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Abstract

Plasma etching is indispensable in microelectronics manufacturing, due to its ability to
precisely pattern feature with lateral dimensions of <10 nm. To advance this capability to etch
layers with atomic fidelity, while also achieving ultra-high material selectivity, low ion energies
(10s eV) are required. However, at low ion energies, an alternative etching pathway catalyzed by

vacuum ultraviolet (VUV) photons generated in the plasma has been shown to be very important.

In this thesis, photo-assisted etching (PAE) was studied in various halogen containing
plasmas. Cl,, Br,, HBr, Br,/Cl,, and HBr/Cl, feed gases diluted in Ar (50%-50% by volume)
were used to study etching of p-type Si(100) in a radio frequency, inductively coupled, Faraday-
shielded plasma. PAE was observed in all cases, with Br,/Ar and HBr/Cl,/Ar plasmas having the
lowest and highest PAE rates, respectively. Etching rates measured under MgF,, quartz, and
opaque windows showed that high energy VUV photons are more effective in inducing PAE
compared to low energy photons. Characterization of etched surfaces using Scanning Electron
and Atomic Force Microscopy (SEM and AFM) revealed that photo-etched surfaces were rough,
quite likely due to the inability of the photo-assisted process to remove contaminants from the
surface. PAE in Cly/Ar plasmas resulted in the formation of 4-sided pyramidal features with bases
that formed an angle of 45° with respect to <110> cleavage planes, suggesting that the PAE is

sensitive to crystal orientation.

Various mechanisms have been proposed to explain photo-assisted etching of Si,
including photo-generated carrier-mediated etching, and photon-induced damage (breaking of Si-
Si bonds) caused by VUV photons irradiating the substrate. Optical Emission Spectroscopy was
used to gain an insight into possible in-plasma PAE mechanisms. Emissions from ClI, Si, SiCl,
and Ar were recorded as a function of power while etching p-Si in a 50%CIl,/50%Ar plasma at a

pressure of 60 mTorr with no substrate bias. The Si:Ar optical emission intensity ratio, lsi/lar

viii



(proportional to the etching rate of Si), increased substantially with power. Accounting for the
contribution to this signal from the dissociation of SiCl, (x=1-3) etch products, the residual
increase in the emission indicated that the photo-assisted etching rate also increased with power.
Time resolved emissions were also recorded in a pulsed plasma where power was modulated
between 500W and 300W. I/l was found to modulate with the instantaneous power. This rules
out the photon-induced damage mechanism since, if this mechanism was dominant, the Isi/la

signal would not be modulated.
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Chapter 1 — Introduction

1.1 Plasmas in semiconductor processing

Plasmas have long been used in the semiconductor industry to deposit and remove
material from the wafer surface. These processes are essential for the fabrication of
nanoscale electronic devices. Etching in particular is a critical step in the fabrication of
integrated circuits, allowing fine lithographic patterns to be precisely transferred onto thin
films on a wafer. Plasma etching or reactive ion etching (RIE) occurs through a synergy
between plasma driven chemical reactions and bombardment of ions normal to the wafer
surface [1]. The directional nature of ions striking the wafer being etched gives rise to

anisotropic etch profiles and precise pattern transfer.

The semiconductor industry is primarily driven by Moore’s law: the number of
transistors in an integrated circuit doubles every two years [2]. Continuation of Moore’s
law requires further shrinking of device feature sizes to < 10 nm and the use of advanced
3D circuit architectures among other solutions. These requirements pose a great challenge
to existing plasma etching processes, especially with respect to achieving dimensional
control on the order of a few Angstroms. Advanced control of etching precision
potentially offered in techniques such as atomic layer etching (ALE) is needed to allow
etching of ultrathin films with monolayer accuracy and no damage to underlying

materials [3], [4].

Critical variables that determine the feasibility of ALE include: (i) the choice of

the reactive gas, and (ii) energy of bombarding ions that assist in the chemical reaction



between the reactive gas and the substrate material being etched and desorption of etch
products [3], [4]. The gas is chosen such that it does not spontaneously etch the material.
This limitation can be overcome to some extent by reducing the temperature of the
substrate to slow down the kinetics of the reaction between the reactive gas and the
substrate material [4]. The ion energy must not be too high to damage the underlying
crystalline substrate by physical sputtering nor too low to drive a synergistic etching
reaction on the surface. The ion energy must be controlled so that the atomic layer
etching process is self-limiting, i.e., no etching occurs in the absence of ion bombardment
or when the reactive layer formed at the surface of the material being etched has already

been removed by ion bombardment.

1.2 Control of the lon Energy Distribution

Control of the ion energy distribution (IED) is one key to improving the precision
of plasma etching processes. For ALE, mono-energetic IEDs are most desirable. Various
methods have been reported to obtain nearly mono-energetic IEDs [5]-[7]. One such
technique employs a Faraday shielded, inductively coupled plasma (ICP), where the
power was modulated at 10 kHz with a duty cycle of 20% [8]. A synchronously pulsed
DC bias (+24.4 V) was applied on a boundary electrode during the afterglow (power
OFF) period. Figure 1.1 shows the time-averaged ion energy distribution. The narrow
peak centered at ~24 V corresponds to the ion energy during the afterglow period when
the pulsed DC bias was applied on the boundary electrode, whereas the short and broad

peak corresponds to the energy of the ions when the plasma is ON. The position of the



nearly mono-energetic peak may be varied by changing the magnitude of the DC bias

applied on the boundary electrode.
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Figure 1.1: Control of ion energy distribution using a pulsed plasma and a synchronously
biased boundary electrode [8].

1.3 Discovery of Photo-Assisted Etching in plasmas

Lowering the ion energy reduces ion assisted etching rates substantially. Low ion
energies facilitate damage free, selective etching of materials. While studying etching of
p-type silicon in a dilute Cl,/Ar plasma using a nearly mono-energetic ion energy
distribution, it was found that etching persisted at ion energies below the threshold for ion
assisted etching (see Fig. 1.2). Experiments ruled out the possibility of etching by low
energy ion assisted process and also by Ar metastables, which possibly have sufficient
energy to promote etching. Reduction of the sub-threshold etching rate under a quartz

window (which has a light transmission cutoff wavelength of ~170 nm) suggested that



vacuum ultra-violet (VUV) photons generated in the plasma played a major role in sub-

threshold etching of silicon [9].
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Figure 1.2: Silicon etching as a function of square root of ion energy in 1%CI,/99% Ar
plasma. Sub threshold photo-assisted etching observed for ion energies less
than 16eV [9].

Sub-threshold photo-assisted etching can be detrimental to processes that employ
low ion energy to achieve high selective and low damage. The importance of photo-
assisted etching as a competing etching mechanism at low ion energies could prove to be
a major obstacle in the development of self-limiting etching processes such as atomic
layer etching [3]. Hence it is imperative to understand the nature of plasma surface
interactions, specifically regarding the role played by VUV photons. A mechanistic

insight into photo-assisted etching mechanisms may provide clues to reduce photo-

assisted etching relative to ion assisted etching.



Chapter 2 - Literature Review

2.1 Role of photons in etching

A material is etched when the reactive species adsorbs on the surface, reacts with
it and the reaction products subsequently desorb. The etching rate is determined by the
slowest of these processes. In reactive ion etching or plasma etching, energetic ion
bombardment drives surface reactions by breaking bonds and assisting in desorption of
the reaction products from the surface of the material. Similarly, energetic photons could
induce reactions and promote desorption of the reaction products by direct or indirect
excitation [10]. Direct excitation could involve excitation of gas phase species as well as
species adsorbed on the surface. A high energy photon can excite a molecule in the gas
phase (electronic excitation), often leading to dissociation, or interact with the species
adsorbed on the surface causing the adsorbed species to break the bonds formed on the
surface and desorb into the gas phase. Indirect excitation occurs through processes
initiated by absorption of light by the substrate material [11]. For semiconductor
materials, absorption of photons with energies larger than the band gap creates electron-
hole pairs. These photo-generated carriers can have sufficient initial energy to enhance

surface reactions [10].

Photons may play a significant role in aiding or enhancing either of the basic
processes involved in etching (i.e., adsorption of reactive species, reaction at the surface,

desorption of reaction product). To understand photo-assisted etching, it is important to



understand the fundamental mechanisms by which the photon influences these basic

processes.

2.2 Photon interaction with gas phase species

Reactive gas molecules (e.g., Cl,) can be excited and often dissociated by photons
through electronic excitation. Photo-dissociation produces more reactive radicals [12].
Reactions involving the substrate with reactive gas molecules that may otherwise be
endothermic are made possible through the formation of radicals. Excitation of gaseous
species is an important phenomenon in laser induced etching, specifically when etching
rate is governed by the flux of reactive atomic radicals that are produced by photon
induced dissociation [13]. In a plasma, molecules are dissociated by electron impact and
contributions to dissociation/excitation due to light absorption are generally thought to be

negligible.

2.3 Direct excitation of the adsorbate

A photon can be absorbed by the adsorbate species through electronic transitions.
The excited adsorbate can participate in any of the multiple relaxation processes. The
excited species may have sufficient energy to enhance adsorbate-adsorbate, or adsorbate-
adsorbent chemical interactions, break surface bonds, and desorb (etching reactions) or
lose energy by relaxation processes in the adsorbate layer itself or to the underlying
substrate. Relaxation processes include intralayer energy redistribution, coupling to
electronic states of the substrate, or quenching in the substrate lattice. The probability that

the excited species participate in any surface reaction depends on the time for which it



will stay excited. Adsorbate vibrational energy relaxation times have been measured
using pulsed laser techniques [14]. For semiconductors, it has been determined that the
lifetime of vibrationally excited species is less than 10 ps, if the vibration frequency is
less than Debye frequency of substrate. For excitation frequency larger than the Debye
frequency, relaxation requires non-resonant multi-phonon interactions resulting in larger

lifetimes (> 50 ps) [15].

Laser induced etching of Si using SFg was attributed to direct excitation of
adsorbed SFg [16]. Laser pulses from a CO, laser directed towards a silicon substrate
saturated with 1-2 monolayers of physisorbed SFg, were shown to drive a surface reaction
between the adsorbed gas molecules and silicon substrate. The major product of the
reaction (SiF4) desorbing from the surface was detected by a mass spectrometer. It was
shown that the surface reactions leading to etching (see below) was mainly due to the
vibrationally excited SF¢~ formed by multiple photon absorption, as proposed in the

following mechanism:

SF¢ — Si (s) — SiF, (ads) + SF4 (g), (2.1)
SiF, + SiF, — SiF; (ads) + Si, (2.2)
SF + SiF, — SiF, (ads) + SiF4 (g), and (2.3)
SiF, (ads) — SiF; (g). (2.4)

Etching diminished substantially when the light was focused parallel to the silicon

substrate due to the lack of reactive species. Absorption of intense infrared radiation by



the silicon substrate may also induce substrate lattice vibrations, and rearrangement of

surface species in a way that assists in desorption of reaction products (equation 2.2).

2.4 Photon interaction with the substrate

In semiconductor materials, absorption of photons that have energy larger than the
band gap leads to the formation of electron-hole pairs that have an excess kinetic energy
equivalent to the difference between the band gap (Ey) and photon energy (hv). The cross
section for this absorption is determined by the electronic band structure (direct or
indirect band gap) of the material. The energetic photo-generated carriers can induce
chemical reactions equivalent to oxidation (detachment of electron) or reduction (addition
of electrons) reactions on the surface. Photo-generated carriers may also enhance
adsorption of gas molecules on the surface as is known to occur for O, molecules on TiO,

[17]. Examples of carrier mediated processes are discussed in section 2.6.

2.4.1 Creation of charge carriers

Photons with energy smaller than the band gap (hv < Eg) are not absorbed by the
material, i.e., no electronic transitions occur from the valence band to the conduction
band. However, intra-band free carrier transitions may occur at low photon energies
where free carriers in the valence or conduction band absorb photon energy and are
excited to higher energy level within the same band [18]. For photon energies just above
the band gap, the electronic transition will be “direct” or “indirect”, depending on the
material. For semiconductors with an indirect band gap (e.g., Si), the electronic transition

from valence to conduction band also requires absorption of a phonon in order to change



the momentum of the valence band electron. Phonons are quanta of lattice vibration that
have a very small energy and a large momentum. For an electronic transition to occur, the
phonon must have a momentum vector in the same direction as the electronic transition.
Also, since the phonons have a small but finite amount of energy, indirect transitions can
occur at photon energies just below band gap energy. The requirement of lattice phonons
for the “indirect” electronic transition to occur reduces the probability of light absorption
through this mechanism compared to “direct” transitions. At photon energies larger than
the “direct” band gap energy (3.3 eV for Si [19]), direct electronic transitions can occur,

increasing light absorption.

Figures 2.1 and 2.2 show the absorption coefficient of silicon as a function of
wavelength [20]. The attenuation of light due to absorption by the material can be

expressed by the Beer-Lambert’s equation

I1(x) = I,e™%, (2.5)

where I(x) denotes the intensity of light at a depth x from the surface of the material, a is
the absorption coefficient of the material which depends on the wavelength of light being
absorbed. For ‘1/¢’ drop in the light intensity, the penetration depth is equal to inverse of
the absorption coefficient. The absorption coefficient of silicon is quite high for high
energy photons, resulting in short penetration depths. For example, photons with

wavelengths of 120 - 200 nm penetrate to a 1/e depth of 6 — 8nm, respectively.
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Figure 2.1: Absorption coefficient of silicon for photon energies greater than 2 eV [20].
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Figure 2.2: Absorption coefficient of silicon for photon energies less than 2.5 eV [21].
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2.4.2 Loss of excess carrier energy

The energetic photo generated carriers lose energy through their interaction with
phonons (carrier — phonon scattering). The time for this relaxation (treax) IS weakly
dependent on the energy of hot carriers for energies < 1eV [22], and is between 0.1 — 1 ps
for low doping levels (<10'" cm™) for which carrier-carrier collisions are negligible [23].
For high excitation densities larger than the background doping level, carrier-carrier
collisions cannot be neglected [24]. However, carrier-carrier scattering does not serve to
decrease the excess energy as both carriers involved in the collision are energetic. Hot
carriers tend to diffuse through the lattice with an ambipolar diffusion coefficient (due to
charge neutrality in the bulk) that is determined by the carrier phonon scattering. The
photo generated carriers lose their excess kinetic energy rapidly and return to the band
edge. Diffusion or carrier migration to the surface induced by band bending continues to
occur simultaneously as the carriers lose energy and return to the band edge. Typical
diffusion coefficient for a hole in p type Si at 300K in the absence of electric field is
about 10 cm?/s [25]. The distance that the energetic minority covers by diffusion in ~ 0.5
ps (the time it takes for the carrier to lose its excess energy) may be estimated (using

equation 2.7 discussed below) to be ~ 20 nm.

