wafer in a 1:1 solutioe of concentrated -
20;'however, if desired it may be left on top of the gold pattern
| since it will not contribute to any loss in tesoletion or mask contrast.

'HC1 and H

- 1f removal is desired the gold should not be etched all the way to the .

fitst'nichroae layer (Fig. 4. 19) so that accidnetal lift off of the gold

pattern is avoided.

4.6. Suzmary of Steps

In this section we present the mask fabrication process steps in

an outline form.

"a. Clean a <100> orientation n-type silicon wafer (degrease—RCAl-v
RCA2).

b. Grow an 0.8 um Sin layer (ﬁet atmosphere, O 9 1100°C, 1-1/2 hours).

c. Strip oxide from'front.surface (HF).

d. Reclean wafer (as in a.)’

e. ADeposit boron into the front surface (B 6’ 2,,02, 1100°C,

6 hours).
£. Boron drive-in (wet atmosphere, 950° C, 3 hours, 2)
Sputter deposit a 1.2 ym SiO2 film on the back surface and a
‘_1000 A film on the front surface. |
h. Evaporate a 300 A layer of nichtome and 2000 A of gold on the

front surface.

i. Holographic grating fabrication on the wafer via photoresist.

| j. R-£ sputter etch gold grating mask patternm..

k. Sputter deposit a 1. 2 ym 5102 fllm on the gold pattern subsequent

to a 300 A nichrome evaporat1on.

1. Open a 8102 window directly beneath the gold grating pattetn.
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m. Etch the silicon for fébrication of the thin silicon membrane.
n. Removefthe SiO2 layers (HF).

0. Remove the NiCr layer (HCl)

- The above steps may be modified if the mask pattern being fabricated
18 that of an IC instead of a grating. The pattetn, besides being

fabricated hologtaphically (grating), can be made with optical lithography,

electron-beam lithography_[lll [27] and x-ray lithography.
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‘CHAPTER V

X~RAY EXPOSURE AND DEVELO?MENT RESULTS

In this chapter we present our experlmental results. In Section 1,

' exposure-dependent resist properties are brieily discussed. In Section

2, the experimental results are presented.

5.1. Etposure-dependent Resist Properties

If no cooling of the resist-substrate system is taking place during
exposure, heat generated by the gun cathode filament will raise the

iiresist temperature. Heat is gemerally detrimental but .in some particular

instance it can be’beneficial.- In particular we,noted that the pattern '

was visible in SOme cases immediately after exposure. The explanation
is related to the type of scission events taking place during exposure.

It is well known that PMMA euhibits predominantly random chain
scission upon.x-rayiexposure with a subsequent_decrease in the initial
average molecular weight. The final ‘average molecular weight aftet
exposure in inversely proportional to the radiochemical yield G for main
_ chain fracture. This can be utilized so that exposure time may be
decreased.in typical x-ray lithographic applications by increasing the
, ambient temperature of the x-ray exposure system or by incorporating
small amounts of acrylonitrile in the PMMA resist [46].

Polymers used for x-ray resists are also degraded by other types of
process such as thermal degradation (Pyrolysis)[13]. Thermal degradation -
can be divided roughly into two general categories. random chain
scission and depolymerization.‘ The latter is essentially a depolymerization :
process in which monomer unitslare released from the chain ends. In this

type of degradation, the molecular weight of the residual polymer remains
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- almost equal to the initial average molecular weight.

For low average nolecular welght PMMA thermal degradation consists -

almost exclusively of depolymerization. Volatile monomer (methylmethacrylate)

is almost the'exclusive-produce [47}. The simultaneous radiation

_degradation and thermal depolymerization can be useful in x-ray lithography

since x—ray-thermal exposure is-effectively a simultaneous exposure and

development process.

Figure 5. 1 shows the thermal degradation of PWMA samples of varying

molecular weight as indicated in the relationship of the percent of the

original molecular weight of the polymer residue to thr percent degradation

to monomer.' Sample A, molecular weight 94,000; sample B, molecular weight4

725;000 [13].‘ LineAbB denotes only rarndom chain'scission'and lineAbC only

depolymeriaation;

5.2. .Exposure'Results
| Comercially available nickel grids with 10 uym and 6 um linewidth.
were contact printed in PMMA on flexible glass. As was mentioned earlier,
- we noted that proflles were v1sib1e in some cases immediately after
exposure; however the contrast was low. Subsequent development in a
mixture of 607 isopropylalcohol and 40% methyl-isobutyl ketone for
50 minutes increased the contrast substantially, by deepening. the pattern
--in the exposed regions.' This validated the concept;of simultaneous_
radiation degraeationband thermal depolymerization effect. 'Figurerera
is a photomicrograph of the 10 um minimum-linewidth grid replicated in -
PMMA. Figure 5.2b is an SEM picture of the same grid. Figure 5. 3a is

a photonicrograph of the 6 ym grid and Fig. 5.3b is the same pattern

replicated in PMYA.
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Fig. 5.1. "hermal degradation of polymethyl methacrylate
' samples of varying molecular weight.
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Fig. 5.2a. 10 ym minimum- Fig. 5.2b. Electrén microgréph
linewidth grid o ' : of the 10 um grid. -

replicated in PMMA.
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' The lO;im grid was also contact printed in PMMA using a two source
exposure as follows: first the mask—substrate system was positioned
at an angle of 35° with respect to the horizontal and exposed for 20
" minutes at a source to substrate distance of 8 cm and a beam current of
100 mA. Then the mask substrate system was rotated around its axis of
rotation 80 that the angle of the second use was -55 . It was again
exposed for‘the same time. | |

| This exposure scheme produced three distinct regions of exposure.

A, A region where the exposure was maximum (effectively a 40 minute
exposure). | |

B. A region.where one exposure was partiallf attenuated_due”to~the
~ mask. | |

.c;' A region.nhere both exposures were partially attenuated.

The results after development in Fig. 5.4 show a distinct 3 step
structure due to the different etch rates in the different regions of
exposure. The visible edge ripple of the replicated grid bars is due to
the exact reproduction of the original nickel mask_which had rippled edge.

'A-submicron period (.6 um) gold grating on top of a thin silicon,
.window was replicated at an angle of 10°. The diameter of the grating
area was 6 mm. Total exposure time was 60 minute at an accelerating
- ,potential’of 7.3 kV and electron-beam current of 100 mA. Excessive
heating of the mask substrate system (no cooling of the resist substrate)
imposed a severe limi'tation on the total exposure time.. For maximum
exposure the source to substrate distance was 6 cm; however at this
distance the thin aluminum foil gets destroyed and the penumbra increases.
If a 4 um spacing exists between mask and resist substrate, the penumbra

. is equal to 0.33 ym. The large value of the penumbra is mainly due to



Fig. 5.4. Two source expoéufe.-
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large value of the source diameter A (= 5mm). Total development time
was 50 min.in a 60:40 mixture of IPA:MIBK. Due to the penumbra the
grooves of the replicated grating in PMMA shown in Fig. 5.5 are wider
than the originals of the gold grating and the groove depth to period
ratio is small. |
A 'l ym period grating mask (Chaﬁter IV) was teplicated a number of -

'timeg. Typical exposure and development parameters are as follows:
Total exposure time: 120 minutes, source to substrate distance: 10 cm
: and»total development time: 16 minutes in a 60:40 mixture of IPA and
MIBK. The total energy density absorbed by the retist duting exposure
was approximately 900 Joules/éma. This was calcqlated using Egs. (2.26)
and (2.30) of.ChaptervII vhere the folloyiﬁg valués Qe:e.used for Aik.
1rradiation (8 34 K) =1, e= 1. 35x10—4 photons/electroﬁléteradia:
[23] [48] for an accelerating potential of 7.3 kV, I = 115 mA and a = .52
where a -:al 2 and a, = .768 is the transmission factor of the thin
aluminum foil and a, = .68 is the transmission factor of the silicon
membrane. The development rate of the.exposed PMMA is approximately
130 R/min [17]. The following are representative of the exposure and
. development results. Figure 5.6 is an.SEM picture (65° tilt anglé) of
" the 1 m grating mask replicated in PMMA. The x—rays_weré incident
-normal tdAthe mask-resist substrate system. The resist substrate was
water cooled during exposure in order to avoid damage of both mask and
resist due tO'excessive heatipg. ~The total exposuré tiﬁe was limited

to two hours due to tungsten déposition on the aluminum x-ray target.

This thin layér of'tungsten severly attenuated the emergent characteristic
Azk x-rays. A three hour exposure yielded the same tesﬁlts confirming'

the detrlmental effect of tungsten coutamination. Development time was
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1 pm period grating. ,

| 65° Tilt.:
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limited to 15 minutes due to deterioration of the resist if the substrate
was left longer in the developer. A freshly made resist was tried with
the same results.v_The_groove:opening of the replicated grating is
greater than the one of the original‘gold mask. This is due to the
penumbra. , _ . |

Figure 5.7a and 5.7b are SEM pictures (62° tilt angle) of the
replicated ‘pattern in PMMA of the same mask as before. During. exposure,
the mask-resist substrate system was positioned at an angle of 20° with
respect to'horizontal. At an earlier trial runm, the mask was broken and
two cracks perpendicular to each other were created. Due to the gold
tensile strain, one of the broken edges of the silicon membrane curved ,

upwards. This provided the necessary contact when the resist substrate

and the mask were clamped together during exposure. In Figures 5 7a and

5.7b we_notice three distinct regions.

A. A region with no grating structure. This is due to the bad

contact between mask and resist substrate.

"B. A deep groove in the middle. This 1s due to the mask crack
opening. Exposure of the grating area was 68% of that in the groove due
to the attenuation suffered by the beam as it passed through the silicon

‘ membrane. Subsequent development differentiated between the regions that

received different exposure doses.
c. A region where the grating structure is clearly visible. Contact
: provided by the curved membrane edge minimized the penumbra..
As we move away from the crack, the maskrsubstrate separation
y larger. This in turn increase the penumbra and the

becomes increasingl

replicated pattern becomes less and less pronounced until it disappears

completely.-
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Figure 5.8 is' an SEM picture (70° tilt angle) of the 1 um grating
mask pattern replicated in PHMA where the. mask—resist substrate system

was positioned at an angle of 30° with respect to the horizontal during

exposure. Figures 5.9a and 5.9b are SEM pictures(72° tilt angle) of -

the same replicated grating pattern after it was cleaved. Figures 5.10a

and 5.10b are SEM pictures (90° tilt angle) of the edge view of the

replicated pattern. Notice that the left groove facet is longer than

the right one. The left facet is the one corresponding to the angle
exposure. The large sloping of the facets is due to the penumbra. The
depression'in-the~midd1e of the gold mask rib (Chapter IV) had no |

noticeable effect on the profile after development.

A'simple experiment was’performed as follows: The PMMA grating

was positioned perpendicularlv to the path of an argon laser beam (4880 X).

The intensities of the 1 and -1 order were found to be different by 25%.

This is a further indication of the assymetry of the grating profile due

to the angle exposure.

' The difference in height between the peak of the grating groove and
the valley is approximately 2000 K (SEM measurement) -This corresponds
to within 10% of the calculated development rate since

2000 A/lS min = 133 A/min.
Figures 5 lla and 5.12b show results of replication of a 1 ym grating

structure with no cooling of the substrate during exposure. Due to heat,

intimate contact was. achieved between mask and substrate at various

~ regions. The uneven profile of the lines is due to the wiggly gold lines

of the mask. The mask used had a large'(- 1/2) mask opening to period

ratio. .
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Fig. 5.8. 1 um period grating.
- 70° Tilt. It was exposed
at an angle .of 30°
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' Fig. 5.9b. Higher magnification
of the same area as
~ in Fig. 5.9a.

Fig. 5.9a. Same grafing area as
in Fig. 5.8. 72° Tilt.
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Figs. 5.10a,b. Edge view (90° Tilt) of the grating
S : ‘_structure shown in Figs. 5.9a and 5.9b.
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. Pig'; 5.11a,b.. 1 um grating structures. Ko substrate
- cooling during exposure. ’
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In the Appéndix the preparatioﬁ of.PMMA and the coating-ﬁrocedure '

4fo: wafers is desgribed.
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CHAPTER VI

SIMULATION OF DEVELOPED RESIST PROFILES - THEORY
A.Theory

6.1. Formulation and Definition of the Problem

With.the increasing iﬁportancé of photoresist and electron beam
and x-ray resists in the fabrication of integrated circuits and various
devices, modeling of the developmenﬁ process is very uéeful. For the
présentAwork 1£ is desirable.to determine grbove shapés via simulation
when the-various parameters (e.g. ﬁask profile, exposure dose, deQeloper,
etc.) are given. | | | |

PMMA has the desirable property that the development process is a
surface-etching phenomenon [14], i.e. there existsa well-defined boundary
between the developer front and the undeveloped resist. The development
of projecti&n—printed images'in positive?t§pe photoresist can, at least
to s§me dégree pf accuracy, be described by‘a surface-etching phenomenon

[39]. (Another‘familiar etch-type processvis that of etching oxide doped
by ion implantation. In this case, aléo, a surface etching phenomenon
may be app1ied.) The etch rate of the ekposed resist at any point in |
“the resisf medium is a function of thé local exposure dose and the kind
of developer used.

With these assumptions we model the resist, with respect to the
.devélopervsection, as an inhomogeneous and isotropic medium. The etch
speed at a particular point in the resist is defined as R(x,y).

| Figqre 6.1 shows the formu;ation of’the pfoblem: ‘Given a cqrve Xo,
the interface l;etween reglions @ and @ at time to and a velocity field
(x,y), find at time t1 the shape and positionvof the curve Zl, where Zl

is the new interface between regilons @ and @ . Figure 6.2 shows an



132

-\
‘ .
A ,
\\ -'3:‘
)
/
{
\
\
\
\
\
\
A
3
>

Fig. 6.1. Definition of the etching problem.
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'etch fron: with three different approaches that can be used to oetermine -
the profile'at'the next instent of time. All three approaches are tﬁe
implementatioh of determining the envelope of instanfaneous Huygen's :
sources (Chapter III) as shown in Fig. 6.2. The first approach uses a

string of "cells" to define the profile at any time t. The cells oan move in
‘ 511 four directions. Tﬁe second approach usee ; wstring' of points to

A point moves normalvto the_line joining its

define the orofile.

‘adjacent points. The third approach is to follow the normals to the

profile at any time. Their end points will define the profile [49]. We

will now develop the’theory of the ray direction in order to solve the '

problem as it is defined in both Figs. 6.1 and 6.2.

6.2. Solution Using Ray Equations

" The solution of the problem is based on the fact that locally, at

every infinitesimal region of the resist, the developer front satisfies

Snell's law of :efraction. In Fig. 6.3 we have two regions of different

etch rate R1 > RZ' Ffom this. goemetry, where OlA = Rldt and BO2 =-R2dt,
we get
R, sin® | o S
—_— T (601)
RZ sin 62 _ :

We know define an "etch ray" as a-ray which is always perfpendicular

to the developer front as shown in Fig. 6.3. It is obvious that the etch

ray obeys Snell's law of refraction at the interface between two regions
of different etch speed. This definition is in analogy to the definition

of an optical ray in geometrical optics and it establishes a correlation

between the development process and geometrical optics. Important

definitions and results of'goemetrical optics-are specialized to the

‘development case [50].
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B

Fig. 6.2. The three different approaéhes (cell removal, ra&—'

tracing,,string) that can be used to determine the
resist profile. :
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| Fig. 6.3. Definition of an etch ray.
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We define the resist index of refraction, nph-as

ph ~ R_(x,¥) R . (6.2)

n
.vhete.Rs(x,y) is the etch speed at any point in the resist and RF'= Rmax
- max R (x,j)'ovet all points in the resist.

