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ABSTRACT

In semiconductor device fabrication, increasing the rate and quality of high aspect ratio (HAR) plasma etching is critical for the continuous
scaling of three-dimensional (3D) devices. Cryogenic plasma etching (CPE) of SiO2, in which the substrate is cooled to temperatures
between −10 and −100 °C, is emerging as a promising approach for achieving high etch rates in HAR features. CPE of SiO2 is typically per-
formed in capacitively coupled plasmas (CCPs) with HF containing gas mixtures. The reaction between HF and SiO2 generates H2O, and its
subsequent adsorption onto SiO2 surfaces is believed to act as a catalyst that enhances the etch rate. The fundamental reaction mechanisms
which account for the improved performance of CPE have not yet been clearly defined. In this paper, computational investigations of the
surface kinetics in CPE of SiO2 are performed for dual-frequency CCP reactors using CF4/H2/Ar gas mixtures. Temperature-dependent
mechanistic differences between cryogenic and room-temperature etching are analyzed through parametric variations of adsorption, con-
densation, etch yield, redeposition, implantation, specular reflection, and neutral transport. The mechanism is calibrated by comparing to
experimental results (performed by others) for etch rates as a function of substrate temperature. The synergistic effects of these mechanisms
on the etch rate and profile with respect to temperature are examined, along with the consequences of bias power.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0005378

I. INTRODUCTION

The continuous scaling of semiconductor devices and the
growing complexity of stacked architectures have motivated the
development of advanced fabrication technologies and plasma
based technologies in particular.1,2 In this regard, device fabrication
is increasingly reliant on plasma etching of high aspect ratio (HAR)
structures.3 (Aspect ratio, AR, is the height, or depth of a feature
divided by its width.) Significant efforts have been devoted to over-
coming defects that often occur in HAR plasma etching of vias,
including bowing, profile distortion, twisting, mask selectivity, and
charging effects.4–7 The required attributes for devices, particularly

in three-dimensional (3D) DRAM and 3D NAND having AR
exceeding 100, are becoming extremely challenging for current
plasma etching technologies to meet.7,8

One of the most critical challenges in HAR plasma etching is
the aspect ratio dependent etching (ARDE) effect, also referred to
as depth loading, in which the etch rate decreases as the AR
increases during the plasma etching process. ARDE is thought to
occur due to reduced fluxes and energies of ions and radicals to the
etch front as AR increases, ultimately diminishing the etch yield
and rate.9–12 One method for reducing ARDE is to increase the
bias power applied to the substrate, thereby increasing the incident

ARTICLE pubs.aip.org/avs/jva

J. Vac. Sci. Technol. A 44(3) May/Jun 2026; doi: 10.1116/6.0005378 44, 033006-1

Published under an exclusive license by the AVS

 
1
3
 
A
p
r
i
l
 
2
0
2
6
 
1
4
:
3
8
:
5
5

https://doi.org/10.1116/6.0005378
https://doi.org/10.1116/6.0005378
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1116/6.0005378
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0005378&domain=pdf&date_stamp=2026-04-13
https://orcid.org/0009-0006-4561-0701
https://orcid.org/0009-0002-9658-3337
https://orcid.org/0000-0002-3038-2922
https://orcid.org/0000-0001-7437-8573
mailto:ygyook@umich.edu
mailto:hj0928.lee@samsung.com
mailto:sangkinam@gmail.com
mailto:mjkush@umich.edu
https://doi.org/10.1116/6.0005378
https://pubs.aip.org/avs/jva


ion energy and narrowing the angular distributions of ions (or hot
neutrals) delivered to the etch front.10 There is renewed focus on
cryogenic plasma etching (CPE) as a method for enabling high
etch rates and enhancing etch performance compared to conven-
tional HAR etching.13,14 CPE involves cooling the substrate to tem-
peratures as low as −150 °C.

Although there is a renewed current focus on CPE, cryogenic
etching was investigated as early as 1988, when Tachi et al. reported
on anisotropic etching of Si using a microwave SF6 plasma while
cooling the substrate between −100 °C to −130 °C.15 Subsequent
studies on Si etching followed. In 1995, Bartha et al. reported that,
even at −120 °C, isotropic etching of Si occurred in the absence of
an O2 passivation layer.16 In 2005, Mellhaoui et al. demonstrated
that inductively coupled plasma (ICP) SF6 etching of Si at −110 °C
remained isotropic without both bias power and an O2 passivation
layer. The process became anisotropic when the O2 passivation
layer was introduced, and bias power was applied.17 In 2006,
Tillocher et al. explained the anisotropic profiles at low tempera-
tures through a model linking oxygen coverage with ion sputtering,
showing that the oxygen proportion remained below the oxidation
threshold at the etch front due to ion sputtering, while sidewalls
became passivated with less ion bombardment.18

