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4. Experimental Techniques

This chapter is {ntended to give an overview of the main experimental
components and aspects of LCP, Section 4,1 describes different experimentzl
setups for laser microchemical and large-area chemical processing, Section
4.2 comments on lasers that are typically used in LCP, Techriques of
measuring deposition and etch rates are outlined in Sect.4.3, Sectton 4.4
briefly describes different possibilities of 1n  situ temperature
measurements.

4.1 Typical Setups

The main components of an experimental setup for LCP comsist of a laser and a
reactton chamber, The latter contatns the reactive species and the substrate,
The taser light can be fncident perpendicular andfor parallel to the surface
of the substrate [4.1,2]. The reaction chamber is often operated with &
constant flow of the reacting gaseous or Hquid species with or without a
carrter. {n microchemical processing, the reaction chamber can be sezled off
in many cases, because of the small amount of species consumed in most of the
reactions,

For microchemical processing, the Taser beam, in general 3 cw lager
{Sect.4.2), s expanded and then focused at normal {ncidence ontg the
substrate surface, A typical setup ts shown schematically in Ftg.4.1. Laser
beam illumination times are electronically controlled with an electrooptical
modulator, The eyeplece s used for direct observatton of patterns, The
position of the objective fs opticalty and electronically controlled
(autofocus), Direct writing of micrometer-sized surface pattsens s
accompt tshed by tranststing the substrate perpendicular to the focused ltaser
beam (Fig.4.2a).

Large-area processing can be performed with an experimental arrangement
that, apart from some changes in the aptics, 1s similar to that shown in
Fig.4.1. The main difference 1s that the laser beam 15 scanned over the
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MOOULATOR
NICROSCOPE e
il |
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0100
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Fig.4.1. Schematic of a typical experimental setup for microchemical
processing. The substrate {s mounted on an xyz stage, The position of the
objective is optically and electrically controlled (autofocus), The eyeplece
(or a TY camera together with a monttor) ts used for direct observation of
patterns

a)

SUBSTRATE

b)

Fig.4.2. C:zrematic showing the
focusing ‘- nicrochemical [a}
and  large-rrea chemical (b}
processing in parpendicul ar
configurattan (after {4,1))

substrate either unfocused or defocused or focused to 2 line by means of a
cylindrical lens (Fig.4.2b). Another type of experirental setup ysed in
Varge-ares processing 1s shown in Fig.4.3. Here, a colli~ated beam 15 passed,
at 2 certain distance, paratlel to the surface of the substrate, Combined
parallel and perpendicular {rradiation is achisved e{t-ar by directing the
emerging beam onto the surface of the substrate fn an ar-~zngement as shown 1in
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Flg.4.3b, or by using two lasers, perhaps at different wavelengths, In the
tatter case, one can separately optimize homogeneous and heterogensous
pyrolytic and/or photolytic reactions by proper selections of Iys Ap and ll.
A, respectively,

In laser-enhanced electrochemtcal plating (etching), the substrate is
negatively (positively) blased with respect to a counterelectrode 14.3.4),
The applied voltages are typteally 1-2 V. Figure 4,4 shows an apparatus for
laser-enhanced Jet-plating, which is the most recent development in this
area. In this technique, the mass transport to the substrate is increasec by
2 jet (typical flow velocities are 103 cm/s}. The laser beam (in most
experiments an Ar* or ket laser was used) is focused at the center of the
oriftce of the jet and s maintained within the 1liquid column by total
internal reflectfon until impingement on the cathode occurs. In these
experiments, the potenttostat {s set to deliver constant current, t.e. to
plate galvanostatically. In earlter experiments, not using a Jet, the
substrate was immersed within the Mquid electrolyte. Here, the laser beam
was directed either through the electrolyte to directly 1flluminate the
electrolyte-substrate interface from the front or, in the case of transparent
substrates coated with metal on one side, through the substrate to t1luminate
60

EXTENSION
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Fig.4.4. Experimental setup for laser-induced electrochemical Jet-plating,
e laser besm {is focused approximately at the center of the Jet orifice, The
substrate can be moved via the extension arm {after L4.3))

the metal layer from the rear only. These init{al ‘esperiments stmply used a
dropping resistor to measure the current flow with 4nd without laser beam
tilumination. Both continuous and pulsed plating {etching) were demonstrated
by modulating the external voltage source, the laser output power, or both
synchronously. Both, Ar® and Kr* lasers were used with power densities
ranging from 102 to 10% W/emd, The plating (etching) mechanisms and
experimental results are described in Sects.d.3 and $.2.3, respectively,

Lasers

The lase that are most commonly used in LCP are listed in Table 4.1,
together with™gome of their characteristic features, Micrometer-sized
structures are mai produced with cw lasers, such as Ar* or ot lasers,
fncluding frequency-doub lines. The reason is the tight focusability and
good stabtlity of such lasers respect to the beam profile and the output
power, These are prior conditions irect writing of microstructures with
constant and well-defined morphology (5@ 5.2), The TEHoo mode, which has
been used in most of the experiments, fis Gaussian shape, Then, the
incident laser irradiance within the focal plane can written 17 the form

1r) = 1(0) exp(-2r2/wy?) , (4.1)

where w, is defined by I{wg) = l({'.i)/ez and 1s given by approxi~ately (S
for example, L4.5-7])
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oot o TmEer WEOPRLmeEr T1imsS. Furthermore, LCP avoids
the\damage to materials - from {on or electéon bombardment or from overall
ultraviolet radiation « which 13 i'nherent to conventiona! low-
re techniques such as plasma processing and fon- or electron-besm
processiny, Laser processing s, of course, not 1imited to plamar substrates
and allows Xhree.dimens{onal fabrication as well,
. The presert book concentrates on the new field of laser-fnduced chemical
‘processlng of Wgterials as defined Just above, As already mentioned In the
Preface, the intextion 1s to give scientists, engineers and manufacturers an
overview of the exdent to which the technique fs understood at present, and
of the various possib\lities and limitations 1t has.

Determining the scode of this book was, naturally, very difficult and in
Some cases somewhat ar trary. for example, we have paid tttle or mo
dttention to problems reladed to laser machining taking place in afr, where
oxfdation or nitridatton rexctions may play an important role as well,
Furthermore, laser-induced stry tural transformations, or laser &lloying, are
often accompanied by a precipitalon of new compounds within the surface of
the material, and such cases coul equally well be incorporated into the
book. We also exclude the wide fiely of homogeneous laser photochemistry,
Here, the basic fnteraction mechanisms Ypetween molecules and laser 1ight are
investigated, and waterials are produced eneously 1n the gas or quid
phase |1.45-50), Sometimes such reactions Nso take place in the presence of
solid surfaces that catalyze the laser-induc reaction. Finally, mo medical
applications have been tncluded, even though thuse tend to be based on mainly
photothermal or photochemical reactions, in £ same way as the cases
discussed n this book L1.51-55]),

The book 1s divided into nine chapters, Chapters\2 and 3 are devoted to
the fundamentsl mechanisms sn prrolytic and photolyt chemical processing
and to the kinetics of laser-induced chemical reactiong at or near solid
surfaces, Experimental techniques are briefly described in
outlines laser-assisted deposition of materials in
microstructures and thin extended films. Laser-induced surface wodifications
are described in Chap,.6. The formation of stofchiometric compounds 1s covered
n Chap.7. Chapter 8 desls with laser-induced chemical etching of Waterfals.
In Chep.9 actusl and potential appiications of LCP in mic anics,
microelectronts, integrated optics and chemical technology are summakized,

The main abbrevistions and symbols used throughout are Tisted at the enl of
the book,

N~ 4. FYundamental Excitation Mechanisms

Laser-induced chemica! reactions can be based on several fundementally
different microscopic mechanisms, In the following we shall classify
reactions into those which are governed by mainly pyrolytic {photothermal) or
by mainly photalytic (photochemical) processes. We shall call a reaction
pyrolytic 1f the thermalization of the laser excitation {s fast compared to
the reaction, and photolytic 1f this {s aot the case, t.e. when the
constituents of the resction are in nanequilibrium states. The Jaser
excitatfon can take place within the ambient gaseous or liquid medium and/or
directly within the surface of the solid materisl {substrate) to be
processed, In many cases the different mechanisms and possibilities of
excitation contribute simultaneously to the reaction, but often ons of them
dominates. There are also many exenples where, for example, & reaction is
intttated photolytically and proceeds pyrolytically, or vice versa.

In this chapter, we will outline & phenomenological treatment of laser-
induced temperature distributions for semiinfinite substrates {Sect.2.1.1}
and compare it to model structures that are relevant tn LCP {Sect.2.1.2),
Sections 2.2.1 and 2.2,2 deal with dissociative singie-photon and multiphoton
electronic  excitations and with the dissociation of molecules by
photosensitization, The fundamentals of selective 1infrared vibrational
excitations are outlined In Sect.2.2.3.

2.1 Pyrolytic Processing

In pyrolytic laser-induced chemical processing, the laser serves as 3 heat
source and gives rise to thermochemistry. The absorbed laser 1ight may heat
efther the substrate, or the ambient gaseous or liquid medium, or both, High
temperatures are reached, e.g. by one-photon sbsorption processes, §f the
frequency of the laser light matches a strong vibrational absorption in a

- particular wolecule, or any optically active elementary escitation in the

sotfd. In solids or 1n single, f1solated polystomic molecules, this excitation




- T T FOTEOTRVI . DEuause O the high
motecular densities used {n LCP, randomization of energy betusen single
melecules occurs via collisional energy trinsfer, typicelly within 19712 .
10°7 5. In spite of their thermal charscter, such laser-driven reactions may
be very different from those traditionally initiated by a conventional heat
source in which an equivalent amount of thermal energy s depostted, This 1is
because of the much higher temperatures {~ 104 K) obtainable fn the small
reaction volume defined by & focused laser beam, Therefore, novel reaction
products due ta different reactfon pathways may occur.

Single-step production of spatially well-defined structures is usually
performed by local substrate heating using laser lght that 1s not absorbed
by the ambient gaseous or Viquid medium. In this case the chemical reaction
is essentially confined to the hot spot that s induced on the substrate by
the absorbed Taser light, Because of the Targe vartety of optically active
elementary excitations 1n solids, and because of the rapid disstpation ef the
excitation energy, it is clear that in the case of loca) substrate heating
the dependence of the reaction rate on the frequency of the laser radiation
s less pronounced than fn the case of gas-phase heating mentioned above,

A quantitative malysis of pyrolytic processing based on local substrate
heating requires a detailed knowledge of the taser-induced temperature
distributions, Direct temperature measurements have baen performed with 3
reliable degree of accuracy in only 2 very few cases. In many cases the
measurement techniques (Sect.4.4) cinnot  be satisfactorily applied for
practical reasons, and so 3 method of calculating the laser-induced
temperatures is destrable. In fact, many features in pyrolytic processing can
be qualitatively and in some cases even quantitatively understood fromw
calculated temperature distributions.

The temperature distribution {nduced by the absorbed laser light depends
on the absorption coefficient a(A.T) within the processed area, on the
transport of heat, which is determined by the therma] diffusivity Dt(T). on
chemical reaction energies (exothermal or endothermal), and on transformation
energies for crystallization, melting, botling, etc., where relevant. Here,
ts  the laser wavelength and T(r,t) the laser-induced temperature
distribution, which {s 4 function of both the distance r from the center of
the besm and of the time t. Note, however, that in laser-induced chemical
processing, the quantities o and 0 do not refer Just to the substrate
Naterial. In fact, these quantities are strongly changed by the deposition,
surface wodtfication, compound formation or etching process ftself l2.1-6].
Let us consider this, for example, in the case of laser-induced deposition

L

from the gas phase when the sybstrate and the laser beam are static, Before
nucleation takes place, a and Dy refer to the substrate, However, when
nucleztion commences, these quantities will change rapidly with the density
of the nuclei and therefore with time, When a compact film 1s formed, 2.9, a
metzl film, and 1f the penetration depth of the laser light s smaller than
the film thickness, a will refer only to this deposited film. Simitarly, the
therma! conductivity will be quite different for such a combined structure
and for a simple homogeneous plame substrate. The situation 1s very similar
in laser-induced compound formation and etching,

We will now discuss these problems in greater detail and compare laser-
induced temperature distributions on semiinfinite substrates with those
Induced on structures that are relevant in laser-~induced chemical processing.

2.1.1 Semlinfinite Substrates

Temperature distributions induced on semiinfinite substrates have been
calcrlated for static amd  scanned cw 12.1,2,5,7-18] and pulsed
[2.12-16,23-26] laser beams. Similar calculstions have alse been performed
for semiinfinite muitilayer structures [2.27.28}. Here, in many cases,
analytic solutions are possible. In the following we will outline some of the
essential features for cow laser and pulsed Taser heating of solids,
Continuous-wave laser heating 1s the predominant mode in laser-induced
microchemical processing, while pulsed laser heating is mainly applied for
large-area chemical processing and for projection patterning (Sect.4.2).

In the following analysts we shall consider the flow of heat by conduction
Into the bulk of a material irradisted by a slowly moving laser beam. Meat
losses into the surrounding medium by thermal conduction, convection, or
blackbody radiation are ot taken into consideration. The temperature
distribution induced by the absorbed laser light can be calculated from the
heat equation, which can be written as

£(1) 2T ge(ryor = q. f2.1)

D (T) at
Here, «(T) and Dy (T) are the temperature-dependent thermal conductivity and
thermal diffusivity of the {rradtated materisl, The thermal diffusivity is
given by Dy (T) = x(T)/p,cp. where py, 1s the mass density and Cp the specific
heat at constant pressure, The term Q ts the source term arising from the
incident laser tight. The temperature-dependent thermal conductivity «(T) can
be eliminated from the heat equation by performing a Kirchhoff transform
12.29). The Kirchhoff transform requires the introduction of a linearized
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temperature 0, which 14 defined as

T
= I '
o(T) = ef1,) ’,’f%f?il ar 2.2)
0

where o(T,) 1s 2 constant, and To the temperature ot infinity, In terms of
the linearized temperature, the heat equation can be written as

1 % _ g2y . _1q
Be(T{el) ot ° (Tg) ° {2.3)

In & reference frame that 1s moving with the laser beam, say tn x-direction,
and in which the temperature distribution 1s stationary, the heat equation
becomes

—vs 28425 ._10
0, (T(0)} ax v (Ty) * (2.4)

where ¥s 1s the velocity of the substrate relative to the reference frine.
For a Gavssian beam at normal fncidence to the substrate, O is given by

Q -?ﬁi&ﬁlexp(-zrzlwoz)f(z) with {2.5)
flz} = a exp(-a2) . (2.6)

if a Is constant, p 1s the incident lager power, R the reflectivity of the
substrate, and Zuo the diameter of the laser focus (Sect. 8.2}, In the
following we shall discuss various dffferent approximations,

a) High Absorption

In the case of high absarption (e > 10" w1} with no appreciable 1ight
penetration into the material, the source term Q vanishes except at the
irradiated surface, where it {s 9iven by the effective absorbed irradiance,
This assumption holds, for example, for metals, and in good approximation
8lso for Si for visible Ar* or Krt laser light, espectally at elevated
temperatures (see below), tn this case, we can write

flz) = &(2) , , (2.6%)

Using the source term (2.5} together with (2.6°), the generst solution of

(2.4) s obtained by & Green's function method l2.29]. 1t 1s given by

172 -
PR ) where (2.7)
2312 ‘(To)"'o 0
glu) = (1 + u?)-! exp{-2 [Ul;:!:—:f..‘_'z +:_:.” with (2.8)
X =x/w,, ¥ Yoy, T = tlw,, (2.9)

Ve vsimes x(1) = woiri82" Po, ).

Because T = T(8), and because R and Dy are temperature dependent for most
materials, (2.7) 1s an implicit equation for the linearfzed temperature o,
The above treatment cannot be used, however, when 0, depends very strongl yom
temperature and when gphase changes occur, In this case, a more complex
formulation of the problem based on numertcal methods is required,

We now tompare caleulated temperature distributions, st111 assuming f{z) »
&(z), for various different cases.

The Static Case

In the static case, {.e. for cw laser frradiation and vy = 0, equation (2,7)
no longer depends on the diffusivity Dy.

In the first approximation, we also neglect the temperature dependences of
parameters, The assumption of a temperzture tndependent thermatl conductivity

Y i v i

1) 1
s, w91

1000

TEMPERATURE T (K}

_;_ig%; Temperature  distribution
mduced by & static Gaussian laser
beam at normal 1incidence. P = 0,575
W, 2wg = 5 um, Ty = 300 K, The radius
is messyred from the center of the
- laser beam. The parameters correspond
ST to 5i. Dashed curve: x = «($1,T}, R
Te 1 L 1 . | = R(S{,T,]. Dotted curve: x =
1 3 S «(51,T), R = R{ZT, 7T, TulT corve: «
RADIUS ~ [um] = x(51,T), R » R(51,T) {after 12.5])




ST I EEERL o UviimR e UeDye temperature,
This follows from the Wledemann-Franz law x = uZtBZTuIJeZ &nd the temperature
dependence of the high temperature electrical conductivity ¢ ~ 1-1 |2,30).
The dashed curve 1in Fig.2.1, which 15 calculated from (2.7), applies to this
case (note that for x = Const{T) the temperatures @ and T are equal), In
order to compare these results with those presented below, we have chosen
values for the parameters which correspond to those of crystalline 51 at room
temperature, The maximm temperature rise tn the center of the spot is

O » Vo - 1p = — P(LR) {2.10)
coeT e (2004 (T )y

Next, we take into account the temperature dependence of the thermal
conductivity. For crystalline semiconductors and insulators, the high
temperature thermal conductivity can be described, in many cases, by ¢ ~ 7-1,
For S, a fit to experimental data yields |2.31]

(T = k(T = T)Y; k= 299 wyem, T, = 99k, {2.11)
With (2.2) and (2.7) the temperature can then be expressed analytically by
TE3) = Ty + (T4 - T} exp(o /Ty - T) . {(2.12)

The dotted curve in Flg.2.1 15 calculated for thts case.

Finally, we also consider the temperature dependence of the reflectivity.,
For S1, this temperature dependence can be approximated betweern room
temperature and its melting potnt (1690 k) 12.18-22| by

R(T) = 0.324 + 4.30-5 T (T « 1000 k) (2.13a)
= 0.584 - 4.8:10°4 T + 2,6.10-7 12 (T > 1000 x) ., (2.13b)

The full curve in Fig.2.1 applies to this case, The increase in reflectivity

with temperature reduces the temperaturs &t the center of the irradfated zone
by approximately 13%,

The Dynamic Case

We are now interested 1n the influence of the scamming velocity on the
temperature disteibytion, This can be calculated from (2.7) and (2.2) as fong
8 0 {s independent or only slightly dependent on temperature, This
assumption 1s invalfd for SI, for which the thermal diffusivity depends
strongly on temperature and can be approximated by l2.31}
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T ' ! F19.2.2. Laser-induced center tem-
perature T. as a function of lager
1500F S i g power  for  different  scanning
o velocities. 2wy = 5 um, T, » 300 K,
b Dashed curve: v = 0, Dotted curve:
o ¥s = 1 m/s. Dash-dotted corve: vy =
= 13-0 n/s, In" a three cases x =
Igl ‘(?‘ IT?)- n} .Th R(iiflro)o De =
D¢ (81,1680 k), e fu curve was
= 1000} 4 calculated for v, = 0 and x = x(51,T)
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B(T) = d(T - T9)"}; o = 128 owlys, Tg= 159 K , (2.14)

In such a case, a numerical solution of the heat equation must be enployed.
For simplicity, however, we shall confine ourselves to an upper estimate and
take the value for the diffusivity near the melting point of Si, i.e. By =
0, (51,1680 K), instead of (2.14), Figure 2.2 shows the center temperature as
3 functiom of liser power for different scanning velocities vy (dashed,
dotted and dash-dotted curves}, It becomes evident from the figure that in
sol {d-phase processing such as laser annealing 12.33.40] or 1aser synthes{s
(Chap.?), where scanning velocities of up to several neters per second are
common, the influence of the scanning velocity on the center temperature must
be taken into account. On the other hand, in processing cases where ve < ltl‘
um/s, the center temperature fs essentially unaffected by ¥e. The latter
approximation also holds 1n direct writing of patterns by LCYD, if xpfeg = 1
{Sect.2.1.2}. The full curve in Fig.2.2 shows the dependence of the center
temperature for ¥s = 0, but for temperaturg-dependent <{T) and R(T).

For pulsed laser irradiation, #n approach similar to that presented at the
beginning of this section can be made for ¥e = 0, Assuning agatn a Gayssian
besm profite and no light penetration into the solid, i.e. f(z} = &(z), a
sfmple integration of the Green's function allows one to obtain the center
temperature rise at the surface, f.e. the rise for r=0 and z « 0, For
temperature independent parameters and radial heast flow, this temperature
rise can be written as




Lré
P(]-
ATC . ?_m_u)_ arctan y (2.15)

® Kwo

1
with y = 2(20yt) ’lwo and t < 1; t 1s the time from the beginning of the

{rectangular) pulse and ¢ §s the pulse duration, For y « 1, {.e, for very short

times t, (2.15) yields
aT, = 4P(1-R)2172

=(xxp cp)l” "od ' f2.16)

while for very Tong times (2,15) approaches the 1imit (2.10). e cooling
cycle can be described, in the same #pproximation as (2.15), by

iz
oty = 2 _PlR) yregn 1o8 ) (2.17)
L3 lnlo 1+y¢

With ¢ = 2(2D¢(t-2)) 2y and ¢ > +.
Figure 2.3 shows the evolution of the normatized center temperature for
the heattng {full curve} and cooling {dashed curves) cycle and for different

laser pulse lengths <, Figure 2.4 shows the radial temperature distribution
for varfous laser beam 11umination times,
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b} Finite Absorption

Nodeling the laser-induced temperature rise 15 a little more complicated in
tases where the laser 1ight has a finite penstration depth and where the
function f(z), which enters the source term 0§, must be described by f(z) = ¢
exp{-az} {instead of by a delta function. The situation becomes even more
comol icated when the absorption coefficient e 13 not a constant but a strang
function of temperature. This is the case for $1. Here, the absorption
coeffictent for photon energles below 3 ey, 1.e, above sbout 410 o,
increases expanentially with temperature and can be fitted, within the range.
300 K < T < 1000 K [2.41-43) by

ofT} = g exp{T/Tp) . ' . (2.18)

The parameters o, and Ty are listed in Table 2,1, Because of the drastic
incraase of absorption coefficent with temperature, the penetration depth
el shrinks rapidly, and this effect 1s even further incressed by the
decrease in Dy (T) with increasing temperature, see (2.14).

Let us consider this in more detail for C0; taser and wisible laser
radtation. At 300 K, the infrared 1ight of a C0p Taser {A ~ 10 um,
corresponding to a photon energy of about 0.12 e¥) is only weakly absorbed in
pure crystalline Si [c-51; note that we frequently denote crystalline Si
simp’y by Si, while amorphous S1 is always denoted by a-$1}, which has a band

Table 2.1. Parameters determining the temperature dependence of the
abscrption coefficent (2.18) for Si

A [nm] @ [10°cm ™) Te K] Ref.

10000 2x107% 10 {2.42]
694 1.34 427 {2.41]
633 2.08 447 [2.41]
532 5.02 430 [2.41)
515 6.28 433 [2.41)
488 9.07 438 [2.41}
483 9.31 434 ‘ [2.41]
458 14.5 429 [2.41)
408 55.1 420 [2.41]
308 1400 (T<1100 K) 4543 12.43]

1800 (T>1100 K)
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9ap of about 1.1 e¥ at this temperature, In undoped material the absorption
coefficfent can be as low ag 0.3 en”l (300 k), but it can rise to more than
103 el (300 k) 1n heavily doped c-S1. The absorption 1s due to the
excitation of free carriers in the conductfon band, The excitation energy is
transferred rapidly to the lattice via electron-phonon scattering mechanisms,
which are extremely fast, typically of the order of 10712 ¢ 10713 5, as
result, the lattice fs Tocally heated, even at Tow to medium laser
frradiances, and the absorption coefficient thereby increases according to
(2.18}, Stmultaneously, Dy (T) 15 decreased. This dynamic feedback due to the
coupling of the optical absorption and thermal conduction rapidly 1increases
the heating rate.

When one uses visible laser radiation, electron-hole pairs are generated.
In this case, the time for energy transfer to the lattfce depends strongly on
carrier density, doping level, defect density, etc,, and varies, typfcaily,
from 10713 to 106 5, |n most laser processing sttuations, however
recombinatfon by Auger processes can occur, and the time of energy transfer
to the lattice ig a9ain very rapid, typically of the order of some
picoseconds L2.44], In other words, the situation 1s similar to that
described for infrared radtation, For cw laser irradiation, a steady state
between the supply and loss of energy within the {rradiated region {s
obtained,

The effect of dynamic feedback is more pronounced for pulsed laser
frradistion. A detailed theorettcal treatment for S{ and visible pulsed laser
trradiatton was devised by KWONG and KIm [2.23-26|. The calculations use a
parametrized perturbation scheme and assume one-dimensional heat flow. The
rapid increase in absorptton and decrease in ditfusivity with pylse duration
1s treated in terms of effective valves. The main resuits are summartzed fn
Fi9s.2,5 and 2.6, Flgure 2.5 shows the rise in center temperature for
different laser pulse fntensities. At 10 mifom?, the effective thermal
diffusion time U _dqozﬂtot {a; ane Deo are the effectfve values of the
absorption coeffictent and the thermal diffustivity, respectively) 1s long
enough to increase the heated volume beyond the energy deposition depth a1,
Therefore, the temperature rise near the surface 1s small., With increasing
pul se tntensity, thit is with increasing heating rate, however, the reduction
of Dig 2nd the shrinking of a1 confine the deposited energy more and more
near the surface. Figure 2.6 shows the threshold laser energy for the onset
of surface melting of 51 as a function of pylse tntensity for different laser
wavelengths, At a wavelength of 694 nm and 20 mlcnz, for example, the energy
needed to melt the Si syrface is about 0,42 chmz. while at 100 Mi/cmd only
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Fig.2.6. Threshold fluence for surface melting of Si versus pulse intensity
TE?W?erent laser wavelengths {after |2,23))

0.2 dfewd are needed. The figure also shows the decrease in threshold pulse
enerqy with decreasing wavelength, This effect s most pronounced in the low
intensity region. it should be emphasized, however, that the calculations
i2.23] did not incorporate the jump in surfece reflectivity which occurs at
the melting point, This may ratse the threshold pulse energies for the onset
of melting by a factor of approximately 2 relative to Fig.2.6.