We define the etch length from a point E to a point F alongza given
path in the resist, which we shall denote by & ; as ‘the distance that the
: etch front would’ progress in a resist: medium of constant etch speed RF

during the time it needs to cover the distance E to F along the given

path. The etch length is given by _
¥ S -
L =S n ds=s —_— ds ' _ o (6.3)
- All rays connecting two developer fronts have equal etch lengths.
Geometrical optics results may be applied to the resist development

model by replacing the optical index of refraction n by the resist index

- of refraction n_, .
v ph

We assume that the ‘etch front at time t, = 0 is represented by a
given surface X as shown in Fig. 6 4 (3—d1mensions) WeAdefine a
. function D(x,y,2) such that the value of D' at a given point p equals the
etch length,from’zo top ot the etch ray passing through p. The equation |

of an arbitrary etch front is then

- D(x,¥,2) = ze.= constant (6.4)
At a given point, let ds be the distance between the two etch fronts

corresponding to ie and ze + dle as shown in Fig. 6.4. From (6.4) we

obtain
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X

Fig. 6.4. Propagation of a developer front in an
inhomogeneously exposed resist. :
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|grad plds = dzé (6.5)
and from (6.3) we obtain
de o
and (6f5) becomes
> 2 2 . : - ’
|grad b} b | L (6.7)
or in Carteéian coordinafes,
2 2 2 : . b -
2 - o
(ax) _+  3y *\az “ph : | (6.8)

Equation (6.8) is the Haﬁiltoﬁ;Jacobi eqqatibn,'bétﬁer knéwn in 6ptics
~ as the eikonal (t fKu’JV?. It is also the mathemétical formulation of' |
Huygen's principle. Itslsolution, subject to the boundary condition that
the eqnétion D(x,y,2) = 0 represents fhe ini;ial e;ch front Eo at’time

ot = O, determinés the etéh front at all subsequent times. Indeéd, the

equation of the etch front at time t is

D(x,y,2) = Rt (6.9)_

The etch rays are the normal trajectories of the surfaces D = comst.
' We will now find the equation which governs the tréjectory of an etch

ray. Let ? be a unit vector tangent to the etch ray as shown in Fig. 6.5
- and consider the'vécto: nph?' From Snell's law it follows that when an
etch ray passes ac:oss the surface of separation between two resist

regions of different etch speed, it changes direction in such a way that

the component of nph: pérallel to the surface remaiusvunchanged. We have



. Fig. 6.5. Trajectory of an etch ray in a resist
of variable nph" ' ’

 Fig. 6.6. Geometry for numerical calculation of etch
ray trajectories.
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and by differentiation : A't..l."[ "E'OT 5%(1)\.5\:{‘33
o : @ _ | > | RS =‘ > >
(nphr) . A(qpht) = nphA?ph = nph g;ad nph As nphAs grad.nph-t
- (6.11)

where As is the vector PP', As is its magnitude, and A(nph?) feﬁresents

the vector difference between the vectors nph¥ at P! ahd P, respectively’

from the above equation we obtain

-5
d(n_. 1 . ‘ o A
____211__. +l= &> .+ . ) o . |
~ds T = grad nph T B 4 (6.12).

Equation (6.12) indicates that tﬁe>vectors’d(npg?)[43 and gfzd nph,have
eqqal projections along the tangent to the ray. Moreover, gf%d ﬁph is
perpendicular to the surface'nph = constant, and so is the vector

d(n t)lds, because as it was mentioned above, the component of nph

- parallel to a refracting surface is the same on both sides of this surface.

Therefore, we obtain

(6.13)

d(ng T) = grad n
ds P ,
This is the differential equation of the etch ray, in vector form. It
is equivalent to
(6.14)

ffgphds =0

~which is the mathematical formulation of Fermat's principle [51]

6.3. Ray Tracing Algorithm

‘G.i.i.FundamentalsJ




The ray-tracing algorithm is based on the fact that the locus
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‘of the endvpbintsvof etch rays at the same instant of time form the |

developer front. In order to derive the equatibns for the numerical

" calculation of etch ray trajectories we use the geometry shown in

Fig;‘6,6. The‘end point of a ray at tiﬁe £y is.at-point.Pl with the f

direction of the ray given byv? . For a smail'time interval At, the

1

etch‘spéed is considered constant and equal to’RsP’(xl,yl).' In At
B point P1 will progress to point.p2 and As

~ the distance between points P and P,. 'The dire%tion of the ray a

1

Y

..pdint P, is'given by t. First we need to calculate AT since

Tae

. nph(leyZ)Tz = nph(xl’yl)tl + A(nphT)

(xl,yl)At vhere As is

(6.15)

as it is shown in Fig. 6.6. A discretization of (6.13) is required.

_-ﬂe have the obvious relationship

' >, > >
d(npht).= nphdt + tdnph
or

+’1 —>‘-+
dt nph (—Tdnph+gradnphds)

since from Eq. (6.13) we havé
. > S
d(npht) = grad pphds
Let det = ds. Then (6.17) becomes

dt = - (-?&n

+R_gradn_ dt)
r
nph s ph

ph
or

-+ >.,1., . >, 1
dt Rs (-Td(Rs) + ngrad(Rs)dt)

(6.16)

»(6JJ)

(6.13a)

(6.18a)'

- (6.18b)

and retaining only the first term of a Taylor series expansion of (6.18a)

we have for a small time step At



2 e R (el > 1
bt Rs( td(R ) +.ngrad = At) (6.19)
where the expression on»the'R.H.S..df (6.19) is evaluated at the

statting point Pl'

Let nph(kl,yl) = nﬁhl and nph(xi,yz) = nphz; Then from Eq. (6.15)

we obtain . - R
“ph2‘2 phl 1 + TlAnph nAT _(6.20)
where o | . |
| _ Pph2 Tph2. - _ | |
| . n 2 | ’Anph nph_2 nphl and A'l'.:ls _.g:lve_n by -
Eq. (6.19). Equation (6.20) may be written as follows:
> “F > 1 1 > F .1 1 >
R, 2 ®K_ 1 *RGE TR, 1P ® TR YAt
Pz - P1 P1 _ P2 : P2 Pl
R _ - , ‘ S
. &p - : .
or T,=1 +-l-(1+ —2 st - - - (6.21)
2 1l R _
Sp

Equation (6.19) together %ith Eq. (6.23) allow us to calculate trajectories

of etch-rays. For numerical computations we discretize d(——) to

8
M___) - Rsl 1
P2

The etch speeﬁ R’(x,y) may be given either'as a continuous function'

of position in the resist or as discrete data at various points in the

resist. In the first case analytical expressions of both the x and y

components of grad i%-are found and they are}evaluated at discrete points
s

along the trajectory of the etch ray (e.g. points Pl’
ivided into a grid of points

2, eté). For

discrete etch-rate data, the :esist can be d

as shown in Fig. 6.7. All pointé«on the grid are aSsigned an etch speed

. as shown in Figs. 6.8a and 6 8b. In Fig. 6. 83 an individual gridsquare

i,k
is shown. Ai K’ Ai k+1’ Ai+1 atl? Ai+1,k are areas. Their sum equals AT’

the total area of one grid square. For a point Pl’ the etch speed RP' is.
. A 1 -

given by
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W O

TNAER _‘i"‘}‘_

Fig. 6.7;_ Grid of points fof discrete etch-rate data.
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1,k 0 Ry kH
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Fig. 6.8a. Definition of RP
: . 1
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Fig. 6.8b. Definition of grad(®)|
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'(Ri,k+1)‘A1+1,k)f(31+1,k+1)(Ai,k)+(R1;k)(A1+1,k+2)+(R1+1k‘)(A +1)

. . I _.51

(6.22)
‘The other two quantitles that need to be found are the X and y

‘ components of the gradient of (Eé._-lnvFig. 6.8b £1+22 Ay = Ax = 25+£4

‘The value of the gradient in the x direction for the side DE is given by

(to a linear approximation)

= @ - Ax( R o o (6.29)

1 k+1 Ri k 1

" and similarly on FL we have (—) 2, on DF, (%) - f3 and on EL,

t—)
The components of the gradient of point P]-are obtained using a

1ength—weighted-apptoximation

‘ z £.+2.f ' - - ‘
@ === | IR (6.24a)
?1 |
.and o
! 473 34 v | S -
Ay(R)P - - | | (6.23b)
1 ’ '

For both the continuous case and the discrete caee; theianelysis
was carried out in two dimensions. It can be very easily extended to
a three-dimensional resist medium with the simple addition of a third

coordinate and the third compenent in all vector equationms.

6.3.2. Structure of the Algorithm

. Here we discuss briefly the algorithmic approach of determining

profiles using the ray-tracing approach.

A. As shown in Fig. 6.9a, k etchs rays are started with direction

> > ’ > : .
T = ay at time t = 0 (ay denotes a unit vector in the y direction).

.z.
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profile at time t = 0

A~

developer

B

rays

undeveloped resist

" Fig. 6.9a. Initiation of etch rates at time t = 0.

c-———- -— - —
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¢ |developer . . » etch ray
: y |
5 l I 7 . profile at time t = tl
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B. Initially, each ray moves atvah etch speed Rs(xi,O) where (xi;O) is
the point of origin of the ray on AB. Let t1 be the total development
time and At = -;]*. _
" C. Without loss of generality,-we.consider-only one etch ray. In time
, | 2 2 21 .2 _ . .1
. At, the tip of the ray will be at (xi,yi) where Xy gi and vi = Rs(xi,O)At
as shown in Fig. 6.10. Using Eqs. (6.19) and (6.21) we obtain ?i.
D. As we progress, each time we determine the folioving
L _ -1 81 -1 _2-1,, T einsay
x; = x, + T, R (xi Yy YAt o - (6.253)

S S T S 0 L T

: g £ > g >
_ and using (6.19) and (6.21) we determine Ty Tix®x + riyay.

E. At time tl,_the etch ray that originated at (x1 0)'ﬁ111 have reached
. .

point (x l,y:+1) will direction T:+1-. The one that originated at

(x2,0) will have reached point (xn+1,y;+1) with direction ¥g+1 aod SO on.
‘The locus of all the end points of the k etch Tays at time t, define

the developed resist profile at the same time as shown in Fig. 6.9b.

As mentioned in Chapter III and in Section 1 of this chapter

: (Fig. 6 2), during the actual development of the resist, all points on
the developer front act like Huygen s sources of propagating secondary
developer fronts, and the new developerAfront after time dt will be the
envelope of all the secon&ary developer fronts. This means that the
‘developervwill act iﬁ all directions in the resist at all times; therefore,
it is not a necessary'coodieion to start'ra&s normal to the surface as

in Step A, but they may be statted at any desired direction T' as shown

in Fig. 6.11a. An extention of the above 1s the branching of rays as

shown in Fig. 6.11b.
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profile at time-

: . t=t;
undeveloped :
resist

Y

Fig. 6.10. Graphic representation of the ray-tracing ‘
algorithn. .
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_ o surface ) o ,
// \ starting direction
: of etch ra
resist
g substrate

Fig. 6.1la. Inifiation of etch rays at a direction
: other than the normal to the surface.

_-surface

secondary developer front

Fig. 6.11b. Branching of a ray.
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| Due to the discrete time steps‘used'for numerical computation of
the trajectories of etch rays and to boundaries where either thevetch
speed R (x,y) or its first derivative vary discontinuously from one
side to another, there exists situations where the end points of
- particular rays‘have_lagged behihd.the end points of other rays and
physieally'they-ere now situated in the developer.region and not on
_the developer front. Also; the locus of,alllthe ehd points might form
.a orofile which-contains loops. Since end.hoints of etch rays are on
the profile which is ahead of the loop except at the<common hoint A,
the loop can be deleted since it wes alteady "etched" by other, faster
mvoihg rays. Figures 6.12a and 6.12b describe those situations. In
Section 6.4 of this chapter, the situation where raye'get "trapped" Villv
he discussed'in'cOnnection'with the optical line.

Added features of the ray tracing aigorithmic method in predicting
resist otofiles is its capability to predict 3~dimensional profiles. One
feature, particulat to this aigofithm is'its.capabiiity'of allowing ite
user to‘ptedict only part of the developer front at any time t1 and not

the complete front. This is because each etch ray trajectory does not

depend on the trajectories of other etch rays..,
B. Results

6.4. nSimulation of Developed Resist Profiles: Results

in this part we present our computer simulated results for the
cases of x—ray lithographic fabrication of blazed diffraction gratings
projection printed images in positive type photoresist, simulated
electron-beam exposure with undercutting and etching oxide doped by ion
implantation. Results are compared with those obtained using different

elgorithmie approaches [49] and observations are made concerning the

ray-tracing approach.
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Fig. 6.12a. Lagging of a ray.
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Fig. 6.125. Loop formation.
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6.4.1. Gratings

Figure 6.13 shows the geometry of a two source exposure
using 4 non-planar mask. The mask Qpening is equal fo p/2 where P
denotés the grating period; however, it can always be varied.. Wé
distinguish five different regions of exposure for the left hand side
(the right hand side is the same except that 0, and 6, are interchanged).
(:), (:) and (:) are.regions of homogeneous exposure and regions (:)
and (:) are of inhomogeneous exposure. (:) is the'tegion-of the fastest
etch rate. Using normalized énergy dose, (:) rquives 2 units of
exposure and the etch speed is.given by R1 = 2% where a is the developer

exponent (Chapter III). Development time stops wnen the developer has

reached depth h in region’(:). Total development time is giﬁen by

h/2% where h equals

1 L (6.26)

"= . - -
‘2 tan ei + tan eR

h

In (:) the etch speed is given by h3 = [1+ exp(—d;/cos ei)]“ where & is
the linear absorption coefficient of x-rays for gold (4.60517 ym 1 for

the_Azk
a

Rsan [exp(-at/cos Bi)-+ exp(-at/cos eR)]°. In region (:), Rz(x,y)
= [1 + exp(-a(t-x cot ei+y)lcos ei)]° and in.(:), R‘(x,y) = [exp(-&t/cos )

+ exp(a(xty tan'OR)Isin GR)la. At this point, it should be emphasized '

line and 13.4798 umfl for the Cu line). Inv(:>,
a

that we assume perfect contact between mask and resist-substrate and a

collimated beam of x-rays.
Figure 6.14 shows the resuits for a 1 ym grating line. They were
obtained using a CDC 6400 digital ccaputer. Parameter values are shown

on the picture. The development profile is shown for the following times:

2T, .&T, .6T; .8T and T where T denotes total development time. The

loops that have formed are mainly due to the strong focusing {(i.e. bending

i
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a= 3,4

e
L]

4.60517
6, = 20°

6, = 15°

t=0.2 ym

profile at time

K

2

8

l' 1 ] l. [ i & . | A 5 ! '.I 1 | § ]

. o1 P NPT S ) +S € .8 P
-period : . (um)

Fig. 6.14. 1 um grating profile. T is total development time.
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_ of rays) effect of the gradient of l/R21(x,y) Theyvare also partly.due
.>to the discontinuity of the etch rate from region (:) to (:).»iThe loops
'should be disregarded (Chapter VI Section 6.3. 2 ). The reSults
_indicate that the mask opening may be increased so that two neighboring
w'sloping facets sill intersect for a better blazed grating structure.‘
Figure 6:.15 shows the results for a .5 um grating line., The groove
angle has increased as compared to that of the 1l pm line due to a decrease
in mask contrast. For a .3 um line (Fig. 6. 16) a further decrease in
4gold thickness resulted in a still larger groove angle as compared with
v‘the two previous cases. This in trun indicates that for'a further
decrease in gold thickness; the CuL irradiation should be used in order
| to increase the contrast of a very thin absorbing mask. Figure 6.17
shows the results for a .l um grating line where CuL irradiation was

n .
used. For both the .3 um line and the .l pm line, steep,source_angles

(OiA= 15°, 0. = 10°) were used in order to further limit the value of

R

" the groove angle.

6.4.2. Optical Line

The development of a projection printed l pym line in positive
.photoresist on a reflecting substrate was examined by Dill, et al. [39]
In this case we assume a 5000 A thick photoresist layer on top of a
reflecting substrate._ Due to transverse standing waves in the resist
| the normalized variation of the etch rate in the y direction is
.-.:approximated as. in I-‘i_g.' 6.18b. 'l‘he normalized variation of the etch '
: rateuin the x-direction is a gaussian as shown in Fig. 6.18a. .This is

an approximation of a 1en5'£unction. X is given by

X= exp(-xZISOOOZ)' . - | . (6.2D)
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Fig. 6.15. 0.5 pum period grating profile.
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Fig. 6.16. 0.3 um period grating profile.
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Fig. 6.17. 0.1 um period grating profile.
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and Y is given by

Q- ————)(1 05 - cos(27 1@%7)) . . (6.28)

1
Y=7.05 1 So00

The etch rate R(x,y) is given-by R(x,y) = 400 XY Z'/second; The ray

calculations were done interactively on a desk calculator (HP9820) due to

1little memory nned. Figure 6,1 Tshows ray trajectories for a total
development time of 120 seconds., ‘We notice ray-scarce regions (between

403 and - 404 and between 860 and 870 where the numbers indicate the

initial x-coordinate of the ray (time t = 0)). and ray-crossing regions.

