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ABSTRACT

In this article, we give an overview about the chemical and physical processes that play a role in etching at lower wafer temperatures.
Conventionally, plasma etching processes rely on the formation of radicals, which readily chemisorb at the surface. Molecules adsorb via
physisorption at low temperatures, but they lack enough energy to overcome the energy barrier for a chemical reaction. The density of radi-
cals in a typical plasma used in semiconductor manufacturing is one to two orders of magnitude lower than the concentration of the neu-
trals. Physisorption of neutrals at low temperatures, therefore, increases the neutral concentration on the surface meaningfully and
contributes to etching if they are chemically activated. The transport of neutrals in high aspect ratio features is enhanced at low temperatures
because physisorbed species are mobile. The temperature window of low temperature etching is bracketed at the low end by condensation
including capillary effects and diminished physisorption at the high end. The useful temperature window is chemistry dependent. Besides
illuminating the fundamental effects, which make low temperature processing unique, this article illustrates its utility for semiconductor
etching applications.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002230

I. INTRODUCTION

In the manufacturing of integrated circuits, etching and deposi-
tion processes with and without plasma are widely used. Except for
physical processes such as physical vapor deposition and ion beam
etching, these processes leverage the adsorption of reactive species to
enable chemical reactions at the wafer surface. Adsorption is the
attachment or adhesion of atoms or molecules from a gas to a solid
surface. If they form chemical bonds, the process is called chemi-
sorption. The chemisorption of reactive neutral species weakens the
bonds at the surface and allows for more efficient removal by
thermal energy or ion bombardment. Neutral species are atoms and
molecules without electric charge. If these neutrals have at least one
unpaired valence electron, they are called radicals. The chemical
weakening of the surface is critical for chemical or chemically
enhanced etching processes such as thermal etching, radical etching,
atomic layer etching (ALE), and reactive ion etching (RIE).1

In this article, we review a process regime, which is frequently
referred to as low temperature etching2–6 or “cryogenic” etching.7–9

Today, this term is loosely applied to etching processes below 0 °C.

The delineation arrives from the need for special hardware to cool
the wafer and to avoid condensation inside the tool. However,
important effects are observed depending on pressure and chemical
nature of the gases and surfaces at temperatures, which may not be
below 0 °C.10,11 They are caused by a transition from chemisorption
to physisorption, which is defined as a process in which chemical
bonds are not formed upon adsorption. Implications include a
higher neutral concentration on the surface and higher etching
rates due to physisorption of undissociated neutral species.
Enhanced adsorption of etching by-products enables profile control
without the addition of polymerizing gases.2–4 The experimental
results for high aspect ratio features show that aspect ratio depen-
dent etching (ARDE) can be reduced.12 One of the potential expla-
nations is that surface diffusion is emerging as an important
transport mechanism for neutral species. Multilayer adsorption and
capillary condensation have been shown to reduce plasma damage
in porous low-k materials.13

These unique properties of low temperature etching are
documented in the literature starting from the late 1980s.
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Figure 1 shows the chronology of the number of publications on
low temperature etching. We included all available articles on reac-
tive ion etching, atomic layer etching, and ion or electron beam
etching at temperatures below 0 °C and higher temperatures if
physisorption was demonstrated to play a role. A continuous
increase in the number of publications can be observed. For the
first 25 years starting with Tachi’s seminal paper on low tempera-
ture silicon etching,2 research was focused on silicon etching with
fluorine and high aspect ratio etching of silicon.3–9,12,14–54 A
second wave of interest started around 2013 with articles on porous
low-k etching,10,11,13,55–60 application of physisorption to atomic
layer etching,61–68 etching of silicon features with dimensions
below 20 nm,69–78 and etching of silicon nitride.79,80 As conven-
tional etching of 3D NAND devices faces challenges, low tempera-
ture etching is being introduced into production for high aspect
ratio dielectric patterning.81–83 In May 2022, the First International
Workshop on Plasma Cryogenic Etching Processes was held in
Orleans, France. Low temperature etching appears at the cusp of
wider use in the semiconductor industry. This article intends to
illuminate the fundamental effects, which make low temperature
processing unique, and to illustrate its utility for semiconductor
etching applications.

II. FUNDAMENTALS

A. Etching rates

The etching rate for RIE with ideal ion-neutral synergy can be
expressed by the following formula:84

ER ¼ vEiJi
1þ vEiJi/(vnsJn)

, (1)

where Ei is the average ion energy, Ji is the ion flux, and υ is the
volume of the material removed per unit bombardment energy for
a saturated surface. The product of these three parameters repre-
sents the etch rate in the ion limited regime for a synergistic etch

process. The etch rate in a neutral flux limited regime is the
product of the neutral flux Jn, the reactive sticking probability s,
and the volume removed per reactive neutral υn. Conventional RIE
utilizes chemically active neutral species to chemisorb and to
weaken the bonds at the surface. The value of υn is dependent on
the ion energy because of the correlation between deposited energy
and the number of broken bonds at the surface, which facilitate the
chemisorption of neutrals.

Molecules and atoms can also stick to surfaces without
forming chemical bonds. This process is called physisorption. All
gases physisorb at low enough surface temperatures. They stick to
the surface via van der Waal’s forces, which are classified by the
interaction between the surface and the molecule or atom.85

Among these forces, the London dispersion force is the weakest
intermolecular force. It is an induced dipole–induced dipole attrac-
tion and happens between transient, nonpermanent dipoles. Next,
ion–dipole forces exist when the solid surface has ionic bonds, and
the molecule is polar. Similarly, ion-induced dipole forces exist
between ionic surfaces and polarizable gas molecules. Forces
between polar surfaces and polar molecules are called dipole forces.
Finally, van der Waals forces also result from quadrupole interac-
tions. In general, van der Waals forces and the process of physi-
sorption are determined by the chemical nature of the surface and
gas species.86

Molecules are physisorbed mostly without an activation barrier.
The binding energy Eads, phys is small, typically less than 0.5 eV as
shown in Table I. This favors physisorption at low surface tempera-
tures. The incoming molecule must also lose excess kinetic energy to
the lattice of the solid surface to prevent reflection. This process is
also favored at lower surface temperatures. Physisorption is an inter-
mediate step for chemisorption. The Lennard–Jones graph in Fig. 2
illustrates this. When a physisorbed molecule overcomes an activa-
tion energy Ea, it forms chemical bonds with an energy of Eads, chem,
which is about one order of magnitude larger than the physisorption
energy, Eads, phys.

87 This activation energy is the reason why chemi-
sorption is favored at higher surface temperatures. Figure 2 shows

FIG. 1. Chronology of the number of
publications on low temperature
etching.
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that the molecule dissociates in the process, which is not always the
case. Molecules can also chemisorb without dissociating.

The Lennard–Jones graph in Fig. 2 also helps to explain the
isobars for physisorption and chemisorption shown in Fig. 3. As the
surface temperature decreases, more molecules are physisorbed to
the surface because its temperature is low enough for them to stay
trapped in the shallow physisorption energy minimum [Fig. 3(a)].
Initially, this leads also to more chemisorbed molecules so long as

the energy of the system is high enough that the activation barrier
can be crossed. As the temperature is further decreased, there is
decreasing coverage of chemisorbed molecules as shown in the inset
in Fig. 3(b). At exceedingly high temperatures, few molecules physi-
sorb, which also causes a decreasing coverage of chemisorbed
molecules.

Table II lists the salient characteristics of physisorption and
chemisorption. Physisorption can reverse at constant temperature
and reduced pressure (isothermal reversibility). This process is slow
or absent for chemisorption. This has important implications for
cyclic processes such as ALE and atomic layer deposition (ALD)
where gases change between steps. Chemisorbed species form
strong bonds with the surface, which weakens bonds between
surface atoms. This effect is enabling chemical and chemically
assisted etching processes. Physisorbed species do not cause struc-
tural changes to the surface. The bonds between the surface atoms
remain unchanged. Therefore, physisorbed species require the
external energy provided by accelerated ions, electrons, or photons
to stimulate chemical reactions and to aid in the etching process.
Physisorbed species can form multilayer structures because the
same forces are well known to lead to the condensation of vapors.
At high enough pressures and low enough temperatures, gases can
condense at the surface.

TABLE I. Physisorption energies of gases on surfaces used in semiconductor
device manufacturing. References are given in superscripts. All values are calcu-
lated using density functional theory (DFT) except from Ref. 88, which is an experi-
mental value. In the DFT calculations, the silicon surface is terminated with
hydrogen and the silicon oxide surface with hydroxyl.

Eads,phys (eV)

CF4 CHF3 CH2F2 CH3F CIF3 NF3 HF

Si 0.7189 0.1889 0.0638 0.2989 0.7089 0.1389

0.1790 0.0688

SiO2 0.2689 0.3389 0.6190 0.1689 0.1689 0.5389

Si3N4 0.2290 0.0690 0.1290 0.2091 1.0290

0.2290

FIG. 2. Lennard–Jones graph describ-
ing dissociative adsorption of a dia-
tomic molecule AB on a surface S.
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The type of plasma that is used in dry etching is called low
temperature or nonequilibrium plasma.92–94 Charged species are
lost to the wall faster than they are able to transfer via collisions
with neutrals the energy they receive from an external energy
source. Hence, the neutrals are colder than the ions. Molecules and
atoms approach the surface with a kinetic energy given by the tem-
perature of the background gas. Typical background gas tempera-
tures are in the range between 300 and 2000 K or 0.03 and
0.15 eV.92,95,96 This is on average smaller than the desorption ener-
gies listed in Tables I and II. Also, there is a meaningful tempera-
ture difference between the reactor walls and the bulk gas at the

pressures used in typical RIE processes, which are typically below
50 mTorr.96 The gas temperature above a low temperature cathode
should be lower than typically expected values. This ensures that
approaching gas species are trapped at the surface if they lose
energy in the collision with the surface.