2.1.2 Models for Deposition and Etching

As already mentioned at the beginning of this chapter, the cafculation of
temperature distributtons for LCP s much more complicated than for the
semitnfinite substrate: the temperature within the processed ares will change
stronjly, even at constant laser irradiance, due to material parameter
changes originating from the deposttion, transformation or etching process
1tseif, The essantial features can be directly understood by comparing
temperature distributfons induced on semitnfinite substrates with those
tnduced on structures that are relevant tn LCP. Figures 2,7-9 show model
structures for the deposition of circular spots, for direct writing of
stripes, and for the etching of holes or grooves, For such stryctures,
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Fig.2.7a,b. Model structures for the deposition of spots. {8} circular
¢ylinder {b) circular cone. The diameter of the spot at the substrate surface
s d. An intermediate layer of thickness hy is fndicated

Fi9.2.8. Model structure for steady growth of stripss. For simplicity, a
rectangular laser beam with constant Intensity has been assumed
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Fl19.2.9a-c. Mode! structures for the etching of holes, Here, d is cefined as
the width at the substrats surface !

analytic solutions of the heat equation {2.1) are, in general, not possible,
Therefore, numerical methods such as finite difference or finite element
procedures must be empioyed {2.45,46), The first calculations of :his kind
were performed by PIGLMAYER et al, 12.1-5]. The boundary conditions were
similar to those used in the preceding section, The approximation was made
that at sufficiently large distances from the irradiated surfsce, the
temperature rise AT becomes radially symmetric with respect to the zenter of
the laser spot,

Let us commence by simulating the deposition of circular spots. Here, we
do not consider the problems in the phase of nucleation, as disoussed In
Sect.5.1, but assume that after 3 time tm the semiinfinite plane substrate is
2lready covered with a thin circular film of the depostted materiz} within
the area exposed to the focused laser beam, In Fig.2.7a, the deosit f§s
represented by & circular disc of diameter d and height h. For oreater
generality, the semiinfinite substrate is assumed to be covered with a thin
extended layer of thickness M. The thermal conductivities of the deposit,
the thin layer and the substrate are *p. x| and xg. For simplicity we ignore
the temperature dependence of thess matarial parameters, and also heat losses
to the gas phase and latent heat effects (heats of formatian}, The 1aser beam
s assumed to be Gavssian and normally incident at the center of the Jeposit,
16
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Fig.2.10, Laser-induced tem-
AX ‘ perature distributions for a
circular  cylinder (Fig.2.7a)
cdlculated for different ratios
of thermal conductivities cp and

= 2pum k5. The arrow marks the edge of
03 SRy 2\'!0 K the disc. The dashed curve
-:d=6um represents  the temperature
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First, we make the following further assumptions: the diameter of the disc
15 larger than the laser focus (d > 2wa): no light penetrates into the
deposit |f{z]} = &(z}); the therma) conductivitiss of the thin layer and the
substrate are equal ("L . zs}. Under these conditions, the temperature
distribution can be calculated from (2.4,5) together with {2.6') and vg = 0,
The only difference from the semiinfinite substrate appears in the soyrce
term Q. Here, the reflectivity of the substrate must be replaced by the
reflectivity of the deposited materfal, and the thermal conductivity now
refers to both the substrate and the deposit, 1.e. « assumes the values )
and xg in the deposit and the substrate, respectively, Figure 2.10 shows the
resuits of numerical calculations for varfous ratios of the thermal
conducttvities cp and xg (¢ = 6 um, h = 0.6 yum, 2v, = 2 um), The edge of the
deposit 1s indicated in the figure by the arrow. It can be seen from the B
figure that the center temperature gcales approximately with xp/eg. This
holds also for xp ¢ kg, A case that under certain tircumstances applies to St
deposition on Si substrates [see [2.11)]., For xp = <g, the temperature
distribution within the deposit is close to that for the plane substrate
(dashed curve); the center temperature taken from the analytical calculations
by LAX [2.7) 1s indicated. Significant differences from the semiinfinite
substrate occur only near the edge of the disc., With increastng «p/eg the
temperature distribution on the disc flattens, In the Timit xg ** xg the
temperature is almost constant over the disc. This latter case applies, for
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Fi?.z.lla’b. Temperature distributions
a) Kp» &y b) = & calculated for different geometries of

circular deposits. The dotted curve
T refers to a circular cone (Fig.2.7b),
a1l other curves to circular cylinders
(Fig.2.7a). Arrows indicate edges of
deposits, Full curves: h = d/20, 2wy =
d/3 (for “the upper full curves the
values for h and ¢ are half as large as
for the lower ones). Dashed curve: h =
d/10, 2wy = df3. Dotted curve: h =
4/20, 2w » df3. (a) xp = 7O W/RK, kg o
1.3 W/mk; (b) wp = x§ = 70 Wmk, Tp »
300 Kk (after t2.1y})

TEMPERATURE T [K]

Tog 0
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example, to metal deposits on insulating substrates. The temperature
distribution outside of the depasit, t.e. for r > 4/2, 1s only slightly
influenced by the value of the ratio xp/xg.

Next, we consider temperature distributions for different geometries of
circular deposits, They are shown fn Figs.2.11a,b for two different ratios of
thermal conductivities xp and xg. The value for xp corresponds to a typical
metat such as M LxgiNi) = 10 W/ ). The substrates are glass [xg(glass) ~
1.3 wmk) and S1 leglSt) = wp(N1}) tn Figs.2.1)a end b, respectively, All
Curves except the dotted one refer to the model of the circular cylinder
(Fig.2.7a). ™e dotted curve 15 the temperature profile for A clrcular cone
(Fig.2.7b) with height h = d/20 (in F1g.2.11b the curves would be ¥most
1ndist1ngu1sheble). Flgure 2.11a shows that for constant spot diameter d, the
temperature at the edge of the deposit, T(d/2), depends only very stightly on
1ts geometry, 1.e, on 1ts height and exact shape (compare full, beroken and
dotted curves), Actually, If kp *> xg, the temperature rise aT(d/2}) scales
approximately fnversely with ¢ (compare full curves) and can be described to
4 good approximation by the simple eguation 12.29)

aT{d/2) = P (1-Rp)/{2des) (2.19)

It is therefore not surprising that AT{d/2) ts not very sensitive to changes
in «p as long as ®p ** Kk5i €.9., when we use a value of xp = 30 W/mK instead
of xp = 70 wWmk, aT{d/2) decreases by only about S%. [n Fig9.2.11b the
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temperature distribution §s nearly independent of the diameter, hefght and
shape of the deposit and {s very similar to that for a plane substrate;
significant differences occur only near the edge of the deposit. ’

Figure 2,12 shows the influence of the laser focus on the temperasture
distribution for three different ratios of thermal conductivities Xpe € #nd
kg The values used for xp and «c are the same as those used fin Figs.2,11a,b.
Figure 2,12b represents an intermediate case where the Si substrate f{s
covered with a layer of h = 4000 A 2510, [:,_(swz) = x(glass) /. The full
curves were calculated for equal center temperature Tc = 530 K, which of
course requires different absorbed laser powers, namely 10, 56 and 120 md 1in
cases 4, b and c, respectively, A doubling {dash-dotted curves) of the laser
focus changes the center temperature much more dramatically in b and ¢ than
in 4. As Tong as d > Mg, the temperature AT{d/2} at the edge of the deposit
remains nearly unaffected in all three cases,

a) kp»x = K| b) Ky® Kgoky c)xn- K» K

o
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i
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-t
/!
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Fig.2.12a-c. Temperature distributions calculated for model structure shown
n 9.£.78 with three different ratios of thermal conductivities and two
different radti of the laser focus. Fult curves have been calcilated for
equal center temperature with h = d4/20, 2w, = df3. Dash-dotted curves: h =
d/20, 2wy = 2d/3. Values for xp and xg correspond to those in Fig.2.11, h =
4000 A, T, = 300 X, T, » 530 Kk, Te schematically indicates a threshold
temperature (after [Z.IJS

We now proceed to a model for dineet writing (see Chap.5). The shape of
the stripe, shown in Fig.2.8, has been chosen for mathematical conventence:
for the same reason, the Intensity of the incident beam fs assumed in this
case to be constant over its square cross section, Relative to the scanning
beam the shape of the Infinttely long stripe 15 taken to be static; in a
reference frame where the laser beam and thereby the stripe are at rest the
substrate moves with velocity ¥g. Temperature profiles calcylated for «p =
0xg and «p = xg are shown in Fig.2,13. For xp " rg, the temperatyre
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Fi9.2.13. Calculated temperature distributions for stripes aleng the
coordinate axes of the model structure shown in Fi9.2.8. we/Dp < 0.5
w1 (atter |2.2))

distribution fs again not significantly affected by the deposit and is almost
symmetric. For %p > =g, the general trend is the same as for the discs. For
realistic geometrical parameters for the width ¢ and the $hickness h of
stripes, and for ¥¢/0y small compared to a typical parameter Ve the
temperature profiles are essential ly unaffected by the velocits of the laser
beam. For examptle, for parameters d = 6 um, h = 0.6 um we obtain v, = 0.5
uu'l. which corresponds to scanning velocities of 50 m/s on S and 0.50 mfs
on glass, These values exceed realistic scanning velocities in laser-1nduced
deposition by several orders of magnitude, The temperature pro*iles shown in
F19.2.13 are therefore very similar to those shown in Fig.Z.12. T™e main
differences 1in Fig.2.13 result from the heat transport alosg the stripe
{positive x=direction), which yields a reduction of the center temperature
with {incressing cross sectfon of the stripe. This effect Is especially
signtficant for xp >*> g (Flg9.2,14), The temperature distributions shown in
Figs.2.10-14 will be further discussed in Chap,5, .

For the mode! structures showm in F1g5.2.9a-c, which are relevant in
taser-induced ¢teching, only preliminary calculatfons have been performed
12.5,6]. The case of Fig.2.9a 13 very simple as long as ¢ > day . Under this
condition, the temperature distribution 1s simflar to that of a semiirfinite
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Fig.2.14. Influence of the cross section of stripes on the temperature
profile, "The meaning of the dashed arrows s expiained in Sect.5.2.5 (after

12.2))

substrate. The situstion becomes much more difftcult when the width d becomes
comparable to the laser focus 2y, For the case of the Y-shaped hole shown in
Fig.2.9c, the calculations are more complicated even for d > 2wy, It we
neglect multiple reflections of the laser 1ight within the hole, we obtain a
temperature distribution that shows & marked dip at the center of the hole,
.. for r =0, Tis would imply, of course, that further laser beam
iNumination would change the shape of the hole. This contradicts the
experimental results in Chap.8, To maintain the maximum temperature rise at
the center, one has to take into account the dependence of the reflection and
absorption coefficients on _Ehe angle of incidence and, additionatly, mltiple
reflections of the fasér 1tght 1inside the hole. A comparison with the
experimental results {n Chap.8 requires consideration of another point, While
the depths h of holes fncrease continuously with laser beam {l1lymination time
ti, the widths d remain about constant, Consequently, the angle of incidence
of both the incoming laser 1fght and the internally reftected taser light
will also change with time. Similar difficulties arise for the model In
Fi9.2.9a if d becomes « 2y, and also for the iIntermediate case shown in
F19.2.9b. Terefore, the distribution of the absorbed laser power within the
hole becomes very complicated and differs stgnificantly from the intensity
distribution within the laser beam. In most cases, the real situation in
laser-induced etching is even more complex. The material that fs ejected out
of the hole during the etching process scatters and/or partially absorbs the
incoming and Internally reflected Taser light. These difficulties may explain
why caiculated temperature distributions for the modeling of Taser-induced

2!



etching have not so far proved very enlightening. This is quite different
from the case of laser-indyuced deposition, where many experimentat results
can be understood from the ctlerlations outlined above,

The zccuracy of the model calculations s closely related to the know!edge
of the parameters R, x, a, etc. that enter these calculations, These
parameters often depend on the temperature 1tself; one must then perform
catculations self-consistently, Mditionally, these paramsters may change
with the laser wavelength, the microstructure and morphology of the materfial
within the processed area, the film thickness, impurities, etc. It s
therefore destrable to measure these quantities, or at least some of them, in
situ, 1.e. during the deposition or etching process. For a few model systems
Such measurements have in fact been performed for g aind a. In some cases,
additional estimations can be made, For exsmple, the reflectivity of rough
surfaces does not depend upon the depth or the spatial period of the
roughness independently, but rather upon their ratto. This has been studied
by KIVAIS! and STEMSLAND |2.47). 8y comparing morphologies of deposits
derived from scanning electron micrographs with the results 1in [2.47].
addittonal iInformation on the value of R may be obtained,

2.2 Photolytic Processing

In photolytic (photochenlr.al) processing, the laser Tight breaks chemical
bonds directly within the syrface of the material itself, within adspectes or
within the surrounding gaseous or liquid medium. Photochemical bond-bresking
tan be based on dissociative electronic excitations, which are located in the
visible and wltraviglet spectral  region, or on selective multiphoton
vibrational excitations by means of infrared radtatfon. An indirect mechanism
1s to transter the bond-breaking energy via an intermedfate species as, for
example, in photosensittzation, Clearly, single- or wultiphoton dissoctation
of molecules based on direct or indirect electronic excitation 1s a
nonthermal and very common process. Photochemical dissociation of molecules
based on selective multiphoton vibrational excitations 15 not as common and
in fact very rare in LCP, The fine details of the different fundamentai
mechanisms have been extensively studied for model systems and frequent)y
discussed 1in & great variety of monographs and conference proceedings (gee
€.9. {2.48-61)}, On the gther hand, apart from a very few exceptions, only
Mttle is known about the photochemistry of those molecules that are relevant
tn LCP. AMditionally, in most Lcp situations, the physical conditions with
respect to molecylar densities, temperatyres, the great variety of species,
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the presence of interfaces or acceptors, etc,, differ significantly from
those generally chosen for separating and investigating single interaction
mechanisms, Selective bond breaking in the condensed phase 1s not yet well
understood and difficult to realize because of line broadenings and fast
vibrational relaxations iato heat, typically within 10-13 . 1p-1} $. In the
following outline we will confine ourselves to some fundamentals, with
special emphasis on the literature on those gas-phase molecules that are used
&S precursors in LCP, Solid-phase excitation will be discussed further in
Chap .3,

2.2.1 Dissociative Electronic Excitations

Electronic dissociation of molecules can be based on single- or multiphoton
processes, Such processes are, f{n general, accompanied by simultaneous
excitations of vibrational and rotational transitions (see 2.9, [2.48-64 ),
Let us start with four characteristic cases of dissociative single-photon
excitations. Figure 2.15 shows schematically potential energy curves for the
electronic ground state and excited states of different molecules. For
simplicity, vibrational and rotationai energy levels are not included.
According to the Franck-Condon principie, transitions always occur verticatly
between maxima {n Hrlnz and I'!'zlz. where the Y{ are the corresponding
vibrational wave functions in the lower and upper slectrontc states. In the

£
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Fig.2.15a-d. Potentta) energy curves for the electronic groung state and
exctted states showing different cases of dissocfation, Hers, fn is the
energy of dissociation and hv the photon energy. Vibrational ang rotational
energy levels are not included in the curves
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after having been brought into the unstable excited state, typically
dissociates withtn 10713 . 10-1% 5 Clparly, relazation and energy transfer
between gas-phase molecules fs unlikely within such a short time, In the case
of Fig.2.15b the excited electronic state is stable and dissoclation only
occurs for photon energies hv » EE,. However, in many cases dissociation s
even observed for hv <« Ej (Figs.2.15¢,d). This phenomenon is called
spontaneous  predissociation. Here, dissociation occurs before the
dissociation 1imit of the tnftially excited electronic state by transitions
to another unstable {Fi9.2.15¢) or less stable (Fig.2.15d) electronic state.
Another mechanism 1s dissociation by internal conversion 1nto vibraticnal
states of the electronic ground state having an energy above Ep. Such
transitions become possible 1f & mizing of states near crossings of potenttal
turves occurs. Predissociation is thersfore much more frequent in polyatomic
molecules than 1In  diatomic molecvles. The typical time scale for
predissociaton extends from 106 to 1012 s, For tow light intensities the
sverage number of dissoclated molecyles My is proportional to the laser
fluence ¢ and is given in go0d approximation by LT af"ﬂ ¢/hv, where N {s
the total number of molecules within the interaction voiume and ¢ « Iz, 1
being the laser 1ignt fntensfity and ¢ the taser beam N lumination time, The
effective cross section for dissociation is c(f" " noy. The dissociation
yleld n depends on the 925 pressure, the type of reactant and buffer gas
melecules, etc, Under collisionless conditions, n = 1, For hv » Eﬁ and
negligible flvorescence, the dissociation and absorption cross sections are
equal, 1.e, 94 = dy. In the case of tlinear interaction, this number of
excited or dissociated molecules is independent of whether irradiation is
pulsed or continuous.

The matn limitation of singte-photon decomposition processes relevant to
Taser-induced chemica) processing is the tack of flexibility of available
lasers tn the medfum to far ultraviolet spectral regfon. Myltfphoton
processes impose less severe wavelength restrictions on the absorption
continuum of the reactive species than single-photon processes. However, in
this case the number of excited molecules depends nonlinearly on the photon
flux, and hence on the excitation conditions. Efficient processing can only
be performed with high power pulsed lasers, Here, other problems may arise in
many processing applications (Sect.4.2),

In the following, we will become more specific and concentrate on
the homogeneous photochemistry of nolscules that are most commonly used +n
deposition, surface modification and .etching reactions, A brief glance at
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Table 2.2, Dissociation (d} and absorplion (a) cross sections o and g, for
parent molecules used in LCP

Molecule o[ %10~ "em? 4 {nm] Ref.
0.002 () 257 12.75]
AsH; 18 ) 19 [2.66]
8,H, 0.2 (a) 193 [2.66]
Cd(CH,), 2 () 257 [2.75)
Cr(CO), 12 (2) 193 2.72
LS EY) 249 [2.73
5.2 (@) 308 127
Fe(COY, 240 (a) 173 12.67
27 @) 248 [2.67}
1.3 () 355 12.67)
Ga(CH,), 5.4 () 193 (2.68
0.09 (1) 257 [2.68)
GeH, 0.0035 (a) 193 [2.30
Int <7 (M 193 12.69)
Mo(CO), 60 (2) 191 1272
44 (a) 249 [2.72
11 {a) 108 12721
0.5 (a) 350-360 [2.70)
NF, 0.0053 (1) 193 12711
NitCO}, 30 (2) 248 (2.13R)
2.4 () 308
PH, 13 {a) 193 [2.66]
PUPF,), 0.19 (a) 243 (2.7
PIHFAcAG)® 100 (2) [2.74]
SiH, 0.0012 (a) 193 12.66]
TBr 22(d) 193 [2.69]
TIl 24 (d) 191 [2.69]
2.6 (d) 248 (2.69]
W(CO), 121 193 [2.7%
4.5 (2) 249 [2.72)
2.4 () 08 2.7
0.5 () 350~ 360 [2.70]

*HFAcAc is CF;COCHCOCF, i.e. the 1,1,1,5.5.5 hexafluoro-2,4-pentane-di-

onate anion,which is also known as the hexaRluorcacetylacetonate anion.
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Tebles 5,1, 6.2 and 8.1 reveals that the most important precursor molecules
fnvolve alkyls, carbonyls, halides and hydrides, Table 2.2 summarizes
dissocfation (d) and sbsorption (a) cross sections for certain compounds at
specific laser wavelengths., It becomes evident that the values of o may
differ, at a certain wavelength, by several orders of magnttude. For example,
for cu(cu3)z and AIZ(CH3)5 {the molecute 15 dimerized at 300 K and pressures
of several millibars) the absorption cross sections at A = 257 m differ by &
factor of about 103. Thig can be derived from the UV absorption spectrs
presented in (2.75), Efftcient dissociation of K3(CH3)g requires frradiation
at 2 shorter laser wivelenqth, It is absolutely essential to note that the
dissoclation yield depends strongly on gas pressure and on possible
admixtures, Furthermore, LCP is often performed not homogeneousiy, but at
9as-solid or liquid-solid interfaces. Therafore, laser-molecul e-surface
interactions are of great importance, As a consequence, the photodissociation
yield may change by orders of magnitude with respect to collisionless
unimolecular reactions or homogeneous collision-induced reactions within the
9as or liquid phase. Various 1ight-molecul e-surface interaction mechanisms
are discussed in Chap.3,

Metal alkyls, such as Al3(CHalg, Cd(CH3)s, In(CH3)5, have been ysed for
the deposition of the corresponding metals (Sects,5.2 and 5.3} and,
additionally, as doping gases (Sect.6.3). Admixtures of these molecules with
N20 or N0; allow formation of oxide layers (Sects.5.3.2 and 5.3.3). The
molecyles Ga(CH3)3, P(CH3)4, In(CHy) 5, (CHJ);,[nP(CIl]]J. etc. are precursors
for the depostition of compound semiconductors (5ect.5,3.2), and many of them
show dissoclative continua in the near to medium ultraviolet, which can
easily be reached with available laser sources, The photothermal and
photochemical decomposition kinetics of many metal alkyls and carbonyls has
been reviewed by PRICE L2.64), For most of the metal alkyls, however, little
15 known about the details of the varfous photofragmentation channels, An
exception {s ca(cu3)2. which has been studied bath theoretically 12.76] and
experimentally (2.77], According to these investigations, single-photon
absorptfon near 257 L] (frequency-doubled Ar* laser radiation) results in
dissociation into ground state Cd and CH3 according to

CalCH)p + hvi2s7 mm) — caqlsy) + 2wy | (2.20)

Dissoctation is asymmetric, with one CH3 group leaving at least half a period
of vibration later than the first, The free methyl radicals subsequently
react to form volatile hydrocarbons such as ethane,
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Metal carbonyls, such as Mi(C0)y, Fe(C0)g, Cr(CO)g, Ho(CD)g, and W(CO)g,
were used for metal deposition in the form of both microstructures and
extended thin films, The photodissociatton dynamics of these rolecules has
been studied in some detai) |2.64,67,78-B4). For many metal carbonyls,
molecular fragmentation begins to occur In the near U¥ region at wavelengths
A < 250 nm. For cw and pulsed laser {irradiation at low power densities,
decomposition seems to be based on saquential elimination of CO ligands by
stngle photon processes, such as

Me(COly  + hv — He{cO)",y + CO, (2.212)
Me(CO)'py ¢ hv — Me(C0)’p.p + €O, . (2.210)
He(C0)*  +hv — me" + 00, (2.22)

where * indicates internal vibrationsl and possibly elsctronic excitation.
Because of the nigh gas pressures used in LCP, stripping of *he remaining
Vigands, for example after absorption of two photons according to {2.21a) and
{2.21b), can also occur by subsequent collisional events, YZRDLEY et al,
2.67| have investigated the photolysis of Fe{CO)g at 352 nm [Ty Nd:YAG), 218
wm(KrF) and 193 nm (ArF), At Tow laser fluences and gas pressures below 130
mbar, the primary fragmentation into Fe(co)s_,, with 1 < n ¢ 2 oroceeded via
one<photon absorption. A large fraction of the initial enercy was found to
have been retained as internal electronic and vibrational snargy -in- the
metal-containing fragment, The photofragmentation of' Cr{Cd)g nes been studied
recently by SEOER et al. 12.79). Under 351 nm XeF laser ragiation the major
photolysis product was Cr{CD)g. The large relative yield of Cr(c0)s is
consistent with the observations of BRECKENRIDGE and S]%A[ .2.80 who used
355 nm frequency-tripled pulsed Nd:YAG Taser radiation. Focused high power
pulsed laser excttation may favor coherent multiphoton rather *han sequential
single-photon photochemistry. FISANICK et al, {2.83; have studied the
rultiphoton dissociatton (MPD) and ionfzation (Mr1) of CriCCls and related
compounds. Different fragmentation channels have been observed for parent
molecule excitation below and shove the lonization 1imit cor-esponding to a

wavelength of about 400 nm,
The photochemistry of organometallic coordination corplexes has recently
become the object of great interest. Such compounds have bees successfully
27

Mﬁ



used as precursors for noble metal deposition. Initial investigations on the
generatton of Cu atoms from the photodissociation of Cu{4FAcAc)s have been
performed by MARINERO and JONES | 2.85). Transition metal complexes such as
Croiz, 0s04 and PL(PF3)y have been investigated by SCHRUDER et o1,
12.73,86).