2.4.3 Carrier Diffusion

Carriers continue to diffuse until they are lost by recombination. The diffusivity

(D) of the charge carriers can be calculated from Einstein’s relation [26]

p=4* (2.6)



where k is the Boltzmann’s constant, T is the substrate temperature, | IS the carrier
(electron or hole) mobility, and q is electronic charge. Carrier diffusion is mainly a
function of the internal/external electric field and temperature. At low fields, diffusion is
nearly independent of the field, whereas high fields result in lower diffusivity [27].
Lower diffusivity at high temperature arises due to increased collisionality with the

lattice. Diffusion length (Agifr) Mmay be estimated as

Adiff =4/ Dtrecomp: (2.7)

where trecomp IS the carrier lifetime before they are lost by recombination.
2.4.4 Carrier loss by recombination
Recombination in the bulk occurs through one of the following mechanisms:

i) Trap assisted Shockley-Read-Hall recombination [28] — The presence of
impurities (or dopants) in the lattice creates a localized trap state in the band gap,
where an electron may be trapped. If a hole is also trapped before the electron
moves into the conduction band, recombination occurs in the trap state. (Fig.
2.3(a)) The energy released due to recombination is transferred to the lattice.

i) Radiative recombination [29] — This mode is accompanied by the emission of a
photon with energy that corresponds to the energy release by recombination (Fig.
2.3(b)). This is not important for Si due to the indirect band gap.

i) Auger recombination [30] — Three carriers are involved in this recombination
process. A second electron or hole is excited by absorbing the energy released in

the recombination process. The electron loses this energy eventually through a
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series of collisions with the lattice. (Fig. 2.3 (c)) This mode is dominant in

heavily doped materials and for high carrier densities.
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Figure 2.3: Different modes of recombination. (a) Shockley Read Hall Recombination,
(b) Radiative Recombination, and (c) Auger Recombination.
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Figure 2.4: Effective carrier lifetimes as a function of excess carrier density in p-Si with a
acceptor density of 10*° cm[31].
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The effective carrier lifetimes (not including surface recombination) as a function
of excess carrier density is shown in Fig. 2.4 for a p-type silicon with an acceptor density
of 10" cm™ [31]. The carrier lifetimes were computed using models from literature
(Radiative recombination - Trupke et al. [32], Auger recombination - Richter et al. [30],
SRH recombination - SRH equation [33] using a 100 ps lifetime for holes (tp,) and
electrons (tn) at low doping levels. Apparently, SRH mechanism is the most important
carrier recombination mechanism in the bulk. At large induced carrier densities (>10"'

cm™®) the carrier lifetime is decided by Auger recombination.

2.4.5 Effect of Surface States

In addition to the bulk recombination processes discussed above, recombination
can also occur at the surface. Due to abrupt termination of the lattice at the surface,
electrically active sites (surface states) are created which act as recombination traps.
Also, the surface is prone to contamination due to reaction with other species, or by
damage from ion bombardment in a plasma. Surface states present at mid gap can act as
recombination centers similar to SRH recombination. Surface recombination can reduce
the lifetime of carriers significantly. It is also possible that the energy released on
recombination can create a localized hot spot, promoting surface reactions or favoring
desorption of surface species. The effective lifetime of the photo generated carriers

before they recombine through any of the above mechanisms can be calculated as

r -t 4+ 4 4 1 (2.8)

Teffective Tradiative TAuger TSRH Tsurface
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Surface recombination velocity depends on the quality of the surface. Surface
passivation has been shown to increase carrier lifetimes. Si wafer pre-treatment using HF
results in the formation of covalent Si-H bonds on the surface leaving no dangling bonds
on the surface [34]. Low surface recombination velocity (~ 0.25 cm/s) observed on a HF
treated Si surface has been attributed to the lack of dangling bonds on the surface which
would otherwise act as recombination centers [35]. On the other hand surface damage
can reduce carrier lifetimes. Kumaravelu et al. studied the effect of plasma induced
damage on surface recombination velocities [36]. A textured silicon wafer was etched in
a SFg plasma in reactive ion etch mode with the plasma operated at 200 W RF power
(13.56 MHz) with RF biasing of the substrate (V4. = -105 V). The minority carrier
lifetimes measured after etching was substantially lower (nearly zero) compared to the
lifetimes before etching. The very high carrier surface recombination rates were
attributed to the damage caused by energetic ion bombardment. The plasma etching step
was followed by a wet etch step where the plasma induced damage layer was etched
away. It was found that removal of 2-3 um of this damaged layer recovered the carrier

lifetimes substantially [36].

2.4.6 Band Bending due to Surface States

Surface states can be “donor-like” or “acceptor-like” states depending on the
position with respect to Fermi level. For an “acceptor like” surface state in n-doped
semiconductor, electrons transfer from the bulk to the surface region, rendering the
surface more negative compared to the bulk [37]. The formation of this space charge

layer sets up an electric field, causing the bands to bend. At equilibrium, the strength of
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the electric field is such that it opposes any further transfer of electrons from the bulk to
the surface [38]. Typically, the density of surface states (10" cm™) is much higher than
the bulk dopant states, causing a pinning of the Fermi level by surface states [39]. Band
bending can drastically reduce surface recombination rates as the band bending in the
space charge layer imposes an energy barrier on the majority carriers to keep them from
reaching the surface (see Fig. 2.5). Assuming the thickness of the semiconductor is much
larger than depletion width (W), a 1-D Poisson’s equation may be used to estimate W
[39]

w = |[%l (2.9)

eN

where g, is the dielectric constant of the material, €, is the permittivity of free space, V is
the energy barrier due to band bending, e is the elementary charge and N is the dopant
density. It can be easily shown that the depletion width for Si with a dopant level of 10%
cm™ ~ 800 nm. Comparing this with the penetration depth of a VUV photon (8nm), it is
obvious that the transport of photo generated carriers will be influenced by the surface

electric field.

When the surface is irradiated by photons with energy larger than the band gap,
charged carriers are created. The photo-generated carriers move in different directions
due to the nature of band bending. For the n-doped semiconductor with “acceptor-like”
surface states considered above, the minority carriers (holes) move towards the surface
aided by band bending, while electrons are pushed into the bulk. With increasing density

of holes at the surface, the excess negative charge at the surface is neutralized, causing
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the bands to flatten (so-called “flat band” condition, see Fig. 2.5). Under flat band
conditions, surface recombination is the dominant mechanism for recombination. It has
been shown that photon induced carriers can reduce band bending very effectively [40],

and therefore enhance surface recombination.
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Figure 2.5: (a) Band bending in n-doped semiconductor, (b) Band flattening near surface
caused by photon irradiation [41].

As discussed above, surface states influences the band structure of the solid,
thereby influencing transport and recombination of carriers. Ozawa et al. studied the
influence of band bending on carrier lifetimes on TiO, catalysts [42]. For a barrier of
0.4eV imposed due to band bending, the carrier lifetime was found to be several
microseconds. Under flat band conditions, carrier lifetimes reduced dramatically to less
than a nanosecond [42]. Passivation of p-Si by depositing a thin layer of Al,O3 has been
shown to decrease surface recombination [43]. Negative charges accumulate at the Si-

Al,O3 interface inducing band bending which poses a potential barrier for diffusion of
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minority carriers to the surface, thus, increasing the carrier lifetime [43]. The influence of
band bending on CO oxidation was studied on TiO, catalyst [44]. CO oxidation was
inhibited by the O, adsorbed on the surface. The electron withdrawing O, induced an
upward band bending that imposed a barrier on electrons from reaching the surface, thus
inhibiting electron driven oxidation processes. Also, holes reaching the surface induced
O, desorption, thus slowing down the oxidation reaction further. However, a partial
coverage of Au over TiO; induced a downward band bending, which suppressed hole

transport to the surface and enhanced CO oxidation [45].

2.5 Photon induced desorption

Photo-desorption is initiated through the photo-generated carriers or by inducing
electronic transitions. Menzel-Gomer-Redhead (MGR) model is commonly used to
explain desorption through electronic transitions [46], [47]. According to this model, a
Frank Condon transition induced by highly energetic particles (e.g. photons) takes the
adsorbate-adsorbent system into a repulsive potential energy state. The repulsive
potential accelerates the adsorbate away from the surface. The accelerating adsorbate
molecule may acquire sufficient kinetic energy to overcome the desorption barrier and
hence desorb (see Fig. 2.6(a)). Antoniewicz proposed a modified version of MGR model
where excitation results in the formation of an ionic state which is attracted towards the
surface [48]. However, in close proximity to the surface, an electron may tunnel through
the surface and neutralize the ion. The kinetic energy gained by the ionic species before

neutralization may be sufficient to overcome the desorption barrier (see Fig. 2.6(b)) [48].
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Figure 2.6: (a) MGR model, and (b) Antoniewicz model. Adapted from Reference [49]

In semiconductor materials, photo generated carriers can also induce desorption
[13], [50], [51]. Carriers generated within recombination distance from the surface, reach
the surface. The presence of electron withdrawing species adsorbed on the surface causes
bands to bend upwards and accelerate holes towards the surface, where they can break
the adsorbate-adsorbent bonds resulting in desorption. Ying and Ho studied NO
desorption from Si (111). It was suggested that the hot holes generated by light radiation
neutralized the NO™ species that were responsible for chemisorption, thus inducing
desorption[51]. For Si etching in XeF,, Houle proposed a photo-generated carrier induced
desorption of SiF; as the main etch product [50]. Photon induced desorption of
chlorinated silicon has been reported [52]-[55]. The main desorbing product was found
to be SiCl, [52], [55]. Mechanisms involving photon generated charge carriers similar to

that described above were proposed. The selective desorption of SiCl, suggested a site
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specific desorption process. Hattori et al. attributed this selectivity to a larger energy
requirement to desorb SiCl compared to SiClx (x=2, 3) [55]. Calculations revealed that
the bond energies for monochlorides and polychlorides was found to be ~4 eV and ~
3eV respectively[56]. Low amounts of desorbing SiCl; was due to dissociative desorption
of SiCl; which left CI atom on the substrate [55], [56]. Chen et al. observed a linear
increase in etching rate with laser fluence (wavelength = 193 nm) and reported an etching
yield of 3.4 x 10°® Si atoms per incident photon for a 33% chlorinated surface [57]. They
proposed that desorption was a result of photon induced charge transfer (holes
withdrawing bonding electrons or electrons added to anti-bonding levels), forming a
repulsive state as described in the MGR model which ultimately led to photo-ejection of
Si. Kirimura et al. observed a nonlinear dependence of desorption yield on laser fluence
(wavelength = 400 nm), which was attributed to multi-photon excitation of the surface
adsorbate. A multi-photon excitation was deemed necessary due to the lower photon

energy compared to the bond energies of monochlorides and polychlorides [58].

For photo-generated carrier induced mechanisms to work, the charge transfer state
(electronically excited state as in the case of MGR model) must be able to survive the
period of bond extension leading to bond scission. From the above mechanism, it is
apparent that a photon induced desorption process can be influenced by any parameter
that influences the generation and transport of carriers. Desorption is also expected to be
wavelength dependent due to a wavelength dependent photon absorption depth. For high
energy photons, desorption rates could be independent of wavelength due to the small

absorption depths.
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2.6 Photo-assisted etching of silicon in the absence of a plasma

Etching of silicon induced by photons in a halogen gas environment has been
studied in the past. Most of these studies used UV lasers; photo-assisted etching
mechanisms in plasmas could be quite different. Synergistic mechanisms involving
neutrals, photons, ions, and electrons could occur, making it an extremely complex

process in a plasma environment.

2.6.1 Enhancement due to thermal effects

For high laser fluence (energy per unit area), it is very likely that the energy
incident on the wafer can cause the temperature of the surface of the wafer to reach or
even exceed its melting point. In such cases, etching is predominantly due to thermal
effects. For example, Baller et al. recorded the mass spectra and time of flight
distributions of the species desorbing off the surface while etching silicon in a chlorine
environment irradiated with 308 nm and 248nm photons [54]. A Maxwell Boltzmann fit
to the time of flight distributions gave the temperature of the desorbing species in the
range of 1400 — 4000 K. It was postulated that the high temperatures were a result of a
larger absorption cross section for SiCl compared to Si at the wavelengths studied. High
temperature thermal processes are not of interest here, since the photon fluences are much

too low to cause significant heating.

2.6.2 Field Assisted Diffusion

Okano et al. demonstrated the photo-assisted etching of undoped and p* and n*

doped polysilicon due to UV irradiation from a He-Xe lamp [59]. Etching rates were
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found to be highest in the n+ doped poly silicon, followed by undoped and p+ doped
silicon. It was also observed that etching of n-doped silicon increased with increasing
doping levels (see Fig. 2.7). Mass spectra revealed SiCly (x =1,2) to be the main etch
product in the etching of undoped poly-Si, whereas SiCl, was the main etch product in
the etching of n-doped poly-Si [59]. They proposed a mechanism based on field assisted
diffusion of the CI" ions on the surface into bulk Si to explain enhancement of etching by

light irradiation.
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Figure 2.7: Etching rates as a function of sheet resistance for n-type and p-type Si [59].

Field assisted diffusion proposed by Mott and Cabrera was initially proposed to
understand the growth of thin oxides on metal surfaces. This theory was then extended to

explain the dependence of etching rates on dopant type in different halogen containing
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plasmas [60]-[63]. High etching rates have been observed for etching n-type silicon
compared to p-type or undoped silicon in halogen containing plasmas [62], [63]. Similar
results were obtained for etching Si with Cl atoms [64]. Higher etching rates were
attributed to a charge transfer mechanism [65]. The high electronegativity of chlorine led
to the formation of CI ions on the surface by the transfer of electrons from the silicon
substrate to the physisorbed Cl atoms. The formation of negative ions leaves an equal
positive charge on the silicon substrate. The negative ions subsequently diffused into the
lattice under the influence of the electric field, promoting reaction and opening up new
sites on the surface for adsorption [64], [65]. The need for electrons to form negative ions
which then diffuse in the electric field implies that the reaction rates in undoped or p-type

poly-Si would be slow.

A similar mechanism was invoked to explain the enhancement in etching on
irradiation with light [59]. Electron-hole pairs are created when photons with energy
larger than the band gap are absorbed. A Cl atom on the surface captures a photo-
generated electron to form CI" which diffuses into the lattice and enhances etching
reactions, as described above. The number density of photo-generated electrons is still
quite low for undoped poly-Si compared to n-doped Si. Also, electrons created near the
surface only participate in the surface reactions. Thus, the etching rates in undoped poly-
Si were lower [59]. The differences observed in the product distribution with respect to
doping were attributed to the differences in the carrier densities. In the case of n+ doped
(i.e. highly doped) poly-Si, a large electron number density enables the diffusion of CI’
into the lattice, increasing the concentration of etchant atoms on the surface resulting in

highly chlorinated etch product (SiCl,). Fewer photo-induced electrons are available for
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the etching reaction compared to n+ doped poly-Si, and etching is limited by the rate of
electron transfer from Si to CI. The lower electron density lowers the diffusion of CI" into

the lattice, which increases the fraction of SiCly (x=1,2) relative to SiCl,.

Winters and Haarer also developed a field assisted diffusion model to explain the
enhanced etching of highly doped n-type Si(111) by a molecular beam of XeF, [66].
They successfully related etching to the strength of the surface electric field, which
develops as a consequence of F atom adsorption on Si. Electrons from Si are transferred
to adsorbed F atoms as long as the affinity level at the surface is below the Fermi level of
silicon. Formation of F at the surface (due to the high electron affinity of F atoms)
produces a surface electric field causing bands to bend upwards. (See Fig 2.8) The
strength of the electric field (proportional to the number density of F") is controlled by the
requirement that the electron affinity level must match the Fermi level at the surface and
hence limited by the doping level of Si. The field strength determines the extent of band
bending, and is determined as the difference between the Fermi level and the electron

affinity level at the interface between Si and the fluorosilyl layer.

This model may be further modified to incorporate the effect of light irradiation
on etching by considering the changes on the electronic band structure due to irradiation.
The formation of F~ at the surface induces an electric field causing electronic bands to
bend upwards in n-doped Si. Irradiation with light larger than the band gap energy
induces photo-generated carriers. Due to the band bending, the majority carriers
(electrons) are swept into the bulk, whereas the minority carriers (holes) reach the surface

and neutralize the excess negative charge, thus reducing the band bending and producing
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near flat band conditions (See Fig. 2.5). Under flat band conditions, the difference
between the Fermi level and the electron affinity level (electric field) increases,

enhancing field assisted diffusion and etching rates [66].
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Figure 2.8: Band Bending due to the presence of F- on the surface [66].