Research on CPE was initially conducted for the etching of Si.
However, the current focus on CPE is on dielectric materials such
as SiO2 and Si3N4. Dussart et al. demonstrated the temperature
dependence of CPE of SiO2 and Si3N4 and the role of self-DC
bias.19 Research into the fundamental principles of CPE has shown
that lowering the substrate temperature increases the sticking coeffi-
cient of etch precursors while reducing the rate of desorption, pro-
ducing an enhanced physisorption layer on the substrate. Ion
sputtering of the physisorbed layer then drives the etch reaction,
which is generally recognized as the fundamental reaction mecha-
nism in CPE.20–25 For HAR structures, this implies that effective
control of physisorption and efficient energy transfer via ion sput-
tering are key to optimizing performance.21,26

In general, industrial dielectric HAR etching of SiO2 is per-
formed using a dual-frequency capacitively coupled plasma (CCP)
reactor, where the high frequency allows for plasma density control
and the low frequency enables efficient ion acceleration.
Conventional HAR etching of SiO2 is typically performed with
fluorocarbon-based plasmas.27 While CPE of SiO2 also primarily
employs dual-frequency CCP reactors, its plasma chemistry has
increasingly shifted toward hydrogen fluoride (HF) as the major
etchant. Although anisotropic profiles have been achieved using
fluorocarbon gas mixtures,23,24 in HAR structures with relatively
small critical dimensions (CDs), carbon-rich gas mixtures at low
temperatures promote the formation of a heavy polymer layer due
to increased physisorption resulting from the higher sticking coeffi-
cients. The thicker polymer layer leads to reduced etch rates.
Consequently, recent dielectric HAR CPE processes have replaced
carbon-rich fluorocarbons with carbon-lean gases such as CF4 and
NF3, with HF emerging as the primary etchant.13,14,28

Hsiao et al. proposed that CPE of SiO2 involves a pseudo-wet
etching mechanism, where HF/H2O adsorbed layers create an envi-
ronment similar to conventional wet HF etching.29 Experiments
have confirmed the presence of H2O on the SiO2 surface during
CPE, generated as an etch byproduct when ion sputtering acts on

the adsorbed HF layer. At ambient temperature and pressures of
tens of mTorr, volatile HF and H2O remain in the gas phase rather
than being adsorbed. However, at cryogenic temperatures, the
increased physisorption rate enables a several nm thick adsorption
layer.21 The resulting H2O adsorption facilitates an HF/H2O vapor-
phase etching environment for SiO2, a mechanism extensively doc-
umented in the literature.29–32 For example, Helms and Deal, Ono
et al., and Knotter concluded that the etching reaction is governed
by HF hydrolysis and Si–O hydroxylation, both driven by adsorbed
HF and H2O.

30–32 In the context of CPE surface reactions, the
adsorbed H2O layer is thought to be essential for catalyzing HF
hydrolysis and silanol group formation.

The benefits of CPE for dielectric materials include reduced
bowing of the sidewalls of the feature, improved mask morphology,
minimizing etch profile distortion, and mitigation of feature
charge-up effects.13,14,28,33 Among these, one of the most significant
advantages of CPE is its higher etch rate and smaller ARDE.28

While the exact causes of this etch rate enhancement are still under
discussion, Lill et al. identified increased physisorption and
enhanced neutral Knudsen transport and surface diffusion in the
low-temperature environment as key contributing factors.21

In this paper, we discuss results from a computational investi-
gation of the surface kinetics mechanisms for CPE of SiO2. The
work combines reactor-scale and feature-scale simulations of SiO2

CPE in a CCP reactor using CF4/H2/Ar gas mixtures over a tem-
perature range from ambient to −110 °C. The primary etchant, HF,
is generated through reactions between hydrogen and fluorine-
containing species in the plasma, while H2O is formed during
etching through surface reactions of adsorbed HF catalyzed by ion
bombardment. An overview of the CPE mechanism and descrip-
tions of models are in Secs. II and III, respectively. Key surface
kinetics mechanisms (including adsorption, condensation, etch
yield, specular reflection, redeposition, ion implantation, and
neutral transport) are discussed in Sec. IV, along with their effects
on etch rates and profiles under cryogenic conditions. Finally, the
overall temperature dependence of the etching mechanism is ana-
lyzed by integrating the individual subprocesses into a unified
model to evaluate the synergistic effects of CPE. In Sec. V, the evo-
lution of etch profiles, including bowing and tapering, is evaluated
as a function of substrate temperature. Concluding remarks are
in Sec. VI.