- The later is an example of ray “trapping" [52]. In this particular case

" both the ray-scarce regions and the ray-crossing regions are due to the

fact that the curvature of a ray is directly proportional to the gradient
of the inverse etch rate (Chapter VI Sections 6.1-6. 3) [53] The gradient

variations in this case are large. The ray always curves toward a region

" of minimum etch rate,‘such a region will tend to form a "wave' guide for

developer propagation. Notice that the ray-crossing regions correspond '

to the valleys of the Y function. Interacting with the calculator.we

determined the initial x—coordinates of rays so that information for the

ray-scarce regions was obtained. ' In particular we noticed that information

for the fingers corresponding to fast regions of development-(and also

ray—scarce);_was.obtained from rays which originated in a .01 K interval.

forvthe deepest finger, in a .1 R jnterval for the middle finger and

a.2 2 interval for the shallowest,finger. Figure 6.20 shows our results.

Tick marks indicate both the end points of rays corresponding to 120

seconds development time and the intermediate results for 30 seconds,

60 seconds and 90 seconds. Figure 6.21 shows the end result when the

~end points'of the rays are joined with a smooth curve. Development times
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are indicated on the graph. Except for a very small portion of only

one of the curves, our results agree exactly with those.obtained using

~ the string hodgl [491

- 6.4.3. Simdlated”Electron—Beam with Undercutting

Figure 6.22 shows the results of a simulated eiectronrbeam éxposure.-_

' The etch rate R(x,y) is given by

e = 1065

-Rminimum = 9.5

| where R = O.S»if R(x,y)‘g 0.5. -The‘déveloped resist profiels are shown
' fof five normalized times,‘ The loops at the corners are due to the
_di#conﬁinuitylbf the first derivative of R(x,y) at points.wheré R becomes
eqﬁal to 0.5. They should again be disregarded. They were not deleted
| for information purposes. A "loop deleter"}deﬁéloped by Jewett [541],

- used 1h conjunction with the main caléulatiﬁg'program would remove . the
loops. The computations weré carried out using a digital computer |

(CDC 6400). Our results agreeded exactly with those obtained using the

string model.

6.4.4. Ion-Implantation Doped Oxide

~For the case of an oxide‘doped'by ion implantation, the configuration
is shown on the top right part of Fig. 6.23. For the unmasked region
PN ' - (x=.15 pm s . 2
the e;ch rgte is given by R(x) = (5 15 im)2 2.4 A/second for
x € [0, .45 ym] and 2.4 &/second for all other x. (Note: Here x denotes
depth). The etch rate in the masked_region:is 2.4 R/second. Figure 6.23

shows the profiles in the masked region for two development times (1000

seconds and 500 éeconds).' The results are obtained by taking the
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Fig. 6.22. Simulated electron-beam exposure profiles
for times indicated.
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envelope of all the}secondary‘developer fronts originating at points
on the axis-y = 0. This is an example of‘branching of rays. .A ray is
__startédiat (0,0) and at regular intervals as.it‘progrésses down the

A gxig y = 0, éecon&ary rays are started at various angles from the same
point on the_##is; Thgy are allbwed.to progréss for the remaining

' developméntltime‘ .It.should be noted that .the sémg resglts may be
obtained guch'mqre quigkiyAwith single branching, where the initial

direction of the branching ray makes an angle of 90°—arc 81n(ﬁ%;é;7)

degrees'with the pdsitivé‘x—axis;' This corresponds to the optical case
of a réy‘;ncident at an angle of 90° in ;he interface.betveen two‘media
'of differeﬁt-1ight speed and reffacted according to Snell's law. The ‘
above demonstrates the close relation that the dgvelopment proéess bears
with geomefrical optics. Figure 6.24.shows the actﬁal prgfiles,for |
vvarious times. Our results agree to within a timé step (iO secdnds) with
the oﬁés obtained using the string model. Another appfqach shows that
our rgéuits Are.exact. 'This approach consists of,thg‘applicatioﬁ of -

Fermat's principle starting at the end pbint_of the profile situated at

‘the axis y = 0 and working backwardé [54}.
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'CHAPTER VII .

CONCLUSIONS AND DISCUSSION'OFARESULTS ,

4 The feasibility of making smalleperiod Blazed diffraction.gratings
with x-ray lithography was explored‘both theoretically'and experinentally.
Using both a simple algebraic model and a more rigorous simulation
A approach, very promising results have been predicted. Experimental results
have been achieved, but further technological development in several
areas are needed to realize the gratings of the quality of the theoretical
' prediction. The theoretical and experimental prognosis will now be
‘discussed in detail. |

| Using a simple algebraic model and assuming a planar mask (Chapter III)
ne have'shownbthat for a mask to period ratio of_.2,.it is-possible to
_makela .1 ym grating with a'ninimun groove angles:of.100° using Alku
- irradiation. More rigorous simulation of the etching process_validated
tne above conclusion. It is Certainly,possible to nake gratings with
periods aBout a factor of 3 smaller with blazed profiles similar to those

of ruled gratings at 3600 lineslmm. Resoluticn of .1 um geometry using

Alk irradation was reported [28].
a

In Chapter VI we have shown that for a two-source exposure, the

A%, irradiation is sufficient to produce a .3 pm blazed grating of

k
a

acceptable groove angle (-~ 110°). However, for fabrication of .1 um
‘gratings longer wavelength X-ray irradiation is needed both for increased
- contrast andpfor lower photoelectron range. The maximum range of ..
secondary'electrons (photoelectrons)generated by tne CuL line'in PMMA
is 500 X [11]; therefore, ror .1 um gratings CuL irradiation is needed

along with a lower absorption mask support than the 3 pm silicon membrane.



An aluminum-oxide mask should be considered._'Carbon'K (44.8 R)

irradiation should also be considered for even finer resolution and

detail for .1 um geometries. Further theoretical and simulation studies.

should involve the incorporation of a suitable model for the photoelectron

range in the exposure model for increased accuracy of simulation results

for small geometries (.3 ym to .1 ym). | | |
One of the most important technical problems we have is that of the

penumbra. Large penumbras washed out our gratings and severly limited

the resolution of onr systen [55]. The actual penumbra of our system

is calculated to vary from arOund .2 ym to .4 ym. It is obvious that

such large,values defeat'onr efforts of groove shape control even for

1 ym period gratings as results indicate (Chapter V) ‘For a .5 pm mask

_opening and a gold thickness of .2 Hm (402 transmission for AL ), the:

results of simulating the effects of the penumbra are shown in ;ig. 7.1,

A line source and normal incidence are assumed.' Parameter values are

'shown on the figure.. The line shapes are symmetrical with tespect to the

vertical_axis. | . | ‘
The penumbra equation (Chapter III) implies that in order to minimize

it, good contact and a small source spot size is required if the source

to substrate distance is assumed fixed. For a 1 mm spot size and a source

to substrate distance of 100 mm, the maximum (mask to substrate) gap that
can be tolerated for a .3 um grating is 2.5 ym for a .025 ym penumbra and

for a .1 um grating alm gap for a .01 penumbra.
'Good contact between mask and substrate is closely related to mask

| fabrication. A smooth gold mask surface with no irregularities such as

gold grain nodules is of prime 1mportance if good contact should be

achieved. The quality of gold evaporated films is difficult to control.
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Fig. 7.1. The penumbra effect on a 1 um line for various s. Half

of the line is shown. Mask opening is 0.5 um.
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Further study is needed of the.quality of both evapératéd and r.f.
sputtér-deposited gold films. Also, for intimate_contacf; an electro-
,static scheme should be studied [30].

The fabrication of the gold mask péttern is closely related to that
of the'holog;aphic fabrication §f pho£oresist grating#‘on toﬁ of the
gold reflecting layer.l Further étudiés are needed in order to bettet
control the resist profiles fqr various grating periods, resist.thick-
nesses and postbaking conditions so‘that the finai,gold grating bars
have no depressiqﬁ in the center such as shown in Chapter Iv. Fbt «3 um

' grating periods and iower, ion-beam sputter etching is a must for better
contrél of the gold etching and fbr mask~edge resolution. Sloping mask
sidewalls are contro}lable only to the extent thatithe liftoff of the
photoresist etch mask is controllable especially at the edges. The
-rglative.etch rates of gol& and AZ1350J positive photoresist during r.f.
sputter etching if the substréte cooling, input power and the argon gas
pressureAére varied should be determined éxpefimenfally. Due to both

. thin’resist films;required for tﬁe hologréphic fébricaﬁion of small_period
gratingS‘that opén to the gold-surface-andlliftoff during sputter etching,
gold iayer thicknesévwill be limited, thgrefore the CuL line may even

be needed in order to fabriéate..B m gratings. :

Improvement of the x-ray source (smaller spot'sizé, no or iow
tungsten targeﬁ contamination,‘higher power output) is of importance for :
subﬁicfbh'resolgtion-lithogfaphy. Good x-ray sources havé‘been reported
[23] [17] [56].f |

| We believe that further work in ofdgr to produce resultsbcomparable
to the theoretically predicted ones is worth the effort. The directioh

is clear where progress should be made and new approéches to that end are



173

'a§ailab1e as mentioned above. In many cases the technological devglo§- 
ment pa:allels‘that needed in other applica;ions of high resolution :

.liﬁhography such as IC fabricatidn.‘ Technological advances fealized in
the application of x-ray lithography to both diffraction grating'and ic

fabrication wiilibe mutually beneficial.
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- APPENDIX

»PREPARAIION OF THE X~RAY RESIST

Here we briefly describe the steps involved in preparing our PMMA

resist solution, and the preparation of resist coated flexible glass

~substrates.

A.l. Preparation of the Resist Solution

Initial preparation of the PMMA powder (leaching) follows the steps
idescribed by Greeneich [57]. The preparation of the resist solution is
done as follows.

1. Mix PMMA oower with'ﬁrichloroethylene.by weight for.deeired_
eolueion concentretion;

2. .Stif the mixture for an.hour using a magnetic spinner. After

one hOur the solution will look clear.

-3+ Centrifuge the solution for an hour. Pour the solqtion into a-

tightly covered container.

&4, Refrigerate in order to inhibit thermal degrada.ion of the
resist. Remove the container from the refrigerator at least.an hour

prior to resist application, in order for the resist temperature to reach

ambient temperature.

A.2. Preparation of the PMMA Coated Substrate

This involves cleaning flexible glass mask substrates, coating them
- with PMMA and prebaking them. The steps are as follows:

1. Clean the substrate By degreasing in 60ﬁc'trichloroethy1ene for
10 minu;es, by dipping in cold acetone for 1 minute, by rinsing in Di HZO

for 1 minute and by immersion in a 75°C solution of 5:1:1, HZO:NH40H,H202
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forllé minutes; 4Rinse ie DI Hzo for 2 minutes.> The'flexible glass
substtate should be hydrophylic at this . stage. Bldw‘dry'with N2.
'Y'Z. For an extra dry surface for good resist adhession, drying

| under an infrared lamp immediately before coating is recommended.

‘3.. Fiood”the substrate wieh PMMA. A spinning speed of 3000 rﬁm for
a 67 eolution of PMMA gives e coating around 1.4 ue.thiek; -

6; -Prebake a;'165°C for 15 minutes.

e5. Avoid exposieg the substrate to light in order to inhibit

ultraviolet degradation.
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MODELING OF X-RAY RESISTS FOR HIGH RESOLUTION LITHOGRAPHY

P.I. Hagouel and A,R. Neureuther
Department of Electrical Engineering and Computer Sciences
and the Electronics Research Laboratory
University of California, Berkeley, California 94720

I. INTRODUCTION

Modeling techniques developed for optical resists and extended to e-beam
resists can also be applied to X-ray resists, The effect of X-ray exposure of
the resist is similar to that of e-beam irradiation. Many quantitative values
developed by e-beam lithography [1] are used to establish the exposure-develop-
ment model applicable at any point in the resist. In the interest of explor-
ing high resolution for IC and gratings microfabrication, this model is used
to study contrast, development time and minimum line edge angle as a function
of exposure energy density, mask transmission and developer mixture., An alge-
braically tractable model has been developed for the case of planar (two-di-
mensional) masks which results in planar facets. For more complicated geome-
tries such as those involving mask edge profiles a development algorithm based
on an analogy to geometrical optics (ray tracing) has been found. This algo-
rithm has been used in a simulation program to explore nonplanar facet effect
in line edge profiles.

II. LOCAL DEVELOPMENT MODEL

During irradiation, positive working X-ray resist will degrade from a _
high average molecular weight M, to a lower one Mg. The dependence of Mg
on the absorbed energy density € has been shown to be [1,2]:

M, = —— 5 (1
f gEHn

1+
PA,

where g 1is the efficiency factor proportional to the radiation chemical
yield, Agp is Avogadro's number and p_ is the resist dens%ty. For PMMA
(poly-methylmethacrylate) p = 1.2 gm/em® and g = 1.9x 107" events/eV.

The surface etching rate during development depends on the developer used
and it is a function of the average molecular weight Mg. The rate R is
given by [1,3]

_ = -0
R = RO + BMf (2)
(usually in A/min) where R is the background etch rate and B and a are
characteristic constants of the developer used. For developers with Ry = 0
note that R 1is inversely proportional to the average fragmented molecular
weight Mg. Data reported [1,4] for a number of developers is summarized
below.

Developer o B
1:3  MIBK:IPA 3.86 9.332 x 1014
1:2  MIBk:IPA 3.4 5.24423 x %ol"
1:1 MIBK:IPA 1.188  6.645x 10
MIBK 1.5 3.14x 108

MIBK denotes Methyl isobutylketone and IPA denotes isopropyl alcohol, The
above values are given for room temperature (21°C). The above relation (2) is
valid over a large range of molecular weights and only B is temperature de-
pendent [3].

The X-ray flux at the resist substrate surface is given by
¢ = Ie'hv/gr? (3)

where I is the cathode ray current, r 1is the distance of the substrate
from the source, €' 1is proportional to the X-ray yield per incident electron
per steradian, g is the electronic charge and v is the frequency of radia-
tion. The absorbent energy density € 1is given by
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€ = ¢uT (4)
where p (= 1000 cm~l for PMMA) is the absorption coefficient of the resist
and T is total exposure time. Typical values for our system [5] are
60-100 mA for cathode ray current, 7-10 cm for substrate to source distance
and 13.58 for the wavelength of the Cupy line. The resulting X-ray flux is
about .1521 mW/cm“. Higher values 1.3 mW/cm? have been reported [4] and
5 mW/cm® is possible from a small source diameter.

From (1) and (2) the dependence of R on € is given by

geM o o
R=R.+—b—(14—20 (5)
0 (ﬁn)“[ Py )

where 0 is the transmission factor of the absorbing mask. o wvaries from 0
(perfect mask) to 1 (no mask). A contrast ratio I is defined as

I'= 1-Rg/Ry where Rg is defined as the slow etch rate (0<0<1) and R¢
is the fast etch rate (0=1). T wvaries from 0 to 1. We note that

geM o o
RO-I-'—L_ m[1+ A“ )
R_ (1) Pio
8 . — . (6)
R, g a
foprto(aTm
() Pl

Note that for a given resist and exposure conditions (i.e. constant g and €),
decreasing o higher values of contrast I' can be achieved.

For e-beam exposure, € 1is given by
€ = (Q/q) (E;/RIA(E) )

[1] where Q is the total incident charge per umnit area, Ep is the beam
energy and A(f) 1is a normalized depth dose function. Due to A(f), & is
non-uniform with depth except for high incident energies (Ep) and thin resist
films. The non-uniform absorption of energy is mainly due to the finite range
of electrons in the resist and the back scattering of electrons from both the
substrate and the resist film. However, this problem is not present in X-ray
exposure where to a good approximation the dose is independent of the distance
the ray has traveled in the resist. To explore the effects of X-ray exposure
on contrast '  and development time it is convenient to use the exposure
energy in J/cm3. In Fig. 1 the contrast I is plotted vs. € for the devel-
opers MIBK and 1:3 MIBK:IPA. The nonzero background development rate for MIBK
makes I' less than one even for a perfect mask. Reasonable contrast T = .5
requires an exposure of about 250 J/cm3. For a thin mask allowing up to 50%
transmission the required exposure can be as large as 600 J/cm3 for T = .5 .
The time required to develop a 3000 X film is also shown in Fig. 1. For MIBK,
contrast imposes the primary consideration on exposure. For developer mixtures
having Rg = 0 such as 1:3 MIBK:IPA the contrast I' for a perfect mask is
always equal to one. However, even for moderate development times (10 to 20
minutes for a 3000 & film) the energy required for exposure will require long
exposure times. The primary constraint on exposure for these developers is
the development rate. In Fig. 2 the development rate vs, € is shown for the
three developers: MIBK, 1:1 MIBK:IPA and 1:3 MIBK:IPA. MIBK is the obvious
choice for developer for moderate contrast. For thin masks the use of Cuj,
(13.5 &) instead of Alg, (8.3 ) X-rays will reduce mask transmission and
increase the contrast.