2.6.3 Non-thermal enhancement — role of carriers

At lower laser fluence, non-thermal effects contribute to the enhancement of
etching. Sesselmann et al. studied photo-assisted etching using XeCl (308nm) and KrF
(248nm) lasers [13]. A wavelength dependent etching was observed with other factors
such as gas pressure, gas flow rate and laser fluence affecting the etch rate. A pressure
dependence on photo-assisted etching rates was observed for 308 nm radiation; etching
rates were found to be higher at higher pressures due to enhanced surface chlorination

caused by effective photodissociation of Cl, in the gas phase. With 248 nm radiation,
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etching rates were found to have a stronger dependence on laser fluence and a weaker
dependence on pressure compared to 308 nm radiation, suggesting that etching was
mainly by a carrier-mediated process. It was also suggested that enhanced photo-
desorption by direct bond breaking of Si (4.64 eV) and SiCl (4.72eV) in the chlorinated
surface layer was possible at lower wavelengths (high energy photons). Biuerle’s group
investigated photo-assisted etching using pulsed[67] and continuous irradiation[68] for
different photon energies. It was found that etching was non thermal at low laser
fluences, and increased with increasing photon energies. Etching was a result of
interaction between photo generated carriers and Cl radicals produced by gas phase
dissociation of Cl,. Jackman et al. [69] studied the interaction of chlorine with Si (100)
in the presence and absence of UV radiation emitted by a mercury lamp. They showed
the formation of two adsorbed states: i) a strongly bound (B state) chlorinated layer with a
higher activation energy for desorption (235 kJ/mol), and ii) a weakly bound (a state)
chlorinated layer with an activation energy of 115 kJ/mol. Through their experiments,
they found that UV irradiation induced a conversion of the  state to the weakly bound o
state (presumably through a mechanism involving carriers), hence reducing the activation

energy for desorption and enhancing etching.

Houle studied photo-assisted etching of silicon with XeF, gas and suggested a
non-thermal mechanism involving photon induced charge carriers to explain enhanced
etching [70]-[73]. Systematic experiments were carried out to understand the role played
by photons in the fundamental processes involved in etching. XeF, is known to etch
silicon spontaneously in the absence of both energetic ions and light. The major etch

product of this spontaneous reaction is SiF4 [74]. This was found to be true even at low
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light intensities [73]. As the light intensity increased, the main desorbing product was
found to be SiF3; with a corresponding decrease in SiF,. (See Fig. 2.9) In fact, a
substantial increase in the etching rate was observed only for laser power greater than two
watts. Enhanced etching due to a carrier enhanced adsorption of XeF, with illumination
was ruled out as the signal of unreacted XeF, increased for low light intensities indicating
that irradiation of light in fact, inhibits the chemisorption of XeF; on silicon. At higher
powers, the inhibition effect was not ruled out. However, enhanced sticking of XeF, due

to enhanced removal of the fluorinated layer resulted in a drop of the XeF; signal.
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Figure 2.9: (a) Unreacted XeF, and etch product signals for laser etching of n-type
silicon, (b) branching ratio of the major products [73].
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Field assisted diffusion discussed earlier was used to explain the enhanced etching
of Si in XeF; in the absence of irradiation [66]. Through their model, it was concluded
that the strength of the doping dependent electric field could predict trends in the etching
rate. However, if this mechanism were applicable, then all the etch products must show a
similar dependence on the light intensity. The data showed an enhancement of SiF; only
with light intensity (1). Evidently, field assisted diffusion cannot be a rate determining
process in etching although it may be occurring in the background. With SiF3 being the
major etch product, the reaction scheme proposed earlier [71] based on the light enhanced
formation of Si-F bonds had to be modified. The new proposed sequence of reactions

involving photon stimulated desorption is as follows [73]:

F+e—F, (2.7)
F+h—F, (2.8)
— Si— SiF3+ h — — Si*— SiFs, (2.9)
— Si*— SiF3 + e — — Si— SiF3, and (2.10)
— Si*— SiF3 + F — — Si— F + SiF3, (2.11)

This model predicted an 1? dependence of desorbed product which compared well with
the measured dependence of I® [73]. The selective formation of SiF; was also explained
in the mechanism. The capture of a photo-generated hole by the Si places a positive
charge on the Si (equation 2.9). The F formed by the capture of photo-generated

electrons attacks the Si to which the SiFs group is attached forming Si-F bond and
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releasing the SiF3 group.

Schwentner et al. studied photo induced etching of Cu and GaAs in chlorine gas
[75], [76] as well as Si in XeF, [77]-[80] using synchrotron radiation in the vacuum UV
range. Different window materials (quartz, LiF, CaF;) were used to study the wavelength
dependence on photo-assisted etching. Etching yields were found to be dependent on
wavelength, with high etching yields at lower wavelengths. A high quantum efficiency of
10 atoms removed per impinging photon at 120nm wavelength was estimated for Si
etching in XeF, (See Fig. 2.10) [77], [78] . For etching of GaAs in Cl,, quantum
efficiency (number of Ga and As atoms removed per incident photon) of ~ 100 was
reported at wavelengths around 120nm. [81] The high quantum efficiency for etching

implies an enhancement in one or all the basic processes involved in etching [77] i.e.,

q = Gexcitation X reaction X Qdesorption’ (2-12)

where Qexcitation 1S the probability of photon absorption that can start a reaction, Qreaction IS
the probability of the reaction, and Qgesorption 1S the desorption probability of the reaction

products.

For an assumed value for Qesorption = 1 (for volatile etch products), Qreaction Was
estimated to be ~ 10° from the pore sizes of silicon etched by single photon events. Given
the overall etching quantum efficiency of ~ 10, Qexcitation iS Of the order ~ 10 This
implies that although the probability of photon absorbing on the surface and triggering a
surface reaction is quite small, however, when it does trigger a reaction, 10° silicon atoms

are etched. The high etching yields at low wavelengths was attributed to direct excitation
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of the fluorosilyl layer through electronic transitions. Photons have sufficient energy to
excite charge transfer excitations to enable formation of F~ and SiF," which are key
intermediate species that participate in the etching reaction [66], [73]. The specific
electronic transitions of the species in the SiF, layer were not identified. However, the
wavelength dependence of quantum vyields may provide clues to identify the possible

electronic excitations.
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Figure 2.10: Quantum yield for etching of Si in XeF; as a function of wavelength [82].

2.6.4 Enhancement by Photon induced defects

VUV photons with energy greater than 7 eV have sufficient energy to break
chemical bonds directly and create defects on the surface. Photon induced defects can

provide new sites for adsorption that enable the formation of a halogenated layer, thus
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enhancing the etching reaction. The formation of dangling bond defects caused by
breaking of weak Si-Si bonds on exposure to light is well documented in amorphous Si
[83]. A reduction in conductivity was observed when the substrate was exposed to light
(Staebler Wronski Effect). Samukawa et al. [84] during their experiments with neutral
chlorine beams found that exposure of silicon to UV photons (200 — 380nm) increased
the etching rate of silicon. No enhancement in etching was observed when visible light (A
> 400 nm) was used. The enhanced etching was attributed to photon generated defects in

a 10 nm surface region, which promoted the reaction between silicon and chlorine.

2.7 VUV radiation effects in plasma processing

Plasma generated VUV photons have been reported to cause damage by creating
positive charges or interface traps [85] in SiO, thin films resulting in poor electrical
characteristics [86]-[88]. Yunogami et al. found that the positive charge generation
increased with the incident photon energy for energies larger than the band gap of SiO,,
and the increase in the positive charge generation was found to be proportional to the
difference between photon energy and band gap [89]. The creation of a positive charge
was attributed to photo-generated holes that can avoid recombination and get trapped in
the SiO,-Si interface, thereby creating a positive charge. VUV induced damage on SiO;
[87] was found to enhance the rate of oxide stripping using HF (wet etch) after a plasma
etching step. During the wet etch process, a high etching rate was observed in the first
few seconds after the sample was dipped in HF, suggesting that the photon damage was
restricted to the surface. Samukawa et al. used “on wafer monitoring” to measure the hole

currents induced by VUV photons generated in plasmas [88]. A reduction of induced hole
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currents in pulsed plasmas indicated that pulsed plasmas can be used to reduce VUV
damage effects. More recently, VUV photons have been found to damage low-k porous
SICOH films [90]-[92]. VUV photons easily penetrate SICOH films and break Si-C
bonds, producing methyl groups at the surface which further react with oxygen resulting
in demethylation [91]. VUV photons have also been shown to induce chemical changes
in photoresist material [93]-[95]. Pargon et al. showed that the chemical modifications
resulting in polymer rearrangement can smoothen linewidth roughness of the 193 nm

photoresist [93].
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Chapter 3 - Apparatus and Methods

The experimental apparatus and methods used in this study are described in this
chapter. The experimental apparatus and methods described below were not necessarily
used at the same time. Any specific changes to the experimental setup, including the use

of specific diagnostic tools will be stated in the relevant chapters.

3.1 Experimental Setup
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Figure 3.1: Plan of the experimental apparatus

The experimental setup (Fig. 3.1) consists of a load-lock chamber into which the
substrate to be etched is introduced and subsequently transferred in vacuum, to the
plasma chamber where it is etched. After etching, the sample is then transferred in
vacuum, through the transfer chamber into a chamber housing the X-ray Photoelectron
Spectrometer (XPS) for surface analysis if required. In addition to XPS analysis, other

surface characterization techniques including Atomic Force Microscopy (AFM),
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Scanning Electron Microscopy (SEM) were also used. Plasma diagnostic techniques
including Optical Emission Spectroscopy (OES), and Langmuir Probe were employed to
obtain both qualitative and quantitative information about plasma parameters. A detailed

description of the experimental apparatus and methods used are discussed below.
3.1.1 Inductively Coupled Plasma Source

In an Inductively Coupled Plasma (ICP) source, a radio frequency sinusoidal
voltage (13.56 MHz) is applied to a solenoidal coil, which typically surrounds an
insulating chamber in which the plasma is ignited. RF voltage on the coil induces a RF
magnetic field, which in turn induces an azimuthal RF electric field inside the chamber.
Subsequently, electrons inside the chamber are accelerated and gain sufficient energy to
drive ionization of the gas atoms/molecules leading to the production of a plasma. A
Faraday shield may be introduced between the high voltage coil and the plasma source
tube to minimize any capacitive coupling between the high voltage coil and the plasma.
High plasma densities (10'? cm™) are achieved in an ICP etchers at very low pressures (1-
10 mTorr) enabling higher etching rates and faster processing. In addition to high plasma
density, the use of a separate power source to energize the ions bombarding the material

being etched allows for independent control of plasma density and ion energy.

The plasma chamber is comprised of a 4 in. diameter, 7 in. long alumina tube ICP
source placed on an ultra-high vacuum (UHV) stainless steel cubic chamber, supported
by a water cooled adaptor flange. It was powered by a 3-turn water-cooled copper coil
wound around the tube as shown (Fig. 3.2). A Faraday shield was placed between the coil

and the alumina tube, to minimize capacitive coupling between the high voltage coil and
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the plasma. A water cooled doughnut shaped sample stage was mounted from the bottom
flange of the cubic chamber. The sample stage may be RF or DC biased for high energy
ion bombardment. The doughnut shaped hole (® = 1 in.) on the stage allows for a rod on
which the sample holder is mounted, to move the sample up to a stage that is located in
the plasma discharge region. The temperature of the cooling water that flows through the
rod may be adjusted to control the temperature of the sample holder. The load lock and
transfer chambers are connected to the UHV cubic chamber to allow for sample transfer
into and out of the plasma chamber. The back face of the cube is connected to a 4 way
standard cross connection to which the turbo pump, pressure gauges and a viewport (to

allow for OES) are attached. The front face of the cubic chamber is sealed by a viewport.
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Figure 3.2: Inductively Coupled Plasma source with a biasable boundary electrode.
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A controlled flow of process gas was injected into the plasma chamber through a
nozzle on the top flange. This flange may be grounded or biased and is referred to as the
boundary electrode. Mass flow controllers were used to control the gas flow rates. On
some occasions, a needle valve was employed to introduce small quantities of gases into
the plasma chamber. The process gas was pumped out of the plasma chamber using a
turbo molecular pump with a pumping speed of 300 I/s (Ebara ET300W) backed by a dry
pump or an oil pump. The pressure in the chamber was monitored using a capacitance
manometer (MKS 629, full range 100 mTorr) located downstream of the plasma just
above the pumping port. The pressures quoted in the text have been corrected to account
for the pressure drop between the plasma discharge region and the point at which the
pressure was being measured and hence indicate the pressure in the plasma discharge

region.

3.1.2 Continuous or Pulse modulated plasma power

The plasma was powered either continuously or modulated. In the power
modulated plasma (commonly referred to as pulsed plasma) the applied power was
rapidly switched “ON” and "OFF” at a predetermined pulsing frequency and duty cycle.

The duty cycle is the percentage of the time for which the plasma is ‘ON’.

To generate a continuous plasma, a RF (frequency = 13.56 MHz) sinusoidal
waveform generated by a function generator was fed to a RF power amplifier (ENI
A500). The voltage from the amplifier was then applied on the ICP coil through an L-
type matching network that was used to match the impedance of the plasma in series with

the matching network (load impedance) to the 50 Q output impedance of the RF power
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supply. Under ‘matched’ conditions, the efficiency of power transferred to the plasma
was maximized. In-line power meters placed before the matching network were used to
monitor the net power (Net power = Forward — reflected power) delivered to the
matching network. Plasma power may be varied by changing the amplitude of the

waveform generated by the function generator.

To generate a pulsed plasma, an amplitude modulation is performed on the
sinusoidal waveform before being fed to the RF power amplifier. A pulse/square
waveform was generated by a separate function generator (Berkeley Nucleonics
Corporation, model 645) with a peak-to-peak voltage of at least 5V, with a predetermined
frequency and duty cycle. This pulse was used to modulate the 13.56 MHz sinusoidal
waveform. The amplitude modulated signal was then fed into the RF power amplifier. An

oscilloscope (Agilent DSO 7034B) was used to monitor the signal waveforms.
3.2 Plasma Diagnostics

3.2.1 Optical Emission Spectroscopy

Optical Emission Spectroscopy (OES) was used to record the plasma emission
spectrum between 200-900 nm or to monitor the emission intensities of select atomic
lines (e.g. Si, CI, Ar etc.) or molecular bands (e.g. Cl,) that appear in the spectrum. The
Emission intensity (I) due to an electron impact excitation process is proportional to

density of excited state species (n") and is given by [96]

[ n*«n fE": o(E)e(E)dE, (3.1)
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where, n is the neutral number density, o(E) is the electron impact excitation cross

section, and &(E) is the electron energy distribution function (EEDF).

A periscope comprising of two right angled prisms, was used to collect light from
a region that spans about 1 cm above the sample stage. The light collected from this
region above the sample was deflected onto an optical setup, which focused the light on a
vertically oriented entrance slit of a monochromator (EU-700 series, Heath Co.). Hence,
The intensities recorded are actually integrated over the 1 cm collection region in which
light was collected. The entrance slit opening was set to 100 um for which the resolution
is about 2A. The monochromator contains a 1200 grooves/mm rotatable diffraction

grating. The dispersed light was detected by a GaAs photomultiplier tube (RCA C31034).

Time resolved emissions from different species were recorded during silicon
etching in a pulsed plasma as a way to measure the modulation of photo-assisted etching
rates of silicon. For time resolved emission measurements, current from the photo
multiplier tube is measured as the voltage drop across a 3 kQ resistor using an
oscilloscope. The use of a kQ resistor gives an RC time constant of ~ 0.3us, which is
very small for all practical purposes. Typically, the voltage measured is very small
especially when the emission intensity is very low. Hence, for those cases, the entrance
slit opening of the monochromator is set to 500 um for which the resolution is 10 A.
Such poor resolution does not have any bearing on the results since the monitored lines

do not overlap with any other lines.
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3.2.2 Langmuir probe

A Langmuir probe is one of the most common plasma diagnostic tool that is used
to measure various plasma parameters (e.g., electron density, electron temperature, EEPF
etc.). It consists of a thin tungsten or platinum wire immersed in the plasma. The wire
collects an electron or ion current from the plasma depending on the voltage applied on it.
The current — voltage characteristic curves so obtained can then be carefully analyzed to
extract plasma parameters. The Langmuir probe is an intrusive diagnostic (the probe is
introduced into the plasma) and therefore, care must be taken to design the probe in a
way that does not perturb the plasma too much. Due to its simplicity of design and use,
Langmuir probes find widespread use in academia and industry. However, interpretation

of the I-V characteristic may be challenging.