Halides 11ke Cly, Bry, I, etc. show stromg continus tn the visible and
vitraviolet region. They result at least {n part Yfrom the 3llowed
dissoctative transition lnu — l.‘:g. for example

Cly + hv (£ 500 ) — 201 . - (2.23)

For CTZ. the maximum fn the dissociative continuum occurs & about 330 mm, At
wavelengths A > 480 mm, the continuum |s very weak and has vibrational
structure superimposed on it, resulting from transitioms into the bound
31[(0u’) state. If absorption occurs at a wavelength short esough to break the
bond (A < 498.9 mm), this bound state predissoclates with nsar unity yleld by
crossing over to & repulsive state 12.87,88}. For Bry amd 1,, wavelengths
below 628.4 m and 803.7 nm are necessary to dissoclate or predissociate the
molecule, The halogen radicals are very aggressive. They strongly chemisorb
on many surfaces and may thereby break surface chemical bonds. Photoreactions
such as (2.23) are therefore often used in materials stching (Chap.8).
Similarly, photochemical etching fs also often perforred with halogen
compounds such as Cor,, CFaCly, CFaBry, CFqr, CF3l, CFyNO, CU(CF;]Z. These
molecules can be photodissociated with Arf or krf excimer laser radiation
resulting  in  highly reactive radicals such as F, ¢, CFy,
CF4q | 2.48,52,57,89,90-92|. Ultraviolet absorption spectra of many of these
compoynds are shown in 12.90-92]. The pyrolytic and photolytfe decomposition
kinetics of many halides has been reviewed by ARMSTRONG amd HOLMES [2.93).
Admixtures of metal halides and hydrogen are used for meta! deposition. The
most important precursor molecyle so far 1s W, This wolecule s most
commonly used for photodeposition of extended thin films of W, mainly by
means of ArF excimer laser radiation, ODEUTSCH and RATHMAM 2.94,95 | suggest
that the ArF laser radiation initially produces W (n = 1-3} radicals which
further resct with hydrogen (Sect.5.3.1),

Hydrides such as StHy, SioMg, GeHy, CHy, CoHp are used “or deposition of
S1, Ge and C. Photolysis of admixtures of S1Hy with N0 is mportant in thin
tilm formation of 510, (Sect.5.3.3). AsHy, BoMg, and Ry are used as
precursors for silicon doping. Direct photochemical decomposition of silicon
hydrides can occyr only for wavelengths of Tess than 200 nr. PERKINS et al.
[2.96] have studied the 147 mm photolysis of SiHy, using & Xe resonance lamp.

8

Two primary decomposition processes have been revealed

Sty ¢ hv — SiHy + 20 {2.20)
and
SiHy 4 hy s SiHy + H (2.25)

The final products of the photodecomposition reaction were Hy, SipHg, SigMg
and a f{im of hydrogenated amorphous silicen (a-51:H; see also Sect.5.3.2),
The shortest laser wavelength that has been used for the decomposition of
SiHy s 193 om, the ArF excimer laser line; no experiments with 157 mm Fa
laser radiation are known {Table 4.1}, At 192 mm, Sity has negligible lfnear
absorption, However, the molecule can be dissociated at this wavelength with
relatively low fluences (< 10 lﬂlcmzl by muttiphoton excitation. ArF laser
photolysts of CoHp has been investigated by IRION and KOMPA [Z..9'r'j.

At wavelengths less than 200 nm, the primary photolysis steps for Asty,
BoHg and PHy are thought to include production of AsHp, ByHg, PHy and atomic
H |2.66). In the presence of S1My, the H atoms may react with SiHy according
to

StHe & H — SiHg + Wy | (2.26)

The photochemistry of N0 and M3 has met with increasing 1interest f{n
connection with the deposition of sxtended thin fiims of oxides and nitrides
{Sect.5.3.3). For N0 the guantum yleld for dissoctation 15 about 1 in the
wavelength region 138 - 210 m 12:98], Its photochemistey has been well
categorized for single-photon excitation [2.98-103). The primary reactive
product under ArF excimer laser irradiation [2.103) 1% excited atomic oxygen

N20 + hv(193 mm) — N, + O(lD) (2.

The photodissociation of uu, under 193 nm ArF laser {rradiation has been
investigated by DONMELLY et al. 12.104]. The primary photeproduct is ground
state WMy, which is formed with nearly unit effictency,

3.2.2 Photosensitization

In photosensitization the photons are directly absorbed by intermediate
species which then deexcite by collistonal transfer of the appropriate energy
to the acceptor molecyles (see ¢.9. {2.57)), For example, direct photolysis
of CHy is only possible below 144 nm




CHg + hvi<144 m) — CHy + Hy {2.28)
while the Hg-photosensitized reaction can take place at a longer wavelength
Ha(lSy) + hv(253.7 o) Hal%,) , (2.29)

Ha(3p) + cn, — Hg(lsg) + CHy + H , (2.30)

As can be seen from this example, the products of these photareactions may
differ greatly in both cases. Mercury-photosensitized decomposition of SiMy
and GeHy has been studied by NIKI and MAINS 12.105] and by ROUSSEAU and MAINS
t2.106), respectively, Photosensitized reactions 4sre very common in
photochemical studies, but are not favored for locaiized microchemistry due
to the resction-spreading properties intrinsic to the process (see alsp
Chap.9), However, the technique can be used for large-ares processing,
Examples are the low temperature growth of epitaxtal layers of HgTe
12.107,108) and etching reactions with CF3. produced from CO{CF3)s via
photosensitization of CoHsF by KrF excimer taser light | 2.90-92],

2.2.3 Infrared Vibratlonal Excitations

In this section we wil) briefly outline some fundamentals of laser-induced
vibrational excitations of free molecules tn the electronic ground state.
Several reviews have dppeared in this field in the last few years |2,48-52,
58-61,109-1111. Here, we again put special emphasis on molecules and aspects
that are relevant to LCP,

Let us commence by defintng terms: We will henceforth call gas- or Hquid-
phase reactions thermal 1f the absorbed laser energy fs at Teast locally
thermalized between the different degrees of freedom, On the other hand, we
will call reactions nonthermal if there are mol ecules participating in them
that are not #n local thermal equilibrium. We will use the term nonthermal or
photochemical reaction even In cases where the laser light induces a local
temperature ' rise byt without complete thermelization, e.q, between
vibrational snd translational degress of freedom,

Classification can be performed according to the retaxation times
oy P, o, inter y.T1 3nd the rate of vibrational excitatfon oo The
first quantity, g,_,'“"‘. s the time for {ntramolecular transfer of
vibrational energy between different vibrational modes of the molecule being
excited., This time increases with decreasing vibrational anharmonicity and is
typically of the order of 10-12 ¢o 10°11 5. The second, ¢, inter o 4p.

1

0

time for tntermolecular transfer of vibrational energy beiween molecules of
the same kind or of different kinds within a 9as or & licuid. Finally, Te-T
is the relaxation time for molecular vibrational energy to be transferred to
translational degrees of freedom - which is the time for thermal equilibrium
to de reached in the molecular mixture, Clearly, the times s,_,"‘t" and
Ty-T vary with experimental conditions such as the molecular density,
temperature and type of adeixtures or solvents. For gases such as M3 or
BCl4 at 1000 mbar, t,_,'““" 1s typically of the order of 10=? ¢, The value
of M, will depend on the radiation intensity and the crass section of the
specific vibrational transition. For further details see, for example, the
monograshs by BEN-SHAUL et at. |2.48) and LETOKHOV (2,52,

Mode- or bond-selective multiphoton excitation requires an excitation rate
that 1s large compared to the rate of {ntramalecular +ibrational energy
transfer, This would need laser pumping in a mode fairly isolated from the
other vibrational modes and high laser intensity plcosecced or subpicosecond
excitation. While the first conditton is well fulfilled for diatomic
molecules, which have only one vibrational degree of freedom, collisionless
multiphaton dissociation by monochromatic infrared radistion seems to be
impossidble 1n this case because of the energy mismatch Setween the photon
energy and the vibrational energy levels, which, because 2 the anharmonicity
fn the potential, are not equatly spaced. This tatter res:riction is relaxed
in the case of polyatomic molecules (see below). Meverthe ess, bond-selective
dissociation has not yet been convincingly demons:-ated even in a
collistonless environment.

In the following we constder three different cases tmat can be realized
under conditions used in LCP. First, if

llt,,\,'""' >> Wy » llt\,.v'"t" . (2.31)

moleculs-selective excitation is possible. Wnhile the vibrational energy
within the molecule interacting with the infrared fielc is in equilibrium,
there 15 no vibrational equilibrium wmong the molecules in the mixture, In
other words, molecules in resonance with the laser frequercy acquire 2 higher
vibrational temperature than al} the other molecules. “olecyle-selective
excitation and dissociation according to (2.31) 1s of co~siderable practical
interest, e.9. in laser isotope separation, and it has been studied in great
detall. In order to separate single effects, many =f the fundamental
tnvestigations have been performed in the collisionless environment of a
molecular beam. Under this condition, -.-v_""t"' approaches infinity. For this
case, we will briefly describe the dissociation process. In contrast to

kil



g £ ' NEAT

CONTINDUN :S§§§§ 5:;25

&
~
~
-
-
—
-

—— —
==
el ————
——
—_— V=
]
e
_
—_— =
==
——
=
QUASI- —_— e
ConTInUM Y © —_— e
e =
e e ——— 1
] —_——
== —
= rﬁ_.__
_ ———— | e ——
——— P
= P =
DISCREYE | ——— -"_4 p————
s E —
= ESm=——
[— ——
J————
(o) (b)

Fi?.z.lﬁa.b. Schematic representation of vibrational ene

r3y levels fn ,
polyatomic molecule, (a) shows three regimes of enerqy level:{ {b) shows the
levels for the selectively driven mode ¥3y and the ensemble of other

vibrationzl levels, Energy transfer and relaxaté
coupl fm of reye! on are caused by anharmontc

diatomic molecyles, polyatomic molecules can absorb a great rumber of
monochromatfc photons [2.48-52.59-61.109-!14]. This can be made plausidle
from the schematic of vibrational energy levels shown in Fig.2.16. At very
low energies the energy tevels are discrete, With increasing visrational
energy and number of atoms of the polyatomic molecule, the camplexity of the
energy levels increases very rapidly, the enerqgy states becems very dense,
This region 1s called the quasi-continyum, which merges into 2 trye continugn
above the dissgciation Hmit, The quasi-continyum typically start: at the
tevel of 1 vibrational quantun (for complex moTecules and molecudes with
heary atoms) te 3-1p vibrational quanta (for simple polyatomic moleciles), It
can be described as a heat bath of states formed by the otder vitrational
degrees of freedom, The dissociation process involves an fnirial, selective
excttation of the infrared driven mode into the Quasi-cont t nuum region,
followed by energy absorption by the quasi-conttnuum until the Towest
dissaciation channet s reached. CollisionTess infrared multiphoton
excitation and dissociation of many molecules, including SFg, K14, QicF3),,
CF31 and COF3, which are also used in LCP, 1s consistent wi:h this model,
Clearly, this model describes the situation in 9as mixtures eaually well, as
Yong as condition (2.31) ts fulfilled, The average number of R photons
absorbed by a molecyle is “n> = os/hv, where ¢ 13 the laser fluence and o the
absarption cross section. |n eneral, o 1s not a constant but Ktself changes

n

with laser fluence and within the time : of the laser pulse. The value of ¢
for which <n> »> 1 ranges from 103 J/cm? for complex rolecules to tens of
JfemE for simpler molecules with large rotational constants f2.52].

Second, we constder the condittion

1ysinter, s Wy s> tfe, g {2.32}

Here, the vibrational equilibrium smong all the molecules in the mixture is
stronger, but the system {s still not In thermal ecailtbrium. Condition
(2.32) can only be fulfilled f the gas mixture does not contain any
component with fast v-T relacation, Because of the difference between
vibrational and  trans)ational temperature, nonseiective vibrational
photochemistry 1s possible when reacttons with a mintmun energy barrier take
place in & time not greater than about TyT*
The last condition is characterized by

We €< 11yt o {2.33)

In this case, all the molecules within the reaction volume defined by the
laser beam are in thermal equitibrium. The vibrational energy is immediately
thermalized through bi- or multimolecular collisional cnannels, The reaction
is purely thermal. Mevertheless, laser-induced 9as- or 'iquid-phase heating
may stgnificantly differ from traditional heating, e.g, +ig thermalizatfon at
or near the surface of a heated substrate, This has alresoy been mentioned at
the beginning of Sect,2.1.

After these very general remarks, we will become mors specific and discuss
some reactions that are of special importance in LCP. Fi=st of all, we should
be aware that for the complex molecules and molecylar ~iztures commonly used
in LCP, very Tittle {5 known about the various v — v ¢ v — T relaxation
pathways. However, because of the complexity and variety of the molecyles
involved and also on account of the high molecular densities used, we can
speculate that condition (2.32), and to an even grezier extent condition
(2.33), will apply in most cases, An important example in LCP that seems to
belong to this case 1s the deposition of hydrogenated avorphous 51 from $iHg
by means of €0, laser radiation incident paratlel %3 the substrate (see
Fig.4.3 and Sect.5.3). It has been shown by MEUNIER et al. [2.115) that the
deposition rate follows an Arrhenius type behavior wiere the temperature
corresponds to the gas temperature 1‘g induced by einz:z-photon vibrational
sbsorption of SiHg and collisional redistribution witrin the volume of the
incident laser beam. This interpretation s supported oy the comparison of

33



relaxation times, For typical conditions (an absorbed laser power of ) W/eaZ,
4 935 pressure of B{S1Hg) = 10 mbar and 4 gas temperature of 103 K) the
excitation rate for a molecule is about Wp = 107 5°1; and the average time
between collisions about 10-8 s, The vibrational-translational relaxation
rate is about 1/t,_; = 10% sl Therefore, (2.33) seems to be resdily
fulfilled, Nevertheless, the detailed dissociation mechanism is still ynder
discussion [2.116-119],

In spite of the fact that in LCP most reactions induced by infrared laser
11ght are nonselective, there aras some clear sxceptions. Anong these are gas-
phase etching reactions (Chap.8) that sre based on myltiphoton vibrational
excitation and dissaciation (MPD} of precursor molecules such as SFs, CF:,Br.
COFy. It 1s SFg that has been most extensively studied with respect to both
its fundamental axcitation mechanisms [2.58-60.]09,110.112-114.
121-128| and 1ts etching characteristics [2.129-133] under pulsed €0y laser
irradiation, For tow laser flyences ranging from abovt 0,1 to 1 Jemd (2-20
HHIcmzj non-dissoctative coherent excitation occurs according to

SFg + nhv(CO)} — sFg" (2.34)

where n may be greater than 3, The * indicates the vibrational excitation of
the molecule, The difference between g and SiHg in the initial stages of
absorption fs probably due to the extremely dense rotatfonal structure that
generally makes compensation of anharmonictty effects in heavy polyatomic
molecules more probable. In other words, contrary to SiMy, pumping of 5
into the quasi-continuum tg possible withoyt intermediate collisions. On
focusing the laser light to power densities of § to 10 chnz. multiphoton
dissaciation of the SFg molecule 1is oabserved. T™is may be symbolically
described by

_ SFg + Mv(COp) — SFg + F (2.35)

where N s usually 30 or greater. SF5 15 unstable and further decomposes into
SF4 and another ¥ atom.

MuTtiphoton sbscrption spectra show a number of characteristic features: ]
distinct rescnance behavier, a broadening and shifting of the resonance to
lower frequencies with increasing laser fluence and 3 strong dependence of
the intensity on laser fluence, For SFE. these characteristics have been
Studied by BAGRATASHYIL] et al, 12.125], They Compare favorably with laser
etching experiments performed in 3 5Fg atmosphere {Chap.B). A further patat
to consider for selective infrared LCP s the dependence of the dissociation

yield on gas pressure (see e.q, i2.52] and references therein). For many
!}

monomolecular gases, the dissociation yield {s independent of the gas
pressure, within a certain range, In the case of SFg this has been
demonstrated for the range 0.1 mbar < p(SFs) < 5 mbar [2.135). This behavior
fs related to the fact that the v.v exchange between molecules of the same
type can take place without & reduction of the average vibrational energy,
Collisfons between different types of molecules can result in & decrease or
an incresse 1n dissociation yleld. For g |2.12¢], CFql l2.134), etc,, an
admixture of monoatomic buffer gases decreases the dissociation yield, For
other molecules such as COFy, CpHy, CzHaFy, however, the dissociation yleld
shows a pronounced maxisum when the buffer gas pressure is increased. In the
case of cnr; 12.135) with Ar, this maximum occurs at a pressure of p(Ar) = 25
mbar and exceeds the monomolecular yield by a factor of about 45, The
influence of admixtures on the dissociation yield depends on the types of
interacting molecules, the gas pressure, the laser fluence, etc. Yibrational
energy transfer requires energy matching between vibrational modes, and will
be more efficient with complex polyatomic molecules tham with simple
molecular or monoatomic species,



ve Laser-induced Chemical Reactions 1quid-solid fnterfaces or within the surface of the matarial 1tself,

‘ 6 ) Eunple's of such reactions that resylt in local material deposition, etching,
! surface modification or compound formation are included 1in the figure,

! Clearty, homogeneous and heterogeneous laser-tfnduced chemical reactions may
be activated both pyrolytically and/or photolytically, depending on the
interaction mechanisms discussed in Chap,2. Mevertheless, the reaction rates
and pathways can be quite different for homogeneous and heterogeneous
reactions. In part this originates from the influence of additional Tight-
mo’ ecule-surface interactions: Surface adsorption may change the cross
section for photodissociastion of molecules by several! orders of magnituds,
So'id surfaces may promote decomposition of partly (homogeneously)
dissociated molecules. Laser 1ight may change the properties of surfaces by
lattice phonon excitations, electron-hole pair generation, electron emission,

Laser 1ight can induce chemical reactions either homogeneously within the gas
or liquid phase, or heterogeneously at molecule-solid or solid-sol 14
interfaces, [In Lce, homogeneously activated resctions are induced near
substrate surfaces with the laser beam at parallel incidence {see Fig.4,3).
The photoproducts that diffuse to the substrate surface may give rise to

extended thin film deposition (Sect.5.3), or to ete- '
5. nonlocal etching of the
hall line s fundamentals of the reaction
matertal surface (Chap.B). Heterogeneously activated reactions are generally [n this chapter ve sha W: : md . 1 d di f
performed at normal fincidence of the laser Tight. As shown schematically in e ons maltly for heterogeneously activated react e e

the additional interaction mechanisms mentioned above.

Flg.3,
3l such reactions can take Place In sdsorted fayers, at gas-solid or In general, laser-induced reactions consist of a number of consecutive
. -

~
ADSORBATE/SOLID  GAS/SOLID LIQUD/ SOLID SOLID/SOLID A steps: _
L] } a L. Transport of reactants into the reaction volume
LASER BEAM— 2. Msorption of one or more reactants onto the substrate
ADSORBATE 3. Pyrolytic or photolytic activation of molecyles near or at the -
SUBSTRATE substrate surface o SR
DEPOSITION s NGO, oo N 81 0 4. 4, Transport of product atoms or molecules to the surface, with possible
DD .4 % 0 NSO, + HyD eonite m :ASPUN- ON recombination ¢r secondary resctions on the way
ETCHING 4 SiCl, e Sitt+ 2015 Si + KCH=—25it Pour-lfggss :mcs 5. Condensatton or further reactions of the products of 3 on the surface
Si-SFs —~SiF ¢ ELECTROCHEMCAL 6. Desorption of reaction products from the substrate
PLATING. ETCHING 7. Transport of reaction products out of the reactidn volyme
SYNTHESIS SiH‘ czmz -OSiOZ& SI‘MO*SUCIBE
‘"z'c“a’s'lmzo s 15048 Cu'IMZSo-bcuns.z Clearly, in different types of LCP, one or more of these steps will either
: not occur at all or else will differ significantly. The rate-ltmiting step
DOPING " $ieBCly—s5ig Siete—oSi:Ma will depend on the activation mechanisms (photothermal and/or photochemical),
OXIDATION Sis 0y —si0, : the type of reaction (Figs.3,la-d), the reaction volume, the density of the
REDUCTION BaTio, + Hg ~+ BaTi03., reaztant medium, the physical and chemical properties of. the substrate
Flo.3.0, Examples of Laser-tnduced matarisl, the laser power, wavelength, irradiation time, etc.
?ﬁgiﬂ?l‘ty, not a1l reaction p:gductcshezir:alMg:ﬁt!;on’sn 'tthe'“::::f:s' ;:r The different types of reactions shown in Fig.3.1 will now be discussed in
::::st;:t“{hetﬁreg::?solticg: é&) and etching (+), Me stands for netals..-_e. Sects.3.1-4 in more detail. Section 3,5 deals with the spatial confinement of
equi11brium to the other sige: o CO 70Und by Simply shifting the chemica) \ laser-induced heterogeneous resctions.
. 36 -
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+ AUIUIDEq Layers

Laser-induced chemica) processing may be strongly influenced by the
adsorption of reactants, reaction products or impurities, Msorbates may
control reaction rates, the spatial resolution of structures and, in the case
of deposition or compound formation, nucleation times and the composition and
morphology of films,

Molecules on solid surfaces may be adsorbed either physically or
Chemically, The bond energies of physisorbed molecules are typically 1-10
keal/mole (binding energies = 0.05.0,5 e¥). For chemisorbed molecules the
bond energies are of the same magnitude as those of intramolecular bonds, and
typically range from 10 to 100 kcal/mole (e 0,5.5 &V). The statics and
dynamics of the interactions betwesn atoms or molecules and solid surfaces
have been extensively studiad 13.1-5,38]. Most of thase investigations were
performed ynder ultrahi gh-vacuum {UHY) conditions, Here, atom- or molecule-
surface interactions are studied for low surface coverages or for particle
beams at physically well-defined soilid surfaces. In this section we will
briefly mention only those aspects that are relevant to LCP: The number of
molecules being adsorbed depends on the enerqy with which they are bound to
the substrate surface, on their interaction with sach other (e.9. by dipole-

" dipole coupling), on the substrate temperature and on the molecular density
of the surrounding medium, The strength of these interactions &lso determines
the extent of changes tn the electronic and vibrational properties of
adsorbed molecules with respect to free molecyles, In any case, adsorption
May result in shifts ang broadenings of electronic and vibrational enerqy

may diffar significantly for adsorbed and gas-phase molecules 13.4-5;.
Contrary to investigations on bastc molecule-syrface interactions, 1CP is
generally performed only in high-vacuum (HY) reaction chambers that can be
Pumped out to between 10-6 and a few 10°7 mbar, Additionatily, substrates are
in most cases only themically cleaned sccording to standard procedures, As a
consequence, substrate surfaces may be contaminated with water vapor, organic
molecules, etc., which may change the aforement ioned interactions and
photochemical properties of adsorbed reactant molecules,

In the following we first discuss adsorbate-adsorbent Systems in a vacuum
{F19.3.1a) and then those in 3 dynamic equilibrium with 4 surrounding gaseous
atmosphere consisting of the gaseaus form of the adspecies {Fig.3.1b),

In the fipst case, the substrate is first exposed to the gaseous reactant,

which, after some time of Influence, is pumped off, |Laser light irradiation
38

may -~esult in selective electronic or vibratfona! (intramolecular bond or
adsorptive bond) excitations of the molecules and/or in charge transfer
reactions within the adsorbate-adsorbent complex. For a particular mlecula:
species the excitation probability is determined not only by the p:y:lca
properties of the substrate, but also by its microscopic surface morphol agy,
e.9. its roughness. For example, a strong increase in surface excitation may
be observed when a molecular resonance overlaps with optically active surface
resonances such as surface plasmons |3.7,8), The influence of the surfa:e
morphology on  light-molecule-surface Interactions has been clear ¥
demonstrated, e.g. in surface enhanced Raman scattering {SERS) |3.4). Bestdes
direct excitation, laser light may also interact with sdsorbates indirectly
via lacal substrate heating. Due to direct or indirect interactfon with laser
light, adsorbed molecvies may desorb from the surface, migrate across the
surfaze, change the nature of bonding to the surface {e.9. from physical to
chemizal), diffuse into the bullz,' or decompose at or react with the solid
surfaze |3.4,5,7-15). The latter cases result in deposition, etching, doping,
or compound formation. Examples of some reactions are included in Fig.l.1a.
Fo- pyrolytic laser-induced processes the reaction rate achieved within

the adlayer is given by |
Wir,t) = Ayg Nyg(T(r,2)) exp |<aE/RT(r,t)j , {3.1)

where A,q 1S a constant, g the temperature-dependen: number of adsorbed
molecules per unit ares and AE the apparent chemical activation energy that
characterizes the slowest step in the chain of chemica’ reactions involved,
The temperature distribution is given by T(r,t) = To » 2T(r,t). Here, T, s
the overall substrate temperature and AT the laser-incuced temperature rise

{Sect.2.1).
For single-photon photolytic processes, the reaction rate achieved within

the adlayer can be described by

W{r) = Bag Mup(. zr‘]uuzj . (3.2)
hvw,

where Byq 15 a0ain a constant, o,y the dissoclation zross section of the
adspecies, W, the radius of the laser focus and P the sffective laser power
{Sect.4.2). The value of Nyq may be decreased with respect to the
unirradiated case due to bond-selective excitation that may result in
photocesorption | 3.12-15),



L 15 clear that because of the small number of molecules adsorbed on the
solid surface, the amount of deposited, etched or doped ratertal is very
small, Because of the exponential decrease of Ngg with temparature, this 1s
even more pronounced when the fincident laser Tight heats the substrate. On
the other hand, molecules may diffuse along the surface snd may thereby
modify the effective factor Mg In (3.1) and (3.2}, The «iffusion Tength
within the time ¢ 15 given by 1 = (20:)“2 (the exact result depends on the
geometry and sfze of the resction zone) with the diffusion <oefficient D »
D, exp(-4E4/RT}. In the inittal phase of laser trradiation, replanishment of
reactant molecules may occur quickly by surface diffustian from nearby
reglons; therefore depletion of reactants will be unimpartant, and the
Feaction rate fs matinly determined by the photodecomposition rate witain the
reaction zone, At later times, however, reactant molecules mst diffuse from
further away, and ultimately the rate at which this dtffusion occurs

determines the reaction rate. Clesrly, these regimes will also depend on the

fncident laser power, Examples of LCP from ddlayers are given in Chap:.$ and
B,

The role of adsorbed layers may be quite different ¥r laser-induced
chemical processing from the 9as phase. Because such experiments are Lsually
performed at pressures ranging from 19-2 mbar up to more :han 103 mbar
myltiple-layer molecular films are formed on top of the more strongly bound
first molecylar monolayer. The total number of adsarbed molecrles depeds on
the strength of bonding, the temperature, and the 93s pressure. In gas-solid
systems where the gas pressure p is near to the vapor pressure Pes the
density of such Tayers {s similar to that of the condensed phase, An
empirfcal equation that provides a good fit tg the fsotverms of many
physisorbed systems having a untform temperature T 13.1,2) 1s

elp.T) = ep/({py-p){1 + {c-1)p/py )} (3.3

where a(p,T) is the amount of adsorbed material with respect o 2 monclayer
Coverage. In other words, the total number of adsorbed particies s

"a(por) - G(DIT,"L 1] (3")

where N is the number of adsorption sttes on the substrate. In (3.3), ¢ Is a

. temperature-dependent constant. From (3.3} 4t is evident tha- the su-face

density varles {un)ike the 9as-phase density) nonlinearly with pressure. The
surface coverage s also & sensitive function of temperatu-e, primerily
through the variatfon of the vapor pressure Py with temperaturm. The thange
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in 9 with even slight changes fn temperature is a consequence of the
relatively weak binding of physisorbed layers,

Laser radiation may again {nteract with the sdsorbed species as already
described above, The coverage of the reactant - and thereby the resction rate
- may be changed 1f the laser Vight selectively desorbs one of the components
tavolved in the chemical reaction. Additionatly, electronic or vibrational
excitation of gas-phase specfas may change their sticking coefficient. For
example, halogen radicals, produced by photodissoctation of the corresponding
gas-phase molecules, strongly physisorb or chemisorh on semiconductor
surfaces, while the corresponding parent molecules are only weakly bound.
Another example is the {increase in sticking coefficient of vibrationally
excited SFG' molecules with respect to 5Fg tn the vibrational qround state,
on semiconductor surfaces (see Sect.2?.? and Chap.8). Adsorption may also
change stgnificantly as a result of nonthermal photoexcitation of the
substrate surface, Different mechanisms of this type are outlined in Sect.3.?
and Chaps.5-8,

Because of the great thickness of adlayers which are in a dynamical
equilibrium with the surrounding gas phase, their {nfluence on resction rates
€an become important and, under certain circumstances, dominant,

3.2 Gas-Solid Interfaces

Irrespective of whether a chemical reaction is activated by mainly pyrolytic
or mainly photolytic mechanisms, the reaction rate at low laser powers 1is
determined by the kinettcs, while at higher laser powers mass transport ts
rate limiting.