III. ANALYSIS OF DEVELOPED RESIST PROFILES

The model of the development process as a local surface etching pheno-
mena can be used to evaluate developed line edge profiles. For the special
simplified assumptions of a zero thickness but finite absorption mask the
developed profile will consist of connected planar facets.

The angles of the facets have been described previously [5]. The
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minimum sidewall angle for IC lithography or minimum groove half angle 6G/f2
for diffraction grating fabrication is shown in Fig. 3. Fig. 3 shows a com-
plete line shape whare the absorbing mask has not been removed for clarity,
Normal incidence of X-ray has beem assumed. This angle (5G/1) is given by
8G/2 = arcsin R /Ry or arcsin(l-T). Through ' mask absorption can be
relacted to the minimum feature resolutien. The minimum sidewall angle vs, ¢
for various dewelopers and different o is shown in Fig. 4. For the replicy.
tion of periodic structures, limitations inm the mask fabrication process force
us to limit the thickness of the absorbing mask to approximately 10-30% of the
period of the pattern that is replicated, For .l micron lines and mask thici-
ness of 200 A we get the following walues for o for an Au mask and normal
incidence: 95.5% transmission if the Alyg, line is used and 87.9% transmission
if the Cuy, line is used. The above mmbers demonstrate the fundamental
limitation in fabricating sub-micron periedic structures using X-ray litho-
graphy. If MIBK is used, then for ©G/2 = 45" and for o=.2 and .5 we get
the following information from Fig. 4. For o= .2 and for Aly, irradiatiom
t=.7u and for Cu, irradiation t=.25y, For both cases €= 170 Jfem-. For
og=.5 we have respectively .301lp and .108u. € equals 250 Jfem?. If we adBBums
a maximum gold thickness to period ratio t/p = .3 then we have the following
minimum periods:

t (um) Pmin (bm)

.7 2.333
.25 .833
« 301 1.003
108 .36

As an alternative developer 1:1 MIBK:IPA can be used for €= 480 .J'.i'mj glving
R =100 Afmin (Fig. 2) and 9G/2 = 27" for 0 = .5 (Fig. 4). Therefore the
fabrication of a 2000 & deep I.C. line would require 20 minutes of development
time if 1:1 MIBK:IFA is used. Furthermore the minimum period of the corras-
ponding grating would be .36 um with a minimum sidewall angle of 27°. 1Im
allowing s decrease in gold thickness with a concurrent increase in minimum
sidewall angle to about 43" it appears that blazed gratings of period as small
az .1 Y can be fabricated.

IV. SIMULATTON OF DEVELOPED RESIST PROFILES - GEOMETRICAL OFTICS (RAY TRACING)
For more general cases, including non-planar mask profiles of special
geometries and finite X-ray source size, we anticipate some problems where the

planar model is not tractable. For those cases we have found a method of
simulating development profiles, based on an analogy to geometrical optics.

At points where My is maximum we know that Rg is minimum. At those points the
medium is dense (in analogy to optically dense medium). At points where My is
minimum, the etch rate By is maximum. We define the resist index of refrac-
tion npy(x,¥y} = Rffkﬂlx.jr} for all points in the resist., It is easily shown
that rays perpendicular to etch fronts satisfy Snell's law of refractionm,
Therefore, an analogy exists between etch fronts perpendicular to rays and
wavefronts in geometrical optics perpendicular teo light rays, Geometrical
optics results may be applied to the resiat development model by simply re-
placing the optical index of refraction n by Tipp»

In theory all development profiles may be found analytically if the etch
rate By is known as a function of position and if we can solve the following
equation:
|g7ad L|? = by ®)

where L{x,y,z) = O represents the etch front at time t=0. The equation of
the etch front at time t is equal to L{x,y,z) = Rgt. The above PDE (8) is
known as the Hamilton-Jacobl equation or the eikonal equation of geometrical
optics [6]. In practice (8) is unsolvable except for very speclalized cases.
An equation more easily solved is the ray equation given by [6]

d(n,, T)
% = |:r1|:l L )]

where :r} ie a unit wvector tangent to the ray of every point (Fig. 5). In
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solving numericzlly the above equation we define small time steps At such that
As = (RQP.+ RSP)-2£. Then (9) becomes:

-> -+ 1 -+ 1k
AT = RSP[*TPA(ﬁ—Qi-RSP grad (G-)At) (10)

s s

and :;Pt, i.e. the unit tangent vector at point P' is given by
R

B - 1 Sp -

Tps = Tp ok 2(1+Rs ‘]a-: (11)
P

The simulation algorithm can be used to explore the effects of mask geo-
metry which is very important when we have double source exposure of the
resist at different angles of incidence, 6; and O as shown in Fig. 6, Notice
that the mask is non-planar and a mask slant angle of 45° anticipated in che-
mical etching is included. The etch rates for regions @ = @ and @ are as
follows: For region (D Reagr = R = 2%, For region @,

- d(y tan Bi-x) :

Rsy = {Exp'*cos Bi(l-tan Bi)J

o was defined earlier (equation (2)) and G is the attenuation coefficient.
For Al (8.3 X) irradiation, & = 2.3025 y~l and for Cu (13.5 &), & = 6.4473 p~L
The total time of development is equal to h/Rg.

a o -~
+1} and for region @, Rg, = {exp(ﬁ] e T )
i

The algorithm was applied to various cases of interest and the simulated
profiles of some typical geometries are shown in Figs. 7, 8 and 9., 1In Fig. 7,
successive etch fronts are shown for increasing time. The period of the mask
is 1y, d=.5u, t=.2y, 65=20° and 6g=15°, a=3.0 (1:2 MIBK:IPA) and
0=2.3025. The broken curve is the final development profile when the Cup,y
line is used in exposing the resist. As expected, the groove angle for the
latter case is smaller than the one for the preceeding case where the resist
was exposed with Al characteristic radiation. For the same geometry, the
profile which is based on the algebraic (planar mask) model [5] is also shown.
The algebraic model does not predict any curvature around the appex of the
groove angle. However, 6 and the blaze angle Op are the same for both the
algebraic profile and the simulated one. The above observation demonstrates
that the algebraic model can give fairly accurate initial results especially
if the effective width of the mask opening is adjusted.

The final groove angle 8; depends on 64, 6g, t, G and a. In order to use
MIBK (0=1.5) to obtain 6; = 110°, 64 and O should be decreased while t and &
should be increased. The development profile of a 1lu period grating, where
8y =O8p=10°, G=6.4473, t=.2u and d= .5y is shown in Fig. 8 (solid line). If
t is changed to .5y then the profile is as shown (broken line). Note that
because 8; and Oy are small, h is large and the grating is created rather deep
in the resist.

For a 3600 lines/mm grating a simulated profile is shown in Fig. 9 for
t=.08325u, 64=20°, 6g=15°, a=3,86 (1:3 MIBK:IPA), G=6.4473 and d=.13887
Other developers with reasonable exposure and development times can be used
to obtain approximately the same profile. As mentioned previously, blazed
diffraction gratings with periods as small as .lum appear feasible.

V. CONCLUSION

X-ray resist modeling techniques are useful in realizing the advantages
and limits of the X-ray lithography for microfabrication. For general cases
such as non-planar mask geometries, an algorithm based on ray optics can be
conveniently used for simulation. The previous algebraic model is generally
valid, especially if the mask opening d.¢¢ is adjusted, but the simulation of
resist profiles showed details, such as small curvature effects. Much steeper
sidewalls and small grating groove angles can be achieved with 1:1 MIBK:IPA
using 480 J/cm3 instead of MIBK with 200 J/cm3. The characteristic Cur,g
(13.5‘3) irradiation is preferable over the Alg, (8.3 R) for high resolution
and .lum period gratings with 100° groove angle are feasible,
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Fig. 1 The contrast I' vs. absorbed energy density € (positive
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Fig. 7 Etch fronts for 40, 53, 66, 80 and 100% of total development
time T, for a lum period grating. Development profile
(dashed line) for Cup, exposure. The algebraically predicted
profile is also shown. In all cases 6; =20°, 65=15°, a=3,0,
t=.2ym and d = .5um.
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Fig. 8 Developed resist profiles

for different mask thick-
ness, t=.2um (solid line)
and .3um (dashed line),

p = lym, 91 =8R =10°,
G=6.4473im~1, 0,=3.86 and
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Line-Profile Resist Development Simulation Technigues
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The relative advantages and disadvantages of three different
algorithms are compared for simulating the time evolution of
two-dimensional line-edge profiles produced by a locally rate
dependent surface etching phenomenon. Simulated profiles
typical of optical projection printing and electron-beam and
X-ray lithography of micron-sized lines in resist and etching of
ion-implanted SiO, are used as a basis of comparison. One of
the algorithms is a cell-by-cell removal model used earlier by
Neureuther and Dill. One of the newly developed algorithms
employs ray tracing; it can be shown that the path followed by a
point on a front between the developed and undeveloped re-
gions can be calculated using ray-optic equations. The other
new algorithm uses a string of points initially on the surface of
the exposed resist. The points on the string advance perpen-
dicular to the local direction of the string; with time the string
of points moves down into the resist, replicating the action of a
developer. We compare the computing cost, convenience, and

accuracy of the algorithms.

INTRODUCTION

tis desirable for the lithographic fabrication of devices
Iand circuits of microscopic dimensions that tech-
niques for modeling cross-sectional profiles of lines be
established. Such modeling requires that the dis-
tribution of energy absorption be calculated, the effect
of absorbed energy on rate of etching by a developer be
known, and the dynamics of the etching be simulated.
There are various ways to calculate the absorbed energy,
depending on the type of radiation used for the expo-
sure. The relation between absorbed energy and etch
rate has been determined for certain kinds of resists.
The simulation of the development etching itself has
been considered by Dill, et al. (1) using a rectangular
array of cells, each having a specified etch rate. This
paper presents two other algorithms for calculating the
effect of the developer and compares the three regard-
ing cost, convenience, and accuracy. All the numerical
calculations presented here assume that a distribution of
etch rates in a resist layer has been obtained in some
previous calculation. It is of importance to point out that
the work presented here employs the assumption that all
the etching action takes place only on the surface of a
time-varying front.

In developing and comparing these algorithms, we
have studied several types of problems which serve as
examples of situations that are encountered in practice
but which are somewhat stylized. That is, we have used
parameters which could come up in practice but which
have not been taken from actual experiments. One of the

* Present address: Hewlett Packard, Santa Rosa, California 90406,
** Present address: 85 Mctropoleos Street, Thessaloniki, 14, Greece.
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test cases for comparison of the algorithms is calculable
analytically and thus provides an absolute test as well as
a comparison. The most complicated case is the de-
velopment of an optically projection-printed line which
contains a periodic variation of developer rate perpen-
dicular to the resist-substrate interface because of the
standing light wave during exposure. This particular
example makes a sensitive test because it has strong
variations of etch rate over short distances and a complex
pattern of etch rates. Somewhat simpler is an etch-rate
distribution which simulates an electron-beam-exposed
resist layer. The developer action in a pattern of etch
rates produced by X-ray absorption is also studied. Cal-
culations were also made of the etching of SiO, which is
nonuniformly ion-implanted to enhance etching. This is
not a resist problem but is presented to show another
possible application of the algorithms.

DESCRIPTION OF ALGORITHMS

The three algorithms are based on the cell-removal,
ray-tracing, and string models. The cell-removal model
evolved from a collaborative effort by Tuttle and Walker
(2) on simulating projection printing of lines in a
positive-type photoresist. The ray-tracing model and
string model were developed as a part of the present
project.

The initial work on the cell-removal model divided
the resist layer into cells similar to those shown in Fig. 1
and used a logic matrix to characterize the state of each
cell as developed or undeveloped. The reason for this
approach was that a simple APL matrix-shift operation
could be used to locate the boundary between the de-
veloped and undeveloped regions. The algorithm was
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Fig. 1. Cell-removal model. The contours shown are ones calcu-
lated for a simulated electron-beam exposure. The numbers
shown at the centers of the cells are the times (T) of dissolution
of the cells. The contours are interpolated from these numbers.
The time and distances shown have been normalized by use of a
rate function R(x,y) = larger of [10 — x¥1 + y/8)™" or 0.5] units/
time step.

subsequently modified extensively as described below
for both improved accuracy and running time (1).
The basic features of the cell-removal model are
shown in Fig. 1, which shows the detailed results for a
simulated electron-beam exposure. The etching process
is started along the top surface. The rate of dissolution of
the resist in each cell that is in contact with the de-
veloper is determined by the etch rate previously as-
signed to that cell. Correction factors are used to adjust
the cell-removal rate to account for the number of sides
exposed to the developer and whether or not these sides
are adjacent. Nonsquare cells can be used to account for
situations where there are significantly slower etch-rate
variations in one direction. A continuous developed con-
tour can be calculated for any specified developing time
by interpolating between recorded times of dissolution
of the various cells. Some consideration was given to
further improving the algorithm by using more than the
four nearest neighbors to correct the etch rate but it was
apparent that it would be easier to go to a string model.
The ray-tracing algorithm is based on the fact that a
vector perpendicular to the boundary between de-
veloped and undeveloped regions, defined as an etch
ray, is refracted at boundaries between regions having
different etch rates (R and R + dR in Fig. 2(a)) according
to Snell’s law of refraction. In analogy to geometrical
optics, we can define a resist index of refraction as
Bpgr )
R(x,y)
where R, is the maximum value of the etch rate R(x,y)
that appears in the problem under consideration. This
index of refraction can then be used for ray tracing
according to the laws of geometrical optics. In that dis-

Nep =
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Fig. 2 Ray-tracing algorithms. (a) Etch ray is refracted at a
boundary between regions having etch rates R and R + dR
according to Snell’s law. The effective refractive index for the
resist is g = R /R = (maximum etch rate)i(local etch rate). (b)
Rays are started at the surface and the contour joining their end
points after a given time is an etch front.

cipline, the end points of a set of rays at a particular time
define a phase front. In the resist problem, they define
the advanced boundary between the developed and
undeveloped regions. At¢ = 0, rays are started perpen-
dicularly from the surface of the resist; then their trajec-
tories are calculated using the ray equation. The end
points of the rays are joined after some particular time to
form a developed contour, as shown in Fig. 2(b).

In the string model, the etching boundary between
developed and undeveloped regions is approximated by
a series of points joined by straight line segments. Each
point advances along the angle bisector of the two ad-
joining segments according to the local value of etch
rate, as shown in Fig. 3(e). A typical string, composed of
40-100 line segments, is started on the resist surface
and, as time proceeds, its position always defines the
etch front. During the simulation, the segments are kept
roughly equal in length by adding points in regions of
expansion of the etch front and deleting points in regions
of contraction. The process used for deleting points is
illustrated in Figs. 3(b) and 3(c). The adjustment of
segment length maintains good resolution and prevents
certain computational difficulties.

DISCUSSION OF RESULTS

We have studied the application of the three al-
gorithms to several different kinds of problems. Figure 4
shows a comparison of the results achieved in the case of
a simulated electron-beam exposure. The contours of
equal etch rate are described by R = 10 —x2 (1 + y/8)~!
for etch rates of 0.5 or greater. A constant etch rate of 0.5
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Fig. 3. Algorithm for the string model. (a) The advancement of a
point by a distance Ax in a time At is along the bisector of the
angle between the segments of the line at point P,(t). The dis-
tance Ax = At R(P,(t)) where R is the rate. All points along the
string are advanced in this manner. (b) The string where a point
is about to be eliminated. (The segment length is S and the
minimum allowed value is S i) (¢) The string after change that
eliminated .one point.

is assumed for the shaded region. The boundary shows
the shape of the profile that would be expected if equal
energy absorption lines were thought to bound the de-
veloped line. The solid lines show the developed fronts
at three different (normalized) times for both the ray and
string algorithms; for the given discreteness of the Cal
Comp plotter, there is no difference of the results. The
broken lines show the fronts calculated using the cell-
removal algorithm. The accuracy is clearly less with the
cell-removal scheme. Similar effects of the discreteness
of the cells are observed in other problems. The dis-
creteness problem can be alleviated by choosing a finer
grid of cells, but the cost of computation is also in-
creased. Even with smaller cells, there is afundamental
accuracy problem that has to do with the direction of
movement of the developer front relative to the cell
orientation; this can lead to errors of several percent in
the effective etch rate.