The wafer surface is heated by the background gas and ion
impacts. While the peak power density per ion impact is very high
(108–1012W/cm2) and causes collision cascades and sputtering, the
average power delivered to the wafer is low (104W/cm2 for an ion
energy of 100 eV and an ion current density of 10 mA/cm2).
Therefore, the wafer surface can be etched without excessive
thermal impact.92 The heat generated by the plasma on the wafer
must still be removed with a wafer cooling mechanism, typically an
electrostatic chuck (ESC). In the following discussion, we refer to
the wafer surface temperatures, assuming cooling by an ESC.
Experiments on different surfaces have shown that chemisorption
does not occur or only proceeds slowly at room temperature for
many etch gases such as CF4, CF3H, CF2Cl2, and CCl4.

97 One of
the roles plasma plays in RIE is to dissociate nonreactive molecules
into reactive species or radicals, which readily chemisorb. The
density of radicals in a typical low temperature plasma is one to
two orders of magnitude lower than that of the background gas.
Trapping nondissociated neutral species using physisorption at low
surface temperatures, therefore, increases their concentration on the
surface. Since RIE utilizes the synergy between ion and neutral
species,98 larger neutral surface concentrations enable higher
etching rates.

FIG. 3. Schematic illustration of physisorption (a) and chemisorption (b) and their corresponding isobars.

TABLE II. Comparison between physisorption and chemisorption.

Property Physisorption Chemisorption

Forces van der Waals Chemical bonding
Binding energy,
Eads (eV) <0.5 >2.0
Activation energy,
Ea (eV) Rare 0.6–1.0
Isothermal
reversibility Complete Slow or none
Interaction No structural

changes
Disruption of chemical

bonds possible
Extend Multilayers Monolayer
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Physisorbed species desorb at a rate Rdes, which depends on
the surface temperature T, the physisorption energy Eads,phys, and
the surface coverage θ,

Rdes ¼ k0e
�Eads:phys/kbTθ, (2)

where kb is the Boltzmann constant and k0 is a rate constant,
which depends on surface properties including defects and rough-
ness. Equation (2) shows that species remain on the surface for a
longer time if the physisorption energy is higher and/or the surface
temperature is lower.

Of the molecules listed in Table I, the highest Eads,phys for
OH terminated SiO2 is observed for CH3F, while CF4 has the
largest physisorption energy for hydrogen terminated silicon
and HF for Si3N4. This illustrates the importance of chemistry
for physisorption.

Tinck et al. calculated Eads, phys for various SiFx species on fluo-
rinated silicon99 using molecular dynamics methods. One impor-
tant insight from their work is that radicals can also physisorb.

The authors found that F, Si, and F2 always quickly chemisorb or
reflect after impact. Figure 4 depicts the physisorption energies for
the other surface/molecule combinations for temperatures of 173
and 300 K. The adsorption energies are higher for 173 K. The
authors explained this with smaller oscillation amplitudes between
adsorbent and surface at lower temperatures, leading to slightly
smaller average physisorption bond lengths and, hence, to overall
stronger van der Waals forces.99 This effect would further enhance
the temperature sensitivity of the desorption rate in Eq. (2).
Figure 4 shows that the energy needed for desorption decreases
with decreasing size of the species. The degree of fluorination
appears less important for the systems studied in this work.

In most applications, mixtures of gases are used to etch semi-
conductor devices. These gases can co-adsorb and interact.
Attractive interactions between the species raise and repulsive ones
lower Eads, phys.

100

B. Activation of chemical processes

Physisorbed species must be activated by external energy to
chemisorb and facilitate the removal of surface atoms. Figure 2
shows that chemisorption occurs when a physisorbed molecule
gathers kinetic energy, which is larger than the sum of the physi-
sorption energy Eads,phys and the activation barrier for chemisorp-
tion Ea. For desorption, only Eads,phys is needed, which means that
there is a large probability that species desorb rather than chemi-
sorb. There is still a probability for chemisorption because of reac-
tion kinetics. The activation efficiency, therefore, depends on the
type of activation. Table III lists different activation species and
mechanisms. These species are generated in plasmas.

Surface ion impacts are separated in time for low temperature
plasmas. The energy from one impact does not overlap with other
impacts.92 While the wafer is kept at low temperature via backside
cooling, the surface is amorphized via a collision cascade upon ion
impact.92 This provides abundant thermal energy for dissociation
and chemisorption fragments in the vicinity of the impact site.
Winters proposed another mechanism where argon bombardment
produces lattice damage, which enhances the spontaneous reaction
between XeF2 and tungsten.110 Yet another potential mechanism is
dissociation and chemisorption from direct impact by an ion or
fast neutral. This effect is called collision induced dissociative
chemisorption of adsorbates.106 Molecular beam techniques
coupled with ultrahigh vacuum electron spectroscopy have been

TABLE III. Species and mechanisms for chemical activation of physisorbed species in low temperature etching.

Activation species Experimental techniques Activation mechanisms

Ions and fast
neutrals

Atomic layer etching with ion removal step64–67,101,102 Local temperature at impact site92,103

Ion beam experiments104–109 Direct impact dissociation of adsorbate104–106

Ion generated surface defects and dangling bonds110–114

Electrons Electron beam experiments88,98,115–118 Direct dissociation of adsorbate and chemisorption of fragments116

Electron generated surface defects and dangling bonds98

Photons Laser beam experiments119 Direct dissociation of adsorbate and chemisorption of fragments
Plasma experiments120 Photon generated charge carriers119

Photon generated surface defects and dangling bonds

FIG. 4. Physisorption energies for SiFx on fluorinated silicon. Reprinted with
permission from Tinck et al., J. Phys. Chem. C 118, 30315 (2014). Copyright
2014, American Chemical Society.
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used to identify dissociation and chemisorption of CH3
104 and

desorption of CH4
105 physisorbed on Ni at 46 K induced by the

collision with an incident Ar atom with energies between 1.5 and
5 eV. This mechanism is most likely not applicable for ions with
energies of several 100 eV.

Etching with neutral gases and electrons was demonstrated
around the same time as ion based RIE and ALE.98,108,115,118 In
these early reports, the surface was at room temperature and the
main effect of electrons was likely to stimulate the desorption of
reaction products. The electron stimulated dissociation of adsorbed
molecular hydrogen and etching of silicon was reported by Veprek
and Sarott.116 The reaction yield per electron reaches a maximum
at a temperature of 60 °C. Above this temperature, it displays an
Arrhenius-like dependence with a negative activation energy, which
is attributed to the decrease of the surface coverage of physisorbed
H2. Coburn and Winters suggested the formation of metallic
silicon on the surface of SiO2 under electron bombardment, which
can be etched spontaneously by fluorine from XeF2.

98 More gener-
ally, this mechanism can be characterized as electron stimulated
defect and dangling bond formation. Finally, electrons can heat the
surface and promote the chemisorption of physisorbed molecules.

The mechanisms for chemisorption via photon and electron
activation are similar. They include direct dissociation of adsorbate
and chemisorption of fragments,121 photon generated surface
defects and dangling bond, and an increase in wafer temperature.
Houle reported the results on the photochemical etching of silicon
with XeF2 and explained the results evoking the effect of photogen-
erated charge carriers.119 Shin et al. observed the photoassisted
etching of silicon in a chlorine plasma.120

Finally, we can also consider the possibility to expose physi-
sorbed molecules to neutral molecules or radicals to stimulate
etching. We did not find literature sources for such a mechanism.

C. Aspect ratio dependent etching (ARDE)

Etching rates generally decrease as feature aspect ratios
increase. This effect is called aspect ratio dependent etching
(ARDE). ARDE is caused by the impairment of ion and neutral
transport as can be deduced from Eq. (1). Gottscho et al. identified
salient ARDE mechanisms for conventional RIE: Knudsen trans-
port of neutrals inside the feature, neutral shadowing, ion shadow-
ing, and differential charging of insulating microstructures.84 Ion
transport is surface temperature independent. Let us, therefore,
explore the effect of surface temperature on neutral transport.
Neutral transport in a structure during etching is analogous to gas
flow in pores. KN , the dimensional Knudsen number, is used to
classify different flow mechanisms. It is the ratio of the mean free
path λ of the gas molecules and the radius of the pore or contact
hole,122

KN ¼ λ

r
: (3)

Figure 5 depicts the gas transport through a hole or cylinder at
different pressures and cylinder diameters. Figure 5(a) depicts the
viscous flow or Fick’s diffusion at high pressures and for large
diameters, where the Knudsen number is less than about 0.01.

However, for dry etching of semiconductor devices, where pres-
sures are low and dimensions are small, Knudsen numbers are
much greater than 10, and free molecular flow prevails as illustrated
in Fig. 5(b). The mean free path of argon at a pressure of 20 mTorr
and the gas temperature of 500 K is 5 mm. Under these conditions,
gas molecules rarely strike other molecules and instead collide with
the cylinder walls of features with a cross section in the range of
nanometers. This mechanism is known as molecular flow or
Knudsen transport.123 The RIE etching of large MEMS devices can
operate at pressures large enough to reach a transition regime
between viscous and Knudsen flow called slip flow with Knudsen
numbers between 0.1 and 0.001. The Knudsen number for the
etching of a MEMS structure with 4000 nm diameter using SF6 at a
pressure of 200 mTorr and a gas temperature of 500 K is 0.1. For
slip flow, the viscous flow condition, which requires the average
velocity of gas molecules directly adjacent to the wall to be equal to
wall velocity, is no longer valid. The gas molecules slip at the solid
wall.124 Maxwell introduced a slip term to describe the flow of rare-
fied gases, which takes into consideration the number of molecules
and atoms, which are reflected diffusively, which means by adsorb-
ing and desorbing vs those which are reflected specularly.125 For
specular reflection, the emerging molecules and atoms maintain
some of the characteristics they had before impact. The discussion

FIG. 5. Schematic illustration of Fick’ diffusion (a), Knudsen transport (b), and
surface diffusion (c).
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of the slip conditions is closely related to the molecule–surface
interaction. A detailed general and complete description of
these phenomena can be found, for instance, in Loeb’s book
“The Kinetic Theory of Gases.”126

Physisorbed species do not form chemical bonds. A molecule
or atom attached to the surface by van der Waals forces diffuses
across the surface until it chemisorbs or until it gains enough
kinetic energy to desorb. This process is known as surface diffusion
and is illustrated in Fig. 5(c).