3.2.1 Kinetically Controlied Region
In pyrolytic LCP, the reaction rate in the kinetically controlled region {s

WPy, Tlrt)) = Agkg(py.T} exp| ~sE/RT(r .t} , {3.5)

where Ps are the partial pressures of the reactants and resction products,
and aE ts the apparent chemical activation energy. The pre-exponential factor
ko 4130 depends, although less strongly, on temperature and, addittonally, on
the partial pressures p; (see e.g. {s.2)]; Ag 1s & constant. Equatton (3.5)
also applies to homogeneously {nduced gas-phase reactions, Then T s the
taser-induced gas-phase  temperature. In the following, however, we shall
constder only heterogeneous reactions at gas-solid interfaces. In this case,

a
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T{r,t) is the laser-induced temperature distribution within the processed
area of the splfgd (Sect.2.1}. For flat structures, the thickness of the

deposited material, or the depth of the etched or transformed pattern, s
obtained by integrating (3.5)

t
hrty} = Ag'tj'dt ko(py,T(r,t)) exp{-AEJIRT(r.t)} R (3.5)
n

where t; is the lacer beaw Nlmination time, and ty the latent time before
the reaction commences. It is timportant to note that the temperature
distribution T{r,t) is an implicit function of the geometry hir,t), which
influences the heat transport from the processed region, The change in
temperature during the time ty may result in & change in the pathway of the
chemical reaction, which i3 then characterized by a different apparent
chemical activation energy. This s indicated by the index § in at. In direct
writing of patterns, the integral in (3.6) must be extendsd from - «to + w ,
However, in most cases, 4 - ty can be approximated by the dwel| time of the
Vaser beam. The absplute valve of r in (3.6} is the distance from the center
of the cross section of the pattern, while the direction of r is parallel to
v, x kl. (vs and kl_ are the scanning veloctity and the wave vector of the laser
beam; as before, we {ndicate vectors by arrows only if necessary}. The
influence of scanning on the temperature distributfon is not negligtble in
LCVD, even for small velocittes, If xp/ks > 1. This {s due to the
interdependence between the geometry of the deposit (which tn turn depends on
¥5+ 35 shown for example in Fi19.5.18) and the temperature distribution, which
becomes all the more pronounced with increasing ratio xpixg [see Sect.z2.1.2),
The width of structures can be calculated in analogy to (3.6).

The confinement of the laser-tnduced temperatyre distribution, and thereby
of the chemical reaction, in pyrolytic microchemical processing, causes some
significant differences in comparison to standard large-area processing
technigues [3.16). First, Pyrolytic LCP can be performed at much higher
partial pressures of reactants, This results in reaction rates that are
several orders of magnitude higher than tn standard large-area techniques,
For example, pyrolytic LCVD can be performed at pressures of up to at least
103 mbar (Sect.5.2), while in standard CVD practical partia) pressures reach
only a few millibars. pye to the uniform heating of the substrate in Cvo,
higher partial pressures would cause gas-phase nycleation, This would result
in uncontrolled deposition, Second, in microchemical processing, three-
dimensional diffusion of molecules to and from the reaction zone becomes

effective, while in large-area processing only the component normal to the
Q2

substrate is relevant. Tharefore, transport limitations tn LCP will arise
only at ewch higher temperatures, i.e. (3.5) will be valtd over a wider
temperature range, Clearly, these differences from large-area techniques
become more significant as the temperature distribution becomes more
localized, Finally, it shoyld be mentioned that the aforementtioned advantages
of microchemical processing also apply, with some restrictions, to laser-
induced large-area processing with a line focus (Fig.4.2b).

ll-e now turn to photolytic gas-phase processing. For negligible divergence
of the laser beam away from the substrate, we can assume cylindrical symmetry
(this holds as long as the Rayleigh length is much greater than wy: see
Chap.4.2}, Then, the density of excited atoms or molecules is given by

p = (Ngaglhv) Ir') , (3.7)

where 9% fs the gas-phase excitation or dissociation cross section, Ng the
number of reactant gas molecules per volume and I{(r') the laser intensity at
¢’ within the gas phase, The reaction rate at a point r on the substrate
surface due to gas-phase decomposition {s obtained by integrating the
contributions from the decomposition in the entire gas volume above the
substrate |3.17,18)

s [) L] 2
N(r,) « By’ —Nﬂzgi Jdey jdz je'dr [zldztr)] exp|-2r zluo i (1.8)
v,
Here, s is the sticking coeffictent of the spectes incident on the substrate,
d(r) is the distance of the volume element dV within the gas phase from the
point r on the substrate and 9, 1s the corresponding azimuth angle. Note that
(3.8) does not take into account desorbed species that are not deactivated
£3.19). In the center of the laser focus, i.e. for r = 0, {3.8) becomes

W(O.g) = By 28 (3.9)

hv wy

Comparison of (3.9) and (3.2) shows that the photolytic reaction rates for
adsorbed- and gas-phase molecules are W « uo'z and W= uo‘l. respectively,
The additional factor Wo In {3.9) 1s due to the fact that species created at
distances larger than Wo are distributed over such s targe area that they do
not contribute apprectably to the deposition rate in the center of the laser
focus, These equations also show that in photolysis gas-phase processes
should depend Vinearly on pressure {tf we neglect deactivation of species by
collisions), while surface-phase processes should follow adsorption
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Tsotherms, which depend nonlinearly on pressure, Surface-phase processes are
sensitive to temperature varfations, especially near the gas-] fquid
coexistence curve, due to variations in "the surface coverage o, Gas-phase
processes, on the other hand, are not very sensitive to temperature
variations, at least not in the linear growth regime. A further pofnt s that
photochemfcal reactions that involve subsequent collisional reaction partners
will generally have reaction orders greater than unity, This means that the
molecular densitias and coverages appearing in (3.9) and (3.2) must be raised
to effective powers greater than unity,

Moreover, 1t 15 often difficult to reveal the temperature dependence of
the reaction rate and thereby the dominant activation mechanism, In such
cases, It {s often easier and more enl {ghtening to investigate the wavelength
dependence of the reaction rate, For materisls with constant absorbance in
the spectral region ynder investigation, such as, for example, metals within
the visible spactral range, the total taser power absorbed by the substrate,
and therefore the temperature distribution, fs independent of the taser
wavelength, In this case,- the rate of a thermally controlled reaction at a
93s-solid or gas-liquid interface should remain unchenged.

3.2.2 Mass Transport Limited Region
At high laser intensities, the fundamental limits on heterogeneous resction
rates are determined by mass transport, For the pressures normally used in
gas-phase LCP, the ultimate rate is determined by a balance between the gas-
phase transport by diffysion of resctants and products into and oyt of the
reaction voluma. Here, we disregard surface diffusion of species and
convective flow. For large-area planar reactions, this balance is obtained by
solving the one-dimensional diffysion equation. At outlined dbove, the
situstion ts different {n microchemical processtng, Here, the three.
dimenstonal character of the diffusion of reactants and reaction products
becomes relevant, In the foltowing we ascume a hemispherical geometry for the
zone of diffusive molecyle transport, as shown schematically in £1q,3.2. The
reaction rate is then proportional to the concentration of reactants within
this zone. The concentration outside this zone can be assumed to have 3
constant valye, n_,

In the simple case where reactant diffusion 1s clower than product
diffusfon, sueh as In the case of 5$1Hy decomposition into Si and Hz, the
time-dependent surface-reaction flux, J{t), 1s given by [3.20§

[

I T L,L
J(t) F:T-;’- {1+ o le{( To ‘d j 4Dtl el‘fc[( To + d j(‘Dt) / ”‘ ’ (3.10)
R R Sy

e A

b L- Y =T My

i N o @

LASER BEAM

Fig.3.2. Zone of diffusive transport
° of  molecules in laser-induced
microchemical processing
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where D 1s the Amlecular diffusivity, which inctudes the effect of possible
carrier gases. Here, for simplicity, D has been assumed to be constant. In
(3.10), ry 2 4D/n'vy 15 a length scale propertional to the mean free path in
the gas, n’ is the reaction efficiency per surface colliston, and v, ts the
rms velocity of reactant molecules near the surface. Figure 3,3 shows the
time evolution of the reaction flux for various values of the reaction rone
radius, The conditions chosen are representative for laser-induced CVD and
gas-phase etching, The tlrpe required to approach steady-state conditions can
be specified by ’
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Because [ ~ p'l. the time Ty Increases linearly with pressure for smetl spot
sizes, t.e. if d << To+ and becomes tnversely related o pressure for large
spots, f.e. if d >> r,. The equilibration time « can be < 10 ns for small
spot 31zes and moderate pressures (< 1000 mbar). This rmeans that for small
spots even pulsed LCP s often in a steady-state condition, Therefore, in

2 100 |
i d:2pm o
20pen
5 - - e
| _
- F19.3.3. Time dependence of the
I!j' ~ 2000um moiecuiar flux into a
® 1 4 1 A 1 microreaction zone of width d, p
oﬂ ﬂ" n" w?® o ﬂ‘ 90 v 133 mbar, T = 1273 K, = 2.8
g ™E Cs) The7ss nt = 0.1 {after | 3.707)
Td"-“‘“’-'i'\--n N R s
Toen LA -.:_h. )
Tt . S |

-




most cases, deposition or etching 1s determined by the steady-state solution
of the diffusion equation,

The steady-state surface reaction rate is gtven by
et — o} -/bn. Hrg + q) , (3.12)

If d << To. this rate approaches 20, fry » n'vyng /2, f.e, 1t becomes nearly
proportional tg pressure, but independent of d, [f d »>» fo the rate saturates
and  spproaches 2zDn_ /d, 1.2, it Dbecomes fndependent of pressure, byt
decreases with d. The pressure dependence of the steady-state reaction rate
is plotted in Fig.3.4 for various radil of the reaction one. The values
chosen are typical for pyrolytic gas-phase processing, The fluxes predicted,
€.9. for d = 2 um and a pressure of 500 mbar, are about 1022 molecules/cm? .,

%

Fi9.3.4, Steady-state values for
the molecular reaction flyx as 3
function of gas pressure at times 5
';;a 9. /- a'/p with a* = 2,7.]p

F emj/s, ro = 5'/p with 5° =
6.710-2 mhar cm, T“- plm K, ‘; )
0.1 (after (3,20)

REACTION FLUX LSpecies /cm25]

This corresponds to s depasition or etch rate of several 103 um/s. This rate
fs sufficient to explain the tremendoys deposition and eteh rates achieved in
laser-fnduced microchemical processing (Chaps.5 and B}. It should be
mentioned that for 4 comparison of reaction rates that can be achieved 1in
laser-induced microchemical processing and in standard large-ares technigques,
one must take intg account the fact that standard processing {1 often
performed in flyshed reactors. In such cases, diffusive transport need only
0Ccur across a thin boundary layer that has a typical width of 5 = 3 m, The
enhancement fn 1aser microchemical processing is of the order of 25/d; for d
= 2 um, this factor 1s 103. It should be noted that at very low partial
Pressures of reactant molecules the dominant mass transport mechanism need
not be gas-phase diffusion, but can Instead be diffuston of adsorbed
molecules dlong the substrate surface (Sect.3.1). At very high molecular
densities, on the other hand, mass transport by convection may become
important (Sect.3,3),

%

The reaction rates achieved in gas-phase LCP are often well below the
transport-limited rates discussed above. This is especially true 1in
phatolytic processing when the laser light 1s absorbed within the gas phase,
Here, the rate s commanly restricted by gas-phase nucleation or
recombination (see Chaps.5 and 8). Gas-phase nucleation or recombination,
however, can only be controlled by reducing the atomic or molecular density,
Sometimes the same effect can be achieved by tnert-gas buffering. tn any
case, this results in a lowering of deposition or etch rates. In photolytic
LCP the reaction rates may be even further limited by the available laser
power and/or the mismatch of the laser wavelength and the maxims in the
absorption cross section of reactant molecules,

-2.3 Solid Surface Excitations

r we have discussed reaction rates based on laser-induced substrate

species, \Jhere are, however, a qreat number of other effects that may
stgnificant
Among those arw autocatalytic effects and dissoctative photoelectron capture
13.21). Both effdqts have been studied in connection with metal deposition
£3.22,23). In semicdeductors and fnsulators, the excitation of the band gap
may cause a nontherm, increase in reaction rates, This effect has been
studied in some detail tn“Connection with dry- and wet-etching of Si and GaAs
(Chap.8). Another effect, ch has already been mentioned in Sect.l.l, f1s
the electromagnetic field enh¥qcement on metal and semiconductor surfaces
£3.7-10,24,25), This effect can gnificantly alter reaction rates in gas-
phase deposition, surface modificatidg and etching reactions, Strang surface
electric fields induced by the incidewt laser radiation may stgnificantiy
increase surface adsorption and diffusionNof species into the solid surface
{3.24-26). This mechanism has been proved be parttcularly important in
connection with surface oxidation and etch reactions in a halogen
atmosphere (Sects.6.1 and 8.2), While some inittal tudies of these different
mechanisms have been performed already, detailed fhyestigations are still
lacking, Furthermore, it should be emphasized that a sdparate discussion of
single effects greatly oversimplifies the situation of cheMjcal reactions at
gas-solid interfaces, A more satisfactory understanding requires con-
sideration of chemical phenomena in the gas, adsorbed and solid\phases and,
in addition, the often subtle interactions between these thre phases,
Furthermere, as already potnted out in varfous sections, during depod{tion,
doping, etching, etc, the morphotogy and physical properties of the sur ce



TRET el INT3 1S Qenerally the case ip conventional laser machining
(cqting, drilling, etc.) as described n Chap.l. The sityation bezomes much
more \complex when a matarial surface s firradlated with short but very
intensd, laser pulses. Detalled investigations of this kind have been carried
out for X great number of materials [3.40-43]. In this regfme, laser-induced
ablation hds been termed laser sputtering. Laser sputtering cannot always be
explained onthe basis of a thermal model only,

Direct nontWermal bond breaking seems to be the dominating mechanism in
omposition (APD) of organic polymers and tiological
laser irradiation 13.44-50]. For wavelengths A < 200 ™,

4 very high absorption coefficient, which is typlcally
of the order of 5.1g3 to 105 em+1, Therefore, the absorbed mergy ts
essentially deposited hin 2 2 to 0.1 um thick layer, The W radistion may
excite the organic moleculy to above the dissociation 1imit {Fig.2.15b) or to
an upper bound state from ich, due tg crossing into another unstable or
less stable electronic state\ dissoclation can occur (Figs.2.15¢c,d). For
wavelengths A < 200 o, the digsociation of bonds 18 extremely e“ficient,
typically larger than $0%. Neve heless, fntersystem crossing or internal
conversion can also Jead tg ehectronic  deexcitation via vikrattional
relaxation and thereby to a dissipatiyn of the excitation energy irto heat,
Ablation of polymers with visible and radiation has been demonstrated as
well, Here, melting and vaporization the materisl seems tg be the
dominating mechanism,

Laser ablation of organic polymers has bee modeled for both photochemica)
and photothermal processes {3.42.50]. According\to the mode! of GARRISON and
SRINIVASAN | 3.48), photochemical ablation will ocdyr via fragmentatior of the
polymer into monomers, which, because of their \larger spectfic volume,
interact among themselves and with the remaining mdMerial via a repulsive
potential, This results in 4 volume explosion (on a Mcosecond time scale)
without melting. The reactton products will be efected Crom the phctolyzed
arez at a very high speed (estimated as 105-2-105 em/s)\and into a smat)
solid angle within about 309 of the surface normal., For photwn energles less
than typical«bond energles (which are about 6.0 to 2.5 eV for\the materials
under consideration}, corresponding to wavelengths A > 200 to SO\mm, single.
photon dissociation becomes fimpossible, Thus, 1in this waveleng
ablation may occyr either via sequential  multiphoton excitation\or vig
heating, melting and evaporation. In the latter case, the predicted Mngular
distribution of the ablated materta) becomes very broad, out to more han
607 from the surface normai, While many characteristics or APD of srgartic

materials under AP
organic polymers hav
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potyqers (Sect.8.4) support & nonthermal bond-breaking mechanism, there are
other vations that suggest a mostly statistical thermodynamic process,
with transie melting but without complete energy  randomization
13.51,52,55]. HoweveTy it seems to be clear that the dominating mechanisms
depend on the specific mat 1 under (nvestigation, as well as on the laser
fluence, wavelength and pylse » In fact, a novel dynamic model has
recently been elaborated to allow a sistent analysis of thermal and
nonthermal contributions to APD, includin he description of fluence
thresholds, incubation pulses, fast intra-pulse stc ete. 3,459,

The processes outlined in this section may be performethdn a nonreactive
atmosphere, Nevertheless, resctive surroundings, for example a
may affect the reaction rates and chemistry,

-

3.5 Spatial Confinement

The spatial confinement of laser-induced chemical reactions st interfaces !s
determined by

1. The laser beam spot size

2, The spattal conftnement of the laser light-induced excitation
3. Laser Vight-induced disturbances of the surrounding med+um
4. The nonlinearity of the surface chemical process itself

The single points will now be discussed in greater detail, Mormal incidence
of the laser beam onto the substrate is assumed,

For a Gaussian beam, the diffraction-1tmited diameter of the laser focus
s given by 2w, = afa/ma « 1.3 fa/a (Sect.4,2). For f/a = 1,5 optics, we
obtain Zﬂu“"“ * 2 &, f.e. for 500 nm radistion, the nintmym laser spot size
becomes about 1 um {index of rafraction n » 1).

The confinement of the laser-induced excttation within the gas or Haquid
phase, on the substrate syrface and in 1ts bulk, ts also of considerable
importance. Consider, for example, species that are photoexcited or
dissociated within the qas or Hquid phase, Such stecias will randomly
diffuse towards the solid surface, Consequently, deposition on, or etching of
areas beyond the focal point region will occur., The spatial. resolution is
thereby decreased. This problem can be overcome, in part, by a carefyl
selection of the processing parameters. [n pyrotytic processing from the gas
or liquid phase, photothermal or photochemical excitatton within the volume
of the laser beam can be avoided to & large extent by 3 proper choice of the
laser wavelength and irradiance. 1In photochemica) 335~ or llgutd-phase
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pruLEssing, tonvinement of the reaction to the substrate surface would be
possible only 1f the dissociative continuum of the adsorbed molecules shifted
considerably towards red, so that proper selection of the laser wavelength
would allow adsorbed-phase but not gas- or liguid-phase photolysis (see
Sect.3.1). in spite of the fact that a shift of the dissoctative continuum of
adsorbed species with respect to g9as- or liquid-phase molecules plays an
important role in many Systems f{nvestigated in LCP, photoaxcttation or
dissociation within the total volume of the incident laser beam was observed
tn essentially all cases investigated 1n photolytic LCP. However, tight
focusing of the laser beam not only limits the area of excitation on the
substrate, but also confines the relevant volume of excitation within the
adjacent surrounding medium. Ses Sect.3.2 and (4.3}, Species that are
generated at a distance Yarger than their mean free path for deactivation {by
collisional recombination with complementary photofragments, or reactiocns
with parent or other molecules) will not reach the substrate, In other words,
the flux of species to the substrate fs limited to a small region around the
laser spot. The rate of recombination depends not only on thes type and
density of molecules in the ambient medium but also on the incident Haht
flux. 1In gas-phase processing, the confinement of the reaction volume can
sometimes be further enhanced by proper selection of the type of buffer gas
and the respective partial pressures of gaseous constituents. Low partial
pressures of reactants and the admixture of adequate buffer gases may improve
the localization bt decrease the efficiency of the photodeposition or
etching process,

Apart from homogeneoys gas- or liquid-phase excitations, there are
additional mechanisms that may decrease the spatial confinement. Among these
are: thermal diffusion and diffusfon of photoexcited carriers within the
substrate or, in the case of deposition, within the already deposited
material; diffusion of adsorbed reactant spectes or of photafragments
produced on the substrate surface 1tself, etc, For the broad range of
expertmental conditions used {Chaps .5-8) the corresponding dfffusion lengths
may be smaller, comparable or larger than Zuo’“‘". In any case, these
different l_u.echanisms may decrease the spatial confinement of processing,
depending on the parameters used. Relfjable estimates are very difficult for
many reasons, including: the difficulty of ensuring 3 correct trestment of
the strong temperature gradients 1in pyrolytic LCP; the unknown bulk and
surface properties of the material within the processed region; the lack of
reliable data on the corresponding parameters such as gas, surface, and bylk
diffusion coefficlents, characteristic 1ifetimes, etc.
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Laser light idnduced disturbances within the surcounding medium may
substantially decrease the spatial confinement of the reaction, Strong
temperature inhomogeneities in pyrolytic LCP may change the optical index of
refraction, cause convection, turbulence or even bubbling. These effects are
especially pronounced 1in dense mediaz (Sect.3.3). In photolytic LCP, the
formation of clusters and the coating of entrance windows may attenuate and
scatter the incident light,

From the above considerations, one would expect that the minimum lateral
dimensions, d_, , of laser 1ight generated structures to be duin > 2 uo""“.
On the other hand, it has been demonstrated that laser direct writing allows
one to generate structures with d « 2w, (Sect.5.2), in other words, it is
possible to produce patterns with lateral dimensions smaller than the
diffraction-limited diameter of the laser focus. This shows the importance of
process nonlinearities, which have been discussed in the foregoing sections,

To {1lustrate the influence of nonlinearities in pyrolytic LCP, we have
plotted in §1g.3,6 & temperature profile (full curve) induced by a Gaussian
Taser beam (dotted curve) on a semiinfinite substrate. The figure also shows
the normalized reaction rates, W(r) « exp-sE/kT(r) [, for two different
Chemical activation energies AE = 22 kcal/mole (curve a) and AE = 86,6
kcal/mole {curve b). These activation energies correspond, for example, to
those fin Taser-induced deposition of Ml and Si from Ni(CO), and SiHg,
respectively (Sect.s.'i’). Note, however, that the influence of the laser-
processed feature on the temperature distribution was mo- taken into account
here, In laser-induced deposition, this approxtimation is valid only if the

1000

Fta.3.6. Confinement of the
chemical reaction in pyrolytic
processing, Dotted curve:
Profile of <he Taser beam. Fu

turve: Temperature rise calcu-
Tated for <« = 50 W/mk and an
absorbed laser power Pape = 0.3
W  (surface absorption), The
normalized reaction rate is
obtained by expoaentiating the
temperature distribution. Dashed
curves refer to apparent
chemical activation energies of
of = 22 kcai/mole (curve a} and
4B = 46,6 kcal/mole Tcurve b)
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TTETERE RO OEIE UUMLTALE art approximetely
equal, 1.e, §f kpfeg = 1 {see Sect.2.1,2), In spite of this restriction tn
generality, the figure shows some interesting features. The nonlinesr
dependence of the reaction rate on temperature causes the lateral variation
in W to be substantially narrower than in T, The spatial confinement of the
reaction increzses with increasing apparent chemical sctivation energy at
{compare the dashed curves 1 and b). When a particular materis) has to be
deposited, however, there {s in many cases no choice of parent molecyles. One
of the exceptions s $1, which can be deposited from efther SiH, or Sicl,,
which have somewhat different activation energies,

The influence of af and of the center temperature will now be studied fn
more detail, Let us describe the increase in spatial confinement by the ratio
Wo/Tas where fa ® d,/2 15 given by the 1/e point in the reaction rate wWr).
For temperaturs-independent parzmeters, we obtain from (2.7) and {z.10)

T(r) = T, + aT(r) = To * AT f{r) , with {3.18)
f(r) = 21 | glu) v
0
The above definition then yields

roa }-( L« ToR(1 + To/aT.)/aE

L+ ToR(1 + aTo/To)/aE Jatin . : (3.19)

where 7(7) {s the inverse function of f(r}. In Fig.3.7 we have plotted the
ratio Y/fe 25 a function of al. for various activation energies AE., The
figure shows that the confinement increases very rapidly with increasing Af
at low values of AE, and much more stowly at hMaher values, Furthermore, for
& certain value of AE, there exists & maximal value of wy/r, at & certain
ctenter temperature Tc" Ty + arc'“. Clearly, for efficient processing, the
practical center temperature, Tcp. must be well above the threshold
temperature for depasition, etching, etc,, because otherwise the reaction
rate wouid be extremely small, In many cases, T.P > T.™ and the confinement
will be décreased with Fespect to the optimal value, Besides the mechanisms
which decrease the spatial confinement with respect to that expected from
Fig.3.7, amd which have been discussed above, there are additional
fundamenta) mechanisms that also 1imit the vitimate resolutton of structures,

These will be discussed In Sect.5.2,5 n connection with laser direct
writing,
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Fi9.3.7. Ratio  wg/r fa s
9 defined by the llee point in
Al 125 kool/mls reaction rate W(r)| plotted as a
B function of the lase~-induced
center temperature rise for various
activation snergies AE, ‘ote that
changes in georetry, for example
due to deposition or etching,
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In laser photolysis, based on multiphotan dissoctation of adsorbed
molecules, the reaction rate is given by ¥ « PV, where n Is the ~umber of
toherently absorbed photons (Sect.2.2). This nont! inearity 1increases the
tonfinemen: in photolytic processing,

Wheneve* nucleatton processes are involved in a particular Jrocessing
step, suct 8s in deposition or compound formation, they will be of greast
importance for the confinement of the chemical reaction, The reason is the
strong  nonlinearity of the nucleation process itself 3,32, This
nontinearizy 1s, of course, independent of whether species are ge"er_atgd by
pyrolytic er photolytic processes. Mucleation processes can take nlace within
the surrousding medium, as tn the gas phase, on the substrate surface or, as
fn compound formation, within solid films. Nucleation will be discussed in
Sect.5.1 i» more detail,
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d.1 INJcleation

The analysis of the microscopic mechanisms 1n the init1al phase of growth is
very complicated. In the phase of nicleatfan, we have to constder two cases;
First, strongly absorbing substrates, and second, transparent substrates that
do not absorb the laser light, or else do so onty very slightly.