Cost is an important factor in comparing algorithms as
it is often necessary to calculate a large number of pro-
files. Good accuracy can be achieved with any of the
three with sufficient expenditure. The cell-removal
model has been written in APL (for the IBM 360/91)
while the others were done in Fortran (for the CDC
6400) so the comparison is difficult. We found that the
cell-removal model required about twenty times as
many cpu operations as the string model. Much of this,
and possibly all, could be eliminated by using a com-
piled language. However, judging from the number of
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Fig. 4. Comparison of the results obtained using the three al-
gorithms for a simulated electron-beam exposure. The solid
lines were obtained with the string and ray methods and the
broken lines were found with the cell-removal algorithm. The

normalized etch rate and distances are the same as for Fig. 1. In
the shaded region the etch rate is constant (0.5).

operations in the algorithms, the cell-removal model
would probably require several times the number of cpu
operations for the same accuracy. Ray calculations cost
about the same as those using the string model.

We have also found certain other advantages in using
the ray method. It could be adapted to 3-d problems
more conveniently than the others. Also, the accuracy of
the position of the end point of a ray at a given time can
be increased arbitrarily by taking smaller time steps.
The ray method will also allow finding the position of one
part of a front without doing the whole problem. Little
memory is needed for the ray calculation so it can be
done interactively on a desk calculator, as we did for a
number of cases. There is a weakness of the ray method
in that certain regions may not be reached by the first
choice of initial ray locations on the surface; some kind of
interactive computation is needed.

In summary, we believe the string model to be the
most versatile for line profiles and of about equal cost
with the ray method. For the same accuracy, the cell-
removal algorithm would probably be at least a factor of
two slower than the others if implemented in the same
language. The ray method will have its main advantage
when only a part of a development profile is desired or
when one wishes to use a desk calculator.
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Abstract

Diffraction gratings are used in optical communications devices, spectrographs, optical scanners, monochromators,
and in other instances. Diffraction gratings are either transmission or reflection. Reflective gratings are, usually, either
ruled or holographic. Blazed gratings (step-echelette or phase gratings) are non-planar gratings. We present the fab-
rication of blazed diffraction gratings using X-ray lithography. We model, theoretically, the development process of
X-ray exposed X-ray sensitive resist material (polymethyl methacrylate), and we establish a simulation algorithm, the
ray-tracing algorithm based on the Hamilton-Jacobi equation. Theoretical predictions based on simulation results

validate fully the fabricational results.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Diffraction gratings are used in optical communica-
tion devices (e.g. optical couplers), in spectrographs and
spectroscopy in general, in monochromators etc. The
theory of diffraction gratings, as the name implies, is,
basically, the theory of diffraction. For the case of light
diffraction, the theory of gratings is given in [1-4]. The
definition of a diffraction grating is any arrangement of
parallel and equidistant diffracting elements of the same
width where the period is comparable to the wavelength
of the incident radiation.

Blazed gratings are capable of diverting the major
part of the incident energy into a single spectrum of a
given order of diffraction on one side and to suppress
almost completely all other spectra, in particular that of
the zero order [1,3]. Fig. 1 shows the general blazed
grating profile.

In a blazed grating the grooves of the diffraction
grating are controlled to form orthogonal triangles with
a “blaze angle” ¢. The peak angle may vary from the
ideal 90°. The equation that holds for the Littrow con-

“Tel.: +30-2310-270886; fax: +30-2310-238449.
E-mail address: hagouel@cal.berkeley.edu (P.I. Hagouel).

dition where the incident and diffracted (or scattered)
rays are in autocollimation (as in Fig. 1) is:

2sing = k(1/a)ig, k=12,3,... (1)

where Ap is the blaze wavelength. Given the blaze
wavelength, the blaze angle can be computed from the
above equation [3,5].

Ruled gratings are time consuming in fabrication and
thus costly. An alternative technique is the recording on
radiation sensitive material the holographic interference
pattern of two intersecting laser beams. Unfortunately,
this very accurate grating generation technique suffers
from lack of capability of groove profile (shape) control.
Another technique involves the patterning of an inter-
ferometrically produced grating onto and into special
(111) silicon wafers, cut around 1° off the (111) plane.
Then, using a silicon anisotropic etching solution (e.g.
potassium hydroxide—KOH) which etches (111) planes
much more slowly than other crystallographic planes,
the result is a smooth silicon blaze surface [6,7]. This
method is constrained by the inherent crystallography
and molecular silicon dimensions.

The fabrication of blazed diffraction gratings via X-
ray lithography offers more versatility in groove shape
profiles. The first step of the fabricational process is the

0026-2714/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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incident and
reflected beams

Fig. 1. Blazed grating profile.

transferring of the pattern of a holographically recorded
grating onto and into the gold plated surface of a silicon
wafer. Then, the substrate layer of silicon is thinned,
from its backside, to a few microns that offer just the
needed structural support for the gold grating structure.
This thin silicon window attenuates negligibly the X-
rays used subsequently. Lastly, the gold grating struc-
ture, in intimate contact with an X-ray sensitive resist
coated planar substrate, is exposed with an X-ray beam,
where the gold grating serves as an attenuator mask for
the X-rays and thus we fabricate the blazed grating.

2. X-ray mask fabrication

One key step for the fabricational process is the gold
grating mask structure fabrication on top of a thin sili-
con window that serves as an X-ray mask during ex-
posure with an X-ray beam.

The first step in mask fabrication is the diffusion of
boron into the front surface of a (100) n-type silicon
wafer. This is done at an elevated temperature (1100 °C)
for 6 h, and a subsequent drive-in diffusion at 950 °C for
3 h. This will provide a heavily, p-type (donor), doped
(>= 5 x 107" atoms/cm?) layer. This is needed since the

Si preferential
eiching solution

-—{ .6,un|-—

use of the anisotropic silicon etching solution consisting
of ethylenediamine, pyrocatechol and water shows pre-
ferential etching of a p™n junction (the etching via the n
doped side stops abruptly at the p™n junction interface),
and anisotropic etching of bulk silicon (the etch ratios
for (111), (110), and (100) oriented silicon are ap-
proximately 3:30:50). The above procedure yields thin
silicon windows of a thickness between 2.5 and 3 um.
The solution etches SiO, films very slowly (~200 A/h) S0
they are used as etching masks.

A 12000 A film of SiO; is sputter deposited on the
back side of the wafer and 1500 A of SiO, is deposited on
the front. A thin layer of nichrome (~300 A) is then
evaporated on the front surface followed by the evapo-
ration of a 2000 A gold film. Then, we spin coat the wafer
with 3000 A of Shipley positive photoresist and expose
interferometrically using a helium—cadmium laser (3250
A wavelength). The resulting resist grating structure,
after development and post baking, serves as an etching
mask for the transferring of the grating structure onto
and into the gold layer via rf sputter etching.

The last step involves the actual fabrication of the
thin silicon window. The aforementioned solution is
very potent and attacks the gold relief grating structure.
The following technique is used for masking:

We evaporate a thin nichrome (~300 A) film on top
of the gold grating. This film provides a convenient
adhesive interface between Au and SiO,.

We then sputter deposit a 1.2 um film of SiO, on top
of the Nichrome. This film will protect the gold pattern
during the preferential etching of Si.

We coat both sides of the wafer with photoresist and
then open a window (photolithographically) on the back
side of the wafer directly beneath the gold pattern. The
photoresist envelope coating acts as a mask when we
etch through the SiO, layer, opening up a window be-
neath the gold pattern.

We then immerse the wafer in the preferential etchant
(the etchant solution is heated up to 110-115 °C) and

Si preferential
etching solution

Si02

Si0,

Fig. 2. Wafer topology for nichrome-SiO, protection of Au mask during thin silicon window etching.
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Fig. 3. 1 pm period Au grating.

Fig. 4. Larger magnification of 1 pm period Au grating.

upon completion of the silicon etch up to the boron
doped layer (this step takes from 3 to 5 h depending on
the thickness of the wafer the exact composition of the
etchant solution), we remove the wafer and strip the
SiO, films on both sides by immersion in buffered HF.

A sketch of the topology of this process is shown in
Fig. 2. Figs. 3 and 4 show SEM pictures of a 1 pm gold
grating mask structure in two magnifications.

Fig. 5. 1 pm period Au grating (90° edge view).

Fig. 6. 600 nm period Au grating.

Fig. 5 shows a SEM picture of the 1 pm period Au
grating viewed at a 90° angle (edge view). The depres-
sion at the center of the gold bars is, most probably, due
to the photoresist profile after development. Fig. 6
shows a SEM picture of a 600 nm period gold grating.

3. X-ray lithography, angle exposure, blazed diffraction
gratings

The X-ray exposure system consists of a horizontal
evaporation gun and a water cooled target at an angle of
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45° with interchangeable target material. The electron
beam diameter size is 4 mm and the target is capable of
dissipating the heat produced by a 200 mA current
beam. The source to substrate distance is 8§ cm and
typical exposure time for a 100 mA beam current is an
hour. The main X-ray line for the aluminum target we
used is the Alk, line (8.34 A). For a thin silicon mem-
brane (which supports the gold mask structure), a thin
aluminum foil-filter, and polymethyl methacrylate
(PMMA) resist, the optimum wavelength for the short-
est exposure is the ALk, line. The thin silicon window
absorbs (attenuates) the continuum X-rays below and
above this line, thus the radiation incident on the X-ray
resist is almost entirely the above line.

We use PMMA, a polymer, as the X-ray resist. It is
positive acting and irradiation with X-rays (or energetic
electrons) initiates a polymer chain scission. Subsequent
immersion into a discriminative solvent developer (in
our case a 60:40 mixture of IPA (isopropyl alcohol) and
methyl isobutyl ketone (MIBK)) will etch more rapidly
the areas where the exposure has produced macromole-
cule chain scission and thus has lowered the average
molecular weight, as compared to areas that absorbed
very little energy and thus retain a high average molec-
ular weight and resist etching.

A lab made PMMA solution is spin coated on a plane
glass substrate. After a prebake step, the PMMA film on
glass is ready for exposure. In order to avoid penumbra
and geometric distortion effects the X-ray mask (the
gold grating pattern on the thin silicon window) should
be in close contact with the PMMA film. We lay the
PMMA coated glass substrate on top of the gold grating
structure (the PMMA film faces the gold grating), and
this “sandwich™ arrangement is clamped on a water
cooled mask substrate—PMMA substrate holder.

We perform an angle X-ray exposure (either single or
double one) in order to achieve the desired groove
profile (slanted ridge groove wall and blaze angle). The
multiple angle exposure technique for groove shape
control is shown in Fig. 7. A more general exposure and
masking geometry for producing blazed diffraction
gratings is shown in Fig. § (as is the case if wet chemical
etch of the gold is used since it produces lines with an-
gled side walls). The geometry is crucial since it provides
both, the desired mask profile for exposure of the X-ray
resist and, the basis for the theoretical calculation of the
absorbed energy density profile inside the “bulk” of the
PMMA resist. The absorbed energy profile inside the X-
ray resist depends on the number of exposure doses
(cumulative effect), the angle(s) of exposure (profile
shape effect), and gold mask geometry (resist regions of
different and/or variable energy dose density absorbed).

We performed a single angle exposure of the 1 pm
gold grating mask pattern where we positioned the mask
substrate—resist substrate system at an angle of 30° with
respect to the horizontal during exposure. Typical ex-
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Fig. 7. Multiple angle exposure technique for groove shape
control of blazed gratings.
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Fig. 8. General exposure and masking geometry for producing
blazed gratings. Different regions of exposure in the resist are
shown.

posure and development parameters are as follows: total
exposure time 120 min, source to substrate distance 10
cm, and total development time 16 min. The total energy
density absorbed by the resist during exposure was ap-
proximately 900 J/cm?. The development rate of the
fully exposed PMMA is around 130 A/min.

Fig. 9 shows a SEM picture of the PMMA blazed
grating after exposure and development. Fig. 10 shows
an edge view (90° tilt) of the same grating. Note that one
of the groove facets is longer than the other one. It is the
one that corresponds to the angle exposure. We note
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Fig. 9. PMMA 1 um blazed grating.

Fig. 10. 90° edge view of the blazed 1 pm PMMA grating.

that the depression in the middle of the gold mask rib
(Figs. 3 and 4) had negligible effect on the developed
profile.

Measurement of the 1 and —1 orders of diffraction
when the grating was positioned perpendicularly to the
path of an argon laser beam (/. = 4880 A) showed the
intensities to be different by 25%. The mechanism of
PMMA development process produced a rounded apex
angle instead of the desired pointed one. This we explain
theoretically in the next section.

4. Modeling and simulation (TCAD)—comparison with
experimental results

4.1. Physical and mathematical principles—modeling

Predicting theoretically, by modeling and simulation,
the experimental outcome of various process steps in-
volved in nano- and micro-lithography and fabrication,
as well as nanoelectronics and microelectronics, is both
desirable and extremely useful. Etching (including re-
sist development, ion-implanted oxide etching among
others) and deposition of various substances are pro-
cesses that we encounter extensively in IC and other
nano- and micro-devices fabrication.

Resist development or etching is just a special case of
the general field of the etching and deposition processes
of various substances. Therefore, we use the modeling
simulation of resist development as vehicle for the de-
velopment of the physical and mathematical principles
involved, as well as for the development of the algo-
rithms that are an offspring and realize the mathematical
equations that will describe the processes. These algo-
rithms form a potent and versatile set of tools for
TCAD.

Resist etching involves mass transfer operations. In
the case of a liquid developer, the etchant attacks the
exposed resist surface (positive resist) and starts dis-
solving the resist material in contact with the liquid. If
we assume an abundant supply of developer (e.g. im-
mersion of the resist coated substrate), then the dis-
solved substances are immediately separated from the
remaining resist. This process continues till either we
stop the development or the developer reaches resist
areas that have not been exposed and, thus, are un-
solvable. Another case involves reaching the substrate
surface.

In most cases the etching process is a surface etching
phenomenon. This implies, by definition, that there ex-
ists, at any period of time, a well defined boundary (or
interface) between the developer and the undeveloped
resist. The shape and position of the boundary at a
particular moment is determined by the geometrical
(and physical) interface between the liquid etchant and
the undeveloped resist bulk. This boundary progresses in
time into the resist as development continues.

Thus we establish that we may visualize the bulk of
the resist as a medium where the interface between the
developer and undeveloped resist is a surface front that,
at every point, moves with a velocity dependent on
position. The velocity (speed) at any point in the resist is
determined by the correlation of the locally absorbed
energy density as it applies to etching speed by the de-
veloper used. Thus we model the resist, in general, as an
inhomogeneous and isotropic medium where fronts can
propagate and assume shapes dependent on the speed,
which is a function of position. Since the medium is
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finite in volume, we can measure or calculate maximum
and minimum development (etching) speeds.

Therefore, the problem posed is how to model the
advancement of the etchant-bulk resist interface in time
and predict its shape (profile) and position at any mo-
ment in time.

The notions that we expounded lead to geometrical
optics. Its principles and notions may be applied in the
case of a material medium (e.g. polymeric resist) being
etched since it shows the same principal characteristics
with an optics medium. The solution of the problem is
based on the fact that locally, at every infinitesimal re-
gion of the resist, the developer front satisfies Snell’s law
of refraction. All laws of geometrical optics are derived
from Snell’s law [8].

We now define an etch ray as a ray which is always
perpendicular to the developer front (the interface). The
etch ray obeys Snell’s law of refraction at the interface
between two regions of different etch speed. This defi-
nition is in analogy to the definition of an optical ray in
geometrical optics and it establishes the correlation be-
tween the development process and geometrical optics,
especially in what concerns wave front advancement.
Important definitions and results of geometrical optics
are specialized to the development case.

We define the resist index of refraction, nyy, as

Ry
Tph R, (l‘) (2)

where R,(r) is the etch speed at any point r in the resist
and Rr = Ry = max R(r) for all points r in the resist.