Coburn and Winters identified Knudsen transport as the main
neutral transport mechanism in conventional RIE.127 It is one of
the mechanisms causing the slowing of the etch rate as the aspect
ratio increases.84 During Knudsen diffusion inside a tube or cylin-
der, molecules hit a wall, oscillate in their potential wells, and
desorb in a direction that is independent of their arrival angle as
shown in Fig. 5(b).

Knudsen’s theory of transport assumes that all molecules and
atoms are reflected diffusively. The gas species lose their original
direction and are emitted with a probability proportional to cosα.
To explain this, Lorentz assumed that the walls of the pipe are
molecularly rough.128 Knudsen flow requires that a molecule strik-
ing the wall of a capillary must be held by some mechanism for a
sufficient period to eliminate all effects of its direction of impact.129

Particles not scattering at 90° have as much likelihood of going
forward through the tube as going backward toward the source.130

The Knudsen flux arriving at the bottom of a cylinder can be
written as

JK ¼ cKΔP, (4)

where ΔP is the pressure difference at the top and bottom of the
feature. The unit of JK is Pa*m3*s�1, which represents the gas
throughput. To obtain the molecular flow in s�1, the term must be
divided by kbNAT, where kb is the Boltzmann constant, NA is the
Avogadro constant, and T is the gas temperature. The coefficient cK
is called molecular flow conductance. It is proportional to the
velocity of the gas molecules. This implies a certain wafer tempera-
ture sensitivity if the molecules change their temperature in the
interaction with the surface. The molecular flow conductance cK is
also proportional to the cross section of the tube and the transmis-
sion probability k. Clausing calculated k, assuming a molecule
travels through a tube encountering diffuse collisions with the
walls.131 The results have been tabulated for the tubes of various
shapes.122,130

Coburn and Winters analyzed the neutral flows on the top, Jt ,
and bottom, Jb, of an etching feature as a function of the transmis-
sion probability k and reactive sticking coefficient s,127

Jt � (1� k)Jt � k(1� s)Jb ¼ sJb, (5)

where the second term represents the fraction of molecules, which
are reflected out of the feature. The difference between the first and
the second terms is the Knudsen flux at the bottom of the feature.
The third term represents the molecules that reach the bottom but
do not react and eventually escape out of the feature. The term on
the right-hand side of the equation represents the species that are
consumed by the etching of the bottom surface.127 For a sticking

coefficient of 1, we get

Jb ¼ JK ¼ kJt : (6)

For a sticking coefficient of 0, one obtains

k(Jt � Jb) ¼ 0 or Jt ¼ Jb: (7)

Here, the fluxes are equal because there is no loss of molecules
at the bottom and the flux into the feature equals the flux out of it.
The flux ratio can be calculated using Eq. (5) as follows:127

Jb
Jt
¼ k

kþ s� ks
: (8)

In Eq. (8), the flux at the bottom of the feature is a function of
the reactive sticking coefficient s. For s ¼ 1, the ratio of the two
fluxes equals k, which is a function of aspect ratio. In the other
extreme case of s ¼ 0, the ratio of the two fluxes equals 1 and is
independent on the aspect ratio. Figure 6 shows the values for Jb/Jt
for a range of aspect ratios and sticking coefficients. The transmis-
sion coefficients are from Ref. 130 for cylinders. The case of s ¼ 1
can be approximated with the inverse of the depth.

The reactive sticking coefficient is determined by chemisorp-
tion. Chemisorption is suppressed at lower surface temperatures as
illustrated in Fig. 3(b). Improved ARDE at lower temperatures can
be explained by a reduced reactive sticking coefficient at lower tem-
peratures. As the temperature is reduced further and physisorption
becomes an important adsorption mechanism, the sticking coeffi-
cient is reduced even further because the binding energies are
lower for physisorption vs chemisorption (see Table II).

At yet lower temperatures, the dependence should inverse
because molecules stay physisorbed longer at lower temperatures.

FIG. 6. Neutral fluxes at the bottom of a round cylinder normalized to the flux
at the top based on Knudsen transport with a sticking coefficient s at the bottom
of the cylinder.
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Such an inversion may not be observed because physisorption
opens the possibility for an additional transport mechanism:
surface diffusion [Fig. 5(c)]. Surface diffusion plays a role, for
instance, in technologies such a gas chromatography132,133 and
shale gas extraction134,135 where gases are flowing through porous
materials. Medved and Cerny published a review on surface diffu-
sion in porous materials.133

If surface diffusion occurs during low temperatures etching, it
should have a positive impact on ARDE. The total neutral flux at
the bottom of a feature is, in this case, the sum of Knudsen flux
and surface diffusion flux,

Jb ¼ JK þ Jdiff : (9)

Equation (9) is similar to Eq. (6) with the surface diffusion
flux added. The reactive sticking coefficient on the sidewall is
assumed to be 0 in the regime of dominant physisorption. The neu-
trals may get adsorbed or reflected at the etch front. Reflected neu-
trals will not travel back out of the feature in meaningful numbers
due to surface concentration gradients. The existence of such a gradi-
ent means that the concentration at the etch front is low. This means
the etch is in a neutral starved regime. Therefore, we assume that all
neutrals are eventually consumed by an etch process at the etch
front. The flux of etch products out of the feature does not interfere
in the gas phase with the flux of reactants because of the low pres-
sure. The total pressure of reactant and etch products is constant.
Reaction products may also diffuse across the surface. This flux is in
opposite direction to the surface diffusion flux of the reactants, and
it is possible that these two surface fluxes interact. We ignore this
possibility in this analysis.

The surface diffusion flux across a line of width a depends on
the concentration gradient Δc/Δx and the diffusion coefficient Ds in
m2s�1,136

Jdiff ¼ �aDs
Δc
Δx

: (10)

In the case of surface diffusion in a round cylinder with diam-
eter d, a equals the circumference of the cylinder: a ¼ πd. The dif-
fusion coefficient depends on the surface temperature T and an
activation energy Ea,diff ,

136

Ds ¼ D0e
�Ea,diff /kbT : (11)

Equations (2) and (11) imply that while the surface coverage
with physisorbed molecules is larger, the molecules are less mobile

at lower surface temperatures. Figure 7 illustrates this schematically.
Molecules with enough energy to overcome the diffusion barrier
Ea,diff also have a higher probability to obtain enough energy to
escape the surface to which they are bonded by Eads:phys. However,
in the case of etching high aspect ratio features, molecules that
desorb are not lost. They adsorb on the opposite side of the feature.

Gilliland et al. proposed a simple correlation between the
physisorption and diffusion energies,136

Ea,diff ¼ ωEads:phys: (12)

The coefficient ω is called corrugation ratio. It is defined as
the ratio of diffusion to physisorption energy and provides a
measure of the modulation of the surface potential parallel to the
surface.137 A smaller corrugation ratio means molecules diffuse
farther and is, therefore, desirable for the etching of high aspect
ratio structures.

Combining Eqs. (4), (9), (10), (11), and (12), we obtain

Jn ¼ cKΔP/kbNAT þ πdD0e
�ωEads,phys/kbT Δc

Δx
: (13)

Equation (13) details the constituents of the total flux to be
the sum of the Knudsen and the surface diffusion fluxes. It is sche-
matically illustrated in Fig. 8.

The neutrals enter the feature its top and physisorb on the
sidewall. Before they desorb with random direction, they diffuse
along the sidewall in the direction of lower concentration, which is
down into the feature. When they desorb, they are not lost but
adsorb on the opposite side of the feature where they continue to
diffuse on the sidewall.

If the RIE process is neutral limited, the concentration at the
etch front is negligible and the average gradient Δc/Δx can be
expressed as the concentration on the top of the feature divided by
the depth of the feature l. The concentration can be expressed as
surface coverage θ. For a steady state surface coverage, the rate of
adsorption and desorption is equal,

Rads ¼ Rdes: (14)

The rate of desorption Rdes is given in Eq. (2). Because we are
discussing physisorption, we assume that the adsorption rates are
independent on surface coverage. Atoms and molecules can adsorb
on free or occupied surface site (see also Sec. II D). Under steady
state conditions, the rate of adsorption Rads can be expressed as the

FIG. 7. Schematic illustration of the
relationship between physisorption
energies and activation energy for
surface diffusion.
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rate of arrival from the gas phase,

Rads ¼ Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πkbmT

p : (15)

Equations (2), (14), and (15) yield

θ ¼ P

k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πkbmT

p eEads:phys/kbT : (16)

The temperature in Eq. (2) is the surface temperature and that
in Eq. (15) is the gas temperature. Here, we assume that the gas
temperature rapidly becomes the surface temperature inside the
etching feature due to interaction with the sidewall.

Using surface coverage to represent the concentration, we
replace Δc in Eq. (13) with θ from Eq. (16). We can also express Δx
as the depth of the cylinder l,

Jn ¼ P
cK

kbNAT
þ πdD0

k0l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πkbmT

p e(1�ω)Eads,phys/kbT

� �
: (17)

The molecular flow conductance cK for a round tube can be
expressed as a function of the diameter d and length l of the tube
and the gas velocity υ,

cK ¼ π

12
ν
d3

l
: (18)

The gas velocity is a function of temperature and mass. The
mean of the magnitude of the velocity of the atoms or molecules in

three dimensions can be expressed as

ν ¼
ffiffiffiffiffiffiffiffiffiffi
8kbT
πm

r
: (19)

Insertion of Eqs. (18) and (19) into Eq. (17) gives

Jn ¼ P
l

πd3

12 kbNAT

ffiffiffiffiffiffiffiffiffiffi
8kbT
πm

r
þ

ffiffiffi
π

p
dD0

k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kbmT

p e(1�ω)Eads,phys/kbT

 !
: (20)

The flux of neutrals that arrives at the bottom of a feature is
proportional to the gas pressure and inversely proportional to the
depth. The flux is higher for smaller mass neutrals. The surface
temperature dependence is complex. The Knudsen contribution
decreases proportionally to the square root of the temperature.
Because ω is smaller than 1, the surface diffusion contribution
increases exponentially and with the inverse of the square root of
the temperature.