In the first case the molecules are thermally dissociated near the hot
spot that 1s produced on the substrate by the absorbed taser light. The free
atoms form clusters, which provide nucleation centers for further film
growth, Under most processing conditions, the time of nucleation t, is very
small compared to the laser beam 11lumination times ty that we shall
henceforth be considering. The main differences from nucleation in large-area
thin film growth techniques such as standard €VD }5.187), arfse from the
confinement of the temperature distribution and the related strong
temperature gradients that are produced on the substrate surface. A further
difference from CVD fs based on the rapid change In the local laser-induced
temperature distribution dye to  changes 1in reflectivity and thermsl
tonductivity provided by the nuclei,

For transparent substrates, the sitvation ts even maore complex. Here, surface
defects such as pinholes and scratches or dust particles may absorb the laser
1fght and thereby allow nucleation to be {nitisted at certain places on the
substrate surface, The mechanism {s then very similar to that mentioneg in
the praceding paragraph. The situation becomes quite dffferent when
nucleation ts initiated by atoms that resylt from nontherms) {single- or
multiphoton) dissociation of ddsorbed molecules (sen Fig.5.1), It is c¢lear

/"ADSORBED LAYER
o

LASER BEAM

F19.5.1. Schematic showing the inflyence of adsorbed-layer photochemistry on
fucleation and condensation of gas-phase photofragments, Empty and crossed
circles indicate free gas-phase and adsorbed precursor molecules, and full
circles photofragments
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that in such cases changes in the electronic properttes of molecules due to
adsorption, especially a shift and a broadentng of the dissocfative
continuum, are of fundamental importance (Sect.3.1), Because of the high
density of adsorbed molecules, the free atoms may form clusters, which, even
when of subcritical size, may strongly absorb the laser radiation. Such
heated clusters will then provide nucleation sites and film growth wil)
proceed matnly thermally, In this case ty 1% heavily dependent on the laser
wavelength and may last several ssconds or even minutes. The first svidence
for such processes wes obtained during deposition of {d, Al and Mi from the
alkyls and carbanyls, respectively [5.10.14.65.105,[06]. In any case,
nucleation will cause not only a latent time, but also a threshold intensfty
for deposition, :

In photolytic processing, where further film growth proceeds by mainty
nonthermal dissociation of molecules, such multiatom cltusters, irrespective
of whether they were originally formed by thermal or nonthermal dissociation
of species, may serve as nucleation centers for further film growth, An
example is the deposition of metal microstructures produced by gas-phase
dissociation of the corresponding alkyls or carbonyls by means of UV laser
radiation {Sects.2,2.1 and 5.2), Here, in spite of the fact that metal atoms
are produced within the total volume of the laser beam, condensation of atoms
reachiag the solid surface preferentially occurs at the nuclei produced
within the area of the laser focus. This is schematicalty shown in Fig,5,1.
Atoms that do not form stable auclei (for Cd, the critical number of atoms,
N.. that is necessary for a stable nucleus Is about 10 at 300 X: for nuclet
adsorbed on substrate surfaces, this number also depends on the physical
properties of the substrate) or attach themselves to these nucleation centers
formed within the area of the laser focus, will diffuse across the surface
and then evaporate. If an atom falls within a surface diffusion length 1 =
(20¢)1/2 (D 45 the surface diffusion coefficient of <he atom and : the
characteristic time of reevaporation; the exact result desends on the size of
the nucleus.) of a stable nucleus, it will, on averige, Se captyred by this
nucleus; +f the atom falls outside this zone, 1t will reevaporate prior to
capture. In other words, the sticking probability for ‘ree gas- or Viquid-
phase stoms or small clusters of atoms impingtng on or near the nuclef formed
within the irradiated substrate ares s much larger than snywhere else on the
substrate surface. Thus, nucleation thresholds improve the contrast fin
photolytic deposition, i.e. isotropic deposition occurs only to a small
extent. The foregoing remarks show that we are a long way from an
understanding of the tnitial dissociation and nucleation srocesses in laser-

induced deposition.
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has been studied for the deposition of Cd on 5105 substrates with 257 mm
frequency-doubled Ar* laser radiation |5.98,59§. From these investigations 1t
was concluded that the decomposition of Cd{CH3}5 occurs mainly 1n the gas
phase. For other systems, however, the importance of adsorbed-layer
photochemistry for deposition rates was proved from the influence of the
substrate temperature. An example 1s the deposition of Al from A3(CHy)g on
quartz substrates |5.16,17,23). Between 320 K and 280 K the deposition rate
was found to increase with decreasing substrate temperature due to the
increase in Al;(CH3)s coverage (Sect.l.l}. Below the freezing point of the
adsorbed layer, however, a dacrease {n the photodeposition rate was observed.

SAARANT gy L U Y
In the following sections we will discuss pyromc and photolytic deposition ka
of microstructures from adsorbed layers and from the ges, Mquid and solic
phases, For the reasons outlined in Sect.4.2, most of the experiments have
been performed with cw Tasers such as Ar* and Kkrt lasers, including their
harmonic lines,

5.2.1 Deposition from Adsorbed Layers

s

-

Some of the materfals listed in Table 5.1 can be photochemically depasited
from adsorbate-adsorbent systems under vacuum, Here, strong physisorption of

O’
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he parent molecules, and 11ttle or no substrate heating dy the incident
laser Vight 15 required. Under these conditions, thermal desorption of the
adsorbed molecules may be slow enough to allow photodeposition. This was
tnvestigated in some detail for N, Cd and Al deposited from metal.organic
compounds on substrates such as glass, smz and Alzog.

Nickel has been deposited by frradiating the substrates with 356 mn or 76
om ket Taser light ([5.105,106]. The substratas were first exposed to @
Ni(CO)y atmosphere of several millibars for 5-20 minutes. After this time
several cycles of pumping and purging with He or Hy followed. As expected
from the increase in absorption of N!(CO}‘. the latent times were much longer
for 476 mm than for 356 nm radfation, Similarly, €4 and Al have been
deposited from adsorbed Cd(CH3), and Al5(CHy)g. These experiments were mainly
performed with 193 nm Arf |5.4], 257 mm frequency-doubled Ar* (5.14,60,61],
and 356 nm krt |5.65] laser radiation. Yery interesting information on the
deposition of Al on €-Al504 has been obtained from pulsed optoacoustic (IR)
spectroscopy 5.4, These investigations have shown that high quantum yield
nonthermal photodesorption of CHy groups Incorporated in the already
deposited Al films can be achieved with 193 nm ArF but not with 248 rw KrF
taser radiation, Consequently, Al films grown from adsorbed layers with Arf
laser light contain only low amgunts of CH; contamination and are therefore
of high quality, 1In any case, the thickness of Tayers deposited from
adsorbate-adsorbent systems under vacoum is extremely smalil,

The contribution to the photodeposition rate of adsorbed layers that are
in dynamic equilibrium with a surrounding gas phase has been studied for a
nrumber of systems [5.4.16.11,23.18&]. As outlined 1n Sects.3.1 and 3.2, see
(3.2) and (3.8,9), the retative fmportance of adsorbed-phase and gas-phase
contributions can be discovered by investigating deposition rates as
functions of laser focus diameter, substrate temperature and gas pressura,

LY

B4

This was interpreted in terms of an fincrease in photofragment recombination
efficiency and by reduced molecular and atomic surface mobilities. Similar
results have been obtained for the deposition of T4 from TCly, In this
latter system, however, the surface reaction is more complicated and seems to
involve autocatalytic effects that arise from the deposited film ftself.
Further evidence for the importance of adsorbed layer photochemistry was
obtatned from the dependence of the Ti deposition rate on TiCly pressure,

Multimolecular surface photochemistry was Investigated for UV laser photo-
polymerization of methyl methacrylate (MMA) fnto poly-MMA {PMMA) |5.16,17).
This technique allows tocal deposition of moderate-molecular-weight PMMA, The
photochemical mechanism s a free radical-catalyzed poiynerization tnitiated
by absorption of UY laser light by the volatile molecylar layers that form on
surfaces exposed to an ambient MMA vapor. The rapid collisions of vapor-phase
molecules with the surface continually replenish the polymerizing adsorbed
MMA and thereby permit rapid PMMA growth.

Photodissociation of adsorbed layers can also be used to prenucleate
condensation sreas, which are filled up tater by large-ares standard CVD or
by pyrolytic LCVD., This combined technique allows mascless depositfon of
thin-film microstructures with much higher rates than thoss achieved in
photolytic LCVD. Investigations of this kind have been serformed mainly for
Al deposited from M {CMg)3 |5.16,17),

The influence of local electric field enhancement (Sect.3.1) due to
surface contouring has been studied 1in particular for Cd deposition
[5.60,61 ). These experiments used predeposited Cd spheres on £ films, Cadmium
was used for contouring because 1t possesses a plasna resonance in the
appropriate ultraviolet spectral region, After covering the surface with a
thin adlayer of Cd{CH3}s, which was in dynamic equilibriun with an atmosphere
of 1.33 mbar Cd{CH3); and 1330 mbar Ar, the substrate was irradiated with 257
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i taser 1ignt. Iné growth pattern of the eiliptical particles that grew fron
the spheres s in agreement with the theoretical model also presented in
|5.60,61}.

§.2.2 Gas-Phase Deposition

In this section we will discuss the production of microstructures in the form
of spots, stripes and rods based on pyrolytic and photolytic taser-induced
deposition from the gas phase, henceforth denoted by LCVD,

a} Pyrolytic LCYD

Investigations on the pyralytic growth of spots are the simplest way of
testing the adequacy of the model calculations presented in Sect.2.1.2 for
the description of pyrolytic LCVD. The results also allow an understanding of
the 1{nitlal phase of the growth of rods {see below). For photolytic
deposttion, a quantitative or semiquantitative description has not yet been
produced. Steady growth of stripes is relevant in pyrolytic and photolyttc
direct writing of microstructures, The following discussion concentrates on
model systems for which the most complete data are avatiable. Similar, bt

Vess detailed, investigations have been performed for the other materials
listed in Table 5.1,

Deposition of Spots

When a Gausstan laser beam ts focuysed onto an absorbing substrate {Fig.8.2a)
that is immersed in one of the compounds listed in Table S.1, and both the
laser beam and the substrate are at rest, one initially observes the
deposition of a circular spot. The most-detailed investigations on pyrolytic
growth of spots have been performed by BAUERLE and co-workers for Ni and S
depasited from N{ {CO}4 and SiHy, respectively,

Figures 5.2a,b show scanning electron micrographs of i spots deposited
with 647 mm kr* laser radiation. For the series of spots shown In Fig.5.20,
the laser power was held constant while the laser beam {1lumination time, t;,
was fncreased for each successive spot, working upwards from the bottom, The
substrate material was glass covered with a 1000 A a-Si layer. Such 4
substrate strongly absorbs the visible laser radiation and has a much smalle-
thermal conductivity than the deposit (Fig.2.11a), For such a substrate, the
nucleation time t, 1s very small compared to the laser beam 11lumination time
ty, l.e, t, << t;, and the spots grow very rapidly with t to radii much
larger than the laser focus. Such large spot stzes can easily be measured and
the high growth rates emable much data to be accumyl ated, Such experiments

s
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Fi9.5.23,b, Scanning electron micrographs of Ni spots deposited from
n!icojg by 647 mm Kr* laser radiation. The substrate was glass covered with
a 1000 A a-3f layer. {a} Typical shape of a spot. (b) Series of spots
deposited at constant laser power with increasing laser beam illumination
time for each successive spot, working upwards from the bottom, The
micrograph was taken at glancing incidence {after 15.48,108))
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Fig,5,3. Diameter of M{ spots as & function of later beam 1)lumination time
Tor two powers of the 647 nm Kkr* laser line. My v 6 M, p“t = p(NV{CO)g) =
200 mbar. The broken curve 15 a guide for the eye, The full curve has been

calculated from (5.T) (after {5.48))

are therefore predestinated to be used to investigate the growth kinetics in
pyrolytic laser-induced deposition. This will now be outlined in greater
detaitl,

Figure 5,3 shows the diameter of Nl spots as a function of ty for two
laser powers and a total gas pressure Prot = PLMICO},) < 200 mbar
15.48,108,190,. The figure shows that the condition d » 2wy (Sect.2.1.2) is
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fulfilled for all but the shortest time fn the 15.4 W curve. The spott
diameter first increases very rapidly for & few tenths of & second and then
nearly saturates for times ty =1 to 10 5, depending on the laser power.,
Because the temperature rise AT(d/2) decreases approximately inversely wits
the spot diameter, see (2.19), this saturation can be explained by the
exponential dependence of the deposition rate on temperature, which ylelds a2
apparent threshald below which deposition is negligible (Sect,.3.2), However,
this saturation may also be due to a resl threshold originating from
nucleation processes. The mechanism could be checked by depositing the same
material from reactant molecules with different activation energies, A«
example 1s St, which can be deposited etther from 5iH, or from Si(:l‘.
Experimental results 1ike those presented in Fig.5.3 enable the radfa
growth rates v = ad/2at of M spots to be calculated by numerica
differentiation, It is clear from the shape of the spots that the latera”
growth velocity v {oriented within the substrate surface) is not parallel te
the deposition rate W {defined as the rate of transtatfon of a surface
element along fts perpendicular) at the edge of the spot. Mowever, becauss
spots grown with different laser powers remain similar In shape, M and »
differ only by a factor which fis roughly constant, In any case, the
exponenttal dependence of the growth rate on temperature will dominate any
temperature dependence of the pre-sxpomential factor ko in {3.5). In other
words, {f the growth of Ni spots is thermzlly activated, the lateral qrowth
velocity, v, should follow an Arrhentus type behavior, Figure 5.4 shows such
an Arrhentus plot in which addttionsl experimental data for different laser
powers &nd laser focus diameters have been included, The plotted temperature
was that at the edge of the deposit, which was calculated as described in
Sect.2.1.2. The values used for the thermal conductivities correspond ta
those in Fig.2.11a, The high temperature region of very fast gqrowth
corresponds to small spot sizes, the Jow temperature region with much smaller
growth rates to larger spot stzes. The full ltne represents a least-squares
fit to the low temperature data and shows the exponential dependence of the
lateral growth rate on temperature, The apparent activation energy derived
from the figure is 88y = 22 & 3 kcal/mole. This vatue s, within the accuracy
of the measurements, tndependent of P and %,. This supports the tdea that the
literal growth rate depends only on the local tempersture rise. The main
systematic error in the calculated temperatures, and consequently in the
activation energy, arises from the uncertainty regarding the reflectivity of
the deposited materfal, Rys which was measured fn situ and found to be ﬂn L]
0.2 + 0.1. For the 1imiting valyes Ry = 0.3 and 0.1 we obtain aEy = 18 and 3}
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Fig.5.4. Arrhentus plot for lateral
growth rate v of Nt spots., The full
line 1s 3 least-squares fit to the
Tow temperature data, The different
symbols refer to different 1laser
powers and focus diameters (after
|5.108))
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kcat/mole, respectively, These values are within the range of apparent
chemtcal activation energies reported for large-area heterogensous deposition
of Ni from NI(CO)y |5.191-194]. The Investigations that covered the widest
temperature region (350K < T < 430k) gave 22 kcal/mole .5.192]. This latter
valye effectively corresponds to the energy required for the removal of the
first CO group from the Ni(CO}g molecule and it 1s in sxcellent agreement
with the activation energy derived from Fi9.5.4, The marked decrease in slope
appezring In the figure above the temperature Tp = 500 X could have various
origfns. For example 1t might indicate the 1imits of the model calculations,
which are adequate only if d » wy. Another possidility, which at present
seems very likely, 1s the change in reflectance of the M spot that may occur
for the very shortest times ty. However, the decrease in stope could also
indicate limitations in the gas-phase transport of reactant molecules or
reaction products or in the desorption of CO (Sects,3,1,2). Another reason
could be that ather chemical reaction pathways, characterized by an apparent
activation energy AE5, may become possible at higher temoeratyras.
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Figure 5.5 shows the diameter of Wi spots for constant laser beam
f11umination time ty = 10 s, 4s a function of laser power and for different
9as pressures, The saturation in growth ohserved for higher gas pressures is
expected for 2 heterogeneous chemical reaction and 1s described by the
pressure dependence of ko tn (3.5). From Fig.5.5 we find kg » 1 for p » 100

mbar. The diameter of Ni spots can be caleulated in 2 comparable way to (3.6}
from

t
d{ty) = d{t,) + 2a jidt kofp.T(t)) expl-8E4/RT(t)) . {5.1}
tI'l|
Here, an 5 aF; and AEJ i Aky are the apparent activation energies fn the low
and high temperature regions, {.e, below and asbove Ty, respectively, It is
clear from Sect,.2,1.2 that the temperature T {tself depends on the spot
diameter snd is therefore a function of time., The lower integration limit 1in
(5.1) 1s the time for which the assumption d(t,} » 2y 15 fulfilled
(Sect.2.1.2). For all but the lowest laser powers we find t, <<ty = 10 s,
For p = 200 mbar, we can derive the activation energies and the constant A
from Fig.5.4, Integration of {S.1) can be performed by assuming d(ty) « 2w,.
Note that d(t,) >> 2w,. The integration shows that d increases quasi-linearly
with laser power for P < 60 mw. This result 1s tncluded in F13.5.5 by the

o0

full curve, The agreement with the experimental data is excellent and shows
the consistency of the procedure. It can easily be shown that contrary to the
value of 4Ly, the (larger) uncertainty §n AE; does not appreciably iafluence
the result. A further proof of the consistency of the procedure ts obtained
when calculating from (5.1) the time dependence of the spot diameter {full
curve in Fig.5.3).

We now compare the pressure dependence of the spot diameter for constant
ty and constant laser power (F19.5.5) with the reaction kinetics derived by
CARLTOR and QALEY |5.192]. Here, it is essential to take into account that in
the experiments described above, the partial pressure of C0 is negligible
compared to that of NH(C0),, According to |5.192) the pre-exponential factor
in the rate equation (3.5) is then given by

ko (PINT(CO}q),T) = kip?/(1 ¢ kp)? , (5.2)

with k = 0,067 e:p(‘l’l[r) mbar-! and Ty = 352 K. Saturation should occur if kp
»» 1, For a laser power of P = 30 mW, saturation of the spot dianeter would
therefore be expected {within 3%} for a pressure of p = 50 mbar. Clearly,
only a qualitative agreement with the experimentally observed pressure
dependence shown 1in Fig.5.5 can be expected, for several reasons: the
difference between N and v enters the pre-exponential factor that has been
determined only for p = 200 mbar (F19.5.4); the factor &k depends on
temperature and thereby on the diameter of the spot. The apparent and perhaps
even the true order of reaction may change with pressure - as well as with
temperature, This may also explain the considerable differences reported in
the literature for the form of kg and the entering parameters (see (5.2) and
15.191-194 ). ‘

Steady Growth of Rods

As outlined above, radial growth of pyrolytically deposited spots saturates
with taser beam {iitumination time ty {Fi9.5.3). Stmultaneously with this
saturation, an increase in axial growth is observed, Consequently, for longer
times t;, the growth of & rod along the axis of the laser focus 15 observed,
The growth of rods has been fnvestigated for various different materials by
BAUERLE et al, l5.48,49.51,104.105.123.124.126.170.1951. A typica) example of
a rod {s shown in Fg.5.6 for the case of Si deposited from S1Ha. Two phases
of growth can be observed. Near the onset, the deposition rate depends
strongly on the physicat properties of the substrate. This phase of growth
corresponds with the growth of spots and has aslready been discussed. [n
Steady growth, which is characterized in F19.5.6 by a constant rod diameter,
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Fi9.3.6. Silicon rod grown from SiH; with 489 mm Ar* laser radiation. P =
400 mH, proy = p(S1Hg) = 133 mbar (after (5.50])

the deposition rate is independent of the substrate material,. Therefore, in
contrast to the growth of spots, the temperature profile in the tip of the
rod is independent of time, 1,e. T = T(r), 1f the laser irradiance is held
constant. The constant rod diameter 15 a consequence of the thrasshold fn
lateral growth - as discussed above. 1t 1s clear from the shape of the rod
that tn steady growth, the maximum growth rate 15 at the center of the tip
and tdentical with the axial growth velocity, Therefore, the deposition rate
can be defined by the growth of the length of the rod per wnit time

WA(T) =z v(r = 0,T) = sh{r = 0,T)/at . (5.3)

The surface temperature at the center of the tip of the rod, T, can be
measured as described in Sect.4.4 (see also 15.51,196]). F gure 5.7 shows an
Arrhenius plot for the deposition of 5t from $iHg. The upper curve refers to
data obtainred from pyrolytic LCVD of rods, In the kinetically controlled
regime, which reaches up to about 1400 K, the depositisn rate increases
exponentially with temperature and 1s characterized by an apparent chemical
activation energy of JF = 44 5 & kcal/mole |this value 1s wmot corrected for
the temperature dependence of kg {see (3.5) and [5.51])|. ™e characteristic
decrease in slope observed above a certain temperature -ay indicete that
depbsition 1s no longer controlled by the chemical kineztcs, but instead
becomes limited by transport {Sect.3.2). However, alternstive explanations
cannot be ruled out (see discussion of F19.5.4). The lower part of fig.5.7
shows the deposition rate for St deposited from SiHy - with Hy as carrier gas
tp(STHy) = 1 mbar, pyq, = 1000 mbar| - sccording to standard CYD technigues
[5-197). The comparison of LCYD and CVD curves shows the remarkable

differences between small. and large-area chemical resctions, as discussed in
Sect,3.2.
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It proved possﬂile to vary the diameter of Si rods between 20 um and 380
um for effective laser powers of 25 e and 1.4 W, respectively, of the A =
488 nm Ar* laser line. The lower limit was essentially determined by the
mechanical stability of the spparatus, the upper limit by the available laser
power. Due Lo the step-like Increase in reflectivity at the melting point,
the total absorbed 1laser power, P{1-Rp), falts dramatically at this
temperature,

Similar investigations were performed for the deposition of C from CoHa,
CoMg, CoHg and CHy |5.49,51-53f. The apparent chemical activation enerqy
derived for the deposition from CoHy was AFE = 47,3 & 0.6 keal/mole
{uncorrected value), Ths activation energy was tndesendent of the gas
pressure and temperature within the investigated ranges af 50 mbar « p(CoH5)
¢ 1000 mbar and 1900 K < T < 2450 K. The reaction order was found to be y =
0.8, The corresponding values for CoHy were AE = SB,3 & 1,1 keal/mole for 300
mbar < p{CyMg} < 1000 mbar, 2000 K < T « 2250 X and y = 0,8, For CoMg, AE =
78.9 + 4 kcal/mole, 300 mbar « P(CaHg) € 1000 mbar, 2200 K < T ¢ 2650 Koy =
2. For CHy, 4E = 119 ¢ 2 kcal/mole for 500 mbar ¢ p{CHa, < 1000 mbar, 2850 K

€T <300 K, v = 1,25, and aE = 4.5 » 1.4 kcal/mole for 500 mbar « p{CHy} «
1000 mbar, 2400 K < T < 2750 K, y = 2.2,
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The influence of thermal diffusion on the deposition rate of C was
investigated in detatl for gas mixtures of Colp with Hy, He and Ar |5.53).
figure 5.8 shows the results. Due to thermal diffusion, the tighter gases (He
and Hp) accumulate near the hot tip of the rod, thus reducing the partial
pressure of the reactant and thereby the deposition rate. Ar, on the other
hand, has & higher molecular weight than CaHy. It s therefore depleted near
the hot surface and, consequently, increases the partial pressyre of CoMa,
and thereby the deposition rate. The figure clearly shows that the selection
of carrier gases used in LCYD has an important influence on the deposition
rates achieved,

Rods of 5i0, and of stotchiometric 507 were grown by ustng A = §30.9 mm
Kr* laser radiation and a mixture of Nz0 and SiMy (5.170], The growth of Mi
rods from gaseous M (CO)4 was investigated for laser powers ranginc from
about 10 m¥ up to about 200 m |5.1055. The deposition rate did not zhange
when kr* laser wavelengths between A = 476.2 mn and 647.1 nm were used [Table
4.1) - as one would expect for a thermally activated process (see Sect.2,l
and Chap.3). The limit of growth up to which controlled deposition was
possible, was set by the occurrence of spontaneous Sreakdowns, probab’y due

to an autocatalyzed reaction, within the gas phase above the surface of the
tip of the rod.
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Investigations of the temperature dependence of the deposttion rate during
the steady growth of rods are the most accurate method so far available for
obtaining information on the reaction kinetics in pyrolytic LCVD.
Furthermore, because of the extremely high deposition rates together with the
possibility of in situ temperature measurements, this technique seems to be
unique for rapid and accurate determipation of appatrent chemical activation
energies that are also relevant to CVD and gas-phase epftaxial processes. The
determination of such activation energles By the standard techniques is very '
time-consuming and problematic because & number of parameters, such as
substrate temperature, gas velocity and gas mixture, must be held constant
over long periods of time, generally several hours, and only small numbers of
data points can be generated |5.51). _

Other {interesting possibilities, such as the 9rowth of complicated three-
dimensional structures by interference of laser beams, the production of
materisls with higher purity and the production of nonequilibrium materials
or materials which form only under extreme conditions, can only be speculated
upon.