A commercial Langmuir probe (Scientific Systems Smartprobe) was used to
measure the plasma parameters in this study. The Langmuir probe was attached to the
bottom flange of the cubic chamber replacing the sample transfer rod. The Langmuir
probe can be moved vertically along the axis of the plasma chamber. Most of the
measurements were obtained in the bulk plasma at a location ~1 cm above the sample
stage. The probe tip was made of a 0.18 mm diameter tungsten wire with a length of 6.5
mm, but only 1.5mm was actually exposed to the plasma. The remaining 5 mm of the
wire was covered using a ceramic tube (0.5 mm outside diameter). The probe holder is
located far away from the location at which measurements are taken and thus minimize
any perturbation of the plasma by the probe holder. A reference probe that floats at the

plasma potential is used to track and compensate for any drift in the plasma potential due
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to a poor current return path to ground. RF plasmas also typically require the use of RF
filters/chokes in the probe circuit to filter the oscillations of the plasma potential. The
filtering is achieved by using a pair of chokes (inductors) connected very close to the
probe tip that resonate at the RF driving frequency. The inductors increase the probe to
ground impedance with respect to the plasma to probe sheath impedance, ensuring that
RF component of the voltage appears across the probe to ground impedance. Fast
acquisition electronics enabled averaging of 100’s of IV curves to minimize noise. Time
resolved measurements of a pulsed plasma were made possible by using an external

trigger signal to synchronize data acquisition with the pulsed power supply.

Probe tip
(I=1.5mm, o.d =180 um) l Reference

/ probe
Ceramic sleeve
(I=5mm, o.d =510 um)/

Probe Holder

Figure 3.3: Langmuir Probe
The IV curves were then analyzed to extract plasma parameters. The Electron
Energy Probability Function (f, (¢)) was obtained from the second derivative of the probe

electron current I [97]

e =22 |2 a1, fdet. ©2)
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In eq. (3.2), m, is the electron mass, A is the probe exposed area, ¢ is the electron energy
(¢ is related to probe voltage (Vprone) and plasma potential (Vpiasma) s € = Vplasma — Vprobe),
and e is the elementary charge. The electron density (ne), and the average electron energy

<g> were calculated by integrating the electron energy probability function as
Ne = fooo %5 f,(e)de and (3.3)
<eg>= niefooo e5fy(e)de. (3.4)

The effective electron temperature (T,) was computed as 2/3< & >. The ion density (n;)
was obtained using Laframboise’s orbital motion-limited (OML) theory for a

collisionless sheath [98]

V-1p\ I} [2mM;
nt =¢(2,=2)L 2 (3.5)

eA kT,

where ¢ is a correction factor that depends on a dimensionless potential and the ratio of
cylindrical probe radius (rp) to plasma Debye length (4g), i is the ion saturation current,

and M; is the ion mass.
3.3 Surface Characterization

3.3.1 X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface sensitive analytical
technique that is used to obtain quantitative measurements of elemental compositions in

the top 3-5 nm from the surface of the sample being analyzed. An X-ray Photoelectron
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Spectrometer manufactured by Surface Science Instruments using an Al x-ray source was
used for the analysis. Monochromatic x-ray beam (A = 0.83 nm which corresponds to a
photon energy of 1486.6 eV) is produced by diffracting and focusing the x-rays on to the
sample using a quartz crystal. The sample may be manipulated in the x-, y-, and z-
directions to perform surface analysis over different regions of the sample. The sample
may also be tilted with respect to the incident beam to allow for angle resolved XPS that
reveals the depth profile of chemical species. In this study, spectra were obtained for x-
ray take-off angle of 30° which corresponds to an analysis depth of about 1 nm for silicon.
The photo electrons ejected from the sample is detected by a hemispherical analyzer. The
system is also equipped with an electron flood gun that is used to neutralize the charge

developed on an insulating sample during analysis.

Low resolution survey spectra were obtained for binding energy spanning 0 —
1000 eV using an x-ray beam with a diameter of 800 um. Elements are identified from
the position of the peaks (binding energy) and their compositions are calculated from the
area of the peaks along with the appropriate sensitivity factors. In this study, XPS was
used to analyze the cleaned silicon coupons before etching to ensure cleanliness of the
sample. The samples were analyzed after etching in a halogen containing plasma to
determine the surface halogen coverage. High resolution spectra of silicon were also

obtained to reveal the silicon halide products formed on the surface.

3.3.3 Atomic Force Microscopy

An Atomic Force Microscope (Veeco CP-Il) operating at atmospheric pressure

was used to examine the surface morphology of the coupons etched in different halogen
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containing plasmas with and without applied bias. Images were obtained in contact mode
using high resolution silicon nitride probes (MSCT AUNM, k = 0.1 - 6 N/m, tip radius =
10 nm). Some images were also obtained in non-contact mode using silicon probes
(RTESPA, k = 20-80 N/m). To ensure good images, images of a calibration grating
sample were obtained and calibration of the piezo scanner was performed at regular
intervals. Probes were also changed frequently to ensure tip sharpness and eliminate tip

related image artefacts.

Multiple 5 pm x 5 pm images with a resolution of 256 pixels per line were
obtained by scanning over different areas of the etched coupon. The images acquired
required by flattening to compensate for sample tilt and bowing of the piezo tube. Image
flattening was performed by subtracting a second order polynomial curve fit from the
acquired line profile for the entire image. In some cases, the etched features were masked
before the flattening was performed to minimize furrow type artefacts. The AFM images
were then used to calculate the root mean square roughness (R) by

( n— _)2
R= [sh G2 (36)

where N is the number of data points in the selected region, z, is the height of data point

‘n’, and Z is the mean height of all data points in the selected region.
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Chapter 4 — Photo-Assisted Etching in Chlorine and Bromine

Containing Plasmas

In plasma photo-assisted etching (PAE) might disrupt the self-limiting nature of
precise etching techniques such as atomic layer etching. Its relative importance as an
etching mechanism at low ion energies could be problematic to achieving highly selective
and low damage etching. This study was undertaken to: (a) explore the importance of
PAE in some of the most commonly used halogen based plasmas, (b) study the
characteristics and mechanism of PAE, and (c) develop insights into the role played by

VUV photons in enhancing etching.
4.1 Experimental Setup

The experimental setup has been described in detail in the previous chapter (see
Figs. 3.1 and 3.2). A controlled flow of a halogen gas (Cl,, Br,, HBr, Bry/ Cl,, HBr/ Cl,)
diluted in Ar with a dilution ratio of 0.5, was injected into the plasma chamber through a
nozzle on the top flange (also referred to as the boundary electrode). The process gas was
pumped out of the plasma chamber using a turbo molecular pump. The plasma was
operated continuously at 400W RF power (13.56 MHz) at a pressure of 60 mTorr.
Negative DC bias pulses (rectangular pulse at 10 kHz with a 50% duty cycle) were
applied on the sample to accelerate ions impinging on the substrate. The ion
bombardment energy (sum of the plasma potential and the applied DC bias) was varied
by changing the value of DC bias on the sample. At 60mTorr, the ion bombardment

energy in the absence of substrate bias would correspond to the plasma potential which is
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expected to be quite low (< 7 V). lons at such low energies are incapable of causing any

etching as the ion assisted etching threshold of Si has been reported to be > 16 eV.

A sample coupon (~1.5 cm?) cut from a p-type Si (100) wafer (doping level ~ 10™°
cm™®) was UV ozone treated to remove impurities and then dipped in HF to remove the
oxide layer. Despite the best efforts to reduce contamination, XPS analysis of the cleaned
samples revealed < 3% of C and < 1% O (presumably oxide layer was not etched away
completely after HF treatment) on the surface. The sample was quickly mounted on a 1
in. diameter sample holder and transferred into the plasma reactor through the load-lock
chamber. After etching, the processed sample was transferred in vacuum to the X-ray
photoelectron spectrometer (XPS) for surface composition analysis. In selected cases, the
sample was then removed from XPS chamber and transferred to an atmospheric pressure

AFM (Veeco CPII) to examine the surface morphology of the etched silicon samples.

Optical Emission Spectroscopy (OES) was used to obtain the relative etching
rates of silicon as a function of ion bombardment energy by monitoring the emission
intensity of Si (288.1 nm). Emission intensity depends on electron density, excitation
cross section and the electron energy distribution. For a constant plasma power and
pressure, electron density and energy distribution is not expected to change. Therefore, as
long as the plasma operates under a fixed set of conditions with bias being the only
variable parameter, any change in the Si emission intensity with bias is a result of a
change in the etching rate of silicon. Absolute etching rates were measured using a

masked silicon coupon. The mask consisted of a small piece of silicon covering the
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silicon sample. Etching around the mask results in the formation of a step, the height of

which was measured using a stylus profilometer.

4.2 Results

4.2.1 Si etching in different halogen containing plasmas
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Figure 4.1: Etching rates as a function of the square root of ion energy. The double
headed arrows represent net photo-assisted etching rate after subtracting
isotropic chemical etching.

Relative etching rates of silicon in different plasmas were measured by varying
the ion bombardment energy (Fig. 4.1). For ion energies beyond a particular threshold

value, the etching rates increases linearly (etching rate o« E>®). The apparent ion-assisted
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etching threshold, defined as the point of intersection of two straight lines fit to the two
linear portions of the curve, is shown as E; in Fig. 4.1. A more common way to determine
the ion-assisted etching threshold (indicated by Ey) is to extrapolate to zero the straight
line of the ion-assisted etching regime (where etching rate o E®°). The different
thresholds for the different gas chemistries reflect the relative reactivity of the different
halogen gases. The increase in etching rates for ion energies greater than the threshold is
due to energetic ion bombardment that assists in etching by breaking bonds and
promoting the desorption of etch product. For ion energies below the ion-assisted etching
threshold, silicon etched at a constant rate independent of ion energy. This constant
etching was mainly due to photo-assisted etching (PAE) by light generated in the plasma,
after ruling out other possible mechanisms involving low energy ions/metastable species,
and isotropic chemical etching by CI atoms [9]. However, substantial mask undercutting
was seen for silicon etching in HBr containing plasmas. It is apparent from Figure 4.2(a)
and Figure 4.2(c) that there is a substantial undercutting of the mask (dashed white lines).
Etching in the horizontal direction (indicated by the horizontal arrow) is small, but not
negligible compared to etching in the vertical direction (indicated by the vertical arrow).
Figures 4.2(b) and 4.2(d) show that etching under the mask is negligible in the case of
50%Cl,/50%Ar and 50%Br,/50%Ar plasmas. This is expected as halogen atoms (Cl, Br)
do not chemically etch p-type silicon at room temperature [64]. In HBr containing
plasmas, anisotropic etching profiles have been reported and isotropic profiles are not
common [99]-[102]. The anisotropic profiles may be a result of the erosion of the
photoresist mask or chamber materials that help in forming a protective layer on the

sidewalls, thus preventing isotropic etching. In HBr containing plasmas, it is possible
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that H atoms could etch Si isotropically, as it is known to occur [103]-[108]. The lack of
horizontal etching in the latter cases suggests that horizontal etching (mask undercut) is

probably due to H-atoms originating from HBr.
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Figure 4.2: Cross section SEM of masked p-silicon etched in different halogen plasmas at
OV bias. Horizontal arrows indicate the chemical etching and the vertical
arrows indicate photo-assisted etching in addition to chemical etching.

The ‘true’ photo-assisted etching rates (colored arrows in Figure. 4.1 and Table
4.1) were obtained by subtracting the isotropic chemical etching component from the
total sub-threshold etching. PAE rates were found to be lowest in 50%Br,/50%Ar plasma.

On the other hand, the highest PAE rates were observed in 25%HBr/25%ClI,/50%Ar
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plasma. The measured PAE rates matched quite well with the product of the observed Ar
emission intensity (750.4nm) and the total halogen surface coverage. Here, the Ar
emission at 750.4 nm was used as an indicator of the VUV photon flux irradiating the
sample. VUV photon flux striking the surface can be measured from the plasma VUV
emission spectrum. Strong VUV emission lines in a halogen/argon plasma are typically
observed at 104.8 nm and 106.6 nm (Ar), 134.7 nm and 137.9 nm (Cl), and 148.8 nm and
157.5 nm (Br). Although VUV emission spectra was not recorded, the intensity of Ar
VUV emission (photon energy ~12eV) mentioned above should be proportional to the
intensity of emission from the high energy Ar 2p' state (~ 13.5 eV) at 750.4 nm. The
halogen coverage on the etched samples was obtained by X-ray photoelectron spectra
taken at a 30° takeoff angle (Table 4.1). The product of the observed Ar emission
intensity (750.4nm) and the total halogen surface coverage matched well with the
experimentally measured photo-assisted etching rates (Fig. 4.3).

Table 4.1: Photo-assisted etching rate, Ar (750.4 nm) emission intensities, and surface
halogen coverages measured using XPS.

o 750.4 nm Halogen Coverage PAE Rate
Plasma .
(a.u) Cl Br Cl +Br (nm/min)
Cl/Ar 0.221 0.181 0 0.181 330
Bro/Ar 0.138 0 0.091 0.091 99
HBr/Ar 0.205 0 0.103 0.103 185
ClLLBr,/Ar 0.262 0.107 0.025 0.132 333
Cl,/HBr/Ar 0.272 0.109 0.027 0.136 395
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Figure 4.3: Etching rates at OV bias in different plasmas indicated by the red columns.
The green column is the product of surface halogen coverage and Ar
(750.4nm) emission intensity.

4.3 Wavelength dependence of Photo-assisted etching

The dependence of photo-assisted etching on wavelength was investigated by
measuring the etching rate of silicon placed under windows with different light
transmission characteristics. For example, a lithium fluoride (LiF) window transmits
~10% at 105 nm; magnesium fluoride (MgF,) transmits 50% at 125 nm and transmission
rapidly falls to 0% at 110 nm; UV grade fused silica windows do not transmit
wavelengths < 170 nm. All these window materials are opaque to Ar VUV emission at
104.8nm and 106.6nm which are likely major contributors to the total VUV radiation and
etching rate of silicon. Hence, a 50% Cl,-50% Kr gas mixture was used in this study
instead of 50% Cl,-50% Ar, as Kr VUV lines at 116.5 nm and 123.6 nm are transmitted

partially by MgF,. Since Kr has a lower ionization potential (14 eV) compared to Ar
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(15.8 eV), the electron temperature and plasma potential in a 50% Cl,/50% Kr plasma
will be lower. At 60 mTorr, the plasma potential (and ion energy) would be expected to
be lower than that for 50% Cl,/Ar plasmas. Hence, there should be no etching caused by

sub-threshold ion bombardment.
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Figure 4.4: Silicon etching under a transmitting window material. The ion current to the
grounded stage was measured using an ammeter and the emission signals
were recorded from the region between the window and Si wafer.

Photo-assisted etching rates of a masked silicon sample placed under different
windows (Fused silica, MgF,, opaque. see Fig. 4.4) were obtained by measuring the etch
depth using a stylus profilometer after etching. These were compared to etching without
any window (transmits all wavelengths). The presence of the window above the Si
substrate lowers the plasma density in the region between the Si substrate and the
window. To estimate the reduction in plasma density, current to the grounded sample
stage were measured by applying a positive bias (+60 V) on the top boundary electrode.

A positive bias on the boundary electrode increases the plasma potential, preventing

electrons from reaching the grounded stage. Thus, the current measured on the grounded

stage consists only of the ion current. This ion current is proportional to the density of
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ions in the region between the Si substrate and the window material. Emissions from ClI
(792.4 nm) and Kr (768.5 nm) were also recorded from the region just above the sample

parallel to the window.

The ion current density (current per unit area), Cl and Kr emissions under
different window materials are shown in Table 4.2. lon current density (proportional to
ion density) dropped by a factor of ~ 7 when a window was placed above the sample.
Absolute emission intensities of Cl and Kr were also found to be a factor of 7-9 lower
compared to that in the absence of a window. This result is consistent with the lowering
of ion density also by a similar factor, suggesting that the plasma density in the region
between the sample and the window was lowered by about 7 times by introducing the
window. However, the Ic/lk, ratio (proportional to the Cl density) remained constant,
implying that the CI number density is not affected by the presence of the window.