The Knudsen component scales with the cube of the diameter,
while the surface diffusion component scales linearly. This means
that the surface diffusion becomes more important for smaller
diameters. Surface diffusion is, therefore, not only aspect ratio but
also feature size dependent. Shallow and narrow features should see
less ARDE compared to features with the same aspect ratio but
larger dimensions. This effect can be used as a test for the presence
of surface diffusion. Reduction in ARDE alone is not sufficient to
identify the presence of surface diffusion because a diminishing
reactive sticking coefficient has a similar effect as shown in Fig. 6.

Equation (20) assumes the diffuse reflection of gas species off
the sidewall. When the sidewall is covered by physisorbed species,
the mass of the gas phase and physiorbed species is the same,
binding energies are small, and the impact angle oblique due to
shading effects. These are conditions under which specular reflec-
tion is possible. Specular reflection will increase the neutral flux to
the bottom of the feature. This is true for pure Knudsen transport
and for the conditions of slip flow, which can exist in MEMS
etching applications. We assume in our analysis that the process is
neutral limited and the concentration at the etch front is negligible.
At very low temperatures and small ion fluxes, physisorbed species
can cover the etch front completely and the concentration gradient
is close to 0. In this case, ARDE is ion limited and determined by
ion shading, which is a function of the width of the ion angular
distribution and follows a different depth dependency. For interme-
diate cases, the attenuation of both the neutral and ion flux must
be considered.

The ion flux to the sidewall changes the local surface coverage
θ and changes the concentration gradient which we assumed to be
linear in Eq. (20). Gottscho et al. pointed out that the ion flux to
the sidewall is subjected to ion shading. They proposed a modifica-
tion of Eq. (8) taking into consideration the line-of-sight ion flux
to the sidewall.84 This requires knowledge of the ion angular distri-
bution (IAD). Numerical solutions appear better suited to include
ion scattering from the mask and the sidewall.

The effect of etch products is not considered in Eq. (20).
These neutrals are transported out of the feature via Knudsen
transport and surface diffusion. If the etching rates are high

FIG. 8. Schematic illustration of synergistic Knudsen transport and surface
diffusion.
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enough, their diffusion across the surface may impact the surface
diffusion of reactive neutrals in the opposite direction.

Let us now review surface diffusion properties of various gas–
surface systems. Table IV shows the results obtained by the laser
induced thermal desorption of n-alkanes,137 pentane isomers,138

cycloalkanes,139 tetramethyl silane,140 and perfluoro-n-butane141

physisorbed on Ru(001). While these systems are not applicable to
the high aspect ratio etching of semiconductor devices, interesting
trends can be gleaned. Systems with larger desorption energies also
have larger diffusion energies. The corrugation ratio for all hydro-
carbon molecules in Table III is 0.30 within the measurement
error. Substituting hydrogen with fluorine, however, reduces the
corrugation ratio ω from 0.29 (n-butane) to 0.21
(perfluoro-n-butane). The diffusion energy is smaller, and the
desorption energy is larger for perfluoro-n-butane compared to
n-butane. The smaller diffusion energy for perfluoro-n-butane is
attributed to the larger van der Waals’ radius for fluorine. A larger
atom must average its physisorption interaction over a larger area
on the surface because the atom is constrained to remain farther
away from the surface.141 The other trends from Table IV are

1. Ea,diff and Eads:phys scale linearly with the ring size.
2. Ea,diff and Eads:phys scale with the linear chain length.
3. Ea,diff and Eads:phys scale inversely with the degree of branching.

If the results on Ru(001) can be generalized to other surfaces,
smaller fluorinated molecules should be preferred for the low tem-
perature etching of high aspect ratio features.

Tinck et al. calculated the rate of surface diffusion of physi-
sorbed SiFx species by monitoring how far the species travel from
the location where they first impact the surface.99 Figure 9 depicts
the results. The diffusion coefficients are considerably lower at
173 K compared to 300 K. Due to the less pronounced oscillations
of atoms at cryogenic surface temperature, it is less likely for the
physisorbed species to be pushed further along the surface.99 In
agreement with the experimental studies by Arena et al., they
found that the surface diffusion coefficients decrease with the
increasing size of the physisorbed species. In addition, they found a
dependence of the degree of surface fluorination. More fluorine
causes smaller surface diffusion coefficients. This effect, however,

could be caused by a larger surface roughness of the fluorinated
silicon surface rather than a chemical effect and may not be gener-
alized.99 When the authors compared the calculated surface diffu-
sion coefficients with the desorption rates at 300 and 173 K, they
found that the diffusion speed varies at maximum by one order of
magnitude, while the difference in desorption rates differ by six
orders of magnitude. This means that under low temperature etch
conditions, physisorbed species would likely find a site for chemi-
sorption when diffusing across the surface before they find enough
energy to desorb.99 In other words, lower temperatures lead to less
mobile molecules, but this effect is more than offset by the orders
of magnitude lower rate of desorption.

Due to adsorbate–adsorbate interactions, the surface diffusion
coefficient can be coverage dependent.136,138,142 At low adsorbate

TABLE IV. Corrugation ratios for various organic molecules on Ru (001).

Molecule Diffusion energy Ea,diff /eV Desorption energy Eads:phys/eV Corrugation ratio ω Reference

Propane 0.13 0.47 0.27 137
Cyclopropane 0.09 0.34 0.25 139
n-Butane 0.15 0.51 0.29 137,140
Perfluoro-n-butane 0.12 0.59 0.21 139
n-Pentane 0.19 0.59 0.32 137,138
Isopentane 0.18 0.58 0.30 138
Neopentane 0.13 0.46 0.28 138
Cyclopentane 0.14, 0.14 0.51, 0.45 0.28, 0.32 138,139
n-Hexane 0.21 0.65 0.32 137
Cyclohexane 0.19 0.61 0.32 139
Tetramethylsilane 0.14 0.53 0.27 140

FIG. 9. Calculated diffusion coefficients for physisorbed SiF4 on different SiFx
surfaces for two different surface temperatures. Reprinted with permission from
Tinck et al., J. Phys. Chem. C 118, 30315 (2014). Copyright 2014, American
Chemical Society.
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coverages, the activation energies are dominated by the adsorbate–
surface interaction. As the adsorbate coverage is increased, adsor-
bate–adsorbate interactions may become important and can influ-
ence surface diffusion.83 Coverage dependence of diffusion
coefficients is a sensitive indicator for the adsorbate–adsorbate
interaction.91 Gilliland et al. reported increased diffusion coeffi-
cients when the surface coverage of SO2, CO2, and NH3 on SiO2 is
increased as shown in Fig. 10.136

The surface diffusion coefficient of CO on Ru(100) in Fig. 11
also increases with coverage.143 The data were modeled, assuming
repulsive interaction between the CO molecules. An increase in the
diffusion coefficient with coverage enhances the mass transport in
high aspect ratio features further if high coverage or even multilayer
coverage on the sidewall can be achieved.

In the case of repulsive adsorbate–adsorbate interaction,
neutral transport via surface diffusion should be enhanced. These
adsorbates can come from the etch gases, plasma dissociation, and
aggregation products as well as etch products.

D. Process window

Table II states that physisorption can build up more than one
layer of adsorbates, while chemisorption stops after the surface is
covered. The dependence of physisorption coverage on pressure is
described by the Brunauer–Emmett–Teller (BET) theory,144 while
chemisorption is described by the Langmuir theory.145 The BET
theory applies the Langmuir theory to each layer. The adsorption
energy Eads,phys for the first layer is larger than that for the subse-
quent layers. For additional layers, Eads,phys is close to the enthalpy
of liquefaction. The second and all following layers adsorb at
higher pressures or lower temperatures than the first layer.
Langmuir and BET isotherms are compared in Fig. 12.

For low pressures, the two curves are similar but as the pres-
sure increases, the Langmuir curve saturates while the BET curve

rises progressively with pressure. Figure 13 shows the experimental
results by Carman et al. for CF2Cl2 on a carbon powder called
Carbolac.129 While the curve for a temperature of 20 °C exhibits
Langmuir-like behavior, the curves for −21.5 and −33.1 °C repre-
sent typical BET curves. The isotherm at −33.1 °C reaches a near
vertical slope at pressures over 600 Torr. This is indicative of
condensation.

While the isotherms in Figs. 12 and 13 provide important
insights, the pressure range of etching processes is not a free
parameter due to the requirements for plasma generation. The

FIG. 10. Surface diffusivities of various gases on SiO2 as a function of cover-
age. Reprinted with permission from Gilliland et al., Ind. Eng. Chem. Fundam.
13, 95 (1974). Copyright 1974, American Chemical Society.

FIG. 11. Surface diffusion coefficients for CO on Ru(001) at 290 and 250 K vs
CO coverage. Reprinted with permission from Deckert et al., J. Vac. Sci.
Technol A 6 794 (1988). Copyright 1988, American Vacuum Society.

FIG. 12. Langmuir and multilayer adsorption isotherm as a function of pressure.
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wafer temperature, however, is independent in from the etch
species generation, and hence, the isobars are more salient.
Schematic isobars for chemisorption and physisorption are shown
in Fig. 3. Considering the effects of multilayer physisorption and
condensation, a schematic combined isobar is depicted in Fig. 14.
As the temperature deceases, the surface coverage by chemisorbed
species decreases because the activation barrier becomes too high.
Molecules remain in the physisorbed state, and their surface cover-
age increases. At even lower temperatures, multilayer adsorption
occurs. The slope of the coverage decrease is shown to be smaller
to reflect smaller Eads:phys for the second and subsequent layers.
Finally, condensation triggers uncontrolled surface coverage.
Figure 14 also shows the process windows for low temperature
etching. The upper surface temperature limit for low temperature
etching is a transition region where chemisorption is more impor-
tant than physisorption. For plasma processes, chemisorption may
extend to lower temperatures because of radical adsorption. The
lower temperature limit of the process window is determined by
condensation.