The microstructure of rods has been mainty dinvestigated by optical
microscopy, scanning electron microscopy (SEM), X-ray diffraction and Raman
scattering, The microstructure depends on the laser-induced temperature and
the gas pressure. Rods have been grown 1in amorphous (st0,, 5107},
polycrystalline (Nt, C, $i) and single-crystalline phases {S1). In this
paragraph, we will only discuss further the growth of single-crystal 51 rods
15.48,104,124 . Figure 5.9 shows & scanning electron micrograph of the tip of

B .
Fi1g.5.9. Scanning electron mcrograph of the tip of a single-crystal St rod
grown at 1650 K with 530.9 om Kr* laser radiation, P{SiHa) = 133 mbar (after
15.124))
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such 2 rod that was grown from SiMg at 1650 X with 530.9 nm Kr* laser
radiation. The orfentation of the axis of such rods was found to be close to
either <100> or <110> directions and indspendent of the substrate. Mote that
these are the fastest directfons of growth fin crystalline Si. For the sflane
pressure used, Py = p(S1Hy) « 133 mbar, single-crystal growth was observed
onty above 1550 to 1650 X, In this connection it s Interesting to recall the
microstructure of Si films grown on single-crystal Si substrates by standard
CYD techniques. Here, it has been found that the regime of polycrystalline
growth {s separated from the regtme of single-crystal growth by a2 tmrder 1ine
(dashed 1ine in Fig.5.7) which is essentially determined by the ratlo of the
flux of 51 atoms giving rise to the observed growth rate, and the value of
the self-diffusion coefficient of SI needed to arrange the arriving atoms on
proper lattice sites. Linear extrapolation of this border line to higher
temperatures yields an intersaction point with the LCYD curve at about 1520
K. This value 13 In remarkable agreement with the temperature 1imt we find
for single-crystal growth of rods,

Pyrolytic Direct Writing
Pyrolytic direct writing was Investigated by translating the substrate in one
dimension perpendicular to the focused laser beam. In this case ore obtains
stripes, The most-detailed investigations have been parformed for N and S,

As in the case of spots and rods, the morphology of stripes strongly
varies with laser power 15.48,50,104,105,198. This s shown fa Fics.5.10a-¢
for Si stripes deposited from SiHy on ST wafers. Here, 488 nm Wr* laser
radiation was used, At laser powers corresponding to center tesperatures
below the melting point of Si, Tn = 1683 K, a convex cross ssction is
observed, and the situyation is very similar to that discussed selow for
direct writing of Wi stripes. When the laser power 1s further Increased, a
dip in the middle of the stripe (F19.5.10c) occurs for center terperatures
T > Tp. This dip further increases with increasing laser pawer {Fig.5.10d).
The dip can be explatned by the change in surface tensfon with temperature,
which pulls the Viquid away from the valleys, At such laser powers,
polysilanes, probably formed in a homogeneous reaction above the serface of
the deposit, condense in the region of deposition, Melting of the surface of
the stripe s accompanied by the occurrence of 4 ripple structure with
grating vector k parallel to the incident electric field vector F. The
formation of ripples and of perfodic superstructures that occyr unde- certain
experimental conditions will be discussed 4n Sect .5.2.5.

The influence of meiting and changes in the morphology of stripes
compl icate the understanding of the depostitfon process. The “ollowing
9%

Fig.5.10a-d, Stripes of 51 grown on St wafers with tncreasing laser power
(Teft to right). p(SiHy} = 40 mbar, vy » 10 pmfs, A = 488 om (after (5.198])

b;‘ -I-
]

Fig.5.1la,b, (a} NI stripe grown on glass covered with 1000 & 2-51. P = §
mi, Zwy * £.5 am, k= 530,9 om, p(Ni{CO}4) = 400 mbar, scanning velocity vy =

"84 um/s. (b) Typtcal thickness profile of a M stripe. The vertical scale (s

expanded ten times {after {5.105])

anatysis of direct writing will therefore be confined to low laser powers
where no appreciable changes #n the shape of the cross section occur and
where, therefore, an unequivocal definition of & stripe width and height is
possible. The main experimental results will be outlined in detail for the
example of Mi stripes that have been deposited on substrates of different
abserbance and thermal conductivity i5.105,106).

A typical Ni stripe together with (ts interferometricalty measured
thickness profile, is shown in Fig.5,11. We shall henceforth define the width
of the stripes by d, and the thickness by h.

Figure 5,12 shows the width and thickness of Nt stripes as a function of
laser power for three different substrate materfals. In all cases, the cross
section of the stripes is similar to that shown in Fig.5.11. The height,
measured in the middle of the stripe, s typtcally h < (0.05-0,1)d. The
negligible irfluence of the Taser wavelength (Ftg.5.12b) supports the idea
that the decoroosition mechanism ts mainly thermal, Note that the results for
the 1000 & a-5i/glass substrate and the uncovered glass substrate are
approximately equal {Figs.5.12a,5). Both substrates have about the same
thermal condwctivity. However, their absorbances for 530.9 om krt laser
radtation differ by several orders of magnitude. Therefore, these resutts
strongly suggest that in steady growth of stripes the total laser power
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F19.5.12, Dependence of width and thickness of Mi stripes on total laser
power for different focus diameters, wavelengths and substrates, In an

cases, the total pressure was Prot ® P(NI(CO)s) = 400 mbar, and the scannin
velocity = B4 un/s (after [5.105) ¢ ’ s

absorbed s determined by the absorbance of the dlready deposited material
and is given by P(l-nn). Apparently, steady growth of stripes occurs &% drawn
schematicatly in Fig.5.13. During the dwell time of the laser beam, lateral
growth occurs. In steady growth, the lateral growth velocity in the scanning
directton, v, must be equal to the scanning velocity of the laser beam, L
e, v = vy (this condition does not hold in explosive deposition, which 1is
briefly discussed in Sect.5.2,5). Steady growth of stripes tafls off when the
scanning velocity of the laser beam exceeds the maximum lateral growth
velocity, f.e, if Ys 7 Vpax- In fact, the maximum lateral growth rates found
for the deposition of Ni spots on 1000 A a-Si/glass agree, to within a factor

F19.5.13. Schematic for steady
growth of stripes (after [5.48])

of about two, with the maximum scanning velocities obtained for the same
system and the same set of parameters (see below).

Comparison wvith Mode! Caleulations

We now compare the results of Fig.5.12 with model calculations presented in
Sect.2,1.2. Assume we produce the same center temperature T. for all three
substrate materials considered. From the full curves in Figs,2.12a-c it then
becomes clear that in cases b and c the temperature falls off much faster
dway from the center than in Ease a2 {note that the temperature distributions
shown in F1g.2.12 have been calculated for circular cylinders: however, as
outlined in Sect.2.1.2, these temperature profiles are very similar to those

obtained within cross secttons of stripes)., Because growth occurs only down . °

to 2 threshold temperature Ty (see also Sect.5.1), the stripe in Fig.2.12h or

€ grows to a fi_nal u!g:p mich smaller than that in Fig,2.124. This explains ~

the differsnt width of s-tri;:e's-'irﬂgs.s.IZa-c. For thermally {insulating
substrates, the width of metallfc stripes, here the HNi stripes
(Figs.5.12a,b), grow to a final width that is much larger than the laser
focus, 1.e. d »> 2w, (except for the Towest laser powers). On the other hand,
§f the thermal conductivities of the deposit and the substrate are equal, as
tn the case of F19,5.12c, the width of stripes remains of the order of the
diameter of the laser focus. The results of the model calculations presented
tn Fig.2.12a 21s0 explain another feature in Fig.5.122. For medium and higher
laser powers {for these powers under constderation Te ¢ Tu(Nt), and no
changes in the shape of the cross section have been observed) the widths of
stripes are independent of the diameter of the laser focus. Let us consider,
for example, the effect on the temperature distribution {dash-dotted curves
in Fig.2,12) of doudbling the laser focus diameter at constant laser power, [n
the case of Fig,2.12a, the temperature rise 4T{d/2) remains approximately the
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same, As 3 consequence, the width of the stripe 1s eoected to remain
vnaffected, 1in agreement with the results of Flg.5.12a. However, in
Figs.2.12b,¢, deposition becomes impossible when the laser focus {1 doubled,

because even the center temperature To decreases below the threshoid

temperature for deposition. If in the case of Fig.2.12a Tc appreaches T
deposition will continue to Tower laser powers as the diameter of the laser
focus becomes smaller. This is reflected alsg in the experimenta! -esults of
Fig.5.12a, [In other words, the smallest widths of structwres that can be
achieved, depend on 2w,. The fact that stripes can be p-oduced that are
narrower than the diffraction limit of the optical system (see Fig.5,12a)
originates from the threshold for deposition, discustsed above [see also
Sects.3.5 and 5.1).

The dependence of the width and thickness of stripes on the scanning
velocity 1s shown in Fig.5,14, For the parameters used in these experfments,
the breakoff occurs at about 130 wn/s, When increasing P, under otherwise
fdentical expertmental conditions, the scanning velocity can also be
increased, The dashed curve in F19.5.18 was calculated by using v =
Voexp{-2E/RT) and T » To *+ AT, together with (2,19) and :he steady state
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Here, vg = Ak has been taken from the Arrhenius plot in Fig.5.4. In other
words, the dashed curve {in Flg9,.5.14 contains no additional parameter.
Comparison with the experimental data shows that this crude approximation
describes the absotute width as well as 1its dependence on the scannfng
velocity reasonably well. The explanation of the remaining deviations
requires a self-consistent treatment, the consideration of the velocity
dependence of the exact position of the laser focus with respect to the tip
of the growing stripe and of the heat transport slong the stripe
(Sect.2.1.2}. A more sophisticated model, which takes these sffects into
account, makes {t possible to describa the experimental data quantitatively
[5.190). &

The forzgoing results are by no means specific to direct writing of " Ni
stripes but are characteristic of pyrolytic LCYD of flat structures fin
general. Similar results corresponding to the case xp »* «g, were obtained
for the deposition of Al and S1 on 1000 A a-Si/glass 5,125,198, for C on
Al203 5.49], and with some restrictions, for Cu on St .5.74[. In addition to
the example of Ni on 4000 A 510p/81 (Ftg.5.12c), the case Kp = kg TP
(Fig.2.12b) spplies also to S1 on 4000 A 5105/51 [5.128,129], The case cp =
kg * x| has been verified for Ml on Si |5.106,107 and for S1 on Si
15.126,128,129). In these latter cases the widths of siripes are typically
d & 2wy, This is what Figs.2,12b,c would lead us to expect.

From the above discussion 1t is clear that many features in direct writing
can be qualitatively or semiquantitatively understood from calculated
temperature proftles as presented in Sect.2.1.2, The foregoing results also
show that tn direct writing the range of parameters and *nerefore the lateral
and axial growth rates and the related maximal scanning velocities strongly
depend on both the physical properties of the depositeo material and of the
substrate. White the possible range of variatton in the width of stripes is
very large for kp *> xg, it is very small for kp = <. The upper limit is
essentialty based on the maximum center tempersture at which controlled
deposition 1s possible, i.e. no dramatic changes occur in the geometry of the
deposit, there 1s no damaging of the substrate and o triggering of a
homageneous gas-phase reaction above the surface of the deposit, Furthermore,
small changes tn 2wy or in the positioning of the substrate or fn the laser
power [due to systematic uncertainties or due to mechanical or electrical
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Instabilities) will have a much stronger {nfluence for systems where v = kg
than for those whers Kp > xg. This may also explain the larger scatter in
the data of Fig.5.12c compared to thoss in F19s.5.12a,0.

Pyrolyttc direct writing of etectrically highly conducting B dosed Si
stripes with linewidths as small as | pwm was first reported by EHRLICH et al.
15.12%), The dopant gases were BC13 and B{CHy)3. Similar experiments using
Al3(CH3)g as dopant were unsatisfactory, The reason is probably the large
difference in pyrolytic decomposition rates of Ala(CHy)g and S51Mg. With
B(CH3)3 the best films had resistivities of about 1.5+10°3 gom.

Deposition with IR lassre

Pyrolytic deposition of structures in the form of spots, rods, and stripes by
means of IR light was mainly performed with 10.6 um cw or pulsed €Oy laser
radiation (Table 5.1). First experiments have been reported for C [5.5] and
for 5§ |5.136], Detailed Investigations on 51 deposition have been performed
by HANABUSA et al. L5.149,150|. Bacause the diffraction-1imited diamezer of
the laser focus is proportional to the wavelength of the 1ight A, see [4.2),
the smallest lateral dimensions of deposits are much Targer, typicall= by a
factor of 20-50, than those achieved with visible or ultraviolet Tight
(Sect.3.5), Consequently, mass transport will often be determined by one-
dimensional diffuston. This significantly reduces the maximum {thickness)
deposition rates with respect to those achieved with visible or ultariolet

Tight. The formation of thin extended fiims by means of IR laser rad-ation
will be outlined In Sect.5.3.

b} Photolytic LCVD

Production of microstructures by photolyttc LCVD based on the excitation of
dissociative electronfc transitions of parent molecules (Sect.2.Z.1) has been
studied mainly for metals, The precursors most commonly used are metal-
alkyls, wetal-carbonyls and metal-fluorides (Table 5,1}, The microscopic
mechanisms for decomposition are based on single-photon or multipnoton
processes,

Single-photon decomposition has been most thoroughly studied for Cd(Ci3)2.
and AIZ(CH3)5 L5-8). These compounds were preferrad because they ars readily
available, have & relatively high vapor pressure and, very importantly, they
show a dissociative continuum in the near to medtum Uy that can be easily
reached by frequency doubling of cw Ar* or Kkr* laser lfnes, by excimer
lasers, or by harmonic lines of Nd:YAG lasers, Ferthermore, for Cd(CH3)2 some
of the reaction channels were already known for the homoger eous
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photodecomposition process {Sect.2.2.1). Therefore, Cd(CH3)p can  be
considered as a model substance for investigating photolytic deposition based
on single-photon decompasition processes, DMssociation of the molecule
proceeds according to (2.20), and, of course, takes place within the total
volume of the laser beam. This reaction, or ones similar to it, may therefore
be used to produce extended thin films at low substrate temperatures by using
either perpendicular or parallel laser f{rradiation (see Sect.5.3 and
Flgs.4.2b,3). Mevertheless, it has been shown that photolytic processing also
allows single-step production of microstructures. The spatial confinement of
the deposition process is probably closely related to physisorbed layers of
the parent molecules and to the nucleation process ftself, This has already
been outiined in Sects.3.1, 1.5 and 5.1. In cases where physisorption iIs very
weak, severe problems with the confinement of the reactton may occur [5.?2].
On the other hand, it 1is possible to achieve good localization and feature
contrast even in cases such as these by taking & number of experimental
precautions - as already discussed in Sect.l.S.

Figure 5.15 shows the (thickness) deposition rate for Cd spots as a
function of the intensity of the 257.2 nm frequency-doubled Ar* laser Vine,
The linear increase 1in deposition rate with laser power 1S expected for
single-photon dissociation (Sects.2.2.! and 3.2}, At low Vaser fluences the
threshold for surface nucleation prevents deposition, At much higher laser
fluences than those shown fn F19.5.15, the deposition rate saturates due to
mass transport limitations. This effect 18 more pronounced when & buffer gas

DEPOSITION RATE {905 pmis]

53 mbar CdiC-3y
384 mbar Ha

t 1 Fi0,5.15. Deposition rate for Cd spots

. Versus £57 nn second harmonic Ar* laser
light intensity. oa{Cd(CH3)p} = 5.3
L mbar. He was used as a buffer (after

) 15.8))
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1s used., Mass transport could be {ncreased by forced gas conwection or a
flow. Deposition rates for ¢d of up to 0.1 pm/s have been mezsured at UV
intensities of about 104 w/cm?, ’

The absolute value of the deposition rate depends on the abso-ption cross
section gy of the molecule at the laser wivelength, on the partial gas
pressure of the reactant and, when a buffer 92s 1s uvsed, on the total gas
pressure. For example, at 257.2 nm the absorption cross section for
Alz(CH:,)s 1s smaller than that for Cd(CH3}; by more than a factor of 103.
resulting in a corresponding decrease 1n deposition rate a- otherwise
constant conditions ([Table 2.1). This example shows one of the main
limitations for photolytic LCVD based on single-photon processes. Deposition
rates that are attractive for applications of the technique can only be
resched when the laser wavelength matches a dissoclative transi=ton of the
molecule. For many molecules which would be sultable for the deposition of
metals, semiconductors, or insulators, these transitions are located in the
medium to far ultraviolet, where, at present, only a smal)l number of
comparatively intense laser light sources are availabte (Table 4.1). A more
fundamental, and therefore even mare severe, Timitatfon {s the tendency for
homogeneous cluster formation 4t higher lassr {rradiances andpor partial
pressures of reactants. Clysters may condense everywhere on the substrate
surface, the entrance windows, etc. Controlled deposttion then becomes
impossible. For these reasons, the deposition rates in photolytic LCYD will
be always much lower than thoss achieved in pyrolytic LCVD. '

Controlled growth fn UY laser ghotodeposition of metals was okserved for
laser {rradiances of, typtcally, 1 to 10% Wem2, and for gas pressures
extending from 0.1 to 100 mbar, Typical deposition rates achiever were 10-3
to some 0.1 um/s (Table 5,1), These deposition rates are 2 factor of 10%-102
smaller than those obtained in pyrolytic LCYD. The main advantages of
photolytic LCYD are the lower local processing temperatures and the smaller
inflyence of the physical properties of the substrate, On the ather hand,
without uniform substrate heating, the microstructure, purity, and alectrical
properties of photodeposited films are, in many cases, unsatisfactory
{Sect.5.4). The lateral resolution achisved in photolytic depcsition of
stripes was of the order of some 0,1 wm (Sect.3.5).

Coherent myltiphoton decomposition processes based on dissociative
electronic excitations are only of limited vatye for controtled deposition of
well-defined micrometer-sized structures. The matn reasons have al ~eady been
outlined in Sect.4.2. In fact, detailed invastigations fnto the depasition of
Cr from Cric0lg by MAYER et 21, {5.72) have flluminated many of these
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problems. Additionally, the Cr films had poor adhersnce and contained a large
amount of C. The adherence of films could probably be fmpraved by heating the
substrate either during the deposition process or prior to removal from the
reaction chamber,

There 1is as yst no clear example of photolytic LCYD based on selective
sultiphoton vibmational excitations with IR Taser radiation. The only
detalled investigations have concentrated on the deposition of 51 from SiM,
by means of pulsed €0y laser radiation 15.137,149,150,153 1, However, the
decomposition mechanisms seem to be dominated by gas-phase heating and not by
rultiphoton processes (see also Chap.Z and Sect.S.3). ‘

¢) Combined Pyrolytic-Photolytic {Hybrid) LCVD

Pyrolytic and photolytic LCVD have both their characteristic advantages and
disadvantages: The deposition rates in pyrolytic LCVD exceed those in
photolytic LCYD by several orders of magnitude. Consequently, pyrolytic LCVD
allows much higher scanning velocities 1in direct 'witing and also the
production of three-dimensional structures. The microstructure and the
electrical properties of pyrotytically depostited materials are in general
superior tg those deposited by photolysfs (Sect.5.4), Laser pyrolysis is much
more untversal tn the sense that the reaction rate depends only siightly on
the exact wavelength of the laser light. For this reason, a great vartety of

-materials can be deposited. The basic advantages of photolytic LCVD are the

lower local processing temperatures and the tower sensitivity to the physical
properties of the substrate. Therefore, direct writing of patterns over
different matertals with significantly changing thermal properties can be
perfarmed more uniformly, ’

A possibflity that makes the best of the advantages and disadvantages of
both pyrolytic and photolytic LCVD s a twin.beam or stngle-besm combined
prrolytic-photolytic reaction. Inttial investigations of this type have been
performed for the deposition of Ni from Ni(C0), |5.50,108-106]. Mere, it was
clearly demonstrated that for (visible) laser radiation that is absorbed
neither within gaseous Ni{CO)4 nor by the substrate, the latent times for
nucleation (Sect.5.1) are significantly reduced when the uy plasma radiation
of the laser |this 1s absorbed by M(C0)y| 1s not blocked but focused onto
the substrate together with the laser Hght. Stmilar results have been
obtained when using 356 rm %Xr* laser radiatfon.only. This wavelength fs
stightly absorbed by K(CO)y, but mot by quartz substrates, In both cases,
when nucleation was started, deposition proceeded mainly pyrolytically and
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was then essentially equal for the differant kr* laser lines between 356 and
647 mm (Table 4.1), and independent of the presence of the plasma radiation,
This can be understood from the strong absorption of the deposited Ni, which
1s approximately constant within this range of wavelengths, Hybrid deposition
was recently investigated in greater detail for Mo, W and Pt by GILGEN et al,
|5.103). Here, the UV multiline Ar* laser output between 351 and 364 mm was
used together with H{C0)g, W(CD)g and Pt{HFAcAc) as parent molecules, These
experiments have confirmed that metal fiims of good morphology and electrica)
properties (Sect.5.4) can be deposited without uniform substrate heating or
Curing only by laser pyrolysis. Nevertheless, photolytic mechanisms that also
contribute at these laser wavelengths allow direct patterning of transparent
substrates such as glass or sapphire, without a measyrable inftial delay or
latent time. Clearly, photolysts 1s relevant here only for initiation of the
deposition process, because afterwards absorption s determined by the
already deposited material {see above and Sect,2,1.2),

3.3 Liquid-Phase Deposition, Electroplating

depostted from™the corresponding methanol solutions. The Substrate materials
tyre, n-type and undoped (110) and (111} InP and, for Pt
deposition, also n-tyde GaAs. Pulsed dye laser radtation ranging from 580 m

solutions are transparent). Yae tight tntensities were sufficient to initiate
thermal decomposition of the | surface, but below the threshold at which
gross surface damage occurs. Smoot™ platinum films up to a thickness of 0.5
um were deposited, The platinum dePasits were examined by AES sputter
profiling and by electron microprobe analdsis. Mo solution contaminants such
4% oxygen or chlorine were found, Depostts\of Pt and Ay on undoped InpP
exhibited ohmic behavior. In the initial pha of metal deposition, a
photothermal chemical reaction between the InP suMface and the metal salt
seems 0 be involved. In the Interfacial layer, » NP or similar
compounds way be formed. Further decomposition seems to ur via pyrolysis
it the metal-liquid interface, Attempts to deposit Pt on 11) $1 were
unsuccessful, An understanding of the deposition process clearly requires
further investigations.