Table 4.2: Etching rate, absolute atomic emission intensities of ClI (792.4nm) and Kr

(768.5nm), CI/Kr ratio, and ion current density measured under different
windows when p-Si is etched at OV bias.

. lon current
. Etchin . . .
Window g Cl 792.4nm Kr 768.5nm density
. rate Cl/Kr
material (nm/min) (a.u) (a.u)
' ' (mA/cm?)
" Nowindow ~ 235+20 13 279 0465 131
MgF, 19.4+23 0.143 0.308 0.464 2.4
Quartz 135+0.8 0.181 0.498 0.363 2
Opaque 11.4+0.9 0.134 0.388 0.345 1.8

52



Based on the transmission characteristics of the windows used, etching rates (ER)
were ordered as follows: ERwindowless >> ERmgr2 > ERquartz ~ ERopague. The etch rate is not
zero beneath the opaque window because light scatters off the bottom of the window, and
also because low intensity plasma is generated between the sample and the window. It
may also be noted that the etching rate under the opaque window was about 20 times
lower compared to etching without any window, while the reduction in ion density was
~7 times. Also, the CI neutral density remained unaffected by the presence of the
window. These observations confirm that the sub-threshold etching is not due to low

energy ions or Cl neutrals.

The etching rate under a quartz window was essentially the same as that under an
opaque window, suggesting that photons with wavelength > 170nm are not effective in
inducing etching. The etching rate under the MgF, window was ~12 times lower than the
etching rate without any window. This reduction in etching is much lower compared to
the reduction in VUV transmission by MgF,. Krypton VUV lines that are partially
transmitted (~ 50% around 125 nm) and possibly Cl VUV lines (134.7nm and 137.9nm)
that are transmitted at a much higher level through the MgF, window. It must be noted
that a yellow tint was formed on the MgF, window after operating in the plasma. This
may be due to the formation of color centers in MgF, when exposed to a plasma. The
formation of color centers may also affect the transmission of light. If there was indeed a
reduction in transmission of VUV light, it is possible that photo-assisted etching was
suppressed. Based on the reduction in etching, it seems that Kr VUV lines (poorly
transmitted through MgF,) at lower wavelengths are more effective in inducing etching

compared to Cl VUV lines. More experiments need to be done to clarify the relative
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contribution of the various VUV lines to photo-assisted etching. Nevertheless, the results

indicate the role of VUV radiation (specifically lower wavelength) in etching.

Etching rates of silicon under different windows were obtained as a function of
ion energy (Fig. 4.5). Etching rates at an ion energy of 80 eV under the different windows
after subtracting the photo-assisted etching component were calculated (Table 4.3). It
may be noted that etching rates at high ion energies are nearly independent of the window
material, after subtracting the photo-assisted etching component. The reduction in ion-
assisted etching rates by a factor of eight under the window is consistent with the drop in
ion density (measured by ion current to the stage) by a similar factor.

Table 4.3: Photo-assisted Etching (PAE) rate and lon assisted etching (I1AE) rate at 80 eV
after subtracting the PAE component under different window materials.

] PAE rate IAE at 80 eV
Window ] )
(nm/min) (nm/min)
No window 235+ 20 255
MgF; 19.4+2.3 31
Fused Silica 135+0.8 37
Opaque 114+0.9 33

Etching under different windows due to ion bombardment alone is expected to be
the same. Adding the photo-assisted etching contribution, it is expected that overall
etching at 80 eV should be higher underneath MgF, window in comparison to quartz and
opaque windows. However, the ion assisted etching rate under the MgF, window was
nearly the same as that under an opaque or fused Silica window in spite of the photo-
assisted etching rate under MgF, being higher. The reduction in ion assisted etching rate

under the MgF, window at high ion energy implies a suppression of etching or a negative
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synergy effect due to photons transmitted by MgF,. Also, it is clear from Fig. 4.5 that the
apparent ion-assisted etching threshold depends on the material of the window. Quartz
and opaque windows show similar threshold (16 eV), whereas magnesium fluoride and

no window have a similar threshold (36 eV).
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Figure 4.5: Etching rate under different window materials as a function of the square root
of ion energy.

A plausible explanation for the negative synergy effect and the shift in apparent
thresholds is as follows: Just above the ion-assisted etching threshold (E), ion
bombardment disrupts the silicon lattice by breaking Si-Si bonds. The damaged lattice
results in an increase in the rate of recombination of electron-hole pairs, which reduces
the density of photogenerated carriers and suppresses photo-assisted etching (Figure 4.6).
A similar mechanism was found to be responsible for the suppression of

photoluminescence of GaAs that was processed by ion bombardment [109], [110]. As ion
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energy increases beyond the threshold for ion-assisted etching, PAE is suppressed even
further. The net effect of suppressing photo-assisted etching with increasing ion
bombardment causes an apparent shift in the threshold energy (Einapparent). At ion
energies beyond this apparent threshold, PAE is not important and ion-assisted etching is
the dominant mechanism. The suppression of PAE due to ion bombardment also explains
the near equivalence of etching rate at high energies under different windows, where

etching is mainly due to ion bombardment and not due to photons.

- = PAE
— lon assisted Etching

""" Total

(E 1/2
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Etching Rate —>

Figure 4.6: Suppression of PAE due to ion bombardment for Ejo, > En

4.4 Surface morphology and roughness

It is evident from the SEM cross section images (Figure 4.2) that the bottom of
the etched trenches is quite rough. The rough morphology is probably caused by the
masking action of contaminants on the surface (e.g. residual native oxide and

carbonaceous deposits), that remain on the surface even after cleaning. XPS analysis of
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clean, pre-etched samples revealed 3-5% oxygen and 3-5% carbon on the surface. In
addition to residual contaminants, it is also possible for materials inside the plasma
chamber to erode and deposit on the sample (e.g. erosion of quartz window). These
deposited materials can also act as micro masks on the sample surface. For the
experimental conditions used in this study (high pressure, OV substrate bias), the energy
of ions bombarding the substrate is expected to quite low (approximately equal to the
plasma potential). At such low energies, it is impossible to sputter away contaminants,
which act as micro-masks, preventing etching of silicon underneath and imparting

roughness to the surface.

Atomic force microscopy (AFM) was used to examine surfaces etched in different
plasmas. Samples were etched - with and without applied bias - for different times to
understand the evolution of surface roughness. 5 pm x 5 pm images of the etched surface
were obtained mostly in contact mode AFM; some images were also obtained by non-
contact imaging mode. The only image processing technique applied was background
correction to compensate for the bowing of the piezo tube. The roughness of the etched

silicon wafers was then calculated using equation described in previous chapter.

Silicon wafers etched in 50%ClI,/50%Ar plasma without applied bias were found
to be relatively smooth, except for a few pyramid-shaped hillocks (Figure 4.7) that were
interspersed on the surface. Starting with a pre-etch roughness of 0.44 nm, the roughness
(excluding the pyramidal features) increased to 0.65 nm, 0.85 nm, or 1.5 nm after 30 s, 60

s, or 120 s of etching, respectively. Etching with a DC bias of -40V applied to the sample
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stage resulted in rougher surfaces, the roughness being 1.35 nm, 1.05 nm, or 6.18 nm

after 30 s, 60 s, or 120 s of etching, respectively.

a)

[110]

Figure 4.7: (a) 25 pm? AFM image of p-Si etched in 50% Cl/50%Ar plasma at OV bias
for 2 minutes. (b) 3-D view showing the pyramidal features. (c) {110} planes
that form the faces of the pyramidal feature.

The formation of well-defined pyramidal structures during etching suggests that
PAE depends on the orientation of crystallographic planes. Analysis of the AFM images
showed that the base of the pyramidal features are oriented at 45° to the {110} cleavage
planes and hence lie on the <100> direction. Line profiles obtained along the lateral edge

and along the facets of the pyramid perpendicular to the base were used to measure
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angles with respect to the wafer surface. These angles were found to be 39.2° + 3.7° and
47.4° + 4.8° respectively, which are close to 35° and 45°angles, if the pyramidal features
formed by {110} planes (see Figure 3.8). Thus, PAE is strongly dependent on the
orientation of crystallographic plane, with {100} planes etching faster compared to the
{110} planes giving rise to the formation of well-defined pyramidal features. Similar
crystallographic etching of silicon by chlorine atoms has already been reported[59],
[111]. The (100) plane of lightly doped p-type Si etched about 30 times faster than the
(111). This was attributed to steric hindrance on a closely packed Si(111) surface which
reduces the number of favorable adsorption sites and penetration of relatively large Cl

atoms into the Si lattice[27].

The RMS roughness (R) for substrates etched in different plasmas followed the
order: R(50%Br,/50%Ar) > R(50%HBr/50%Ar) > R(25%HBr/25%Cl,/50% Ar) >
R(50%CI,/50%Ar). The line profiles of the etched surfaces are shown in Figure 4.8.
Silicon etched in 50%Br,-50%Ar exhibited the worst roughness; ~20 nm after 30 s of
etching, remaining nearly the same after 60 s and 120 s of etching. Etching with a DC
bias of -40V on the sample, resulted in roughness that was about the same or just slightly
higher, compared to the roughness of samples that were etched without bias. At a low ion

energy of 40 eV, PAE could still be a major contribution to the total etching.
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Figure 4.8: Line profiles of p-Si etched in different halogen containing plasmas. The
profiles have been shifted for clarity.

4.5 Photo-assisted etching yields

Low etching yields (atoms of silicon etched per incident photon) have been
reported for photon (laser) enhanced etching in a halogen environment. Sesselmann et al.
[13] reported an etching yield of 3.3 x 10™* Si atoms/photon at 248 nm and 6.46 x 10° Si
atoms/photon at 308 nm using pulsed excimer lasers. Yields of 2.8 x 10 Si atoms per
photon and 2.1 x 10°® Si atoms per photon were reported at 488 nm and 514 nm using
Ar+ excimer laser in chlorine atmosphere at 750 torr [68]. Woodworth et al. measured an
absolute photon flux of 3.5 x 10*® cm™s™ integrated in 70-130 nm region, for a plasma
power density of 0.6 W/cm? [112]. For our reactor dimensions (length = 0.178 m
diameter = 0.087 m) and power used in this study (420 W), the power density works out

to 0.7 W/cm?. Hence, the photon flux in our case is expected to be similar to the value
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measured by Woodworth et al. A photo-assisted etching rate of 330 nm/min (in 50% Cl,-
50% Ar plasma) corresponds to a silicon flux of 4 x 10'® cm™s™. The etching yield was
then calculated to be about one silicon atom etched per incident photon. The calculated
yield is quite high and is similar to the numbers reported by Schwentner et al. in the
etching of silicon with XeF, [79], indicating that the enhancement in etching is likely due

to the photo-generated carriers.

4.6 Photo-assisted etching — Role of photo-generated carriers:

Photons

j\ Absorption
i depth = 1/a

(hot carriers)
Si wafer

Figure 4.9: Formation of hot carriers by photon absorption.

Role of photons in laser induced etching has been discussed earlier (Chapter 2).
One possible mechanism that could explain the large yields involves the role of energetic
carriers (electrons/holes) in photo-assisted etching. Photons incident on any material are
absorbed by the material. The penetration depth of the photons is inversely proportional
to the absorption coefficient, which is a function of photon energy (or wavelength). For
VUV radiation (photon energy > 7eV), the “1/e” penetration depth in silicon is ~ 8 nm as
the absorption coefficient does not change much at high photon energies (see Fig. 2.1).

Electron-hole pairs are created near the surface when photons of energy larger than the
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band gap of silicon (1.1 V) impinge on the surface (Figure 4.9). The electrons and holes

created are quite energetic, and the partitioning of the excess energy is given by [113]

hv—Eq4

AE, = ——=and 4.2)

AE, = —2, (4.2)

where mj and m;, are the effective masses of the electron and hole, respectively, and Eg
is the bandgap (1.12 eV for Si at room temperature). m;/m, and my,/m, for Si, based on
the density of states, are 1.08 and 0.56, respectively,[114] with m, being the electron rest
mass. Hence, AE, = 0.34(hv—Eg) and AE, = 0.66(hv—Ej); it is obvious that smaller
wavelengths result in the formation of hot carriers. For 120 nm radiation, the energy of

photo-generated electron and hole are 3.14 eV and 6.1 eV respectively.

The photo-generated hot carriers lose their energy quite rapidly (~1 ps) through
carrier phonon interactions and equilibrate to the lattice temperature [23]. At the same
time, they can also diffuse through the lattice in any direction, or drift under the influence
of an electric field. Carrier Diffusivity was estimated from the carrier mobility at 300 K
for doping level of 10" cm™ (Deiectron = 40 cm?/s, Dpoie = 25 cm?/s) using Einstein’s
relation [115]. The difference in carrier mobilities creates an electric field causing band
bending, which can further affect carrier diffusion. Neglecting the effect of band bending
for the moment, the distance that the hot carriers diffuse in the time needed for carrier
thermalization is ~ 36 nm (holes) and ~ 60 nm (electrons) using equation 2.7. These

distances are much larger than 8 nm penetration depth of the photon. Thus, it is possible
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that a considerable fraction of hot carriers can reach the surface before they thermalize to
lattice temperature. These hot carriers may still possess sufficient energy to enhance
surface processes (reaction, desorption). The hot carriers that do not diffuse towards the
surface may thermalize in the bulk. The thermalized carriers continue to diffuse until they

are lost due to recombination.

Based on the above discussion, it is apparent that any radiation which has a
wavelength smaller than the band gap wavelength (~ 1100 nm) must be capable of
generating hot carriers. From Fig. 2.1, the threshold for light absorption for Si is about 2
eV, with absorption rising considerably over 3.2 eV (~ 415 nm). Absorption reaches a
maximum at a photon energy of 4.5 eV (~ 275 nm). Beyond 4.5 eV, absorption drops and
continues to drop slowly with photon energy. This indicates that all radiation below 415
nm must be able to induce hot carriers. However, based on the low etching rates observed
under the fused silica window, it is obvious that photo-assisted etching is quite inefficient
at wavelengths greater than 170 nm. Optical emission spectrum recorded during silicon
etching is shown in Chapter 6 (Fig. 5.1). Apparently, there is very little photoemission
occurring in the 200-400 nm range. Thus, the contribution to photo-assisted etching in
our plasmas is mainly from radiation < 200 nm, which is also consistent with the higher

etching rates observed under the MgF, window.

In the above discussion regarding the creation of hot carriers, effects of band
bending were neglected. Presence of surface states (e.g. dangling bonds) can cause a

pinning of the Fermi level resulting in band bending. For a p-type semiconductor, bands
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bend downward (Fig. 4.10). This downward band bending imposes a barrier on the photo

generated holes to keep them from reaching the surface.

e | >
conduction
fermi __________/] _———
valence h

Figure 4.10: Band bending of p-type silicon due to pinning of surface states
The band bending imposes an energy barrier (Ep) on holes. On the other hand,

electrons are accelerated by

Ey ~ %E, + kpTIn[N,/Ny], (4.3)

where Ny = 1.8 x 10™® cm™ is the density of states at the top of the valence band, kg is the
Boltzmann constant, T is substrate temperature, and Na (acceptor number density) ~ 10"
for the Si samples used. E}, is thus calculated to be ~0.3 eV. Electrons generated by VUV
photons (4E, ~ 3eV) acquire additional energy (0.3 eV) due to band bending. Due to
their high energy, they have a low probability of undergoing recombination with holes
before reaching the surface. These electrons, however, still do not have sufficient energy
to break Si-Si bonds (4 eV) and cause etching. On the other hand, holes generated by
VUV photons have sufficient energy (~ 6 eV) to overcome the energy barrier due to band

bending (~0.3 eV), and could to reach the surface. Band bending will also influenced by
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the electron withdrawing Cl atoms adsorbed on the surface, electric fields imposed on the
sample (substrate bias, sheath potential in the plasma), and incident photon radiation. Due
to the various factors involved, it can be very difficult to predict the extent of band

bending (upward, downward or flat band condition) present during etching.