Next, we explore in more detail etching rates in a multilayer
adsorption regime near the lower surface temperature limit.
Figure 15 presents the evidence of higher rates of silicon at lower

temperatures with a high-density SF6 plasma at a pressure of
5 mTorr.4 The etching rate peaks at −110 °C and drops at −150 °C,
which is very close to the condensation temperature of SF6.

Royer et al. conducted beam experiments in ultrahigh vacuum
to explore the effects of multilayer adsorption on the etching of
silicon with SF6 gas and 500 eV neon ions.107 They measured the
amount of fluorine at the silicon surface after heating the sample
back to room temperature. Because physisorbed SF6 is desorbed at
room temperature, the remaining fluorine concentration represents
a mixed chemisorbed layer of silicon and fluorine. The silicon etch
rate is assumed to be proportional to the fluorine concentration in
this mixed surface layer. A higher fluorine concentration of this
layer translates into a higher sputtering yield. The temperature
dependence of the fluorine concentration in Fig. 16 demonstrates
that the ion activated dissociative chemisorption of SF6 molecules
is furthered by the increase in the fraction of the surface sites occu-
pied by physisorbed SF6 molecules.107 The fluorine concentration
drops strongly at temperatures below 143 K or −130 °C, where ion
activated dissociative chemisorption is strongly slowed down
because the 500 eV neon ions do not reach the interface between
the SF6 adsorbate and the silicon substrate.107

Figure 17 shows that SF6 condenses at −158 °C for a pressure
of 1 Pa or 7 mTorr.146 Therefore, the low temperature drop in the
etching rate in Tsujimoto’s experiments can be attributed to the
onset of condensation. The pressure in the beam experiment by
Royer et al. was three orders of magnitude lower than for
Tsujimoto et al.; hence, condensation can be ruled out in Royer’s
experiment. Rather, a multilayer film with a thickness of a few
nanometers was enough to shield the silicon surface from the
500 eV neon ions.

The activation conditions such as ion flux, ion energy, and
presence of photons and electrons must also be considered when
comparing the beam experiments by Royer et al.107 with the
direct plasma data by Tsujimoto et al.4 Ions with higher energies
should penetrate a thicker layer of physisorbed SF6. Even though
the ion energy is higher in the beam studies than in the plasma
experiments (500 vs about 40 eV), etching stops at higher temper-
atures. It is possible that a higher ion flux or the effect of photons
and electrons from the plasma reduced the thickness of the
adsorbed layer.

The ability to use plasma exposure to enable etching below
the SF6 condensation temperature has been demonstrated by
Bestwick et al. in a reactor with one electrode powered by
13.56MHz.8 They cooled the RF electrode with liquid nitrogen
such that the sample surface reached a temperature of −160 °C.
The oscillations in the interferometer signal in Fig. 18 are the result
of SF6 condensing on the sample surface. When the plasma is
ignited, SF6 desorbs, and silicon etches. Compared to the room
temperature experiments, the etching rate was higher at low tem-
peratures for RF powers above 700W.

Chevolleau et al. studied the effect of ion energy and current
density for the low temperature etching of silicon with SF6 in
detail.19 They found that at low wafer temperature, the surface cov-
erage with fluorine containing molecules is a result of a delicate
balance between the adsorption and desorption rates. Temperature,
ion flux, and ion energy must be balanced to maximize the etching
yield and rate.19

FIG. 13. Multilayer adsorption of CF2Cl2 on porous carbon powder. Reprinted
with permission from P.C. Carman and F. A. Raal, Proc. R. Soc. Lond. A 209 38
(1951). Copyright 1951, Royal Society of London.
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The type of fluorine gas is obviously important in determining
the lower temperature limit. Mullins and Coburn demonstrated
increasing etching rates for temperatures as low as −196 °C in a
beam experiment with fluorine atoms and 1 keV argon ions.147

FIG. 14. Process window for low tem-
perature etching.

FIG. 15. Temperature dependence of the etching rate of silicon in a SF6
plasma. Reprinted with permission from Tsujimoto et al., Jpn. J. Appl. Phys. 30,
3319 (1991). Copyright 1991, IOP Publishing Ltd.

FIG. 16. Fluorine concentration at the surface of silicon after simultaneous
exposure a neon ion beam and SF6 background gas as a function of tempera-
ture. Reprinted with permission from Royer et al., J. Vac. Sci. Technol. A 14,
234 (1996). Copyright 1996, American Vacuum Society.
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Figure 19 shows silicon etch rates as a function of temperature. In
the absence of ions, etching stops at the lowest temperature. The
condensation of F2 occurs below −200 °C.146

Besides implications for etching rates, operating in a multi-
layer physisorption regime should produce better ARDE perfor-
mance. If the sidewall is covered with more than one physisorbed
layer, diffusion would be further enhanced because Ea,diff is lower
for the second and subsequent layers.148 Capillary condensation, in
at least the initial stages, produces a rapid rise in surface diffusion
coefficients.129 Horiguchi et al. even hypothesized that for physi-
sorbed multilayers, a hydrodynamic model maybe better suited to
describe mass transport.149

While plasma stimulated desorption can extend the theoretical
process window toward lower wafer temperatures, the effect of cap-
illary condensation can push it toward higher temperatures for

small features. Capillary condensation is a phenomenon whereby a
gas condenses to a liquid-like phase in a pore at a pressure P less
than the saturation pressure of the liquid P0.

150 The effect is
described by the following Kelvin equation:56

ln
P
P0

¼ � 2γVm

rRT
, (21)

where γ is the surface tension, Vm is the molar volume of the
liquid, r is the radius of the droplet at the liquid–vapor phase

FIG. 17. Condensation temperatures of gases relevant for semiconductor
etching. Values from Ref. 146.

FIG. 18. Laser interferometer signal
during a low temperature etching of
silicon with SF6. Reprinted with permis-
sion from Bestwick et al., Appl. Phys.
Lett. 57, 431 (1990). Copyright 1990,
AIP Publishing LLC.

FIG. 19. Silicon etch rates as a function of temperature during exposure to F
atoms with and without 1 keV argon ion bombardment. Reprinted with permis-
sion from C. B. Mullins and J. W. Coburn, J. Appl. Phys. 76, 7562 (1994).
Copyright 1994, AIP Publishing LLC.
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boundary, R is the universal gas constant, and T is the surface tem-
perature. Fisher et al. demonstrated experimentally that this equa-
tion is valid for organic liquids with meniscus radii as small as
4 nm151 and for water as small as 9 nm.152 For a circular hole, r is
the radius of the meniscus of the condensed liquid, which is equal
to the radius of the circular hole less the thickness of the adsorbed
film on the sidewall. Figure 20 illustrates the effect for hydrofluoric
acid at −60 and −100 °C. HF is characterized by strong polarity
and, therefore, condenses at relatively high temperatures (see
Fig. 17). The molecular volume at these temperatures is calculated
using density data from Simons and Bouknight.153 Figure 20 shows
that the pressure at which HF condenses drops precipitously for
hole radii below 40 nm. Typical radii for holes used to manufacture
3D NAND memories are between 45 and 55 nm. HF is not widely
used as an etch gas but is formed in the plasma by the recombina-
tion of fluorine and hydrogen atoms, produced by the plasma dis-
sociation of parent gases. The concentration should be at least one
order of magnitude below the pressure of the feed gases, which is
around 10 mTorr. We estimate that the condensation of HF could
play a role for radii smaller than 10 nm at −60 °C and below 20 nm
at −100 °C. Such small radii can be present at the etch front, which
can be narrow. Capillary condensation in very narrow etch fronts
would result on a more squared etch front. Because capillary con-
densation is a function of the radius and not the aspect ratio, it
must be considered in logic etch application where the aspect ratios
are more relaxed compared to 3D memory structures, but the
dimensions are in the range of a few nanometers. Rough sidewalls
can be viewed as very small features with dimensions in the range
of a few nanometers and below. If these features with filled with
liquids, sidewall roughness can be improved.

The dipole moment of water is 1.85 D (Ref. 154) and 1.91 D
for HF.155 On flat surfaces, water condenses at similar temperatures
as HF (see Fig. 17). Water is a constituent of the background gas,
and condensation can limit the lowest temperature possible for
etching.67 Due to capillary effects, H2O condensation would occur
at the smallest features first. The effect is not reproducible because

different etch chambers have different background moisture con-
tents. To avoid wafer to wafer and chamber to chamber repeatabil-
ity issues, etch gases must be selected such that physisorption
occurs at higher pressures.67 Alternatively, low temperature etching
may require hardware, which provides a lower background pressure
if temperatures below −100 °C are to be used.

E. Sidewall passivation

Sidewall passivation is essential for achieving vertical profiles.
Possible passivation mechanisms in low temperature etching
include the adsorption of precursor gases and etching products on
the sidewall as well as diminishing reaction rates at low substrate
temperature.103 Coburn mentioned low temperatures as one of the
approaches to reduce etching in the lateral direction.156 Tachi et al.
reported temperatures to achieve vertical profiles for a wide range
of materials and etch gases.3 The same group showed that silicon
profiles etched with SF6 and NF3 plasma changed from being
undercut to vertical when the temperature was lowered below
−100 °C.2,4 The condensation temperature of SiF4 is about −166 °C
at the pressure of the experiment (6.7 mTorr), but sidewall etching
stopped at −144 °C. They concluded that vertical profiles must,
therefore, be the result of a lower spontaneous etching rate.4 Bartha
et al. were able to reproduce these results only by adding oxygen to
the mix.17 They argued that the use of a quartz window in the
work of the Japanese group was a source of oxygen, and the side-
wall passivation mechanism was the condensation of SiOxFy,

156,157

for instance SiOF3.
27 The condensation temperature for silicon oxy-

fluorides is higher than that for SiF4. The boiling point of Si2OF6 is
−23 °C at atmosphere pressure.158

Another approach to generate condensing species for silicon
sidewall passivation is to use chlorine. At 7 Torr, the condensation
temperatures for SiCl4 or SiF4 are −39 or −132 °C, respectively.146
Also, passivation with fluorocarbon polymers is widely used in the
etching of silicon oxides and nitrides. Tachi et al. studied CxFy dep-
osition from a CHF3 plasma and found a threefold increase in the
deposition rate when the wafer temperature was decreased from
room temperature to −110 °C.3 This type of passivation mechanism
can create too much polymer especially on the top of the features.
Generally, low temperature processes use less passivation compared
to conventional processes, which contributes to higher etching
rates.