We define the etch length from point P; to a point P,
along a given path in the resist, which we shall denote by
£, as the distance that the etch front will advance in a
resist medium of constant etch speed R, during the time
it needs to cover the distance P, to P, along the given
path. The etch length is given by

Py P Re
b = / Nnop ds = ds 3
J P o P Rs(r) ( )

All rays connecting two developer (etch) fronts have
equal etch lengths. We apply all geometrical optics
principles to the resist development model by replacing
the optical index of refraction n by the resist index of
refraction 7.

We assume that the etch front at time 7y = 0 is rep-
resented by a given surface S, as shown in Fig. 11 (3-
dimensions). We define a function D(r) such that the
value of D at any given point p in the resist equals the
etch length from S, to p of the etch ray passing through
p. The equation of an arbitrary etch front is then

D(r) = £, = Constant (4)
At a given point, let ds by the distance between the

two etch fronts and corresponding to /. and /. + d/. as
shown in Fig. 11. From (4) we obtain

D=0 D=0, D=(+d(,

Y

X

Fig. 11. Propagation of a developer front in an inhomogeneous
and isotropic medium—advancement of the developer front
(developer-bulk resist interface) in an exposed resist medium.

|grad D(r)|ds = d¥, (5)
and from (3) we obtain

ds,

P Tph (6)

and (5) becomes
|grad D(r)|* = (7)

or in Cartesian coordinates,

op\’> [aoD\* [oD\’
(5) +(5) + (&) == )

Eq. (8) is the Hamilton—Jacobi equation better
known in optics as the eiconal (from the greek cixadv)
equation [1,2,4,8-10]. It is also the mathematical for-
mulation of Huygen’s principle. Its solution, subject to
the boundary condition that the equation D(x,y,z) =0
represents the initial etch front S, at time # = 0, deter-

mines the etch front at all subsequent times. Indeed, the
equation of the etch front at time ¢ is

D(x,y,z) = Ryt 9)

The etch rays are the normal trajectories of the surfaces
D = constant.

Huygen’s principle leads to two equivalent descrip-
tions of propagation (in our case front advancement),
namely we either observe and follow the (wave) front or
we may observe and follow the path or rays, i.e. (in
geometrical optics) the paths of shortest time of light
propagation.

Other etching and deposition algorithms, as well as
spin-off and specialized cases for different kinds of resists
and/or exposure and development (etching) parameters
have been described. The basics of the ray-tracing algo-
rithm along with its physical-mathematical foundation
was briefly described in [11]. The various simulation
techniques including the string and cell removal models
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are included in [12]. Ref. [13] modeled and adapted the
string algorithm to the case of anisotropic etching. Sim-
ulation of multiple etch fronts is described in [14]. The
basics of a cellular automata based etching and deposi-
tion algorithm is given in [15]. Negative resist corner
rounding is described in [16]. The effect that the developer
temperature has on the profiles is described in [17], and
the effect of exposure energy dose in [18]. The intricacies
of packed (close-spaced) parallel and isolated lines are
expounded in [19]. The CA photoresist developer simu-
lator is described in [20]. The importance of using sim-
ulation tools and techniques for the advancement of
nanotechnology cannot be overemphasized [21].

We will now find the equation that governs the tra-
jectory of an etch ray.

Let 7 be a unit vector tangent to the etch ray as shown
in Fig. 12 and consider the vector ny,t. From Snell’s law
it follows that when an etch ray passes across the surface
of separation between two resist regions of different etch
speed, it changes direction, in such a way, that the
component of ny,7 parallel to the surface remains un-
changed. We have

(npnt) - (npnT) = néh (10)
and by differentiation (At L t for small time steps)
(npnt) - A(npnt) = npnAnpy = np, gradngy, - As

= npnAsgradng, - T (11)
where As is the vector PP, As is its magnitude, and
A(npyt) represents the vector difference between the

vectors ny,t at P’ and P. From the above equation we
obtain

ph n,,,odnph

N~ A(nph;)

Fig. 12. Trajectory of an etch ray in a resist of variable .

d(npn7)
ds

Eq. (12) indicates that the vectors d(nmpt)/ds and
gradnp, have equal projections along the tangent to the
ray. Moreover, gradny, is perpendicular to the surface
npy = constant, and so it the vector d(n,nt)/ds, because
as we mentioned above, the component of np, parallel to
a refracting surface is the same on both sides. Therefore
we obtain

d(npt)
ds

-t=gradny, - T (12)

= gradny, (13)

This is the differential equation of the etch ray in vector
form. It is equivalent to

5/nphds:0 (14)

This is the mathematical formulation of Fermat’s prin-
ciple.

4.2. Ray-tracing algorithm

The ray-tracing algorithm is based on the fact that the
locus of the end points of the etch rays at the same in-
stant of time form the developer front. In order to derive
the equations for the numerical calculation of etch ray
trajectories we use the geometry shown in Fig. 13. The
end point of a ray at time ¢ is at point P; with the
direction of the ray given by t,. For a small time interval
At, we assume the etch speed to be constant and equal to
Rsp, (x1,). In Az point P will advance to point P, and
As = Ry, (x1,1)At where As is the distance between
points P, and P,. The direction of the ray at point P, is
given by 1,. We need to calculate the vector At since

npn(X2,32) - T2 = npn (x1,11) - 71 + A(npnt) (15)

as we show in Fig. 13. Therefore, a discretization of Eq.
(13) is required.

P,
1 AS:RS (X .y )At
(x1,y1) \j / ekl
P,
(XZsyZ)
L)

Fig. 13. Geometry for numerical calculation of etch ray tra-
jectories.
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We have the obvious relationship

d(npnt) = nppdr + tdny, (16)
or

dr = E (—tdnp, + gradnpyds)  (using Eq. (13))

Nph
(17)
Let R,dt = ds. Then Eq. (17) becomes
1
dt = — (—tdnp, + R, grad iy, dt) (18a)
Nph
or
dr =R, —zd 1 + Ry grad 1 dt
T =R T R s gra R
(by definition of n,, Eq. (2)) (18b)

Retaining only the first term of a Taylor series expansion
of Eq. (18b) we have for a small time step Af¢ such that
As = ((RSP2 + RSP1)/2)AI

seon(wa( L) enaea( L)) o

where the expression on the right hand side of the above
equation is evaluated at the starting point P;.

Without loss of generality, we continue the analysis in
two dimensions.

Let nph(xl,yl) = Nph] and }’lph(XQ,yz) = Nph2- Then
from Eq. (15) we obtain

Nph2T2 = NAph1 T1 + r,Anph + nAt (20)

where

Nph2 + Aphi
_ M p _
=TS Angp = npwy — npni,

and At is given by Eq. (19).
Again, by definition, we may write Eq. (20) as follows

1 Rst
= -1 = A 21
T, =1 + 5 ( + R, ) T (21)

Eq. (19) together with Eq. (21) allow us to calculate
trajectories of etch rays. For numerical computations we
discretize d(1/R;) to A(1/Rs) = (1/Rsp,) — (1/Rsp,) and
the x and y components of the gradient of (1/R;),
{grad(1/R;)}, are given by (to a linear approximation)
as, for the x component,

A(i)_L(L_L)
Ax R C Ax RSPZL RSP]\X

where R,p, denotes the x-axis component of R at Point
P, etc.

The etch speed Ri(x,y) may be given either as a
continuous function of position in the resist or as dis-
crete date at various points in the resist. In the first case

analytical expressions of both the x and y components of
grad(1/R;) are found and evaluated at discrete points
along the trajectory of the etch ray (e.g. points Pj, P,
etc.). For discrete etch-rate data, the resist can be di-
vided into a grid of points with assigned etch speeds. We
compute the speed at any arbitrary point in the resist by
weighted inference from the etch speeds of the nearest
surrounding grid points.

4.3. Simulation

We use the ray-tracing algorithm to explore the ef-
fects of mask geometries (such as mask opening d, mask
period p, mask thickness .5 as shown in Fig. 8), dif-
ferent angles of incidence 0; and Or (again as shown in
Fig. 8) of the exposing X-ray beam, different composi-
tions of developers (e.g. 1:3 MIBK:IPA or 1:2 MIBK:
IPA etc.), different X-ray characteristic lines used for
exposure {such as the Alg, line (8.34 A) or the Cuy, line
(13.5 A)} for which characteristic lines gold exhibits
different attenuation coefficients when they traverse the
mask thickness, and different exposure times.

The etch rate of the resist during development de-
pends on the exposing X-ray energy dose and all the
above parameters. By varying any combination of the
above parameters at will, we can predict the profiles
after development and, by careful selection of the pa-
rameters, we can synthesize desired profiles.

The etch rate at any point in the resist depends on the
local energy dose absorbed and is given by

B < gsﬁm)“
Ry=Ro+—— 1+ 22
(Mn) PAO ( )

where o is the transmission factor of the absorbing mask
(it depends on mask material, thickness, and X-ray
characteristic line). ¢ varies from 0 (perfect mask) to 1
(no mask) that is 0 < ¢ < 1 and Rp, the fast etch rate is
the rate for ¢ = 1. g is the efficiency factor of energy
absorption in the resist, ¢ is the total absorbed energy
density dose (no mask), M, is the average molecular
weight before irradiation, p is the resist density, 4, is
Avogadro’s number, and « and f are characteristic
constants of the developer used. R, is the background
etch rate (i.e. no exposure, usually extremely small). For
computational purposes, we may replace the transmis-
sion factor with ¢ the attenuation coefficient & (units
u~1), particular to the characteristic X-ray line used and
the mask material. We may also neglect the term
B/(My)” compared to (geMya/pAo)‘. For Au, & = 2.3025
p! for the Alg, line (8.34 A), and & = 6.4473 p~! for the
Cuy, line (13.5 A).

The simulated profiles of some typical geometries and
parameter sets are shown in Figs. 14-16. In Fig. 14,
successive etch fronts are shown for increasing deve-
lopment time. The period of the mask p is equal to 1 p,
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Fig. 14. Etch fronts for 40%, 53%, 66%, 80% and 100% of total
development time 7, for a 1 pm period grating. Development
profile (---) for Cur, exposure. The algebraically predicted
profile is shown. In all cases d = 500 nm, fp,x =200 nm,
0; = 15°, Or = 20°, o = 3.0.

x{um)

ylum)

1.5

Fig. 15. Developed resist profiles for different mask thicknesses,
tmask = 200 nm (—) and #,« = 300 nm (- - -). Other parameters
are p =1 pm, 0; = O = 10°, & = 6.4473, a = 3.86, and d = 500
nm.

d =500 nm, fn. = 200 nm, 0; = 15° and 0Or = 20°,
o = 3.0 (1:2 MIBK:IPA), and & = 2.3025 p~!. The da-
shed curve is the final development profile when the
Cuy, line is used for exposure. As expected, the groove
angle for the latter case is smaller than the one for the
preceeding case where the resist was exposed with Al
characteristic line radiation. For the same geometry, the
profile which is based on the algebraic (planar mask)
model is also shown. It is based on the simplified as-
sumption of a mask of zero thickness but of finite ab-
sorption. The algebraic model does not predict any

x(pm)

0.27778 0.2 0.1 0.0

0.2

yiam)

-0.21778

Fig. 16. Developed resist profile of a 280 nm period grating
(3600 lines/mm). Other parameters are 60; =20°, Og = 15°
a = 6.4473, o = 3.86, and d = 140 nm.

curvature around the apex of the groove angle. How-
ever, Og and the blaze angle 0y are the same for both the
algebraic profile and the simulated one. This observation
demonstrates that the algebraic model can give fairly
accurate initial results.

The final groove angle 0g depends on, s, 6;, Ok, o,
and a. In order to use only MIBK (x = 1.5) to obtain
0 =2 110°, 0; and Oy should be decreased while #,,,5 and
& should be increased. The development profile of a 1
um period grating, where 6; = 0r = 10°, & = 6.4473,
tmask = 200 nm, and 4 =400 nm is shown in Fig. 15
(solid line). If ¢y, is changed to 300 nm then the profile
is as shown (dashed line). We note that because 6; and
Or are small, & (Fig. 8) is large and the grating is created
rather deep in the resist.

For a 3600 lines/mm grating a simulated profile is
shown in Fig. 16. The parameters are 0; = 20°, Or = 15°,
o =3.86 (1:3 MIBK:IPA), & = 6.4473, ty. = 83 nm,
and d = 140 nm. Other developers with reasonable ex-
posure and development times can be used to obtain
approximately the same profile.

5. Conclusions

The goal of fabricating non-planar blazed diffraction
gratings using X-ray lithography was realized. Blazed
diffraction gratings were fabricated using X-ray litho-
graphy. A theoretical model for the development pro-
cess of X-ray exposed X-ray sensitive resist material
(PMMA) was developed. Based on this model, a general,
three dimensional etching and deposition simulation
algorithm, the ray-tracing algorithm, has been devel-
oped. Simulation results validate fully the fabricational
results. More intense X-ray beam sources and/or more
absorbing masks will improve the procedure. With the
availability of other X-ray sources, 100 nm period
gratings fabricated with X-ray lithography are feasible.
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Nanofabrication Simulation as a
Processes Research Tool

P. I. Hagouel

Abstract — Nanofabrication Simulation is evolving
continuously. Ever higher and faster digital computer calculating
and processing power automates further the algorithms. General
simulators can tackle mainstream processes. Special cases call for
individualized simulation approach. Information of the physical
process and initial conditions of the optical line of positive
photoresist on reflective substrate is derived by using the X-Ray
tracing algorithm that demonstrates initial value starting surface
segment widths for etch ray “launching” in the sub Angstrom
region; Furthermore, ray-crossing and ray-scarce regions
delineate the feed through pathways for the etchant to reach the
final profile. In another case, that of exposed cluster of lines in
negative resist where the developer [etchant] is heated up, by
validating the experimental results via the calibrated simulator,
we validate also the initial hypothesis of the physical and
chemical processes that come into play such as he
thermodynamics of the resist — etchant medium front that produce
negative slant angle line walls.

1. INTRODUCTION

Nanofabrication Simulation is evolving continuously.
Ever higher and faster digital computer calculating and
processing power automates them further; However, all
encompassing nanofabrication programs are inherently
restricted in generating simulation results for only the most
common fabrication process steps incorporated into them;
Furthermore, the end result (e.g. simulation profile)
sometimes deprives us of information on the process
mechanism and / or on the initial conditions that come into
“play” in the physical-chemical process.

In other instances, simulations of a nanofabrication
process validate physical and / or chemical phenomena that
play a role in the fabrication result. Physical and / or
chemical equations describe the phenomenon, but it is only
through simulation that we establish the effect on the
process in time progression.

A. Initial Conditions and Progression

In the first instance we will present the development
of a projection printed optical line in positive resist on a
reflecting substrate [1]. The Ray — Tracing algorithm will
be used [2] and initial conditions and time incremental
progression mechanism will be shown and described [3].
Standing wave effects due to the interference of the

incident and the reflected beams result in areas of heavy
exposure (and, hence, polymeric chemical reactions), and
areas where the cancellation of the beams results in
minimal exposure energy dose and minute polymeric
chemical alterations.

The Ray — Tracing algorithm in its pristine form
shows that the etchant — developer liquid needs to attack
the resist surface at very particular points congregated in
sub—Angstrom width regions! (in order to reach the final
etch front and shape the final resist profile). Furthermore,
the physics of ray advance coupled with the resist index of
refraction [2] for this medium lead to areas where there is
entrapment of rays, hence ray—dense (or ray—crossing)
areas as shown in Fig 5. Only ray—scarce areas facilitate
the etching — development process and contribute to the
final profile shape {delineate the feed through pathways for
the etchant progression}.

B. Physical and Chemical Phenomena

In the second instance, we validate the hypothesis of
the role that thermodynamics play in the final shape of
developed negative photoresist lines where we vary the
developer temperature [4] — [7]. The physics and
chemistry of polymers play also an important role [8], [9].
The simulator in based on Cellular Automata [10].