For etching to occur, photo-generated carriers must reach the surface. However, it
is possible that they can undergo recombination in the bulk or at the surface before taking
part in the etching reactions. The various bulk recombination mechanisms (radiative,
Auger, Shockley-Read-Hall recombination) and effective lifetimes has been discussed
(Ch. 2, Section 2.4.4). At low excess carrier concentrations, the trap assisted Shockley-
Read-Hall recombination is dominant. The effective carrier lifetime is ~ 10 - 100 ps. In
addition to bulk recombination, surface recombination rates must also be considered here.
Silicon etched in high density plasmas have shown to exhibit very short carrier lifetimes
indicating very high surface recombination probability. Hence surface recombination is
likely to be the dominant recombination mechanism. Increased surface recombination
may be the reason for the suppression of photo-assisted etching with increasing ion
energy (Fig. 4.5). Si etched under sub-threshold etching conditions was found to be very
rough especially in Br,o/Ar plasmas. It is only likely that a number of recombination sites
were introduced on the roughened surface. Perhaps, this is another reason for observing

very low photo-assisted etching rates in 50% Br,/Ar plasmas.

On reaching the surface, the energetic carriers may participate in etching
reactions. Energetic holes may weaken Si-Si back bonds facilitating desorption of the

etch product (SiCly). The hole could also rupture a strained Si-Si bond releasing
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additional electrons, facilitating in the chemisorption of chlorine to form a chlorinated
layer. The exact nature of the mechanism requires knowledge of the main etching
products desorbing from the surface. The energetics of desorption process would
determine the major desorption product. Thus, surface reactions induced by VUV

photon-generated holes could explain the high etching yields.
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Chapter 5 — Further Insights into the mechanism of in-plasma

photo-assisted etching using optical emission spectroscopy

5.1 Introduction

A number of studies have been carried out to elucidate the role of UV photons in
etching silicon in the absence of plasma. Photo-assisted etching of silicon in a halogen
environment has been studied extensively using UV lasers as the light source. Most of
these studies attributed photo-assisted etching to the creation of electron-hole pairs and
reactions of these carriers at the surface [59], [73]. Other researchers have proposed that
VUV photons possess sufficient energy (> 7eV) to enhance photo-desorption, thereby
facilitating etching [13]. Photon induced damage was reported for thin films of SiO,[86],
and SICOH [91], [92] due to scission of Si-O and Si-C bonds, respectively. UV
irradiation was found to enhance etching of silicon using a chlorine atom beam, and was
attributed to generation of crystal defects that promoted silicon etching by CI atoms in the

damaged layer [84].

The two processes discussed above should behave differently in that carrier-
mediated etching should cease rapidly after the plasma is extinguished and photo-
generated carriers decay rapidly, while etching caused by defects should continue after
the plasma is extinguished until the damaged layer etches away. This can be verified by
modulating the plasma power between two different values at a rate that is much faster
than that required to remove a monolayer. Defects (broken Si-Si bonds) created by VUV

photons when the plasma is operated at a higher power, would remain even after the
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plasma power is turned down, as it takes longer for the plasma to etch one monolayer
compared to the power modulation period. The defect sites would therefore not be
modulated, nor would the CI number density [116], and etching would continue at a high
rate even after plasma power is turned down (when surface damage due to VUV photons

is presumably lower).

On the other hand, if etching were mediated by photo-generated carriers, then
etching would be proportional to the instantaneous carrier density. If the carrier
recombination occurs at a rate that is higher than the power modulation frequency, then
carrier density should be modulated in proportion to light intensity. Minority carrier
recombination near the surface will dominate, and be fast on these highly defective
surface layers. Minority carrier lifetimes of ~10 ps have been reported [117] on native
oxide covered Si surfaces, hence carrier lifetimes in plasma-exposed Si will be <<10 ps.
Light intensity is proportional to the product of plasma electron density (n.) and the
electron impact excitation rate coefficient for producing emission, which is a function of
electron temperature (Te). T. should be nearly independent of power and ne will be
proportional to power. Therefore, a carrier-mediated PAE etching rate should be
proportional to power over much of the modulation period. A concerted, photo-

stimulated desorption process will behave in a similar manner.

In this work, we use optical emission spectroscopy (OES), in an effort to gain
insight into the mechanism of in-plasma photo-assisted etching of Si. The light intensity

of key emitting radicals was monitored in both continuous wave and pulsed plasmas.
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5.2 Experimental

The apparatus consisted of a Faraday shielded inductively coupled plasma (ICP)
powered by a 3 turn copper coil, as described previously [9]. Radio frequency (RF)
power (13.56 MHz) was delivered to the plasma by a RF amplifier (ENI A500) that was
driven by a function generator (HP 3325A). For some experiments, the plasma was
modulated between a “high” and “low” power at 1 kHz with 50% duty cycle. A CIl,/Ar
gas mixture was fed through the electrically grounded top flange. The fraction of
chlorine in the gas mixture was varied between 10% and 71% by changing Ar flow rate
for a fixed Cl, flow of 25 sccm. A needle valve was employed to introduce a trace
amount of SiCl, gas for some experiments. The pressure downstream from the ICP
source was measured using a capacitance manometer (MKS 629). Pressure above the
sample (corrected for the pressure drop between the ICP source and the point at which
the measurement was made) was maintained at 60 mTorr using a throttle valve. At this
pressure, with no bias applied to the substrate, it is expected that very few ions will have

energies above the ion-assisted etching threshold of silicon (~ 16 eV) [118].

The sample to be etched (p-Si (100), resistivity = 5-50 ohm/cm) was cleaved into
small pieces (approximately 1.5 cm?), cleaned with acetone and methanol to remove
carbon contaminants, followed by dipping in 48% HF to strip the native oxide, and was
dried by blowing dry nitrogen. The cleaned sample was fixed to a 1 diameter stainless
steel sample holder using carbon tape to ensure good electrical contact. The sample
holder was mounted on a water cooled rod that served to maintain the sample at a fixed

temperature, and transferred into the plasma, where it was held against a grounded stage.
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OES was used to monitor the light intensity of key emitting species (Si-288.1 nm,
Ar-750.4 nm, CI-724 nm, SiCI-280.3 nm, and Cl, band centered at 305 nm). A periscope,
comprising of two right angle prisms (1 x 1 cm along the perpendicular faces), was
employed to collect light integrated over a region ~1 cm above the Si surface. The light
was imaged with lenses (magnification slightly smaller than 1:1) onto a 1 c¢cm long,
vertically oriented entrance slit of a monochromator. The scanning monochromator had a
1200 grooves/mm diffraction grating which, combined with entrance and exit slit widths
of 100 um, produced a resolution of 2 A full width at half maximum (FWHM). The
dispersed light was detected by a GaAs photomultiplier tube (RCA C31034). For time
resolved emission measurements, current from the photomultiplier tube was measured as
the voltage drop across a 3 kQ resistor using an oscilloscope. The system RC time
constant of ~ 0.3us, was very small compared to the time of flight (~10 ps) of etching
products across the 1 c¢cm region over which light was collected. For low intensity
emissions (e.g., Si), the slits of the monochromator were set to 500 pum, yielding a

resolution of 10 A FWHM.

5.3 Results and Discussion

5.3.1 Silicon Etching in Cl,/Ar plasmas with continuous wave (cw) power

A p-type silicon substrate was etched in a 50%CI,/50%Ar plasma at a pressure of
60 mTorr without substrate bias. The contribution of ion-assisted etching was negligible
under these conditions. In addition, Cl atoms do not etch p-type silicon spontaneously at
room temperature [111]. Hence, photo-assisted etching was the prevailing mode of
etching [9], [118]. An emission spectrum recorded while etching at a power of 350W is
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shown in Fig. 5.1. SiCl peaks at 280.3 and 282.1 nm and a Si peak at 288.1 nm are
observed due to etching of the Si substrate, as observed previously [9], [118]. (It should
be pointed out that if the bare Si substrate is replaced with a SiO,-coated Si sample, the Si
and SiCl emissions are not detected.) The broad emission band corresponding to SiCl;
(band centered ~ 323.5 nm) is not observed, and emission corresponding to SiCl; (band
centered at ~385.5 nm) is not clearly distinguished from other broad emitters in this
region (Cl, and Cl,"). Cl, emission bands near 255 and 305 nm can also be seen clearly.
Several lines expected for Ar are observed between 700 and 900 nm, where the vast

majority of emission is from CI.
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Figure 5.1: Optical emission spectrum (200-900 nm) recorded while etching silicon in
50%ClI,/50%Ar plasma. ICP Power = 350 W.
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Optical emissions from SiCl (280.3 nm), Si (288.1 nm), Cl (792.4 nm) and Ar
(750.4 nm) were recorded as a function of power and gas composition (Fig. 5.2). Not
surprisingly, the Ar emission intensity increases with power and %Ar in the feed gas. The
super-linear increase in intensity with increasing %Ar is attributed mainly to the
increasing electron-to-Cl- number density ratio between 29% and 90% Ar. Also, since the
Ar 750.4 nm emission is produced when the 4p'[1/2] level at 13.48 eV decays to the
4s'[1/2]° level at 11.83 eV, that in turn decays to the ground state by emitting the most
intense of the VUV Ar emissions at 104.8 nm, it follows that the relative intensity of the
Ar VUV emission is expected to depend on power in a manner similar to that for the

750.4 nm emission shown in Fig. 5.2.
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Figure 5.2: Ar (750.4 nm) intensity as a function of power at a total pressure of 60 mTorr
for different gas compositions.
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Cl/Ar emission intensity ratios (Ici/la;) are presented in Fig. 5.3. Since the Cl,
feed gas is probably substantially dissociated, and the electron temperature is rather low
at 60 mTorr, the higher-energy process of dissociative excitation of Cl, to produce Cl
emission [119] is expected to be negligible. Hence, ¢/l is expected to be proportional
to Cl number density. At a given power, lc/lar scales nearly with the Cl, to Ar feed gas
ratio. At higher %Cl,, Ici/lar increases sub-linearly with power, as might be expected. For
chlorine addition <50%, however, Ici/la is independent of power, suggesting that Cl; is

mostly dissociated into Cl, as observed elsewhere [119], [120].
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Figure 5.3: Ic//lar as a function of power for different gas compositions.
Emission intensity ratios for Si/Ar (lsi/lar) and SiCI/Ar (lIsici/lar) are presented in

Figs. 5.4 and 5.5, respectively. Si and SiCl emission intensities are expected to arise, at

least in part, from electron impact excitation of these species, and to therefore scale, at
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least qualitatively, with their relative number densities in the plasma. These emissions
can also come from electron-impact dissociative excitation of more highly chlorinated
species such as SiCl,. Previously it was shown that Si emission intensity was directly
proportional to etching rate, which was varied by changing substrate bias power at
constant ICP power, pressure, and feed gas composition [9], [118]. In the present study,
Isi/lar increases with power, especially at higher Cl, percentages. Since the VUV photon
flux to the substrate increases with power between 300 and 500 W (assumed proportional
to the 750.4 nm Ar line intensity), the increase in Isi/lac likely reflects an increasing

photo-assisted Si etching rate.
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Figure 5.4: lIsi/lar as a function of power for different gas compositions. Open squares
denote Isi/lar when a trace amount of SiCl, gas was added to the gas mixture
with no Si substrate present.
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Figure 5.5: Isic/lar as a function of power for different gas compositions at 60 mTorr
without substrate bias. Open squares denote Isici/lar When a trace amount of
SiCl, gas was added to the gas mixture with no Si substrate present.

It is also expected that some of the SiCly (x=1-4) etching products increasingly
dissociate (eventually producing Si) with increasing power, contributing to an increase in
Isi/lar. TO determine how much of the rise in Isi/la with increasing power is due to the
increasing dissociation of SiCly (x=1-4) etching products (eventually producing Si), a
trace amount of SiCl, gas was introduced in a 50%ClI,/50%Ar gas mixture, with no Si
substrate present, to simulate the dissociation of SiCly etching products. At 320 W, a flow
of 0.3 sccm SiCl, was found to produce a Isi/lar value equal to that observed during Si
etching in a 320 W 50%ClI,/50%Ar plasma. As power was then increased from 320 to
500 W, Isi/lar increased ~2-fold (red open squares in Fig. 5.4). During Si etching (with no

added SiCl,), however, Isi/lar increased ~6.5-fold between 320 and 500W (red solid

75



squares in Fig. 5.4). If half of this increase is due to fragmentation of etching products,
then a remaining factor of ~3.2 is attributed to an increase in etching rate. This is
somewhat in excess of the ~1.9 fold increase in the product of VUV (using the 750.4 nm
Ar line as surrogate) and CI fluxes determined from Figs. 5.2 and 5.3, respectivelyGiven
the large mismatch in energies of the levels involved in Ar and Si emission (13.5 [121]
and 5 eV [122], respectively), the remaining unexplained factor of ~1.8 increase with

power is perhaps not surprising.

The dependence of Isi/lar on power is much stronger with increasing Cl,
percentage. This trend can be qualitatively explained as a transition from chlorine-starved
conditions at 10% ClI, addition, where etching is limited by the flux of Cl and Cl,, and is
nearly independent of VUV flux, to chlorine-saturated conditions at 70% Cl, addition,
where etching is limited by photon flux and depends less on chlorine flux. Additional
complications in relating Isi/lar to etching rate at higher Cl, percentages, due to changes
in the electron energy distribution and the mismatch in threshold energies to excite the Ar
and Si emitting levels (see above), precludes quantitative interpretations. The trends in
Isici/1ar @s a function of power and gas composition are very similar to those in Isi/lar Vs.
power and gas composition (Fig. 5.5). This implies that Isjc//l o is also proportional to the

Si etching rate.

5.3.2 Silicon Etching in Cl,/Ar plasmas with pulsed power

The results presented above would be consistent with either the lattice damage or
carrier mediated processes discussed earlier. To distinguish between these two

mechanisms, Si was etched in a power-modulated plasma. Power delivered to the ICP
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coil was switched between 500 and 300 W at a frequency of 1 kHz and 50% duty cycle at
60 mTorr without substrate bias. The etching rate at 400 W was reported to be 330
nm/min at 60 mTorr in a previous publication [118]. During the 500 ps period at 500 W,
approximately 0.00275 nm of Si is removed, which is about 1% of a monolayer. The
density of any defects created by the VUV photons would not be altered during this
period. In addition, the chlorine coverage on the surface would not change significantly
(see below). Therefore, photo-assisted etching due to a photon-induced damage
mechanism would not be modulated. Conversely, for a carrier-mediated etching
mechanism, the etching rate would be modulated in proportion to the VUV flux, and

therefore power, since the carrier lifetime is << 500 ps [117].

Time resolved emission intensities of Ar, Si, SiCl, Cl, and Cl, were recorded
during etching of a Si sample (Fig. 5.6). As the plasma power is modulated from 500W to
300W, emissions were also found to modulate. At 500W, Ar emission intensity rises
quickly and reaches a quasi-steady state level which is about twice that at 300W. This
modulation in intensity is comparable to the factor of 1.66 (500/300) modulation in the
plasma power, and is attributed to the change in electron density with plasma power.
Similar behavior is observed for the Cl emission. Si and SiCl emissions rise and fall at
slower rates, relative to Ar and Cl emissions. This is ascribed to the slower modulation in

the population of low energy electrons capable of exciting Si and SiCl emissions.
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Figure 5.6: Time resolved optical emission of Ar, Cl, Si, SiCl and Cl, recorded while
etching Si in a 50%Cl,/50%Ar pulsed plasma.