In Secs. III and IV, we review low temperature etching for spe-
cific applications with focus on the performance benefits based on
the mechanisms reviewed so far.

III. APPLICATIONS

A. High aspect ratio silicon etching

A review of deep silicon etching can be found in a paper by
Wu et al.159 Dussart et al. summarized the development of deep
silicon etching at low wafer temperatures.31 One of the first reports
on low temperature etching by Tachi et al. was devoted to the pat-
terning of silicon with SF6.

2 Figure 21 shows an increase in the
silicon etching rate, higher selectivity, and less undercut profile as
the temperature was decreased. Subsequently, low temperature
etching was continuously improved over the next 20 years as one of

FIG. 20. Calculated pressure for the capillary condensation of hydrofluoric acid.
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the deep silicon etch technologies. Today, it has been largely
replaced by a room temperature process, which utilizes cycling
between C4F8 polymer deposition and SF6 etching.159 A compari-
son between low temperature etching and high temperature cyclic
processing can be found in the work by Walker.160 The combina-
tion of cyclic processing with lower temperatures is another inter-
esting approach.157,161–163 Tachi et al. reported decreasing etching
rates for photoresist and SiO2 masks as the temperature is reduced
while the etching rate for silicon is increasing.2 This results in a
higher selectivity, which is extremely desirable for high aspect ratio
etching. A selectivity of up to 1000 has been reported for SiO2 and
over 100:1 for photoresist.160 The selectivity values for the cyclic
process are 200:1 for SiO2 and 75:1 for photoresist.160

High aspect ratio silicon etching is a vehicle to test whether
ARDE is reduced under low temperature conditions as predicted
by the mechanisms described in Sec. II. Blauw et al. reported
greatly reduced ARDE for a low temperature deep silicon etch with
SF6 and 12% O2 at a temperature of −105 °C, a pressure of
2 mTorr, and a bias voltage of −12 V.12 This temperature was low
enough for SF6 to physisorb even at very low pressure. The results
are shown in Fig. 22. Under conditions of low temperature, low
pressure, and low ion energies, the etch depth is a linear function
of time and trenches with 290 nm width at the top of the feature
etch to 90% depth vs 2080 nm wide trenches. The largest aspect
ratio is 55:1.

The authors reported that ARDE emerged when the ion
energy and flux or temperature were increased. They also found
that under low temperature conditions, 1000 surface atoms are
removed per impinging ion. This is an extremely large value and
two to three orders of magnitude higher than for room temperature
RIE. It could be explained by evoking physisorption of etch gases
and thermal desorption of loosely bonded SiFx reaction products.

Walker reported that the etching rate of a low temperature
deep silicon process is reduced by 50% for trenches with an aspect
ratio of 35:1.160 In the same report, data for a room temperature
cyclic etching of holes are shown. The etching rate is reduced by
85% for an aspect ratio of 35:1.160 These values cannot be com-
pared directly with the data in Fig. 23 because trenches have lower
ARDE than cylinders due to the geometry for ion shading.

The inset in Fig. 22 shows that under the condition of aspect
ratio independent etching, the bottom of the profile facetted in the
(111) direction of silicon. This effect is called crystal orientation
dependent etching (CODE) and was reported first by Wells et al.
and later by Dussart et al.18,31 Zijlstra et al. reported that the Si
(100)/Si(111) etch rate ratio increases when decreasing the temper-
ature. A maximum is reached at around −80 °C.23 CODE follows
the same process trends as low ARDE etching.12 In summary, there
is some indication that physisorption and surface diffusion could
be present in low temperature silicon etching, but more work is
needed to establish the importance of these effects.

B. High aspect ratio dielectric etching

Attempts to etch silicon oxide under low surface temperature
conditions were made in the late 1980s. Ohiwa et al. studied the
temperature effect in the etching of 1 μm silicon oxide cylinders
with a CHF3 plasma.101 Figure 23 shows that the etching rate

FIG. 21. Temperature dependence of the etching rate of silicon in a SF6
plasma. Reprinted with permission from Tachi et al., Appl. Phys. Lett. 52, 616
(1988). Copyright 1988, AIP Publishing LLC.

FIG. 22. Etch depth as a function of time for low temperature silicon trench
etching. The trenches were etched in a high-density plasma with a wafer tem-
perature of −105 °C. The SF6 flow was 22.5 SCCM, the O2 flow was
3.3 SCCM, and the pressure was 0.30 Pa. Reprinted with permission from
Blauw et al., J. Vac. Sci. Technol. B 18, 3453 (2000). Copyright 2000, American
Vacuum Society.
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strongly increased for temperatures below 50 °C. The deposition
rate of reactive fluorocarbon polymers on silicon also increased up
to a temperature of −50 °C as shown in Fig. 24. The strong decrease
of the deposition rate below −50 °C was attributed to the lack of
chemical bonding between the adsorbed species. Some of the film
may also have been desorbed when the wafer was heated up to
measure the film thickness.101 Ohiwa et al. explained the finding
that the etch rate increased, while the passivating polymer film
thickness also increased with a higher fluorine content in the low
temperature fluorocarbon films.101 Despite a higher reactivity of
the polymer film, the profiles became more tapered at low tempera-
tures.101 Tachi et al also reported an increase in the polymer depo-
sition rate for CHF3 plasma for temperature as low as −100 °C.3

The authors consider physisorption as the key factor to this deposi-
tion rate increase on the cooled surface.

These early results indicated the potential of low surface tem-
peratures for increasing etching rates but also the challenge of
polymer control for CxHyFz based chemistries. Polymer control
becomes a critical challenge in high aspect ratio dielectric etching
where polymers on the top of the feature shrink the cross section
of the opening and thereby reduce the ion flux to the bottom of the
feature, which slows the etching rate. Polymers on the top of the
feature also become facetted from ion sputtering, which causes ion
deflection and profile bowing.164 The etching mechanism for SiO2

with hydrofluorocarbon gases such as CF4, CHF3, CH2F2, C4F6,
and C4F8 relies on the deposition of reactive polymers. Mass trans-
port via surface diffusion is hindered by the size of some of these
molecules and the fact that they can react with each other on the
surface to form even larger molecules. Therefore, different etch
chemistries must be considered for low temperature dielectric
etching.

Iwase et al. investigated the temperature dependence of dielec-
tric etching with a mixture of HBr, a fluorocarbon gas and
nitrogen.165–168 The flows of HBr and the unnamed fluorocarbon
gas were nearly equal. The large amount of hydrogen from HBr
made the plasma less polymerizing or “leaner.” The important
target application for this process is the patterning of high aspect
ratio holes for the formation of vertically stacked flash memory
cells. They are produced in two different integration schemes based
on multilayer stacks of silicon oxide and poly-Si (OPOP) and
stacks of silicon oxide and silicon nitride (ONON) into which high
aspect ratio holes were etched using a carbon mask. Figure 25
shows that the etching rates for all the silicon containing films
increased when the temperature is decreased from 60 to 20 °C,
while the rate for the carbon mask material is unchanged.165

Higher etching rates, more vertical profiles, and a flat etch front
were demonstrated on patterned OPOP (Ref. 168) and ONON
wafers.165

Figure 26 shows the example of ONON structures.165 The
underlying passivation mechanism for both OPOP and ONON is
based on NH4Br, which is formed in increasing quantities as the
temperature is decreased. The authors supported this claim with

FIG. 23. SiO2 etch rate in a CHF3 plasma as a function of wafer temperature.
Reproduced with permission from Ohiwa et al., Jpn. J. Appl. Phys. 31, 405
(1992). Copyright 1992, IOP Publishing Ltd.

FIG. 24. Polymer deposition rate in a CHF3 plasma as a function of wafer tem-
perature. Reproduced with permission from Ohiwa et al., Jpn. J. Appl. Phys. 31,
405 (1992). Copyright 1992, IOP Publishing Ltd.

FIG. 25. Blanket wafer etching rate of SiO2, SiN, poly-Si, and carbon as a func-
tion of wafer temperature. Reproduced with permission from Iwase et al., Jpn.
J. Appl. Phys. 57, 06JC03 (2018). Copyright 2018, IOP Publishing Ltd.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 41(2) Mar/Apr 2023; doi: 10.1116/6.0002230 41, 023005-17

Published under an exclusive license by the AVS

 01 August 2023 18:09:13

https://avs.scitation.org/journal/jva


thermodynamics calculations,168 thermal desorption spectro-
scopy,167 imaging secondary neutral mass spectrometry,167 and ion
mass spectroscopy.165 At 20 °C, the authors found a fluorocarbon
polymer layer with (NH4)Br2 inclusions.167 The increase in the
poly-Si etching rate at low temperatures is possibly caused by the
volatilization of silicon and carbon with increased amounts of N,
H, and Br,167 while a thicker and less hydrofluorocarbon containing
layer may assist the etching of SiO2 and SiN. A uniform top to
bottom distribution of bromine was found in the sidewall passiv-
ation layers of the ONON structures.165 The authors proposed a
mechanism where highly mobile N2 and HBr and their fragments
adsorbed at the surface, traveled to the bottom of the feature, and
synthesized NH4Br at the etch front. Whether the transport was
aided by surface diffusion cannot be answered from the studies.
Regardless, the authors found greatly reduced ARDE for ONON at
low temperatures as illustrated in Fig. 27.165

The formation of compounds such as ammonium bromide is
a key technology for one-step etching of holes in OPOP and
ONON stacked films.165 Another compound that can be synthe-
sized on the surface of these films in the presence of hydrogen,
fluorine, and nitrogen is ammonium fluorosilicate (NH4)2SiF6. The
ability to etch SiO2 has been demonstrated in downstream plasmas
with NH3 and NF3 (Ref. 169) or NF3 and H2 (Refs. 170 and 171)
as well as thermally activated mixtures of NH3 and NF3.