Electrochemical taser-enhanced plating has been studied in great deta™, by
VON GUTFELD |[5.32,33). Some of the experimental details have already bee
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outlined fn Sect.4,1, The most extensively studied materials were A, Cu and

. which ware deposited on a variety of substrates. The substrates were
glays and €-Alo03, both covered with 0.1 wm thick films of either Au, Cu, M,
Mo ol W, and, additfonally, metals such 48 M and Ni-plated Be-Cu (Table
5.1}. Wie plating mechanism was investigated by 1lluminating the metal)ized
glass sigface from two directions: efther from the front through the
solution, from the back through the optically transparent glass, In the
latter {1lumVpation geometry, no photons reach the electrolyte, because the
light is absoxbed within 30 to 200 & of the 0.1 um thick metal film,
Interestingly, the deposition rate was found to be equal for both geometries
of 11lumination. Mence, nonthermal photochemical processes st the 1quid-
solid interface cannyt play an important role, On the othar hand, this result
is expected for gz ¢t rmatly activated reaction, becauss the laser-induced
temperatyre distributio®, within the metal surface is dpproximately the same
for both 11lumination geohetries. Further support for the thermal character
of the deposition process obtained from the comparison of plating results
for premetallized c-Al,04 = 20 W/mK) and glass substrates. Under
otherwise {identical expert al conditions, the depositon rates on
C-Al;03 substrates were found to\be a factor of 10 smailer than on glass.
This can be directly explained by\ the decrease in center temperature (at
constant laser i{rradiance) with in reasing thermal conductivity of the
substrate (Sect.2.1.1), The temperatureNchange influences the charge and mass
transfer rates within the electrochemixal system (with and without an
external EMF). The mechanism hag already bedp described in Sect.3,3,

Detailed investigations into electrochemich] Ay plating have revealed that
dense, small-grained, crack-free and uniform Neposits of good adhesion -are
formed at elevated ambient temperatures and 2 high density of gold
concentration in the electroiyte. The operating btenﬂal was of similar
importance; this should not excesd the mass-transport\limit, Near this limit,
Au of good morphology was deposited over areas 500 wm n dtameter with rates
up to 1 um/s. Direct writing of Cu lines on premetalltided glass substrates
was possible with minimal widths of about 2 um,

A new technique that fmproves the mass-transport limitahjon and thereby
increases the deposition rate is taser-enhanced Jet-plating (dect.4.1). This
technique allows high-quality, rapid, localized plating, The el trochemical
and hydrodynamic parameters determining the mechanical and me urgical

been achfeved, The surface smoothness of the Au films increases ith
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Fi9.5.17. Resistivity of Au Vines produced as In Fi9.5.16 normalized to the
Suiii value for Au (2,44 4 cm) (after {5.47])

speed and/or the viscosity of the orgamosilicate solutton. Mate-ial not
exposed to the laser beam was rinsed off with methanol. The laser-fnduced
reaction probably consists of an init{al elimination of the organic liquid
and & subsequent release of OH groups, The quality of the 510 films was at

Teast as good as that obtained in thermally cured spun-on glass, The
breakdown strength was about 1.6-105 v/em,

5.2.5 Periodic Structures

In pyrolytic direct writing, varfous different types of periodic structures
are observed in & large number of systems for cert2in ranges of processing
parameters,

One type of perfodic surface structure, the so-called ripples, wiich have
been observed in laser-deposited thin fiims, arises from interference effects
between the fncident and scattered laser fields, Figure 5,18 shows examples
for the case of Si deposited from $tHg on S1 wafer substrates by means of 488
tm Ar* laser radlation |5.48,127,128), These ripples show the characteristic
features that have long been chserved on many semitnfinite substrates, mainly
after pulsed laser irradiation in a womreastive atmosphere [5.202-274 . The
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Fig.5.18a,b. Rippling on St
stripes deposited from SiHg on S
wafers by means of 488 m art laser
radiation, The electric vector of
the radtation was parallel {2) and
perpendicular (b) to the direction
of scanning {after  5.48,128,)

ripples are characterized by some experimentally well.proved features: at
normal incidence, the ripple spacing is approximately equal to the wavelength
of the laser light, and the grating vector is polarized parallel to the
incident electric fleld vector F (see Fig.5.18), These ripples will not be
discussed any further in this section.

Another type of periodic structure having perfods much longer thanm the
tipples, has been observed in varfous different systems |5.45-408,83 125,127,
128,201,223|. While the physical microscopic mechanisms are quite different
for the various systems so far {investigated, these structures sesn to be a
general phenomenon in laser-induced pyrolytic processing, Some exanples will
be discussed in the following.

Figures 5.19-20 show the new types of periodic structures for the case of
direct writing based on pyrolytic LCYD, and for different systems and
processing parameters, As far as fs understood at present, “hese periodic
structures are not related to the ripptes menttioned above. %o si—ole relatton
exists between the spatial period and the wavelength and “~e a1plarization of
the Taser Itght. The spactng of the periodic structures shown ia the fiqures,
1.e. the distance between the minima in the thickness ‘nr the wigth of the
stripes, depends on the laser power, the scamming velocisy, and the pressure
of the reactant gas. These dependencies have been studied in detail for the
deposition of 5i on glass substrates covered with a thin laver of a-Si,

Figure 5.21 shows the spacing as a function of the iacident laser power
for a scanmning velocity of ¥e = 50 pm/s and a S1Hy pressure of 200 mbar,
While untform stripes are cbserved for laser powers around 23 to 20 m¥ {case
a in Fig9.5.19, indicated by the crosses in Fi9.,5,21) oseriodic structures
occur above and below this range of laser powers (the structure formation at
Tower laser powers seems to be closely related to the a-Si’glass substrate
and will be discussed In [5.224)), It becomes evident from T11.5.21, however,
that these Vimits in laser power are not clesr-cut, as averlaosing regions
exist where stripes are efther uniform or show osrongunced pertodic
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F13.5.19a,b,c. Stripes of poly-Si deposited from SiHg by means of 647 mm
Kr aser radiation. The substrate is glass covered with 1200 A a-5i, 2ug =
7 um, ve = 50 umfs, p(StHy) = 200 mbar, (a) P = 34 mh; {b) P = B1 mi; (c) P «
130 m {after {5.135))

Fig.5.20a,b, Examples of periodic structures. (2} Si depostted on 51 wafers
lgf;g; }5.48.128]). {b) Ni deposited on 1000 A a-51/glass substrates (after
1201}
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Fig.5 2]. Spacing of the periodic structures as a function of the laser
power  + symbols indicate reglon of uniform deposition of stripes {after
[5.12%))

structures, For laser powers 40 mi £ P 5 150 mi, the spacing 1s well.defined
and 1xcreases approximately linearly with laser power. For laser powers in
exces: of about 150 mW another instability is observed. In this regime a set
of warious different spacings, Including the appearance of uniform
structureless stripes, 1s observed for any given set of sarameters. Figures
5.22a b show the minimum (open symbols) and maximum (ful) symbols) widths of
stripes as a function of the laser power for two different ratios p(SiH4)/vs.
It can be seen that the amplitudes of the oscillations increase with
increzsing laser powers and ratios p(SiH.)Ivs.

The origin of the structure formation remains speculative. First of alt,
the wniformity, fine reproducibility, and the measyred dependencies on
experimental parameters lead us to believe that the structure formation Is
not related to remaining fluctuations in experimental parameters - even in
the 1#ght of the fact that, for example, minor changes i laser power (which
was s:abilized to better than 0.2%) and thereby in local temperature can
significantly affect the depositton rate within the kinetically controlled
reglor (see, for example, Fig.5.7), Furthermore, one can exclude any
explamations that are based on the latent heat released by the
51Hy Jecomposition and the concomitant formation of ¢rystatiine Si. For
typical volumes of deposited matertal (laser power of 109 mW, 51Hy pressure
of 308 mbar, chemical heat release of 5 kcal/mole 5.225;), one obtains a
rate cf heat release of the order of 1076 W. This is negtigible compared to
the power absorbed from the laser beam, which amounts to about SO m (for a
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F19.5.22. Minimum {empty symbols) and maximum ({full symbols) widths of
stripes as a function of laser power, (3) vg = 50 um/s, p{SiHa) » 200 mbar,
{b) vg = 100 umss, p{SiHg) = 500 mbar, Crosses indicate untform stripes
{after |5.125))

typical reflectivity of 40% - 50%, and a penetratfon depth below | w for the
relevant wavelengths and temperatures), unless one assumes that virtaally all
deposition takes place during single bursts that together JTast “ess than
1074 of the dwell time of the laser beam, The rate of deposition o~ Si at a
given site per unit of StHy pressure 1s determined by the temperaturs at that
site, In the case of g temperature-independent thermal conductivity « and
reflectivity R, and a high absorption coefficient a, this temperature
distribution has been shown in F19.2.14 for similar, but not -dentical
geometries, From this figure, a qualitative explanation of the periodic
structure for continuous stripes (rather than for separated single {slands)
is possible: Since the therma) conductivity of $1 1s at least a factor of 30
higher than that of the glass substrate, the heat flow vis the stripe wiil
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soon dominate over the direct flow from the zone of desosition 1into the
substrate. Thys, the surface temperature, and thereby also the temperaturs at
the edge of the stripe (see dashed arrow on left hand side of Fig.2.14), wil?
fall rather repidly as the cross section of the stripe increases, tThe
decrease in temperature leads to a reduction in the deposition rate, and
hence to & decrease in the cross section of the stripe, The decrease in cross
section, however, leads to an Increase in local temperature (see dashed arrow
on right hand side of Fig.2,14) etc. Due to the finite extent of the zone of
deposition, this feedback mechanism s not fnstantaneous, The period of
oscillations should decrease with increasing strength of the feedback.

The observation of even isolated islands of deposits could be tentatively
understood in the following way: the taser 1ight absorbed within the a-$1
layer {nduces a temperature distribution with a center temperaturs barely
exceeding the threshold for deposition. This results in the growth of a spot
and a concomitant decrease in temperature. Once deposition has ceased 1t
tannot start again until the overlap of the laser focus with the spot-1tke
heat sink has decreassd sufficiently for the threshold temperature for
deposition to be attained once more,

The mechanisms outlined above can also explatn the structures observed in
Nt deposits on glass (Fig.5.20b), but not those seen in S1 deposits on Si
wafers (Fig.5.20a), In the latter case the thermai conductivity of the
deposit fs somewhat lower than that of the substrate, due to the higher
temperature of the deposit |ses (2.11) ], Thus, the surface ‘emperatyrs may be
expected to fncresse with increasing thickness of the strices. This continues
until the surface reaches the melting point. At that point the reftectivity
suddenly tncreases, leading to a Yowering of the rate of emergy absorption
from the laser beam. As a consequence, the temperature and thereby the
reflectivity will decrease. This results fn an increase in absorbed ltaser
power until the surface melts again,

Another type of periodic structure was recent! y observed by JACKMAN et al,
[5.83) during Ar* laser-induced deposition of Fe on 5102-;“55 substrates.
Here, the structure formation seems to be related to an oscillation between
the endothermic decomposition of Fe(cu)5 and an exothermic solid state
reaction between the metal deposit and the smz substrate, The periodic
segregation into Fe and Fezsw‘ phases along the stripe was confirmed by
scanning Auger spectroscopy. The spacings were, typically, around 50 um,

Perfodic structures with spatial periods larger than ths laser wavelength
were 8lso reported to occur 1in experiments on laser-induced chemicat
decomposition of metallopolymer films, FISANICK et 2, | S5.45-47,115)
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Interpret the periodic structures as a chemical an2log of explosive
crystalifzation |5.206,207), ... as & process driven by the release of
chemical latent heat, On the other hand, the heat flow via the Au or Md films
produced by the reactions studied in [5.45-47,115] appears to be at least
comparable to the heat flow directly into the substrate, Thus, the mechanism
proposed above may well also play a role in these systems,

Periodic structures have also been observed during rapid-scan synthesis of
GeySep_, from sandwich films of Ge and Se [5,223]. The formation of these
structures has been explained in terms of an explosive reaction based on thw
release of latent heat during synthesis,

The preceding exampies have shown that 1in pyrolytic diract writing of
microstructures the local temperature, and thereby the reaction rate, may
osciltate, even under stationary conditions, when the process parameters,
such as the laser power, scamning velocity, physical properties of the
substrate etc., are held constant. Such osctllations may originate from the
nonlinear heat transport, the explosive release of heat in a strongly
exothermic reaction, or from nonlinearities #n the reflection and absorption
of the material etc, The oscitlations may decrease the ultimate resolution of
structures obtazinable in direct writing below the value expected for a
stationary tewperature distribution on the basis of the exponential
dependence of the reactton rate on temperature (Sect.3.5). On the other hand,
the periodic structures can be suppressad for certain ranges of process
parameters, which must be determined experimentally for every system of
interest. Clearly, further investigations of both an experimental and
theoretical nature are necessary in order to {lluminate the various

mechanisms present ia different systems, and their importance in direct
writing of microstructures,

5.3 Extended Thin Films

Extended thin ftlms of metals, semiconductors and insulators have been
depostted with laser beams at both perpendicular and parallel incidence. The
different {rradiation geometries, focusing possibilities and most commonly
uted lasers have been described in Sects.d.l and 4.2,

For perpendicutar incidence the situation Iis very similar to that
discussed in  Sect.5.2 for pyrolytic and photolytic depasitten of
microstructures, The main difference is that gas- or liquid-phase transport
limitations become important at lower (thickness) deposition rates
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{Sect.3.2}. For the gas pressures typically used in LCVD, transport will be
determined by two-dimensional diffusion 1if a tight Vine focus is used
{F19.4.2b), and by one.dimensional diffusion if the laser beam is unfocused
or defocused,

For parallel incidence, decomposition can be based either on gas-phase
heating (Sect.2.1) or on selective excitations of electronic or vibrational
transitions (Sect.2.2). Clearly, excitation or dissociation of species will
take place within the total volume of the laser beam,

Laser-induced gas-phase heating ({parallel incidence) and laser-induced
photolysis (perpendicular or parallel incidence) allow the deposition of thin
films at low or moderate substrate temperaturss. This ts one of the most
important advantages over conventional CVD, where uniform substrate
temperatures of, typically, 500 - 2000 K are reguired. Plasma CVD {rcyD),
which also atlows deposition at lower substrate temperatures, s inherently
associated with overall vacuom wultraviolet 1irradiation and heavy {on
bombardment that may damage the substrate and simultanecusly result in
impurities being incorporated into ft.

Therefore, LCP offers the unique possibility of depositing thin fiims ento
substrates which are sensitive to elevated temperatures andfor to particle
bombardment. Examples are prefabricated Si wafers, compound semiconductors
and polymer folls.

In the following, pyrolytic and photolytic deposition of extended thin
films will be discussed ssparately for metals, semiconductors and insulators,
Thin film production by reactive and nonreactive laser souttering and laser
evaporation w!lll be briefly mentioned.

5.3.1 Metals

Thin extended films of metals have been deposites mainly from the
corresponding alkyls, carbonyls and fluorides. In most cases investigated,
decomposition of these molecules - was based on gas-phase photolysis with
excimer laser or harmonics of Nd:YAG laser light, Generally, the films
deposited at normal fncidence have much better mechanical and electrical
properties than those deposited a4t parallel incidence, T™is difference in
physical properties is related to the laser-induced substrate heating which
occurs at normal incidence only, However, good quality films can also be
produced at parallel incidence when the substrate is preneated. This tatter

technique allows for proper control of the substrate temoerature,
-Detailed 1investigations on large-area metal fiilm deposition have been
performed by DEUTSCH and RATHMAN |S5.26,180), in particular for W. ArF excimer
17



laser radiatfon at paralle) incidence has been employed for photolytic
decomposition of Ws in Hy. Stlicon wafers and 4500 A 5105/81 sarved as
substrates, Good adherence and low electrica) reststivity (about twice the
bulk value) of films was achieved only when the substrate was heated to about
700 K. While this temperature would seem to be rather high, it swould be
noted that standard CYD of W on smz substrates fs typically perfaormed at
about 1000 K, The exceilent conformal Coverage and surface morphelogy of
laser-deposited W films can be seen from the scanning electron micrographs
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shown 1in Fig,5.23. ngfre 5.24 shows an Arrhenius plot for the deposition
rate, For comparison, corresponding results obtained by standard CVD of W on
St are included. The figure shows that LCYD allows deposition of ¥ on S0, at
temperatures where the rates {in standard CYD are negligible, and also
significantly enhances the rates for $f substrates at temperatures < 600 k.
Another f{mportant feature seen in the figure is the strong decrease in the
dpparent chemical activation energy. This clearly shows that laser Hght
frradiatton changes the path of chemical reactions involved in the depostition
process, It seems remarkable that such changes in the activation energy have
not been observed in pyrolytic LCVD.

The following reaction mechanism Wis suggested: In the fnftial step the
193 m ArF excimer laser radiation produces W, (n = 1.5) radicals, The F

atoms released can react with Hz 1n a strongly exothermic reaction according
to

Hy ¢ F s HF + H , {5.5)

The atomic H can then react with W and W, radfcals viz a complex series of
reactions that result in the deposition of W and fn gaseous 4F as a reaction
product, Sech & reaction mechanism wuld at least qualitatively explain the
strong change in activation energy with respect to standars CVYD, where the
rate-limiting step in the kinetically contro)led regton fs probably
determined by the dissociation of adsorbed Hy molecules, ‘

The laser-deposited W films are of high purity with a concentration of F <
1%. The sharp decrease in resistivities that was observeg with increasing
substrate temperaztures can be explained by a structural change in the W films
(see also Sect.5.4), It 1s well kmown that W exhtbits & small-grain
metastable pg-W phase which transforms into a large-gratn siaple o-W phase at
tefiperatures between about 600 and 950 K.

Extended thin fiims of Al |5.5,6], and Cr, Mo, W |5.6,68,69] have been
deposited mainly with ArF and KrE lasers from Rl5(CHa)g and from Me(C0)g (Me
= Cr,Mo. %), respectively (Table 5.1}, The substrate matertals were mainly
Pyrex, 510, and Si, With perpendicylar {incidence, bright silvery metallic
films of reasonable quality were obtained. Most of the ftims showed good
adhesion to the substrates (> 5.5.108 dynes/emé for 510, substrates), The
tensile stresses were between about 109 and 7.109 dynes/cm, Films of Cr and
Mo deposited at 200 K had a tendency to peel when exposed ta alr, This coyld
be avoided by heattng the substrate to about 420 K etther during deposition
or prior to removal from the cell. Except for Al, the film resistivities were
about 20 times higher than the correspondtng bulk values {Table 5.1}, These
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high film resistiviti
g vities are probably due to ¢ and {,0, impurities (see also

Sect.5.4), Parallel laser beam irradiation led to grey or black particulate
flims with even higher carbon content ,

Production of thin extended metal fiims
solid-phase, for example by transforming Spu

over large areas, by using an optical
Fig.4.2b,

should also be possible from the
n-on metallopolymers (Sect.5.2.4)
configuration such as shown in

3.2 Semiconductors

various substrates by
ct.4.1). Mainly ¢w and
nd excimer Tasers have
The materials studied fn most detall were St,
tors. The substrates ysed were mainly S10,,
glasses with complex composition and c-S1 (Table 5.1).

radiation at normal and parallel incidence (Se

pulsed CON lasers, frequency~douhled Nd:YAG lasers g
been used trh\these experiments,

Ge and some ¢ pound semiconduc
different types

a) Silicon, Cetmanium

By far the major part oMthe work has concentrated on thin fiims of amorphous
hydrogenated Si (a-51:H) \deposited mainly by means of cw or pulsed €0,
lasers. The most commonly us parent molecyles ara Sy and SiHg, which are
often diluted with different buXfor jases,

The enormous interest in &-51N} arises from the fact that this material
has become a leading candtdate for Now cost solar cel} [5.208-212] and thin
film transistor 15.210} applications, drogen incorporation is necessary in
3-51, because it saturates si danyling S and relieves strajns, resulting
1n a reduced defect level ang the abilith to modulate the Fermi level by
substitutional doping, Currently, a-si:n is nly produced by 9low-discharge
decomposition of SiHy or by Feactive sputteridy 1n argon-hydrogen mistures
t5.208-212), Structurally supertor amorphaus f{lmy are produced by standard
CVD, Mowever, because CVD requires sybstrate temperdtures of at least 900 g
in order to obtain reasonable deposition rates, e films contain an
insuffictent amount of hydrogen (. | at. %) to achidye good electronic
properties, Therefore, production of A=-S1:H filmg by L

T elsoﬂ‘bl. d!DOSIt 'G“ r It!S at '(M.' substl ate te.pe’ atur L +1 Seems to be L]
*
pr m‘s‘ﬂg .I ter nati ve to the t!chnl!llles CUrys Pl'lt]y wl Oyed

€Oy Laser-Induced Deposition

For COp laser irradiation at normal incidence, deposition of §1 on
dominated by pyrolysis at the gas-solid interface (510, strongly absord €0,
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aser light), Nevertheless, a wvelength dependence of the deposition rate
thNt correlates with the absorption of gaseous S5iHy; was observed. This
ind¥cates that gas-phase heating is important even at normal incidence, The
laserddeposited films were about 1 ¢m in diameter. Maximun deposition rates
vere adyut 2-10°) ua/s with SiMy, and about 10 times faster with SipHg
|5.149,158). For SipHg the laser-induced threshold temperature for deposition
was about 6W0 K.

Production\of high-quality a-Si:H films with parallel incidence of the
\equires untform substrate heating te, typically, 500 - 700
K. Deposition ra\ges are much smaller than for normal incidence, even when
stgnificantly highde laser powers are used, For 5iHy, for example, typical
values are 2.10°4.5.)9-% un/s. However, the uniformity of Ffilms 1s superior
to those produced at AQrmal incidence, Films with excellent adherence were
deposited over areas up 80 ol [5.!35.151.153.154.157.153.161].

Decomposition of S$iH; Meems to occur in two steps (5.213-216], In the
first step, which is consideced as the Fate-limiting process, SiHy radicals
and Hy are produced by gas-phase heating (Chap.2). This means that STHy
molecules are first vibrationa ly excited In a single-photon absarption
process (indicated by *) and then Xransfer thelir energy via collisions, This
first step can be schematically desch{bed by

SIHALg) + by e SIH" — L.~ Ny(g) + Hyl) . (5.6)

This inttial step is especially effective \f the C0p laser frequency matches
4 strong vibrational transition of the 1y molecule. This has been
demonstrated by tuning the €Oy laser wavelength - at constant taser power and
under otherwise identical experimental conditiong - from the 10.59 um P{20)
laser line, which is strongly absorbed by the ws-wode of the SiHy molecule,
to the weakly absorbed 10.22 um R(24) laser Tine\ The difference in the
laser-induced gas-phase temperatures for these two wa e!engths._measured by
Ny CARS thermometry, was about 240 |5.149,150|. The sdcond step depends on
the stlane gas pressure and the laser flyence, At Mgh predsures and/or laser
fluences, Sin molecules may react homogeneously with othyr sll-lz or SiH,
molecules to produce particles within the gas phase ;5.
pressures and laser fluences, diffuston of 514, molecules into e substrate
dominates and a thin film of a-Si:H will grow, following the reactVon

StHalg) —= SiHy(s) + {1-y/2) Hy(g) ,

where y denotes the hydrogen concentration within the f{inm,
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=T+, 10W pinhole density, low compressive stress, and
excellent step coverage, € operties of the LCVD films,
however, are not yet satisfactory. Table 5.4 suwmaris
properties of fiims,

5.4 Morphology and Physical Properties of Deposits

Throughout this chapter many remarks on the morphology and the physical
properties of deposits tn the form of microstructures and extended thin films
have been made, In this section, we shall confine ourselves to summarizing
some of the common featyres,

Most of the materials deposited by the various techniques were
polycrystalline. Epitaxial and  single-crystalline growth has been
demonstrated 1in only a very few exceptiona] cases ([see Table 5.1). For
pyrolytically deposited films, the grain s1zes increase with intreasing laser
power, This was studied in some dstail for M [5.50,105}. Photolyticalty
deposited films show, 1in general, smaller grain sizes than pyrolytically
deposited f{ims, The adherence of films depends strongly on the substrate
material, the foreqoing cleaning procedure, and the Jaser power and
wavelength, For example, good adhersnce wis found for pyrolytically deposited
Nt stripes on a1l substrate materials favestigated, except for 1000 A
a-51/glass substrates and laser powers > 20 mM. The adherence of the N
stripes increased with decreasing laser wavelength, Phatolytically deposited
ftlms show good adherence as well and generally pass the Scotch tape test,

The electrical propertties of deposits ware investigated for some systems
and processing conditions. This is findicated by a p tn Table 5.1. For
pyrolytically deposited metal fiims the resistivity decreases with increzsing
laser power and is typically 1 to 5 times higher than the bulk reststivity,
Photolytically deposited metal films produced without substrate heating have
resistivities that may exceed the corresponding buik values by a factor of
10-10%, The large differences in electrical properties of pyrolytically and
photolyticalty deposited filims originate from the differences in grain sizes
and, more importantly, the concentrations of tmpurities fncorporated in the
Fiims. When fiims are being deposited from alkyls or carbonyls, the
concentratifons of C,ﬂy or C,D_., fragments, which strongly {nfluence the
electrical properties, decrease with increasing substrate temperature, This
explains the superior electrical properties of pyrolytically deposited films,
There are several possible ways of improving the morphology and phystcal
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properties of photodeposited films. One possibility 15 the yniform heating of
the substrate (indicated in Table 5.1 by HS) to a temperature where no dark
reaction - or only a negligible one - takes place. Another possibtifty is the
combined twin-beam or single-beam pyrolytic-photolytic technique that .has
been described in Sects.d.1 and 5.2.2. In this connection 1t may be
{1tuminating to briefly discuss some reststivity measurements on metal
stripes that have been deposited with near UV laser Tight.