Time-resolved emission intensities for Cl, Si and SiCl, normalized to Ar emission,
are presented in Fig. 5.7. lci/lar exhibits small spikes when power first changes, but then
settles to values that are nearly equal at high and low power. Conversely, when power
drops from 500 W to 300 W, Isi/lr spikes but finally settles to a quasi-steady value that is
about 25% of that at 500W. Isici/1ar exhibits similar but less pronounced trends, settling to
a value at the end of the 300W period that is about 0.6 that at 500 W. The more
pronounced spikes accompanying power switching are due to the lower-energy emitting
levels of Si and SiCl being less sensitive to rapid transients in Te, compared with Ar. The

modulation in Isi/lar and Isici/1ar Suggests that the Si etching rate is also modulated.
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Figure 5.7: Time resolved normalized emission intensities recorded during Si etching in a
50%Cl,/50%Ar pulsed plasma.

The time response of the normalized emission intensities may be understood by
considering the localized and global Si production and loss mechanisms. For an etching
rate of 330 nm/min (measured under similar conditions [118]), the flux of Si-containing
products is fsicix = 2.78 x 10* cm™s™. For the 1.5 cm? sample, this corresponds to a flow
rate of 0.092 sccm. For the Cl, and Ar feed gas flow rates of 25 and 25 sccm
(50%ClI,/50%Ar), the total flow rate through the reactor is between 50 sccm (if no Cl,
dissociation) and 75 sccm (for complete dissociation in Cl atoms). Taking the average of
the two, the mole fraction of Si etching products released into the reactor is 0.092/67 =
1.37 x 10°%. An upper limit to the partial pressure in the reactor (if no Si products deposit

on the walls) is then 0.08 mTorr at the total pressure of 60 mTorr. If the gas temperature
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is 600 K, then this corresponds to a number density of about 1.4 x 10" cm™ for the

background etching product gas in the chamber.

The number density above the sample will be enriched in primary products of Si
etching. The mean free path at 60 mTorr is ~0.1 cm, thus at a distance of | = 1 cm from
the surface, desorbing products will be escaping by ordinary diffusion. An effective

diffusion coefficient D¢ Was estimated from [123]

3

yon (5.1)

Dif¢ = Dpim +

where Dy, is the binary diffusion coefficient for the species of interest in Ar and vy, is
mean thermal velocity. A is the characteristic diffusion length given by

Le () ey

L R

where L = 0.178 m is the length and R = 0.043 m is the radius of the plasma chamber. A
was calculated to be 0.017 m. At 600K and 60mTorr, Dy, for SiCls, SiCly, SiCl and Si in
Ar was estimated to be 0.357, 0.408, 0.523, and 0.448 m?/s, respectively, from Chapman-

Enskog theory [124], using Lennard Jones parameters [125].

The steady state concentration of products at a distance of 1 cm from the substrate
surface is roughly fsicix I/Dpin = 6.2 x 10™2cm™, where the diffusion coefficient, Dyi, for Si
is ~4480cm?’s™ at 60 mTorr. This product number density is therefore 4.4 times larger
than the product concentration in the background gas. In addition, the time it takes for
products to reach the 1 cm distance from the surface is 12/D =225 ps, or about the time it
takes for Isi/lar and Isici/lar in Fig. 7 to reach quasi-steady state after power changes from

500 to 300 W. The conclusion that the Si and SiCl concentration is enriched near the
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surface is also supported by the fact that only 0.092 sccm of the equivalent product flow
rate from etching in a 50%Cl,/50%Ar plasma at 320 W produces the same Isici/lar value
as that obtained from the addition of 0.3 sccm of SiCl, background gas, as discussed
above. The calculated ratio is 0.3/0.092=3.3, which is comparable to the factor of 4.4

found above.

The loss of silicon etch products in the plasma is due to pumping, as well as
reactions on the walls. At 60 mTorr and 50 sccm, the gas residence time within the
combined ~10 | volume of the plasma chamber and tubing above the pump is ~1s, much
longer than the modulation period. For a cylindrical chamber, the loss to the walls by

diffusion and reaction is given by [126]

1 A? V202-
1 4 r2em (5.3)
ka Deff A yven

where, V/A is the volume to surface area ratio of the chamber, y is the probability that the
species (etch product) sticks to the wall. Si and SiCl have a wall sticking probability
greater than the higher chlorides of the silicon etch product [127], [128]. Assuming that
they are lost at the walls (and probably converted to higher chlorides that subsequently
desorb) with a 50% probability (i.e., y = 0.5), then 1/kq is estimated to be ~ 14 and 9 s for
Si and SiCl, respectively. Since this is much longer than the modulation period, the etch
products in the background gas would not be modulated. This was verified by monitoring
the emission signals (Fig. 9) through a window on the boundary electrode that is about 10
cm away from the sample stage. Isi/lar was recorded while etching silicon in a pulsed
plasma. The signal modulated by a factor of 1.67 (= power ratio) which is similar to the
modulation of the signal recorded with a trace amount of SiCl,, where the Si emission is
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solely due to the dissociation of SiCl,. Also, this modulation in Si emission intensity is
less compared to modulation in the intensity as observed in the vicinity of the substrate
(Fig. 5.7). This also serves as strong evidence that the region close to the surface is

locally enriched in Si etch products as discussed earlier.
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Figure 5.8: Isi/lar recorded from a window on the top flange. The modulation of the
signal in the background gas (thicker line) is due to the dissociation of the
etch products alone (no Si sample present).

The rate constant for the loss of Cl atoms to the walls by diffusion and
recombination was also estimated from equation (3) to be 0.32 s for a recombination
coefficient of y=0.1. This gives a time constant for this loss process of ~3 s, much greater

than the 1 ms pulse period. Therefore, the Ic/lar intensity ratio (proportional to the ClI

atom density) recorded in the pulsed plasma is hardly modulated (Fig. 5.7).
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Assuming that the Si and SiCl emission signals are mostly coming from species
that have not reached the walls and become part of the background gas, we can finally
determine how the instantaneous etching rate scales with instantaneous power. As given
above (Fig. 5.7), Isi/lar is 3.8 times higher at 500 W than at 300 W. To remove the
portion of this increase that is due to increased fragmentation of SiCly products at higher
power, we note that Isi/lar produced by adding a trace of SiCl, to the Cl,/Ar feed gas with
no Si substrate present is 2.2 times higher at 500 W, compared with 300 W (derive from a
linear least squares fit to the open red squares in Fig. 4). Thus the corrected increase in
Isi/lar, Which is expected to reflect the relative change in instantaneous etching rate, is
3.8/2.2 = 1.7, which is comparable to the ratio of powers (1.67), as well as the ratio of Ar
emission at 750.4 nm (2.0 from Fig. 5.6) that is assumed to be proportional to the VUV
flux. Similarly for Isici/lar, the corrected rise is 1.7 between 300 and 500 W (using the
data in Figs. 5.5 and 5.7). Therefore, it appears that the instantaneous etching rate is

proportional to the instantaneous VUV flux.

Lastly, it has to be mentioned that the ratio of Isi/lar (Fig. 4) in a continuous wave
(cw) plasma at 500 W to that at 300 W (0.491/0.076 = 6.5), is higher than the ratio of the
quasi-steady state values of Isi/lar (Fig. 7) ina pulsed plasma operating between 500 and
300 W (0.43/0.13 =~ 3.4). This implies that, under the conditions used, the modulation
period of the pulsed plasma is not long enough to reach the plateau that would be
obtained in a cw plasma, under otherwise the same operating conditions. This in turn

suggests that a long time scale process (e.g. changing wall conditions) may be at play.
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5.3.3 Global Model

A 0-D (global) model was developed based on the work of Gudmundsson et al.
[129], [130]. Particle and energy balance equations were setup based on the particle
creation and loss processes. These equations were solved to obtain the electron
temperature (assuming Maxwellian EEDF) and number densities of various species in the

plasma. Details of the model including the reaction set used are discussed in appendix B.

Simulation results as a function of plasma power were compared the optical
emission signals recorded experimentally. Assuming that the excited state is produced
solely by e-impact excitation of the species of interest (e.g., no dissociative excitation),
the emission intensity (I) is proportional to the electron density (ng), neutral density of the
species of interest (ny x= Ar, Cl), and excitation cross sections (see equation 3.1).
Therefore, a comparison between the product of the calculated neutral and electron
densities with the recorded emission intensity is reasonable, i.e., I =  ne nx where B is a
constant. Also, the ratio of emission intensities is proportional to the ratio of absolute
number densities, provided the excitation thresholds and cross section shapes of the two
species are similar. Figure 5.9 shows that the simulation results (ne X na;) and the Ar
emission intensity observed experimentally match quite well. With na, decreasing
slightly with power, the increase in lar is mainly due to increasing electron density (Fig

5.10) as explained earlier (section 5.3.1).
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Figure 5.9: A comparison of experimental Ar emission intensities (solid symbols) with
values calculated from the model (lines) as a function of plasma power for
different feed gas compositions.
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Figure 5.10: Calculated electron density (dashed lines), and neutral argon density (solid
lines) as a function of plasma power for different feed gas compositions.
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Figure 5.11: A comparison between the ratio of emission intensities (Ici/lar) observed
experimentally (solid symbols) and the calculated ratio (lines) of number
densities (nci/nar), as a function of plasma power for different feed gas
compositions.

Figure 5.11 shows that the measured ratio of emission intensities (Ic)/lar) matches
the calculated ratio of the corresponding number densities (nci/nar). With na, being nearly
constant (Fig. 5.10), Ici/lar tracks ng; in the plasma. It was assumed in the experiments
that the contribution to CI emission due to dissociative excitation of Cl, was negligible
(Fig 5.3). This assumption was validated through the calculations, which revealed that
dissociation increased with power (Fig. 5.12). For low Cl, fraction in the gas mixture, Cl
was the dominant neutral species (Fig. 5.13). As Cl, content in the gas mixture increased,
the dominant neutral species depends on plasma power. However, for the range of
powers employed in the experiments (300 — 500W), n¢; was higher than nc, except for

71% Cl,, where ClI is the dominant species for powers greater than 400W. Nevertheless,
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nci and ncip are comparable for all the experimental conditions, and contribution to ClI

emission from dissociative excitation of Cl, will be negligible.
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Figure 5.12: Degree of dissociation of Cl; into Cl as a function of power.
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Figure 5.13: n¢ (solid lines) and n¢y, (dashed lines) for different gas compositions.
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The number density of radiatively coupled levels (Ar 1s, and 1s;) which de-excite
to emit VUV photons were also calculated using the model (Fig, 5.14). The density of the
radiative states (nyg) increased with power by a factor of 1.6 between 300W and 500W in
71%Cl,/29%Ar and 50% Cl,/50% Ar plasmas, and was nearly a constant in the range 300
- 500 W for the 10%ClI,/90%Ar plasma. These results correlate well with trends in Isi/lar
observed in Fig. 5.4, where the emission ratio increased by a factor of 3.2, after
accounting for dissociation of etching products. The discrepancy in the increase in Isi/lar
to the increase in the VUV photon flux may be due to the mismatch in the excitation
thresholds for Si compared to Ar, as described earlier. Also, the 0-D model may not be a

good representation of the actual radiation transport occurring in the actual system.
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Figure 5.14: Density of radiative states (Ar 1s4 and Ar 1s,) computed from the model at
different powers and gas composition.



In a pulsed plasma where power was modulated between 500 W and 300 W, the
density of radiative states modulated by a factor of ~ 1.5 (Fig. 5.15), which is nearly
equal to the modulation of Si emission intensity observed experimentally after accounting
for the dissociation of etch product. The computed Cl number density did not modulate
during the pulsing period and was nearly a constant. Hence, any enhancement in the
observed Si emission with power while etching in a pulsed plasma must be due to photo-

assisted etching.
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Figure 5.15: Density of radiative states in a pulsed plasma where power is modulated
between 500W and 300W. Also shown is the ratio nc/nar wWhich is
representative of Ic)/lar observed in the experiments (Fig. 5.7)
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Chapter 6 — Summary, Conclusions, and Future Directions

6.1 Summary and Conclusions

Etching of p-type Si was studied in different halogen containing plasmas. At ion
energies below the ion assisted etching threshold, etching persisted. This sub-threshold
etching was determined to be due to photo-assisted etching caused by VUV photons
generated in the plasma; some isotropic chemical etching was detected in HBr containing
plasmas and was attributed to Si etching by H atoms. Photo-assisted etching was found to
be lowest in Bry/Ar (~ 100 nm/min) and highest for HBr/Cl,/Ar (~ 400 nm/min). The
photo-assisted etching rates was proportional to the product of halogen coverage on the

surface and the VUV photon flux indicated by the Ar 750.4 nm emission intensity.

Etching was also studied under different window materials with different light
transmission characteristics. Fused silica, MgF,, and opaque windows were used. A 50%
Cl,/50% Kr plasma was used for this experiment as the window materials are opaque to
the Ar VUV lines at 104.8 nm and 106.4 nm. Etching was found to be minimal under the
opaque window as most of the light was blocked. Etching rates observed under a fused
silica window were comparable to those observed under the opaque window. This
similarity suggests that etching is important for wavelengths lower than the fused s
transmission cut-off.  Higher etching rates were measured under the MgF, window
which confirmed that high energy photons (low wavelength) were more efficient in

inducing etching.
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Etching rates were also measured as a function of the substrate bias under the
different windows. A dependence of the ion assisted etching threshold on the window
material was found. The etching threshold was found to be lower for opaque and fused
silica windows and a similar higher threshold was observed for etching under MgF;
window and without a window. At high values of substrate bias (ion energies greater than
60eV), etching rates under the different window materials were comparable, suggesting
that photo-assisted etching was unimportant and ion assisted etching was dominant.
These results obtained for etching underneath windows imply a negative synergy
between ion bombardment and photo-assisted etching. It is postulated that increasing ion
bombardment produces defect sites on the surface which acts as recombination centers

for photo-generated carriers, thus reducing photo-assisted etching.

The morphology of the etched Si substrates was studied using Atomic Force
Microscope. Generally, the surface of the etched substrates was rough, especially in
bromine containing plasmas. The roughness was attributed to residual contaminants on
the surface which act as micro-masks and prevent etching of underlying Si. On the other
hand, etching in a Cl,/Ar plasma was found to be relatively smooth, but interspersed with
pyramid-shaped features. Analysis of line profiles showed that [110] planes made the

four sides of the pyramid with the base of the pyramid along the <100> direction.

Based on the measured photo-assisted etching rates, the etching yield for silicon in
a chlorine plasma was found to be approximately one Si atom per incident photon. Such
high etching yields have never been reported for UV laser induced etching of Si using

Cl. (no plasma). Comparing the high etching yields with those reported in the literature
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[75]-[81] it is apparent that the photo generated carriers play a major role in enhancing
etching. The exact nature of interaction between the photo induced carriers and the
substrate can be very complicated, especially in a plasma environment. Various factors
such as VUV light intensity, substrate doping level, electric fields (sheath potential),
presence of an electronegative adsorbate at the surface, and ion bombardment can
influence the electronic band structure which in turn affects the carrier generation,
diffusion and recombination processes. Thus a careful study on the influence of the

various parameters is necessary to understand their effect on etching.

In addition to the role of photo generated carriers, other mechanisms such as
photon-induced damage (breaking of Si-Si bonds) [84] have been proposed to explain
etching enhancement due to photons. To gain insight on the importance of this
mechanism in PAE, the light intensity from key species (Si, Ar, Cl, SiCl) was monitored
in both continuous wave (cw) and pulsed plasmas. The emission intensity ratio Isi/lar
(proportional to the silicon number density), was found to increase with plasma power
during silicon etching in cw plasmas. In order to account for the contribution to this
signal from the dissociation of silicon etch products, a trace amount of SiCl, gas was
introduced into the plasma (without Si substrate present) to simulate the emission of etch
product. With added SiCly, it was found that the ratio Isi/lar increased roughly by a factor
of two, which was smaller compared to the six fold increase observed while etching
silicon (no added SiCl,). This super-linear increase in the signal may be attributed to the
addition of silicon etch products into the plasma due to PAE that increases with power.
The increase in PAE with power is due to the corresponding increase in the VUV photon

flux to the substrate.
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Time resolved emission was also recorded during Si etching in a pulsed plasma
where the power was modulated between 500W and 300W. The time evolution of the
signal (lsi/lar) over the pulse period was explained based on the rate of production and
loss of the silicon etch products. It was found that the region in the immediate vicinity of
the sample, where the emission signals were recorded, was enriched with the etching
products in comparison to the reactor bulk. The contribution to the signal due to back
diffusion of the etching products was minimal, and any modulation of the signal was
mainly due to the modulation of the PAE rate with power. The observation of a
substantially modulated Isi/lar signal rules out a damage-induced mechanism of in-plasma

PAE since, if this mechanism was dominant, I/l would not be modulated.