172 The
combinations of fluorine, nitrogen, and hydrogen containing gases
produce hydrogen fluoride at the surface to form (NH4)2SiF6,

through the reaction of silicon oxide with NH4F or (NH3 + HF).171

In the case of SiN, the nitrogen is part of the film and gases con-
taining just hydrogen and fluorine such as CHF3 can be used for
radical etching.62 The formation of (NH4)2SiF6 on SiO2 is self-
limiting at low temperatures62,171 but not on SiN.171 Etching of SiN
selectively to SiO2 using a downstream plasma of chlorine trifluor-
ide ClF3 and H2 has also been reported.173

Ammonium fluorosilicate decomposes at temperatures above
100 °C, forming NH3, SiF4, and HF. It also evaporates when
exposed to ions, electrons, or photons. The formation of
(NH4)2SiF6 consumes silicon compounds at the surface and pro-
vides self-limiting sidewall passivation at the same time. Ion bom-
bardment at the etch front removes the passivation and enables
directional etching. At low surface temperatures, the feed gases can
physisorb at the surface and travel to the etch front via Knudsen
transport or a combination of surface diffusion and Knudsen trans-
port. The precursor gases can be selected considering their conden-
sation temperatures, Ea,diff , and Eads:phys, to optimize surface
coverage and transport inside the high aspect ratio features. This is
a fundamentally different etching mechanism than conventional
fluorocarbon-based etching.174 Higher etching rates and reduced
ARDE are observed for this class of low temperature dielectric
etching. Figure 28 depicts the depth dependent etching rates of a
multilayer SiO2/SiN stack with 3200 nm carbon hardmask using a
conventional etching process with C4F8, C4F6, and argon above
room temperature and a pressure around 20mTorr. The plasma is
generated in a dual frequency capacitively coupled reactor.
Figure 28 also shows the etch rates for a process operating at −20 °
C at a comparable pressure but using a carbon free fluorine gas
instated of C4F8 and C4F6. The low temperature process exhibits
meaningfully lower etch rate reduction with depth compared to the
conventional process. The etching rate at depths shallower than
3000 nm is higher for the conventional process in this specific set
of experiments. While the etching rates at shallower depth can be
tuned for processes, the reduced sensitivity of the low temperature
process is generally observed.

FIG. 27. Dependence of ONON hole depth, defined as (etch depth + mask
height), on the aspect ratio for different wafer temperatures. Reproduced with
permission from Iwase et al., Jpn. J. Appl. Phys. 57 06JC03 (2018). Copyright
2018, IOP Publishing Ltd.

FIG. 26. Cross-sectional SEM images of 50-nm-diameter holes in a SiN/SiO2

stacked layer. Substrate temperatures were (a) 60 and (b) 20 °C. Etch time was
adjusted to obtain uniform hole depth. Reproduced with permission from Iwase
et al., Jpn. J. Appl. Phys. 57, 06JC03 (2018). Copyright 2018, IOP Publishing
Ltd.
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C. Atomic layer etching

Physisorption can be used to deliver reactive species to a
surface as part of a directional ALE process. Directional ALE is a
cyclic process where the surface bonds are chemically weakened in
a first step, and the resulting modified layer is removed by the
impact of directional species such as ions or fast neutrals.175 One of
the first demonstrations of this etching method utilized surface
temperatures as low as −60 and −160 °C to etch silicon.176,177 The
surface was modified by species from a CF4/O2 downstream
plasma, and the limiting step was the accumulation of fluorocarbon
polymers.177 Experiments with downstream NF3 and 5% F2 in
helium also resulted in measurable material removal per cycle. The
authors demonstrated experimentally that the physisorption of
fluorine molecules at the surface and ion bombardment induced
chemical reactions are responsible for etching. Etching of silicon
lines and spaces resulted in ARDE-free profiles when the argon ion
removal step was saturated as shown in Fig. 29.

Ohiwa et al. conducted ALE experiments where they deposited
fluorocarbon polymers at −70 °C onto SiO2 using a CHF3 plasma
and argon plasma to stimulate etching.101 They found higher
etching rates of SiO2 when a 10 nm thin fluorocarbon layer was
present compared to a pristine SiO2 surface. The benefit of low
wafer temperature operation in this example is a higher fluorine
concentration in the polymer film. The ion energy in these experi-
ments was not reported. Shinoda et al. applied the idea of modify-
ing the surface with a hydrofluorocarbon-based downstream
plasma modification at −20 °C to the etching of tungsten.61 The
removal of tungsten fluoride was accomplished by rapid thermal
annealing of the sample. Conformal etching of tungsten was dem-
onstrated. Dallorto et al. reported on the ALE of SiO2 with a CHF3
plasma modification and an argon ion removal step for tempera-
tures between −40 and 20 °C.64,65 While the temperature sensitivity
is not very pronounced, they obtain the best process results for a
wafer temperature of −10 °C.

Kim et al. reported on SiN etching using CH3F gas adsorption
without plasma at 80 °C and argon ion bombardment.102 XPS anal-
ysis revealed the presence of a surface modification layer after
CH3F gas exposure, which contained various forms of SiFx and Si
(CH3)x, as well as nitrogen bonded to carbon. The authors con-
cluded that this reactive layer is formed during the chemisorption
of CH3F. Sridhar et al. also conducted SiN ALE experiments at
80 °C with CF4, CHF3, CH2F2, and CH3F gas adsorption and argon
ion bombardment.66 When the argon gas stabilization time after
the evacuation of the CHxF4−x and before striking plasma was
extended, the amount of material etched per cycle (EPC) decreased
as shown in Fig. 30. This can be explained by the argon atom colli-
sion induced desorption of CHxF4−x molecules. Based on this
observation, the authors concluded that the CHxF4−x molecules
were physisorbed at the surface. The results of these experiments
indicate that the physisorption of precursors is sufficient to cover
the surface, allowing etching in the subsequent plasma assisted acti-
vation and desorption step.

Antoun et al. performed ALE on SiO2 samples cooled down
below −100 °C.63,67 C4F8 molecules readily physisorbed at such low

FIG. 28. Etch rate vs depth for a conventional (solid circles) and low tempera-
ture etching processes (open circles) of circular holes with a diameter of
100 nm.

FIG. 29. Etch depth vs pattern width for a low temperature ALE process with
saturated (45 s) and undersaturated argon ion removal step (15 s). Reproduced
with permission from Sakaue et al., Jpn. J. Appl. Phys. 29, 2648 (1990).
Copyright 1990, IOP Publishing Ltd.

FIG. 30. SiN etched as a function of argon gas stabilization time between reac-
tive gas evacuation and striking of argon plasma. Reprinted with permission
from Sridhar et al., J. Vac. Sci. Technol. A 38, 043007 (2020). Copyright 2020,
American Vacuum Society.
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temperatures at the cooled surfaces. The C4F8 pressure was roughly
20 mTorr. Etching is carried out using argon plasma with a low ion
energy.63 Self-limiting etching of SiO2 is observed at −120 °C but
not at −110 °C. The operating temperature of the process was
increased to −90 °C by increasing the C4F8 pressure from 20 to
40 mTorr and by reducing the purge step time, which reduced col-
lision induced desorption.67 Other gases with high boiling points
were considered to increase the process wafer temperature further.
The benefit of this low temperature ALE process is that fluorocar-
bon polymer deposition on the reactor walls is significantly
reduced, which should limit process drift.

D. Porous dielectric etching

Reducing the k-value of the dielectric material is one of the
approaches to reduce signal delay in advanced logic devices.
k-values below 2.5 can be achieved by creating interconnected
pores, but radicals can diffuse into these pores during etching
causing plasma-induced damage (PID) deep inside the material.
Capillary condensation of reaction products13,55 or etch
gases56,57,59,60 has been demonstrated to reduce the PID of low-k
porous organosilicate (OSG). When SF6 was used as the etch gas,
PID was reduced due to a protective effect of etch by-products,
which condense in the low-k material at −70 °C.55 The addition of
SiF4 and O2 further reduced PID due to enhanced SiOxFy passiv-
ation. The condensed phase is later desorbed during warm-up to
room temperature combined with an additional annealing. The
threshold temperature at which PID is meaningfully reduced
depends on the pore size of low-k materials.13 The temperature can
be increased by using gases with higher boiling points.56,57,59,60

Using C4F8, complete pore filling was achieved at −110 °C and neg-
ligible plasma-induced damage was demonstrated.56 At this tem-
perature, pore filling is far from complete in the case of pure SF6.

56

Only the pore sidewalls of the pores are covered by adsorbed SF6
because capillary condensation starts with multilayer adsorption.56

Chanson et al. introduced a specially designed new high boiling
point organic reagent (HBPO), which was delivered into the
vacuum chamber with a liquid injection system to increase the
operating temperature further.60 At a partial pressure of 3 mTorr,
the onset of microcapillary condensation occurred at around
+20 °C and the low-k matrix is filled at −20 °C as shown in
Fig. 31.60 The composition of the molecule was not disclosed.
Some VUV photodissociation of the BPO molecule causing a small
increase in the k-value was observed.

E. Radical etching

Nishino et al. demonstrated an interesting approach for the
isotropic etching of SiO2 using a downstream plasma containing
water and SF6.