We are faced with the fact that an inescapable
characteristic of most commercially available positive and
negative resists is their polymeric  constitution.
Nanolithography demands that we take into account
formative details of the composition of the resist films
together with other parameters that are crucial in explaining
subsequent developed profile details. We consider the
effect of both elevated and depressed (as compared to room
temperature) developer (etchant) temperatures in the
dissolution of both the exposed and unexposed parts of the
resist. We guess that the spin formatted resist film tends to
have macromolecules oriented parallel to the substrate
surface (Fig. 1). The probability of finding more readily
dissolvable low molecular weight (MW) chains and
oligomers is higher at the “exposure” interface
(i.e. interface between exposed and unexposed resist) and
this also contributes to the inhomogeneity of the region.
Increased developer temperature causes an increase in
vibrations of bound molecules of resist at the exposed-
unexposed region interface, which most of the time,

Paul Isaac Hagouel, 11 Chrysostomou Smyrnis Street, coincides also with the developer front in that region. The
GR-546 22 Thessaloniki, Greece, e-mail: hagouel@ieee.org solvent molecule experiences, therefore, more collisions
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moving perpendicularly down, something that retards its
advance. On the other hand, increased mobility of the
solvent molecule coupled with an apparent bigger solid
angle presented in the horizontal and slanted directions
(Fig. 2) facilitates the penetration of the solvent molecules
(horizontal-diagonal percolation) in between two or more
molecules.

Exposed resist | Unexposed resist

Resist macromolecule

Fig. 1.

Resist macromolecules at the exposed-unexposed resist
interface.

\4

V4

Fig. 2. The solid angle presented in the horizontal and
slanted directions.

Elevated temperatures enhance mechanical vibrations
of the resist molecules and hammer like activity of the
solvent molecules attacking the resist. The orientation of
the resist macromolecules introduces an anisotropic

component to the etch rate: higher in the direction parallel
to the substrate surface and lower in the perpendicular one.
The effect has also a spatial parameter, more pronounced at
the exposure interface.

We performed a series of experiments on resist coated
Si wafers using a stepper and a Deep UV source at
0.248 um. The mask had a set of periodic and isolated
lines. We used SNR-248 negative resist. We obtained
SEMs for various developer temperatures. The
enhancement of the lateral etch rate manifested itself in
sidewall slope. The sidewall slope is positive in the case
where the developer temperature is equal to 0 °C, becomes
almost zero when the developer temperature is equal to
room temperature and becomes negative when the

developer temperature is 80 °C.

We simulated the experimental results by
characterizing the dissolution process as a chemical-
thermodynamic process where the Gibbs free energy gives
a relative (normalized) measure of the developer speed.
We modeled the inherent anisotropy in etch rates due to the
entropy directional flow by incorporating it into the local
rule of the Cellular Automata model. In this simulation we
introduced the temperature effect as anisotropy to the
Cellular Automaton local rule. The simulation results are
in very good agreement with experimental results for all
developer temperatures.

II. OPTICAL LINE — INITIAL RAY “LAUNCH”
A. Etch Rate

The development of a projection printed 1 um line
in positive photoresist on a reflecting substrate was
examined by Dill, et al. [1]. In this case we assume a
5000 A thick photoresist layer on top of a reflecting
substrate. Due to transverse standing waves in the resist,
the normalized variation of the etch rate Y in the
y-direction is approximated as in Fig. 3. The normalized
variation of the etch rate X in the x-direction is a Gaussian
as shown in Fig. 4. This is an approximation of an (optical)
lens function. X is given by

X =exp|——= 1
p[50002 ] M
and Y is given by
Y = L(1 - 0.1L)[1.05 — cos (%L)] ?)
2.05 5000 1667
The etch rate R(x,y) is given by
A
R(z,y) =400XY [— (3)
Sec
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025 05

5000 A y

Fig. 3. The normalized variation of the etch rate Y in the
y-direction.

0 10000 A

Fig. 4. The normalized variation of the etch rate X in the
x-direction.

B. Simulation

The Ray calculations were done interactively. Fig. 5
shows ray trajectories for a total development time of 120
seconds. We notice ray—scarce regions (between 403 and
404 and between 860 and 870 where the numbers indicate
the initial x—coordinate of the ray (time t=0)) and ray—
crossing regions. The later is an example of ray “trapping”
[11]. In this particular case both ray—scarce regions and the
ray—crossing regions are due to the fact that the curvature
of the ray is directly proportional to the gradient of the
inverse etch rate [12]. The gradient variations in this case
are large. The ray always curves toward a region of
minimum etch rate; such a region will tend to form a

“wave” guide for developer propagation. Notice that the
ray-crossing regions correspond to the valleys of the Y
function.

5000

100 200

300 y (A) 400 401 402 403

e {/// 870
/ [10000] x(A)
/ —

Fig. 5. Ray-tracing of the optical line with both ray—scarce and
ray—crossing regions.

Interacting with the simulator we determined the
initial x-coordinates of rays so that information for the
ray-scarce regions was obtained. In particular we noticed
that information for the fingers corresponding to fast
regions of development (and also ray-scarce) was obtained
from rays that originated in a 0.01 A interval for the
deepest finger, in a 0.1 A interval for the middle finger and
a 0.2 A interval for the shallowest finger. Fig. 6 shows the
results. Tick marks indicate both the end points of rays
corresponding to 120 seconds development time and the
intermediate results for 30 s, 60 s, and 90 s. Fig. 7 shows
the final profile where the ray end points are joined with a
smooth curve.

¥(A)
_SDUCI

oL P
W?ﬁf’rn“n(‘\t N

x§

10000

Fig. 6. Ray-tracing of the optical line. The tick marks define the
profile for four different development times (30, 60, 90,
and 120 seconds).
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0 10000

Fig. 7. Profiles for 30, 60, 90, and 120 seconds for the optical
projection printed 1 um line.

II. NEGATIVE RESIST — NEGATIVE WALL SLOPE
A. Temperature Effect

Temperature increment causes more intense
molecular vibrations which results in faster dissolution
rates of polymers. It is therefore expected that an
increment in developer temperature will result in faster
dissolution of both exposed and unexposed parts of the
resist. Increased developer temperature causes an increase
in vibrations of bound molecules of resist at the exposed-
unexposed region interface. The solvent molecule
experiences, therefore, more collisions moving
perpendicularly down, something that retards its advance.
On the other hand, increased mobility of the solvent
molecule coupled with an apparent bigger solid angle
presented in the horizontal and slanted directions facilitates
the penetration of the solvent molecules (horizontal-
diagonal percolation) in between two or more molecules.
This effect can be modeled by an increment of the etch rate
in both exposed and unexposed parts of the resist. This
effect of the temperature is homogeneous and isotropic
because the etch rate will vary proportionally at all points
of the resist. Suppose that in the case where the developer

temperature is equal to room temperature (20 °C) R(x,y) is
the etch rate at the various points of the unexposed part of a
negative resist and that Rbg is the etch rate at the exposed

part (background etch rate). We model the homogeneous
temperature effect using the following equations:

R'(z,y) = 1+ 1) R(z,y)
R'vg = (1+b)Ruy

—1l<r<il
—1<b<1 (4)

R’(x,y) and R’bg are the etch rates at the unexposed
and exposed parts, respectively, in the case that the

developer temperature is different from 20 °C. In the case
that the developer temperature is greater than room
temperature r and b are positive. If the developer

temperature is less than room temperature then r and b are
negative. The case of room temperature is represented by
letting r and b to be equal to zero. Etch rates at room
temperature are calculated using the ABC parameter model

[13]. We assume that r and b are not equal, i.e. the etch
rates at the exposed and unexposed parts do not vary
proportionally. Furthermore, the temperature increment
increases the difference of etch rates between the exposed
and unexposed parts of the resist. This is made clear by the
following inequality:

Ile < T2 < T3, then

R"(z,y) — R™g « R"(z,y) — Ry <
[V z,Yy € R} (5)

R™ , R™ , and R" correspond to the etch rates (both in
exposed and unexposed parts) at temperatures T; , T, , and

T5. In other words, according to the proposed model, the

difference in etch rates at the two sides of the boundary
between the exposed and unexposed parts increases with
temperature.

The orientation of the resist macromolecules
introduces an anisotropic component to the etch rate:
higher in the direction parallel to the substrate surface and
lower in the perpendicular one.

By the second law of thermodynamics, dissolution
proceeds only when the change in Gibbs free energy or the
energy of dilution is negative [8] [9].

AG ,=AH_, —TAS,,6 <0

where G is the Gibbs free energy, H is the enthalpy and S is
the entropy. The value of |[AG | is, therefore, a measure

and indication of the speed of dissolution as long as
AGg, <0. If the reaction is endothermic (AHy, > 0 and if

AHy, < TAS, ) then an increase in temperature increases

the speed of dissolution provided AH_; and AS_ remain

sol
virtually unperturbed for the range of temperatures.

The spatial and temporal dependence of this equation
introduces a dynamic inhomogeneity and anisotropy in the
dissolution process at interfaces between exposed and
unexposed regions of the resist as well as at the @tth front
and adjacent region. The mobility of the solvent affects the
speed with which the molecules of the solvent associate
with the molecules of the solute.

Entropy is a measure of ordering. Therefore, a
region of extended structural variations, such as the
neighborhood of the exposed-unexposed interface
introduces a propensity for large change in entropy that
depends also on the direction chosen, hence the anisotropy.
Entropy has a tendency to increase in the case of
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dissolution of resists and for the structure presented in
Figure 1 the increase is more pronounced towards the x
axis and around it in a solid shown in Fig. 2.

Even though entropy is usually a scalar quantity, its
change occurs with a flow of entropy. In regions of rapidly
varying structural changes, such as interfaces of exposed-
unexposed regions and in regions of time varying structural
changes such as the etch front (dissolution front)
neighborhoods, the propensity or potential for change in S
(AS) endows AS with inhomogeneous and anisotropic
characteristics. Cellular Automata lend themselves
naturally for the solution of such problems.

B. Etching Anisotropy

In order to model this anisotropic temperature effect
we incorporate the anisotropy into the Cellular Automaton
local rule [13]. This is accomplished by introducing the
normalized “weight” parameters that incorporate the
thermal effect on the etch speed for the wvertical
(perpendicular), horizontal (parallel), and diagonal
directions. These are denoted with v, &, d where

—1<ov<l1

—1<h<l1 (7)

—-1<d<1
Note that for 7>20 °C = v<d<h. For T<20 °C =
h<d<v. We assume that the temperature increment
increases the effect of the vertical, horizontal and diagonal

cells, but not by the same amount and not the same way,
ie.

Ile < T2 < T3, then
,UTI > UTQ > UT3

But

th < hT2 < hT3 ®)
dTl < dTQ < dTS
Where
‘hT1 _ o1 < ‘hTQ _ | < ‘th _ T3
‘dT1 _ T < ‘dT? _ | < ‘dT:s _ T3 ©

The indices (superscripts) in (8) and (9) correspond to
temperatures T}, T, and T3 respectively.

C. Simulation and comparison to experimental results

We performed a series of experiments on resist
coated Si wafers using a stepper and a Deep UV source at
0.248 um. The mask had a set of periodic and isolated
lines. We used SNR-248 negative resist. We obtained
SEMs for various developer temperatures.
The enhancement of the lateral etch rate manifested itself
in sidewall slope. The sidewall slope is positive in the case

where the developer temperature is equal to 0 °C, becomes
almost zero when the developer temperature is equal to
room temperature and becomes negative when the
developer temperature is 80 °C. Figures 8, 10 & 12 show
the SEMs we obtained for developer temperatures equal to
0°C, 20°C, and 80 °C, respectively. The line pitch in
Figures 8, 10, & 12 is 0.5 pym, 0.4 pm, and 1 pm,
respectively.

Figures 9, 11 & 13 show the simulation results which
we obtained using the model described in [13]. The values
of the parameters used to obtain the simulation results are
shown in Table I.

TABLE I
VALUES OF v, h, d
T {°C} % h d
T,=0 0.90 0.70 0.75
T,=20 0.80 0.90 0.85
T; =80 0.60 1.00 0.90

The variation of the sidewall slope with temperature
has been successfully reproduced strengthening, thus, the
proposed model for the temperature effects.

a1l

I

11imm

—
L

Fig. 8 SEM of periodic isolated lines with pitch 0.5 um obtained
using SNR 248 resist at 0 °C.
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Fig. 9. Simulation results for T= 0 °C.

Fig. 10. SEM of periodic isolated lines with pitch 0.4 pum obtained

using SNR 248 resist at 20 °C.

Depth in pm
0

0.05
0.1
0.15
0.2
0.25
0.3
0.35

0.4

0.45 . . . ) A
0 01 02 03 04 05
Distance on wafer (um)

Fig. 11. Simulation results for T= 20 °C.

06 07 08 09

Fig. 1. SEM of periodic isolated lines with pitch 1 pm obtained
using SNR 248 resist at 80 °C.
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Fig. 13. Simulation results for T= 80 °C.
III. CONCLUSION

Initial Conditions (Launch surface coordinates and
direction) of etch rays and their progression in the medium
demonstrate the innate atomic structure of matter. The
inverse problem (i.e. to “trace—back” the ray) may be used
to plan fabrication procedures via simulation and study the
processes involved. Another area that might benefit is
medical drug delivery. Such a case might be to find the
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best penetration point for an intra—ocular injection in order
to optimize in maximum and fastest delivery of the medical
fluid to its intended target point — areas [14] — [16].

The effect of the developer temperature on the
dissolution of negative resists has been investigated using
experiment and simulation. The temperature has a
homogeneous and an anisotropic effect on the dissolution
of both exposed and unexposed parts of negative resists.
The variation of the lateral etch rate manifested itself in
sidewall profile slopes and is compatible with the entropy
directional flow. We performed a series of experiments on
resist coated Si wafers at three different developer
temperatures. These experiments unveiled the effect of the
developer temperature on sidewall slopes given the
physical — chemical characteristics of the resist. We
introduced temperature effect parameters into the Cellular
Automata model and the simulation results that we
obtained reproduced successfully the temperature effect on
sidewall slopes and thus validated the model.
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AIAAKTOPIKH AIATPIBH

Paul Isaac Hagouel

IHwA Ioaax XayoveA
“X-Ray Lithographic Fabrication of Blazed Diffraction Gratings”
Mixpoxataoxevn I'wviakwv Qpayuatwv HapabAaonc
ue Aboypadia Axtivav-X
University of California, Berkeley, 1976

Doaypata  magdBAaong  xonowomowvvtal 08 GATHUATOPWTOUETON
vymAoTatng axkpifelag, oe dATALELS VI OTTUKES TNAETUKOWVWVIES, O€ OTITLKOVG
caQwtéc  (optical scanners), ¢ POAYHATA AOTOIKNG AOTQOVOUIAS, O€
HOVOXowHATOEES PpaopatookoTiag Raman, k.a. MéxoL tovde ta Ppodypata
naeaOAaone kKataokevalovtav pe v HéOodo ™G xaea&ng 1 omoilx NTav
XoovoPooa, axQLfr] kat emEEem¢ o opdApata. Amd ta péoa NG dekaeTing
tov 60, kataokevalovtal e TV 0AoYRAdKT) HEO0dO, AOYw avATTLENG TWV
Aéileo (laser). Ta mAeovektiuata elval 1 TaxVITNTA KATAOKELTG, TO HLKQO
KOOTOG KAL 1] dLVATOTNTA KATAOKELT)G POAYUATWV HeE TOAV puken) rteptodo (0.1
um). To kUL peovéKTNUa elvat 11 advvapila eAEyxov TOL OXNHATOS TG
duxtour|g (groove profile).