A global model was developed to validate the experimental observations.
Experimentally observed ratios of emission intensities were found to scale with the ratio
of number densities. Density of the radiative states (n..q) was also calculated with the
global model which correlated well with the enhancement of Si emission. In a pulsed
plasma, modulation of ny¢ was similar to modulation of experimentally observed Si
emission after accounting for dissociation of Si etch products. This provides further

evidence supporting photo-assisted etching.

6.2 Future work

6.2.2 PAE mechanisms

Photo-assisted etching has been studied extensively and has been attributed mainly to

creation of electron-hole pairs and the ensuing surface reactions induced by these carriers.
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These studies were performed in the absence of a plasma, however. The mechanistic details of
photo-assisted etching in a plasma environment are still not clear. In particular, there may be
synergetic (or anti-synergetic) effects among ions, electrons, neutrals and photons that can
only happen in the presence of a plasma. For example, lattice defects due to ion
bombardment can act as recombination centers for photon-generated carriers, thus reducing the
efficiency of photo-assisted etching. Such loss of carriers to recombination was observed in the
reduction of laser-induced photoluminescence of GaAs etched in BCl; plasma [109]. A
similar effect also seems to be occurring in Fig. 4.5, where there is an apparent shift in the
threshold for ion- assisted etching under a MgF, window. lon bombardment at energies
above the ion-assisted etching threshold disrupts the silicon lattice producing defect sites
which enhance carrier recombination, in turn reducing the PAE rate. At ion energies just above
threshold, PAE is suppressed further; the suppression of PAE may be nearly balanced by the
increasing ion-assisted etching. Eventually, the PAE rates goes to zero and ion-assisted
etching dominates. The net effect of the gradual suppression of PAE due to ion bombardment

results in an apparent shift in the threshold for ion-assisted etching under MgF, window.

This anti-synergistic effect will be explored further by applying a pulsed bias on the
substrate stage. Relative etching rates will be monitored over the bias pulse duration through the
Si emission signal at 288.1 nm. When the bias is turned on, ion bombardment may disrupt
the lattice producing carrier recombination centers. Just after the bias is turned off (OV), the
carriers will not be effective in inducing etching due to recombination at these defect sites.
Thus, etching will proceed at a much lower rate. For sufficiently long bias-off period, the
etching rate would increase to the prevailing PAE rate. The creation of defects due to ion
bombardment will also be studied using GaN by monitoring the photoluminescence generated
by light from a laser or plasma source. A decrease in the intensity of photoluminescence would

suggest increased rate of non-radiative recombination of carriers at defect sites.
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6.2.3 Synergy with Plasma - Band bending due to external field

Surface states induced pinning of Fermi level results in band bending. Bands bend
downward for p-type and upward for n-type semiconductors. When a semiconductor substrate is
immersed in plasma, the plasma sheath combined with the substrate bias imposes an external
field on the semiconductor which further affects band bending [39]. This would in turn influence
the electric field in the chlorinated silicon layer, and hence affect the transport properties of
charged species/carriers. For example, Electrons that arrive at the silicon interface tunnel through
the energy barrier and are accelerated by fields in the sheath to be injected into plasma. Electrons
may attach on to chlorine atoms to form CI- ions which then diffuse into silicon lattice due to the
electric field and enhance etching. Band bending due to externally applied field also depends on
plasma parameters (substrate bias, plasma potential), doping and nature of the surface which
changes with increasing ion bombardment. This may be verified by measuring etch rate for
substrates with different dopant levels. Changes in band bending due to ion bombardment may be

monitored by photoluminescence spectroscopy.
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Figure 6.1: Semiconductor band bending in plasma
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6.2.4 Tandem Plasmas

A tandem ICP reactor (Fig. 6.2) is being designed to study photo-assisted etching. It
consists of two faraday shielded plasma sources separated by grids/UV transmitting window. The
new reactor also includes a movable stage that can be used to vary the distance of the sample
from the plasma, thus varying the flux of VUV photons striking the substrate. A pinhole on the
stage also enables communication between the plasma source and a differentially pumped
chamber that may be connected to a VUV spectrometer/ion energy analyzer. The VUV
spectrometer in addition to the existing UV-Vis spectrometer would enable recording of the full

spectrum of plasma emission from 30 — 900nm.

The auxiliary source acts as a lamp that produces light, spectrum of which can be
measured. Experiments with different window materials (CaF,, LiF, MgF,, fused silica)
separating the two plasma sources may be carried out to study the etching in different range of
wavelengths. Different inert gases (Ar, Xe, Kr, Ne) may be used to generate different
wavelengths of light striking the substrate, which in combination with the different window
materials can be used to study the efficiency of etching at different wavelengths. Experiments
may also be carried out without any window material and using biased grids instead, that would
prevent ions/electrons from reaching the substrate. This offers the advantage of transmitting all
wavelengths in the VUV region due to absence of transmitting windows which generally have a

cutoff transmission wavelength ~ 100nm.
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Appendices

Appendix A: Cl,/Ar global model

A 0-D (global) model was developed based on the work of Gudmundsson et al.
[129], [130] to calculate various plasma parameters by solving particle and energy
balance equations described below. The global model assumes the plasma to be spatially

homogenous, i.e. plasma parameters are volume averaged.
Particle Balance:

The particle balance equation for a species X in the plasma is given by

dn
dt = R;eneration -2 Rl)c()ss’ (A'l)

X X - - -
where Ryeperation aNd Ripss are the reaction rates of formation and loss of the species X

[128]. The reaction rates are generally expressed as a product of the reaction rate constant
k and the number density of each species involved in the reaction. Gudmundsson et al.
[129], [130] expressed rate constants for various electron impact reactions (summarized
in the table below) in Arrhenius form by integrating the collision cross sections (o(¢))

over an assumed Maxwellian electron energy distribution function (f(c))
k(Te) = oo fy 0(e)e*5f (e)de, (A-2)

where e is electronic charge, me is electron mass, Te is electron temperature and ¢ is
electron energy. The various plasma species included in the model are: neutral species

(Cl, Clj, Ar), charged species (CI*, Cl,*, Ar*, CI', electrons), Ar metastables (1ss and 1s3),
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excited argon Ar(4p) and radiative states of Ar (1s4 and 1s,). The reaction set along with

the corresponding rate constants used for Clo/Ar plasma is summarized below.

Reaction

Rate constant (m%™)

e+Clhb—>Cl+Cl+e
e+Cl,— CL"+2e
e+Cl,— Cl+CI"+ 2
e+Cl,— CI"+CI" + 3e
e+Cl,—>Cl+CI

e+Cl,»>CI"+Cl +e
e+Cl," - Cl+Cl
e+Cl— ClI'+ 2e
e+Cl— Cl+2e
e+Cl— CI"+ 3e

Cl,+ ClI"—= Cl1+Cl,"

e+ Ar — Ar' + 2e
e+Ar" — Ar + 2e
e+Ar' —» Ar' + 2e

e+ Ar— Ar''+e

e+ Ar— Ar' +e

e+ Ar— Ar' +e
e+Ar'* - Arf +2e

e+ A" — A +e
e+Ar" > Ar' +e
e+Ar > Ar"+e
Ar"+ Ar" — Ar + Ar
A+ Arm — Ar+ Arf +e
Ar(4p) + Ar(dp) — Ar + Ar’ +e
Arm+ A — Ar+ Ar' +e

Ar'— Ar+ hv

1.04 x 107137, 702%¢ ~8:84/Te
5.12 X 10—14T60.4~88—12.34/Te
2.14 % 10—13Te—0.07e—25.26/Te
2.27 X 10—16Te—1.92e—21.26/Te

3.43 X 10_15Te_1'18€_3'98/Te

+ 3.05 % 10—167‘3—1-336—0.11/(Te+o.014)

2.94 x 10—16Te—0.19e—18.79/Te
9.0 x 10~ 147,705

317 x 10_14T60'53e_13'29/T9
9.02 X 10—15Teo.92e—4.88/Te
3.62 X 10—15Teo.7ze—25.38/Te
5.4 x 10716

2.39 x 10—14Teo.57e—17.43/Te
2.71 x 107137, 026 ~459/Te
2.7 % 10_13Teo'296_4'24/T9
9.73 x 10—16Te—0.07e—11.69/Te
3.93 x 10—15Teo.466—12.09/Te
8.91 x 10—15Te—0.04e—14-.18/Te
1.09 x 10712, 0%%¢=342/Te
2.39 x 107127, 7015~ 182/Te
3.7x10713

9.1x 10713

2x10713

2.1x1071

5.0 x 10716

6.4 x 10716

1x10%s7!
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Reaction Rate constant (m®™)

Ar(4p) — Ar + hy 3.2x107s71

Ar(4p) — {Ar", Ar' } +hv 3.0 x 107s71

Cl,+ Ar'— CL," + Ar 1.9 x 10716

Clb+ Ar'— Cl+CI" + Ar 5.7 x 10716

Cl'+ Ar"— Cl + Ar 5.0 x 1071(300/T,)"°
Cly+ {Ar", Ar', Ar(4p)} — CL," + Ar + e 7.1 x 1016

Neutral chlorine atoms diffuse and stick to chamber walls where they can
recombine with another atom. The rate coefficient for diffusional loss is given by
equation 5.3. The values for recombination coefficient (yrec) Was taken from published

experimental values as a function of CI:Cl, number density ratio [131].

Malyshev and Donnelly measured neutral gas temperatures as a function of
plasma power and pressure in a chlorine and argon plasmas [132]. Gas temperatures used
in the simulation were obtained through a pressure (p) and power (Paps) dependent fit of

experimental measurements [129]

Ty (Paps, p) = 300 + (1250(1 — e™00%17) + 400 ~03370) 2t0Cate30) - (p.3)

The ion temperature (T;) was calculated by setting the ion temperature equal to 0.5 eV at
1 mTorr and decreasing the ion temperature (relative to thermal temperature) at a rate

proportional to 1/p [123].
Power Balance:

The power balance equation is given by
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d
th( eneT)z Paps — eV X n¥eX kiy — eupniAqrr(€,4€L), (A-4)

where Pus is the power delivered to the plasma, n* is the number density of neutral
species, V is the chamber volume, n is electron density, uy is the Bohm velocity, €X is
the collisional energy loss during creation of an electron-ion pair, €; = Vplasma + Vsheath IS
the mean kinetic energy lost per ion lost to the walls, and €.= 2T, is the mean electron
energy lost per electron lost to walls [128]. For chlorine containing plasmas,
electronegativity (oo = n'/ne) is often larger than unity. Various formulae used to calculate
plasma parameters have to be modified to include this factor. The Bohm velocity is
calculated by

0.5
: (A-5)

_ [ eTe(1+ay)
b ™ Imya+asyo)

where a; is the electronegativity at the sheath edge, y_ is the ratio of electron temperature
to ion temperature, and m; is ion mass [97]. a, is obtained by solving the non-linear

equation shown below [97]

as _ (+as)(1-y-) )
= €xXp [ 2(1+agy-) ] (A 6)

The plasma potential (Vpiasma) is calculated as [97]

1 1+ag

Vplasma =3 T, . (A-T7)

2 1+agy-—

Plasma quasi neutrality requires the positive ion flux to the walls to match the sum of

negative ion and electron fluxes [97] , i.e
Yn,sup = X 0.25n_,v_exp (%) + 0.25n,,v,exp (M) (A-8)
where v denotes mean thermal velocity, and the subscript “s” denotes sheath edge. This
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equation can then be solved to obtain the sheath potential (Vshean). The edge to center

positive ion density ratio (wall loss factor) can be used to calculate the density of positive

ions near the sheath edge. A modified expression for the loss factors which included the

effect of plasma electronegativity was proposed by Kim et al. [133]

0.5

and

2
h = 0.86 > +h.2
| [<<3+L/n>°'5<1+ao> C

2 0.5
0.8 2
hg = +h :
. [((4+R//1)0'5(1+a0)> ¢ ]

where A is ion mean free path. The terms h, and n, are given by

h, = . and

= Y054y05[n05n, /05|

n,=063x"/ 5,

rec

where Krec = 5x10™ (300/T)%°, and v; is the ion mean thermal velocity.
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Appendix B: XPS analysis of the chlorinated surface layer

X-ray photoelectron spectroscopy has been used to study the nature of chlorinated
surface of silicon etched by energetic ion bombardment [134], [135]. Similarly, the
chlorinated surface layer formed during photo assisted etching can also be studied using
XPS. The surface chemical composition of Si can give clues about probable surface

reactions that occur during photo-assisted etching.

In a preliminary study, Si was etched in a Cl, plasma at 350W with applied RF
substrate bias (Vpc = -70V) for 60 seconds. Two reactor configurations were used for
etching, in which the position of the Si sample with respect to the plasma was different:
(@) the sample was immersed into the plasma, and (b) sample was placed about 12 cm
downstream from the lower edge of the plasma. Survey spectra of the sample etched
using reactor (a) revealed lower chlorine coverage: ~ 14% CI on the surface, compared to
over 24% CI for sample etched in reactor (b). High resolution spectra of the Si 2p peak
(binding energy ~ 99eV) showed a pronounced tail towards the higher binding energy
side of the Si 2p peak for the sample etched in reactor (b). The high resolution spectra of
the sample etched in reactor (b) were deconvoluted to identify the various silicon
chlorides. A Shirley shaped background was subtracted and 4 sets of two peaks (to
account for the Si 2py, spin orbit component) were used to fit the spectrum.
Deconvolution shows peaks at 100.3, 101.2, 102.2 eV corresponding to SiCl SiCl,, and
SiCl3 in addition to the bulk Si peak at 99.5 eV. This is in contrast to the sample etched in

reactor (a) which contained only SiCl and no other chlorides.
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Figure B-1: Si (2p) High resolution spectra of samples etched in a Cl2 plasma (a) sample
is placed in the plasma, and (b) sample is placed downstream of the plasma.
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Figure B-2: High resolution peak fitting of Si (2p) spectrum for the sample etched in

reactor (b)
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The difference in the XPS spectrum can be due the effect of photons. For sample
etched in reactor (a), it is possible that the photons are very efficient in altering the
surface chemistry due to the proximity of the sample to the light source. As the sample is
etched at some distance away from the plasma (reactor (b)), it is likely that the photon is
absorbed by another atom/molecule in the gas phase. VUV photons are emitted as a result
of resonant electronic transitions from a high energy state to the ground state. Such
photons have just the right energy to induce the opposite transition, i.e. excite a ground
state atom to a high energy state. Thus, the photon can be easily reabsorbed by other
ground state atoms. The process of emission, absorption and re-emission continues
several times before the photon finally escapes. This process is referred to as “radiation
trapping” [136]. Radiation trapping can lead to longer “lifetimes” for the photon to
escape gas phase and reach the substrate. If photons are effectively trapped and very few
photons make it to the surface, then photo-assisted etching could be negligible when the
sample is downstream of the plasma. The high resolution spectrum of sample etched in
reactor (b) is quite similar to that observed for ion assisted etching in a similar reactor

configuration [134].

More work needs to be done to separate the effects of simultaneous photon
irradiation and ion bombardment on surface chemistry. For example, the ions can be
completely blocked from reaching the surface by using a set of grids above the substrate.
The grids can be biased such that it repels all the ions and prevents it from reaching the
substrate. This would conclusively show the effect of photon irradiation alone (no ion

bombardment) on the surface chemistry.
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