169 The authors hypothesized that a condensed layer
on the wafer is formed during processing since the SiO2 etching
rate was found to increase by lowering the wafer temperature. The
data are shown in Fig. 32. The possibility of a liquid film formation
was supported by the gas analysis in the reaction chamber, which
showed a large amount of HF, SO, and SO2 during the discharge of
the gas mixture. It is possible that the liquid layer on the wafer con-
tained H2SO4 and H2SO3, which were produced by the reaction
between SOx and H2O. These results indicate that it could be

possible to create liquid phase chemistry at the wafer surface when
operating at low temperatures.

F. Electron beam etching

Electron beam induced etching (EBIE) can be realized by
adsorbing reactive gases at the surface and activating them with an
electron beam.118 This method enables, in principle, maskless
etching. Its versatility is, however, limited by the range of suitable
precursor−substrate combinations. Martin et al. demonstrated in
the case of NF3 that this challenge can be addressed by utilizing

FIG. 31. Refractive index (RI) for adsorption–desorption cycles on porous oxide
films for gas flows of SF6/HBPO = 30/4 SCCM at a pressure of 22.5 mTorr and
with reference gases C4F8 and SF6 at a pressure of 7.5 mTorr. Adsorption is
represented by full symbols and desorption by open symbols. Reprinted with
permission from Chanson et al., Sci. Rep. 8, 1886 (2018). Copyright 2018
Author(s), licensed under a Creative Commons License.

FIG. 32. SiO2 etching rate as a function of wafer temperature. Reproduced with
permission from Nishino et al., J. Appl. Phys. 74, 1345 (1993). Copyright 1993,
AIP Publishing LLC.
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low surface temperatures.88 While NF3 satisfies most of the key
requirements for EBIE such as a large electron dissociation cross
section, high vapor pressure, relatively low toxicity, and hardware
compatibility, it is not used in EBIE because it does create a high
enough surface coverage at room temperature for many materials.88

Figure 33 shows an increase in the electron beam induced etching
rate of silicon with NF3 as the temperature is reduced.
Physisorption energies between 0.062 and 0.064 eV were derived
for two different NF3 fluxes. EBIE with NF3 was also demonstrated
for SiO2, SiN, and SiC at −168 °C.

G. Atomic layer deposition

ALD is increasingly used to protect the sidewall of high aspect
ratio structures during etching. ALD is a sequence of at least two
self-terminating gas–solid chemical surface reactions. It is desirable
to deploy ALD in situ for cost reasons, which could be a challenge
for low temperature etching. In principle, it should be possible to
utilize physisorption in the first step. The conversion in the second
step can be achieved via plasma assistance. The left panel of Fig. 34

shows the ideal process window for thermal ALD.178,179 The lower
temperature window is limited by either the condensation of pre-
cursors or low chemical reaction rates. For plasma assisted ALD, it
should be possible to extend the process to lower surface tempera-
tures as shown in the right panel. A temperature window should
exist where pre-cursor molecules physisorb in one or several layers.
Plasma provides the energy for the conversion reaction at low tem-
peratures. Besides enabling in situ passivation during low tempera-
ture etch, this regime is expected to offer higher deposition rates
thanks to faster saturation. Enhanced mass transport via surface
diffusion should provide better conformality at shorter cycle times.
Capillary condensation could be leveraged for the filling of high
aspect ratio features. Precursors can be specially designed for physi-
sorption to dissociate during activation into species, which provide
high film quality and low contamination. For the adsorption to be
self-terminating, the adsorbed material must not desorb from the
surface during the purge step.180 Physisorption is reversable, but at
low enough temperatures and with highly polar molecules, it
should be possible to suppress desorption in the time scale of the
purge step.

Studies on ALD where step A explicitly uses physisorbed pre-
cursors are difficult to find. Horiike et al. realized poly-Si ALD by
directing an ArF excimer laser onto a condensed Si2H6 layer at −70 °
C and 50mTorr.176 Figure 35 shows the measured deposition rate as
a function of surface temperature. The growth rate increases rapidly
with decreasing substrate temperature. This temperature behavior
shows that the Si2H6 molecules are indeed physisorbed on the
surface. The activation energy of 0.3 eV is in the range of typical
physisorption energies. At temperatures below −50 °C, the growth
rate drops. At these temperatures, multilayer adsorption prevents the
photodissociation products from reaching the surface. The authors
were able to control the thickness of the physisorbed layer via
pulsing frequency and pressure. The reaction rate of the first mono-
layer of Si2H6 on the poly-Si surface is estimated to be about 40
times as high compared with the second or third Si2H6 layer.

176

Low temperature plasma assisted ALD processes at
temperatures as low as 20 °C are subject of intense research.181–190

FIG. 33. Etch depth vs substrate temperature for NF3-mediated EBIE of silicon.
Reprinted with permission from A. A. Martin and M. Toth, ACS Appl. Mater.
Interfaces 6, 18457 (2014). Copyright 2014, American Chemical Society.

FIG. 34. Schematic of possible behavior for the ALD growth per cycle vs temperature for thermal ALD (a) and plasma assisted ALD (b). The graph on the left panel is
reprinted with permission from S. M. George, Chem. Rev. 110, 111 (2010). Copyright 2010, American Chemical Society.
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Table V is a list of low temperature ALD processes for metals and
metal oxides. If physisorption plays a role at these temperatures,
the growth per cycle (GPC) should increase as the temperature
decreases. Indeed, most papers report a higher GPC at low

temperatures. ALD of Ta with TaCl5 and atomic hydrogen shows
the opposite trend with GPC ranging from 0.16 to 0.5 Å cycle at
25 °C to 1.67 Å/cycle at 250–400 °C.181 While this trend suggests
chemisorption, the authors of this paper assumed that TaCl5 is
physisorbed at the surface. Among the systems in Table V, the
mechanism of the temperature dependence of Al2O3 ALD with Al
(CH3)3 and oxygen plasma has been studied in great detail. The
reason for a higher GPC at low temperatures is an increased con-
centration of OH groups at the surface, which serve as the sites for
the chemical adsorption of the precursor molecule.180 For the other
systems listed in Table V, detailed mechanism studies are not
readily available. It is, therefore, impossible to conclude whether or
not physisorption plays a role.

In summary, more work is needed to explore the potential of
plasma assisted ALD in a regime where precursors predominantly
physisorb at the surface. The pre-cursor molecules can be designed
specifically to avoid film contamination. At the same time, the
requirement to easily chemisorb at the surface is not important and
can be relaxed.

IV. SUMMARY

Etching at lower wafer temperatures is emerging as a critical
etching technology. It is characterized by unique mechanisms such
as enhanced neutral adsorption via physisorption and improved
mass transport due to reduced chemical reactivity and potential
surface diffusion of molecules. Low temperature etch mechanisms
are particularly useful for the etching of high aspect ratio features,
which are critical technology drivers for 3D NAND and DRAM

TABLE V. Examples of plasma assisted low substrate temperature ALD.

Film Step A Step B Temperature °C Comment Reference

Al2O3 Al(CH3)3 O2 plasma 25–300 Higher GPC at lower temperature 184
Oxygen-rich films with a lower mass density and higher H

content at low temperatures
25–150 More –OH and C-related impurities at low temperature 186

Chemisorption on OH groups
100–300 Higher GPC at lower temperature 189

PtO2 MeCpPtMe3 O2 plasma 100–300 Higher GPC at low temperature 187
Ta2O5 Ta(NMe2)5 O2 plasma 100–500 Higher GPC at the lowest and highest temperatures 182,183

No carbon detected
100–225 Slightly higher GPC at lower temperature 185

Higher H content at low temperature
HfO2 TEMAH O2 neutral

beam
20–30 High quality amorphous film 190

GPC independent on purge time
Al2O3

TiO2

Ta2O5

Al(CH3)3
Ti(OiPr)4

Ti(CpMe)(OiPr)3
TiCp*(OMe)3
Ta(NMe2)5

O2 plasma 25–400 Higher GPC at lower temperature partially attributed to lower
density

188

Ta TaCl5 Atomic
hydrogen

25–400 Lower GPC for Ta at lower temperature 181

Ti TiCl4 Physisorption assumed

FIG. 35. Silicon growth rate plotted against substrate temperature. Reprinted
with permission from Horiike et al., J. Vac. Sci. Technol. A 8, 1844 (1990).
Copyright 1990, American Vacuum Society.
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memories. Future work should be focused on investigating ARDE
at low temperatures to identify whether surface diffusion can be
leveraged to etch faster at greater depth. This is of outmost impor-
tance for the extension of the 3D NAND memory roadmap.

In conventional etching, ARDE effect is not dependent on the
absolute feature sizes. At low temperatures, surface diffusion may
contribute meaningfully to the transport of molecules to the etch
front. If this is the case, smaller features should etch faster than
larger features with the same aspect ratio if the process is neutral
flux limited. When features with different mask openings are
etched, the resulting aspect ratio of the feature with smaller mask
opening should be larger. This would effectively counteract ARDE.
The effect can be used to decern whether surface diffusion is
present. From a practical point of view, it is of special importance
for extending planar DRAM devices via the shrinking of the diame-
ter and increasing the height of the capacitor.

New gases should be explored to fully leverage the benefits of
low temperature etching. The mechanisms that are responsible for
the etching rate and ARDE effects are dependent on the adsorption
and surface diffusion energies, which, in turn, are chemistry depen-
dent. Molecules can be chosen, which physisorb at higher tempera-
tures to simplify the hardware and to avoid process shifts due to
the adsorption of background water. Because molecules physisorb
directly from the gas phase without undergoing plasma dissocia-
tion, the evaluation of suitable gases is not complicated by plasma
chemistry. It is, however, important to consider the effects of disso-
ciated species on the process.

Capillary condensation limits temperatures at the low end.
Heating from the plasma as well as ion, photon, and electron expo-
sure suppress capillary condensation. When access by plasma is
limited such as in horizontal features, gases may condense selec-
tively. It is possible to imagine use cases for advanced 3D memo-
ries, which have vertical and horizontal features.

Finally, the etching of high aspect ratio features leverages
increasingly sidewall passivation by ALD. It is, therefore, important
to study ALD under the conditions of physisorption of gas mole-
cules. This may require specially designed precursors.
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