Figure 5.27 shows, for the example of W and two different substrates, the
reststivities of stripes as a function of the power of the 350-360 rm Ar*
Taser output {5.103). The precursor was WiC0)g without any buffer gas. The
most remarkable feature in the figure is the difference in resistivitias of ¥
stripes on GaAs and glass substrates, This behavior ultimately orfginates
from the differences 1in the optical and thermal properties of thess
substrates, For example, the thermal conductivity of GaAs exceeds that of
gtass by a factor of 30 to 10, itself depending on the temperature,
Therefore, the local laser-induced temperature at & certain laser power will
be considerably lower on GaAs than on glass substrates (Sect.2.1.2).
Consequently, the relative importance of pyrolytic and phototytic
decomposition mechanisms will be quite different for these substrates, The
lower laser-induced temperature on GaAs favors the growth of granular f{lms
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and, additionally, fncorporation of photofragments, such as €, 0, co or €,
into the W films, This goes some way towards explaining the great differences
in the reststivities. For W, however, the situatfon f1s somewhat mare
compl icated, Here, the higher film resistivities measured on GaAs substratas
may also originate, in part, from the different metallurgical phases of v
that may form at different temperatures (Sect.5.3.1), Even 1n bulk material,
the electrical conductivity of the c-phase, which is formed between 500 aad
950 K, exceeds that of the g-phase by & factor of 100 to 309,

There seems to be another possible way of impraving the physical
Properties of photodeposited films, HIGASHI and ROTHRERG |5-4) have recent’y
shown that the CHy contamination within Al films photolytically deposited
from Alz(cn3)5. can be significantly reduced by subsequent ArF laser
trradfation in vacuum. After frradiation, the films had similar electrice)
and optical properties to those deposited at elevated substrate temperatyres
(see (5.5} and Sect.5.3). These results seem of particular interest and
should be further substantiated for other films deposited from alkyls ang
also from carbonyls, If this observation holds more generally, it would be 3
unique tool to improve the quality of both photolytically and pyrolyticall=
deposited films. In the latter case this would be of particutar relevance s
high resolution pyrolytic patterning, which is achieved at low Tocal laser-
induced temperatures (Sect.3.5), It may be that the improvement of other
laser-deposited materials, as e.g, Ala03, by UV laser irradiation can be
explained, at least in part, along similar lines (Sect.5,3,1),

& Surface Modifications

This chapter ddN1s with laser-induced surface oxidation, nitridation,
reduction, metalliXation and doping. In this processing mode, atoms or
motecules (including\photofragments) of the sd:acent mediun either directly
combing with ztoms or\molecyles within the solid surface, or they simply
diffuse iInto this surfacd, Another type of surface modification is the laser.
induced depletton of a \particular component of the surface, without
appreciable etching or evapokation of the solid. In each of these treatments
the physical and/or chemical\ properties of —aterials’ surfaces will be
modtfied. Surface modificatiol tn  general, requires (thermal and/or
nomthermal) photoexcitation of t substrate, and {s therefore performed
mainty at norme) tncidence. Large-drea surface modifications are performed
with h gh power C0p Vasers, excimer lixers, Md:*AG or Nd:gtass lasers, while
for local mdifications low power cw laders suce as Ar* or kr* Jasers may be

eaployed,

6.1 Oxidation, Nitridation

Surface oxidation of metals and semiconductors in\an oxygen-rich atmosphere
is 3 well-known phenomenon. Clean surfaces of materids like Al, W, St, etc,
spontarecusly react in air, even at room temperaturd, to form thin native
oxide iayers (typically 10-100 A thick), This thermally \pctivated process ts
self-terminating, because oxygen diffusion becomes 5 lkely with
fncreasing layer thickness. For many applications {1ocal haMgdening, chemical
passivation, electrical {insulation, etc.), it is desirable increase the
thickness of native oxide layers, or to sti~ulate oxidation\on materfal
surfaces that do not spontaneously oxidize in an oxygen environmeht, A large
number of techniques for producing oxide layers on solid surfaces Wave been
investigated. The most commonly used such techniques are thermal oxidation by
uniform substrate heating in an oxygen-rich atrosphere and plasma oxidation.
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IRE WS Bp05 ¢ Aspls, the laser-formed oxfde showed an oxygen de*icfency
in Xomparison with the overall formyla 62307 + Asy03. Thts behavior fs not
derstood,

ion of variout I11.¥ compounds under high $ntensity visible laser
Tight trradiatton has been studied by COHEN et al. |6.23} and by FUKUDA and

Photo-enhanced oxidation of Si and InP in a N,0 atmosphere excited by Arf
taser light at\ parallel and combined perpeadicutar/paraltel incidence has
been demonstrated, by ZARNANI et al, 16.26,27). For InP preheatad to 685 X,
the oxfdation rate\at parallel incidence wes 5105 wm/s (10 mbar Nz0). The
growth rate increased\ with increasing K20 pressure, This shows the importance
of excited oxygen, \which 1{s formed according to {2.27). <{ombined
perpendicular/parallel radiation increased the oxide layer thickness by
about 20%. This additioyal enhancement ts duve to electron-hols pair
generation and possibly atso\due to direct substrate heating. The compasition
of the oxide layers contained 203 and a phosphate, probably InPO,.

c} Oxidation Mechanisms
From the existing 1iterature it \is very clear that the photo-eahanced
oxidation of semiconductors ynder vi ble and YUY trradiation i1s not a pursaly
thermally controlled process, NontByrmal contributions are essential,
particularly at low laser irradiances, 1| seems to be clear also that various
different nonthermal mechantsms contribute\to the oxidation process ard that
their refative importance depends  on he particular system under
investigation and the laser wavelength and irrddiance, Among these mechanisme
are:

- The migration of photogenerated electrons thriqugh the oxide layer, This
may result {n both the formation of oxygen anfond, and a strong electric
tield, which in turn pulls the oxygen fons through\the oxide layer, The
oxidation rate decreases with fncreasing oxide layer Wpickness due %0 the
reduction in fleld strength. Such & field-assisted diffusiyn process would at
Teast qualitatively explain the dependence of the oxidatio rate, which has
been investigated matnly for Si, This mechanism alsp seems to essential in
the Si-hzlogen stching resctions that are described in Sect.8.2Y6.65,65].

- for UV and for far UV laser Tight, the photo-induced formati of >aygen
vacancies within the oxygen layer may become important [6.17. +67,68],
Oxygen-vacancy-related defects fncrease the mobility and ther Yy  the
transport of the oxygen,

= Far U¥Y radiation also fncreasss the formation of active oxygen spe Iei
{0, ozore), These can be oroduced either in adlayers or within the ambi
144

Excited oxygen atoms 0(10) may directly react with semfconductor
surfaces to oxide Tayers [6.26,27],
Similar mechan are expected also for nitridation reactions,

In surmary, one can say t surface oxidation and nitridation resylt {n
the formation of films with thickne of , typically, 0,1-1 pm. Such filims
can be produced either by single-step direc iting, or over extended areas
of up to several square centimeters. The technique ompl ementary to laser-
tnduced gas-phase deposition (Sect.5.3)}, which makes ssible to grow
uniform f1ims which are, typically, betwesn 10 and 103 times as

6.2 Reduction, Metallization

Just as laser-induced heating of certafn materials in an oxygen-rich

atmosphere encourdges the oxygen to become fincorporated 1n the lattice,
specific materials can, in contrast, be persuaded to give up their oxygen to
a4 reducing environment under the appropriate laser-heating conditions. This
has been demonstrated for oxidic perovskites, e.g, 931103. PbT104,
PbTY, _,Ir 03 (PI7), Pbl_3y,2LayT|1_er‘03 (PL2T) and SrTi04, by BAUERLE and
Co-workers |6.69-73). These materials are insulators with a band gap of,
typically, 3 e¥. They are ferroelectric and thereby piezoslectric, It 1s well
known that the physfcal properties of these materials can be dramatically
changed by oven heating of the bulk material, e.q. in Hp atmosphere at
S00 - 1500 K [6.74-79|. This treatment results In the generation of oxygen
vacancies and free or quasi-free electrons. The concentratiaon of oxygen
vacancies and free elsctrons increases with increasing reduction temperature
and with decreasing oxygen partial pressure. The oxygen vacancies act as
shallow donor levels and the originally tnsulating matertal becomss an n-type
semiconductor, The originally transparent material becomes blue to black,
depending on the concentration of vacancies [5.14.75.. Becayse of the
fundamental role of the oxygen fon 1in connectfon with the dynamical
praperties of perovskites, the oxygen vacancies also strongly influence the
structural phase transitions (ferroslectic and nonferroelectric) observed in
these materials |6.76-83),

Laser light irradiation of oxidic perovskites in a reducing atmosphere can
result in loce) reduction of the material surface [6,70-73,88], While for
sub-band-gap radiation (hv < Eg) the reduction mechanism is mainly therma),
UV 2nd far W radiation (hy > Eg) may directly generate oxygen vacancies and
quasi-free elactrons. The reduction process 1s reversible, fi.e. on heating
the material in an 0, stmosphere or in air, the reduced {blue to black)
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Flg.6.2. Optfcal micrograph of stripes
produced with laser powers P = 75 mi, 125 =y
and 190 mW (left to right). The scanning
velocity was vg = 25 um/s and the hydrogen
pressure p(Hz) = S00 mbar. The distance
bet\;eer; centers of stripes fs 200 um (after
16.72)

regions vanish, Only a small change In surface morphology Is observed. With
increasing Taser irradiance the degree of reduction increases and the
electrical properties of laser-treated regions change from semicomducting to
metaltic. When the laser intenstty 1s even further increased, beyond &
certain value, etching or cutting of the waterial {s observed {Sect.8,3),

Laser-induced reduction and metallization of oxidic perovskites allows
single-step conductive patterning of the otherwise insulating materials®
surfaces, Metallization has been studied in detall for hot-pressed optically
transparent ferroelectric PLIT ceramics {with 9.5 at. % ta (y = 0.095) and a
Ir:T ratio of 65:35 (x 0.35)) by KAPENIEKS et al, [6.72,713). The
electrical resistivity of the bulk material was > 1014 gem.

Figure 6,2 shows an optical micrograph of metallic stripes produced with
Increasing power (from left to right) of the UV multiple line output of &
xr* laser (& ¢ 337-356 nm) on the surface of a transparent PLIT sample, After
laser treatment the sample was rinsed fn dilute W03 1n order to remove the
Pb condensed near the edges of the stripes,

In Fig.6.3, the resistivity per unit length of stripes is plotted versus
laser power. The different symbols refer to a freshly prepared sample and a
Sample annealed at about 1100 K. [Initially, both samples show an
approximately exponential decrease in resistivity with increastng laser
power, and then a decrease in slope fn the semilogarithmic plot, For laser
powers above about 180 mW, microcracks are occastonally observed in the
surface region adjacent to the metai stripe. These cracks have no influence
on the electrical conductivity of the stripes, However, when the laser power
1s fncreased to above 250-300 mW, cracks that penetrate deeply into the bulk
PLZT material underneath the metalfic stripe are observed, Therefore, this
regime was not Investigated in ny more detail. The single data points shown
in the figure for the same laser power were obtained from resistivity
measurements on the same stripe, but for different locations of electrodes,
The scattering of dats 1s probably due to inhomogeneities in the transformed
material, which may possibly be related to tnhomogeneities 1n the bylk

materfal. The results presented in the following were all obtained with
frashly prepared samples,
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Figure 6.4 shows the resistivity of stripes as a function of Hy pressure
for different time iIntervals of resistivity measurements, Here, sach data
point represents an average of five resistivity measurements. A pronounced
minimum in resistivity for pressures between about 100 and 600 mbar can be
observed, It can be seen that ageing influences the resistivity of stripes
produced at lower Hy pressures more strongly than those produced at higher
pressures. The dependence of the resistivity of stripess on the scanning
velocity fs shown in Fig.6.5. Again, a sharp minimum is observed for a
certain range of scanning velocities, at otherwise constant paraveters, The
thange in reststivity is about 5 orders of magnitude an both sides. For
scanning speeds below about 10 um/s, scanning electron micrographs show many
cracks n the stripes, This explains the broad scattering of data points in
this recion. At higher scanning velocities, no cracks can be observed and the
reproducibil ity of measurements is within about a factor of two. This is
quite satisfactory in view of the wide range of resistivities that can be
obtainec for different processing parameters.
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From the toreqoing results 1t has become evident that ranges of optimal
processing parameters exist, for which the resistances of stripes are
typically of 1hn order of 100 w/mm. In these ranges of processing parameters,
the stripes have metallic conductivity, This can be concluded from a simpte

estimate of the specific resistivity of the stripes, which ylelds values of
about 10~4 ¢ m,

The conduct ivity of metalitzed regtons within pLZT surfaces produzed by Uy
taser drradiation in Hy atmosphere {s essentfally determined by: the
reduction of the matertal to metallic Pb, T and Ir, the evaporation of Ph
and, for certain parameters, the cracking of stripes, The evaporation of Pb
results in the occurrence of a shallow groove in the middle of the metallic
stripe. This luea) depletion of P 1s consistent with X-ray microana’ysis and
simflar fnve<tigations performed on PbTY) _xIry0q [6.71]. The dependencies of
the resistivity shown in the figures can be qualitatively understocd in the
Tight of the Atorementioned points: An adequate processing time {~ 1fy ) and
4 sufficient umount of Ha are necessary for the ﬁetullization of th: 2T
::;f‘:ﬂ;u(:;e:'::":th::a:::n:. 1t v; is too small, an increase in Pb evaporation

9 of stripes s observed (Fig.6.5). For high H.
Pressures the mean free path of the evaporating Pb {s diminished and th;

dense Pb vapup dttenvates the laser beam intensity, This causes the fncrease
in resistance (Fin.6,.4),
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fluence mst be high encugh to substantially

The increase fin power thrashold observed for annealed samples [curve
fndicated by + symbols in Fig.6.3) can be understood from the shift in band
edoe caused by the annealing., This shift in band edge ts a well-known
phenomenon in PLIT. In fact, one can see that the characteristic yellowish
color of freshly prepared PLIT is faded out in annealed samples. Becaute the
energy of the laser light is only near the band-gap energy of the PLIT, &
smail shift in the band edge to higher energies will cause & significant
thange in absorbed laser power,

Large-area electrodes (0.5x0.5 mz) have been prepared in a similar way on
PLIT surfaces. These electrodes were characterized by temperature-dependent
dielectric measurements performed on samples with different thicknesses
{0.1-2 mm) ot frequencies from 10 kHz to 10 MHz |5.73,120), Below 400 K the
laser-fabricated contacts led to higher dielectric constants than
conventional evaporated Au electrodes. The difference is most pronounced for
small sample thicknesses. Thus, tn combination with the observed increase in
adherence, such laser-processed electrodes could be suparior to conventional
electrodes in miniaturization problems,

ain any material on the deposition of doped semiconducting
films, as this“Wgs aiready been discussed {Chap.5). Laser-induced doping of
matertals’ surfaced\takes advantage of the high heating and cooling rates
that can be achieved Wth pulsed lasers or scanned cw lasers {Sect.2.1.1).
The short temperature cyc obtained with lasers make it possible to produce
very shallow heavily doped ladwps within solid surfaces. while pulsed lasers
are matnly used for large-area (shwgt) doping, cw lasers allow direct writing
of patterns with 1lateral dimensi down to the submicrometer leve)
(Sect.4.2). Table 6.2 lists the systems estigated so far,

Laser doping 1s, in general, performed a¥ normal incidence. The absorbed
or even melt a thin layer
of the substrate surface in order to allow dopah, incorporstion by high
temperature or Viquid-phase diffusion. The source of
thin layer of an element implanted Into or evaporated
surface, or adsorbed-, gas-, liquid-, or solid-phase parent



.4 Inorganic Insulators

EtciNng of inorganic insulators has been investigated mainly for amorphous
§$10; Ya-5107; often simply denoted by 5$107), for some glasses of complex
compositjon, for oxidic perovskites such as BaTig;, 5rTi0;, POTHy ,2r 04, and
for ceramd A1,03/TiC (Table 8,1),

Photochemical dPy-etching of 510, and 5105-rich glasses has been tavestigated
for various reactdgt molecules that have been dissoctated either by single-
photon electronic by multiphoton vibrational excitations. For the
molecules investigatedy spontaneous etehing 45 zero or negligible {Sect.8.1).

BRANNOK (8.59) and WOPER and TABAT [8.65-67| used ArF and KrF excimer
lasers to photodissociate s, CF,Bry and CF4Br, CFql, CF4ND and CO(CF3)2.
Interestingly, etching was ry effictfent for CFZCIZ and CFaBry (typical etch
rates were 0.2-0.5 A/pulse),\phile the other compounds yielded either very
inefftcient etching or else node at all. These results seem to suggest that
CFp radicals interact with the § surface more strongly than CFq radicals,
The reason for the different behavidy of these radicals is not understood and
the results need to be further ve Ified. Experiments carried out under
similar condttions, but with Bry and X as parent gases did neot yield any
appreciable etching. HIROSE et at, 18.29,%0| have investigated the etching of
5310; n a mixture of NF3 and Hy under excimer laser irradiation. The
reaction mechanism syggested was qualitatively described by

3

3107 + NF3 4 Hy + hv(193 nm) — SIF, + N0y + Wol) + WF , (8.10)
Here, the etch rate was found to increase with Hy pactial pressure, The main
reaction products observed were SiFy, N30 and N5,

Etching of 510, in 2 €1, atmosphere by visible Ar*\laser radiation has
been investigated by CHUANG et al. 18.8,9,79,80). Because
within the visible spectrat region, laser-induced excitatidn or hesting of
the substrate cannot be of great fmportance. In fact, the stch rate seems to
be correlated with the phatodissociation yleld of the €1y (sech.2.2.1). For
457.9 mn cadiation an etch rate of up to 3+10~%uw/s [picly) = 13y moar| ws
obtained, while the rate was significantly lower for the 514.5 nm layer line,
under otherwise identical experimenta] conditions. The latera) dimensions of
etched features were much targer than the focal spot stze. For exampl
2% = 7 ym the diameter of the holes was 50-80 um, depending on the |

0y is transparent

eam {1iumination time. This can be explained by the random diffusion of Cl
rajcals praduced within the gas phase {Sect.3.5).

Lange-area etching of 510 activated by multiphoton vibrational
dissocidrjon (MPD) of CF3Br and COF3 with pulsed €0y laser radiation has been

necessary forz\MPD, such experiments can be performed only in the parallel
configuration (F¥g.4.3), The etch rate achieved with the laser focus 1 mm
above the substraté\was 0.3 A/pulse, It was proposed that the CFy radicals
generated in the MPD cess react with 510y to form volatile prodycts. This
interpretation fs in disagreement with the resylte mentioned above, It
remains unclear whether t different observations are related to the
differences in optical contiguragton, photochemistry and/or concentrations of

Projection etching of 510p-rich Nglasses by transient heating in a Hy
atmosphere has been demonstrated with WeF laser radiation [8.58]. Gratings
with a resolution of about 0.4 um have bedq produced. Figure 8.16 shows the
etched depth as & function of laser fluence\for Pyrex and "thermally grown
5107 on 51,

Fi9,8.16, Etched epth of

atmasphere as a functiom of Arf
laser fluence, Pyrex: s: p 2) =
266 mbar; x: p(Hy) = 1333

SiG2 on Si: m: p(Hp) = 266 mo
(after (8.58))

ETCHED DEPTH L10°?um/ Puise])

0.0 0.8 10 X ] 26
LASER FLUENCE /PULSE CJ/em?)

8.3.2 Perovskites

Laser-induced etching of oxidic perovskites has been investigated by EYETT et
4. |8.14,103-106;. Experiments were performed with visible and UY Ar* 2and
Kr* laser radiation and with excimer laser radistfon, As outlined in
Sect.6.2, taser-induced heating of thess materials in 2 reducing atmosphere
results fn the formation of oxygen vacancies and quasi-free electrons. With
increasing laser powers, metallization and, finally, etching occur. The most.
detailed {nvestigations on etching have been performed for crystalline
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F1g.8.17a,b. Scanning electron micrographs of grooves etched with 647 mm
Kr™ Taser radiation in ceramic PbTH)_y2re03. The ambient medium was (a) air
with plair) = 90 myar, (b) Hz with p{Hp) = 90 mbar, P = .72 W, 2wy = 18 pm,
¥s = 8.4 pm/s (after |B,14))

BaTiDy and 5eT10y and for ceramic BaTi03 and POTy_,2r,09 (PZT, PXE) in an
Hz atmosphere, Scanning electron micrographs of grooves produced in PIT with
647 om Kr* laser radiation in afe snd in an Hp atmosphere under otherwise
fdentical processing conditions are compared in Figs.B.17a,b. While materials
removal in atr is very irregular, well-defined structures can be produced in
Hy. Additionally, etching thresholds are considerably lower {n Hp than in
air, The role of Hy is interpreted by the local decrease in 02 partial
pressure, which favors efficient local reduction of the material (see
Sect.6.2). This has two consequences:

- The local absorption fncreases strongly and becomes spattally better
defined,

= The large number of oxygen vacancies generated favors a local_ collapse
of the perovskite lattice.

Figure 8.18 shows the width and depth of grooves and holes as a function of
laser power. The {)lymination time for the holes was chosen to be equal to
the dwell time of the laser beam during etching of grooves, 1.e, ty = 2wy/v,.
for low laser powers, the width §s tpproximately equal to the diameter of the
laser focus. For the highest laser powers used, the width 1increases by a

factor of two to three. The etched depth increases continuously but shows a

decreasing slope with Incressing laser power. The latter observation may
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fi9.8.18. Width and depth of grooves and holes etched (n ceramic
‘FB*IT_,Tr,Og as a functfon of the Inctdent Kr' laser power. +: grogves, 2w, =
18 um, A = 647 nm, ¥s = 8.4 um/s, «: grooves, &g = 18 um, A = 488 M, v =
8.4 um/s. O: grooves, 2wy = 11 ym, A = 647 W, vg = B.4 um/s, o: holes, 3%,_.,
=18 um, &= 647 o, ty = 2.1 s (after 18.14))

F19.8.19. Width and depth of grooves and holes etched ty 647 mm Krt laser
radiation in PbTiy_,Zr,07 in a Hy atmosphere as a function of scanning

_velocity and Taser beam dwell time. +: grooves: o: holes {after [8.14))

result from the diminution of the effective taser power by the material
ejected out of the etched groove or hole, At constant power, the stched width
stiys about constant while the depth increases togarithmically with the dwell
time of the laser beam (Fig.8.19). Temperature measurements using vispal and
photoelectric pyrometry {Sect. 4.4} revealed an Arrheniys type behavior of the
average etching depth, For temperatures < 1600 X, an apparent activation
energy of 41 £ 8 kcal/mole was derived. In this connection it seems
interesting to note that tha energies of evaporation of pure PbO [8.[07} and
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Fi1q.8.20. Electron-beam-induced X-ray fluorescence signal for Pb, T4

:I:d: munctti:n offtha d:stance from the groove edge.gme nelsurélnents“:efz
ar the surface of the sample, on & V-shaped cross secti

that shown in Fig.2.9c {after {8.14)) e 3 section simtlar to

of Pb0 out of PoTiy_y2r, 03 (x = 0.65) [8.108) are 56 kcal/mole and 39
kcal/mole, respectively, The Corresponding energles of evaporation of 110,
and 2r0; are 137 and 170 keal/mole, respectively (8,207 ). This ts a hint that
the evaporation of Pbo s impartant in the etching pracess. This conclusion
s supported by SEM and ¢lectron-beam-induced X-ray fluorescence studfes, In
2 region of about 30-50 um around the edges of grooves or holes, morpholtogy
thenges are observed, which are due to 2 depletion of b (F19.8.20). Beyond
the depletion layer, the morphology and chemical composition corresponds to
that of bdulk PIT, The thickness of the depletion layer depends on the
incident laser power. Results similar to those presented fn Flgs.8.18 and 19
were cbtained for the other perovskites investigated.

The etching conditions became quite different, however, when UV lager
radiation with an energy exceeding the band-gap energ . Eg. of the perovskite
under consideration was used Instead of visible laser radiation, Inftial
experiments were performed with the 337-356 nm multiple l4ne output of the

192

-—\

kr* laser, Up to the highest laser powers availabla (P < 400 md), the etch
rates were 1n good agreement with those presented fn Fig.8.18, but they were
independent of the surrounding atmosphere (Hz or alr). These results can
tentatively be explained by the strong increase in the absorption coefficfent
for photon energies hy > Eg. Furthermore, experiments with 308 me XeCl laser
radfation have shown that the depletion layer wentioned above can be
constderably reduced or even avoided |8,106]).

8M Organic Polymers

Laser-\nduced ablation of organic polymers and blological materials can be

perfo in & vacuum or in a nonreactive atmosphere, As already outlined in
Sect.1.4, tqe process 1s mainly thermatly controlled for IR and visible laser
radiation, le direct nonthermal bond breaking seems to dominate for UV

radiation below\about 200 nm at low to medium laser irradiances, While this
section deals mai with the processing of organic polymers, the technique
can be applied also biological materials that have similar properties,

Table 8.2 summarizéy the results currently available on the etching of
organic polymers, It cam be seen that most of the experiments have been
performed in air, Systematdg investigations on the influence of a reactive
surrounding on the etch rates Wee still lacking.

Pyrolytie ablation of polymersqnd biological materials is based on local
melting andfor evaporatfon., The locM laser-induced temperatyre rise can be
estimated from the equations preseénted im  Sect.2.1.1. Que to their
temperature sensitivity, organic materWls become, in general, heavily
damaged amd/or distorted during pyrolytic\ processing, While this may be
trrelevant in particular applications, suchN\gs fin targe-area cutting for
example, the technique does not allow well-defWged patterning in the sub-
millimeter regton, The following discussion wi%] therefore concentrate
on photoskemiocal ablation (APD). This technique, ich opens up a wide
viriety of new and quite different applications, no¥% only in materials
processing but also in medicine, was pioneered by SRIMIVASAN and co-workers
{8.112-114,116,119,120,125,128-130.

Figure 8,21 shows scanning electron micrographs of two pol

mechanical masks. The relatively sharp edges and the high aspect Matios
achieved are typical of APD.
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