Yxomog G dxToPrc NTav N Katddelén oTL etval duvatr) 1 KaTaokeun
Yoviakwv poayudtwv magdbAacns pe AlBoygadia Aktivwv X. Me v
TEOTELVOEVT HEDO0DO emICNTElTAL 1) ETTEVEN AVTOV TOL EAEYXOVL O& CLVOVATHO
HE Tt LTTOAOLTIA TAEOVEKTI|HATA TWV OAOYQAPIKWV PoayHATwV tapdOAaong.
H avantvén e AtBoyoadiac Axtivwv X palt pe aAAeg pe@odouvg kataokevr|g
OAokAnowpévwv KukAwpdtwyv, ot omoleg dev xoNOLHOTOOVY w¢ ekBéTovoa
axTvoPBoAia To Gacua Tov 0PATOV GWTOG KAL TNG LTTEQLWOOVS AKTIVOPBOALAS,
elvat avaykala Adyw twv anartoewv yia OAokAnowpéva KukAopata ot
MuikoonAexTQovikr] pe OAO Kol HIKQOTEQES YeWMETOWKES Owxotdoelc. H
OAokAnpworn TToAv MeydaAnce KAipaxkacg (VLSI) vrayopevel v avamtuin
VEWV TEXVIKOV YIX TNV KATAOKELAOTIKN dadikaoia TG amotvmwong twv
KUKAWUATIKOV AETTOHEQELWV TAvw 0Tg TAakéteg (wafers) TTvoitiov (Si),
F'aAAlov-Agoevikov (GaAs) ka. Opwg, oL KUHATIKES WOOTNTEG TOV 0QATOV
PWTOG KAl TG HAAAKI)G VTEQUOOOVUS AKTIVOPOALAG, HE KATWTEQO HNKOG
KOpatog yVow oto 0.1 pm, éxouvv wg amotédeopa éviova pavopeva
napaOAaonc. Ta pawopeva magdBAaong eudaviCovtatr katd T dukorewx
AVATIAQAYWYNS MG HAOKAG, HE  OXeDAOHEVO  KUKAwUA — eAaxlotwv
Yewuetolkwv  dwxotacewv  Yyopow  oto 1 um, upe  éxOeon g
“dwrtoevatcOnronompévng”  empavelag dx Héoov NG HAOKAS 1 omoix
Poloketat oe otevr) emadr] pall g (contact printing).
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Dawvopeva mapgdBAaong dev emnoedlovv t ABoypadia Aktivwv X (AAX).
Ocwontika, 1 Atboypadia Axtivwv X HTOQEL Vo avamapdyel e HeYaAUTeQn
EVKOAl LVTOUKEES (submicrometer) dlAOTACES AOYW TOL ULKQOU HIJKOULG
KOUATOG TNG aKTVOPROAIXG (1 XOQAKTNOWOTIKY YOXHUY AIKa éxeL pnkog

Kopatog A=8.34 A) étol dote, yix ta yewuetoukd ueyédn Ta omoin
evoladépovy, ta Pparvopeva TaedBAaonc elval avOTaEKTA Kol LOYXVOLV Ol
Kavoveg e yvewpetowng omtikng. H apxn e Aboyoadiag Axtivwv X
otmolletat o) ot KATaokev] KATAAANAWY HAOKWV, TETOLWV WOTE T ONUela
¢ evmtaBovg otV akTvoBoldia axtivwv X erupdvelag ta omola dev BéAovue
va ekteOoVV, va avTIOTOLXOVV O& eKelva Ta ONHEla TNG HAOKAS T omola etvat
un dwmepatd (“adxpavr)’) wg mMEOG T XONOLUOTOOVHEVT] AKTLVOBOALX
axtivwv X, xat B) otnv vmapln evnabwv otig aktiveg X resists (X-ray resist).
Q¢ tétowo xpnotporom|Onke 1o PMMA (Polymethyl Methacrylate).

H duixton) xwotletatr oe emta kepaAawx. To mowto kePpdAao etvat
eloaywyko. To devtepo kePpaAaio avadégetal ota Pacukd Twv akTivwv X Kot
otic agxéc e Aboyoadiag pe Axtiveg X pe éudPaomn TNV KATAOKELT)
Yoviakov dpoaypatwv magdbAaons.  To toito kepaAalo meoryoadel TV
KATAOKELVY] TOU OLOTIHATOC TAQAYwYTS aktivwv X ylx Toug OKOTovg Thg
eoyaoiag. To mepexopévo tov tétaptov kedPaAalov, dMAadY avtov TOL
TEQLYQADEL TNV KATAOKELY] TNG HAOKAC YIX TNV KATAOKELT] YWVIAKWOV
doayndtwv mapdBOAaong pe  ABoypadia Axtivwv X, avamtvooetal
TLEQUANTITIKA OTNV ETIOUEVT] TTAQAYQAPO.

H péBodoc otnpixbnke otnv vmo ywvia éxkOeon g mAaxétag, mov elvat
ETUOTOWHEVT He evmaOég oe aktiveg X moAvpepés (X-ray resist), péow pag
HAOKAG e ATTOTUTIWHEVO éva XOLOO GoayHa tagdBAaonc. O xevoog elvat to
VAKO mov amooPaivel Tig dtepxopeves axtives X kat mailet to QOAo ToOL
“adlapavovg” pépoug e paokas. H kataokeun e paoxkag Eekivael amo Ty
oAoypadukr) amoTVTIWON TWV KQOOOWV CLUPBOANG dvo deopwv aktivwv laser
LTTEQLVOOVS AKTIVOPBOALAGS, TTOV EektvoUv amo TNV dx NyN, pe anotéAeoua va
TIAQAYETAL éva Gy mapaOAaons oto pwrtoevmtabég VAKO (photoresist) pe
T0 oToio elxe emoToWOel, e puyokevtokn peéBodo, pa mAakéta ogrtiov. H
erupavelx e TMAakétag elxe emoTowOel MEONYOLHEVWS HE €va OTOQWUX
XovooU ue N néBodo e eEdxvwong xovoov péoa ot kevo (Au Evaporation in
Vacuum). Katémv n 6An didtaln BuOiletat oe eppavitikd vyeo (dxAvtn) kat
T HEQN TOL TOAULHEQOUG TIOU QAVTIOTOLXOVUV OTOUG HEYLOTOUS KQOOOTOUG
OVHPOATIC dxAvovtal (“okdPovtal’) pe taxVTnNTa avaAoyn pe TNV eVEQYELx
mov  €xovv amopodrjoel [Oetikd photoresist]. To amotéAeoua etvar to
TOLOdLROTATO PEAYHa TapAdBAaomc amd moAvuegéc (resist). Me arxoAovOo
okdipo upe sputtering (“sputter etching”) to amotédeoua eltvatr éva
tolodxoTato Goaypa magabAaonc amd xovood. Katax tnv duxgkewx Tov
okapipatoc pe sputtering, to Podyua amod photoresist Aertovgyel wg
TIEOOTATEVTIKY] HAOKA €TOL WOTE VA& OKAPBETAL HOVO TO HEQOG TOL XQUOOU TIOU
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dev kaAvmtetal and photoresist. TolovtoTEOTIWG éXOLHUE Tav amoTéAeopua éva
XoVO0 Podypa mapdOAaong mavw oe i Aakéta movottiov. To teAwd otddlo
NG KATAOKEVNG TNG HAOKAG ETUTUYXAVETAL HE TO AVIOOTQOTUKO OKAPILO TNG
TIAAKETAG TOL TLELTIOV, ATO TNV TOW TAELEA, £TOL WOTE TO XQLOO PEAYHA Vo
«vmooTtnElletar doUKA HOVO amd éva Aemto LUMEVIO TuoLTiov Ttdxovg 3um
TeQLTov, TETOl0 WOoTe va etvat dartepatd amd tnv aktivoPoldia aktivwv X. To
oxNua 1 meprypdadet TV TOMOAOYix TG HATKAC, TO OXTMa 2 del)VEL TO XQUOO
dodyua tagdBAaong meguddov 1 um oe puen kAion (a) kat og kAton (toun)) 90°
(B), xat o oxnua 3 o XeLood Ppeayua agabAaong megLodov 0.6 um oe pkEn
KAlon.

AidAupa yia avicoTponikd okawiuo Tou nupitiou (Si)

Si preferentiol
eiching solution

A sl

300 Rzl |

20008 A_J B4 A_) 4 Gold
300 A—rrmrrrrr s iR T iy P 7 ey rrr Ni Cr
1500 &~ i \si0,
RED Si
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7 Si N
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eiching solution

Si02 SiO2

AidAupa yia aviooTponikd okayipo Tou nupiTiou (Si)

Zxnua 1. TomoAoyia mAaxétag [to NiCr kat to SiO2 xonowtomowovvtal yx
mEooTaclat TNG XOLOTG HATKAS ATt OKAPLUO KATA TN dLAQKELX TOV
QAVIOOTEOTIKOU OKAPIHATOS TOL TTLELTIOL pe VYEO]

Zto méumto kepaAao TeQrypddpovial ta anoteAéopata e kabeavtng
éxOeong pe axtivee X, pHéOw XOLOWV HAOKWV, TOL €woav TOAD KaAL
amoteAéopata. H vno ywvia éxbeon amodeixOnke, omwg meoPAepOnice
Oewontkd, 0tL pag divel ) duvatdtnTa eAéyXov NG HoEPT|S TOL KAVAALOV.
Kataokevaotmnke yoviako ¢odyua magdbAaong megodov 1 um  xat
avarnadxOnke Gpoaypa 1eplodov 0.6 pm. XnpavTik& TEOPAT|UATO VTTAQXOLY,
KkLOlwg avtd TN oklaong Ad0yw TG MAQACKILAG Twv oaktivwv X (X-Ray
Penumbra Shadowing) 1 omola ogloOetel kat TNV daXwELOTIKY] tkavoTnTa

1976 Tuipa HAeKTpoAGYwY Mnxavikwy Kat Emotnuwy YrnoAoylotwv  O€A. 4 amo 7
Mavemotnpo Tng KaAwpopviag, MmépkAel



Iepidpipn Aivarropirsic Awazofric rov lwl Ioadx Xdyovel

(resolution) aAAd& kat v avtiBeon (contrast) evog cvotrpatog éxkOeong pe
axtives X. I tic pwrtoypadiec xonoonomOnie HAektoovuer) Mukgookortia
Lapwong (SEM). To oxnua 4 deixvel éva ywviako ¢poaypa magdOAaong
meQLodov 1 um omov N anovoia “puvtegnc” ywviag oto Paboc [kogudm] g
TEQLOdOL elxe TEOPAeDPOEL pe TNV TEOOOUOIWOT) TTOL TEQLYQAPETAL TIAQAKATW.
To anotéAeopua avtd emPePalwvel KAL TO HOVTIEAO AXTIOQQOPTOTG EVEQYELAG

aTo To resist.

(o) pucon kAion (B) xAton 90°
Zxnua 2. Xouoo Gpoaypa mapdOAaong meptodov 1 um.

pkQr) KAlom
Zxnua 3. Xouoo Gpodypa mapdOAaong meptodov 0.6 pum.
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(o) pkon) kAton (B) kAlon 90°

Ixnua 4. Toviaxkd ¢odypa mapdBAaong meQuodov l1um KATAOKEVATUEVO UE
ABoyoadla axtivwv X.

L10 €KTO KePAAXIO avaAMTUOOOETAL £V HOVTEAO Kat évag aAyoplOuog
TIEOOOMOLWONG NG dadikaoiag epupaviong 1 okapipatoc. Me pa adyePoik)
HEBOdO €yve apXIKA Ml TIOWTN TEOOEYYLOT] TOov MEOBANHATOS, dnAadn otL
elval ePIKTI) 1 KATAOKELY] TWV YWOVIAKWV QQAYHUATWV TQAOAaOTC e 1)
pneBodo e AAX. AvamtoxOnke emiong, kat amodeixOnke OewEnTikd, M
H€B0d0C TEOCOUOLWOTC TOL OXTUATOS (TTEOPIA) TOL dAXWELOTIKOV HETWTIOV
KkaBg avutd Kveltar 0to XEOVO Kal OTO0 XWQEO MeTall TOv VLAWKOU Tov
OKATITETAL KAL TOL LYQEOV 1) AAAOL OKATITIKOV HETOL (TL.X. LOVTWV K.ATL.) TIOL
«OKA&Per. Xan meplmtwor Ttov resist (Ui yevikr) meQimtwon) Oewor|Onke To
VALKO G aVOOLOYEVES Kal Lo0TEoTo. Adov 1) taxvTnTa okopipatog (dnAadr n
TaXVTNTA e TNV OTola KWveltal To HETWTIO 1) 1) TaXVTINTA He TNV OTola
“okaPel” 1 “towel” 10 oKATTIKO LYQEO TO resist oe k&xOe onuelo) kavomolel To
Nopo g IMagabAaong tov Snell, tote WoxvOLV OAa OOx WOYXVOLY YA TN
[Newpetokr) Ontikn, 6mov 1 TaxvTNTa okapipatog oe kaOe onuelo Tov resist,
avtiotolxel pe v taxvTTA HETADOONC TOL (PWTOS OTOVSG XWQEOUS TNG
INewpetokric Ontikrc. Etot opiCetat kat évag deiktng magdOAaong tov resist,
Katd mANON avtotolxia pe tov TeoTo mov opiletatr oty Ontuey. T v
éoevva avamtLXOnke KLVOlwg N HEOODOC NG mpooouolwone Tne LxvnAatnonc
xpovika kar xwpika e «axtivac» oxayiuatoc (Ray Tracing) étor wote n
TEQIRAAAOLOA TWV AKOWV OAWV TWV AKTIVWV O& ULt OQLOUEVT]) XQOVLKT] OTLY N
va dtvel to HETWTO, KAl KAT EMEKTAON TO TeAO MEOPIA (aTtetkdvion Tov
HETWTOV-OLXTOUNG) MeTA TO TEQAg NG eudavions. H akxpPric Avon tov
TEOPAT|HATOC divetar amo T Avon g e&lowonc Hamilton-Jacobi, n omola
otV Otk anokaAeltat kat «amekoviotik)» (eikonal). Xtnv elowon avt
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avtikaOiotatat o omtkodg deiktng MaeaBOAaonc e to deiktn mMagdBAaong
ToV resist 1) omolovdToTE AAAOL pécoL Tov okamTetat. Opiletat wg delkTng
napOAaong tov péoov (Ax. photoresist, X-Ray resist k.Am.), oe Tuxov onuelo
TOU, TO KA&OUA e aQlOunT) TN HEYLoT Taxvt)ta okapiuatog oto Héoo Kat
TIAQOVOUAOTH) TNV  Taxvtnta  okapipatog oto  onpelo. H péBodog
TIOOOCOUOLWONG TEOTPGEQETAL KAL Yiat TN AVOT TOLOOLACTATWY ATEIKOVIOTIKWV
nooPANuatTwv. Ta amoteAéopata tov aAyoplOpov PeeéOnkav oce aQLoT
OLUPWVIA PE TA AVTIOTOLXA TELQAUATIKA ATIOTEAETUATAL.

H mnoooopoiwon e dwdwkaoiag okapipatog pe 10 HovréAo Tng
(xvnAatnong axtivag (ray tracing) divet pax ToAD kaAvtepn avtiAnyn xat
Yvwon e Puoknig dtegyaoiag tov okaipatoc. ITapatnoeltal OTL 1) TeAKT)
duxtour] (MEoPIA) emnpealetat apketés PoEc amo axtives (dNAadn orkamTko
VYQ0) MOV EeKLVOUV amtd TNV emPAVELX TOL VAIKOU Tov okA&Petal, amd
0QLOUEVT TEQLOXT ONuElwY T omoia améxouy peta&d toug Atya Al Avtd
delxvel Ot 1 depyaoia okaPiHATOS AELTOVOYEL HUIKQOOKOTIKA O& QTOULKEG
dwxotaoes. H mAnong iyvnAatnon delyver moteg aktiveg Ba akoAovOrjcovv
TIOLO OQOMO £TOL WOTE HETA ATIO OQLOUEVO XQOVIKO DACTNHA V& HOEPOTIOLE(TAL
N teAkn dtoun.

Me yvapova ) peAAovTikr] OmaEn TO WOXVOWV TINYWV akTivoBoAiag
TARAAANANG déoung aktivwv X, kat vrobétoviag «téAela» emadr] paokac—
VTMOOTOWHATOG e  resist axtivwv X, magovowkloviat amoteAéopata
TMEOOOMOlWOoNG Y  ddpooa  TAXN HACKWOV Kol  Oldkpoges  meQLodOLS
doayuatwv. Eva ovupmégaoua etvar ott poaypata pe meptodo 0.1 pum elvat
epikta.  Emiong moooopowOnkav datopés (Teodid), tumukés yia Omtikn
ITooPoAwr) Exktvmtwon (Optical Projection Printing), kat yoappwv 1 um oe resist
kataokevaopéveg pe ABoyoadia HAextoovikrc Aéouncg (Electron Beam [E-
Beam] Lithography), xaOwc¢ kar yix oxdpuo oviwkd eudutevpevov S5i02
(ion-implanted SiO2). XYUykQLOT pE MEWQAPATIKA amtoTeAEopATA, KAOWS KAl [Le
amoteAdéopata  dAAAwv  aAyoplOuwv  mEooopolwong  emPBePalwvovy TNV
axpiPeta Tov aAyodelOpov.

TéAog oto €BdOHO KePAAALO avapEéQovTal TEQIANTITIKA Ta aTtoteAéouata
KAL OL TEAIKEG TAQATTQNOELS.
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