II. OVERVIEW OF THE CRYOGENIC ETCH MECHANISM

While numerous reactions occur during the CPE process, the
primary reaction flow can be summarized as

SiO2(s) þ 4HF(a) þ I(g) ! SiF4(g) þ 2H2O(g) þ I(g): (1)

Here, the subscript (s) denotes the solid phase, (g) the gas
phase, and (a) the adsorbed species on the surface. The symbol I
represents any ion (or hot neutral) delivering activation energy.
The incident ion is positively charged prior to surface impact.
Upon impact, the ion is neutralized and becomes a hot neutral
species, with the charge transferred to the surface. In this global
reaction, 4 HF molecules reacting with SiO2 remove Si as an SiF4
etch product and O as H2O. The reaction is accelerated by the
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activation energy provided by ion bombardment. In analogy to
HF-wet etching of SiO2, the process likely proceeds through the
acid mechanism, which requires solvation of HF into water which
is a product of the global reaction. The combination of evolution of
water through the global reaction and enhanced adsorption rates at
the low temperature provides a thin water layer (several nanome-
ters) which facilities this hydration.

The sequence of events is sustained by gas-phase H2O, gener-
ated from the etching reaction, which produces a condensed
adsorption layer. Hydrolysis of HF then occurs in the H2O
adsorbed layer producing hydronium ions (H3O

+) and the fluoride
ion (F− or HF2

−),

2HF(g) þH2O(a) ! H3O
þ
(a)þHF�2(a), (2a)

HF(g) þH2O(a) ! H3O
þ
(a)þF�(a): (2b)

The hydronium contributes to the formation of silanol groups
(Si–OH). Under ion bombardment, either direct or sequential reac-
tions produce H2O etch products, removing the oxygen and creat-
ing Si free radical sites (Si·(s)),

Si�O(s) þH3O
þ
(a)þA�

(a) ! Si�OH(s) þH2O(g) þ A(a), (3a)

Si� OH(s) þH3O
þ
(a)þe�(sub)þI(g) ! Si �(s) þ2H2O(g) þ I(g): (3b)

Here, Si–O denotes a surface oxygen atom bound within the
SiO2 network (i.e., a bridging oxygen site), rather than a free SiO
species. A�

(a) represents an anion (e.g., F�
(a) and HF�2(a)) that was

formed during solvation of HF. The newly created Si·(s) sites bond
with fluoride ions, leading to the formation of SiFn, which under
ion bombardment leads to volatile etch products in the form of
SiFn,

SiFn(s) þH3O
þ
(a)þHF�2(a) ! SiFnþ2(s) þH2O(a) þH2(g), (4a)

SiFn(s) þ I(g) ! SiFn(g) þ I(g): (4b)

The balance between the physisorption and desorption rates
of H2O determines the thickness of the condensed water later,

SiO2(s) þH2O(g) ! SiO2(s)(H2O)(a), (5a)

SiO2(s)(H2O)n þH2O(g) ! SiO2(s)(H2O)nþ1(a), (5b)

SiO2(s)(H2O)n(s) þ I(g) ! SiO2(s)(H2O)n�1(s) þH2O(g) þ I(g): (5c)

To activate the etch process, ions must penetrate through the
condensed water layer. Increasing the thickness of the condensed
layer reduces the penetration and energy of the ions reaching the
etch front. In the CPE reaction mechanism, H2O is both a catalytic
component that facilitates the hydrolysis of HF and the formation
of silanol groups, ultimately enhancing the etch rate, as well as a

passivant whose condensed layer thickness can slow or terminate
the etch process.29–32

III. DESCRIPTION OF THE MODELS

A. Reactor-scale model

The Hybrid Plasma Equipment Model (HPEM) was used to
simulate a cylindrically symmetric CCP sustained in CF4/H2/Ar gas
mixtures. The HPEM is a two-dimensional (2D) computational
framework intended for low pressure reactor scale simulations, as
described in detail in Refs. 34–37. The HPEM comprises several
modules, each addressing distinct physical phenomena and operat-
ing through an iterative, time-slicing process that achieves a
cycle-averaged steady state. During this process, position- and
phase-dependent quantities, such as densities, fluxes, and tempera-
tures, are calculated and exchanged between modules. The modules
employed in this work are the Fluid Kinetics-Poisson Module
(FKPM), the Electron Energy Transport Module (EETM), the
Plasma Chemistry Monte Carlo Module (PCMCM), and the
Surface-Kinetics Module (SKM).

The FKPM is responsible for integrating the continuity,
momentum, and energy equations for both charged and neutral
species, alongside Poisson’s equation to determine the electrostatic
potential. This module provides densities, fluxes, temperatures, and
electrical potential. The EETM receives these quantities and ana-
lyzes electron dynamics by resolving spatial and temporal electron
energy distributions using a kinetic Monte Carlo approach. The
EETM is executed for two classes of electrons: bulk electrons and
secondary electrons emitted from surfaces and accelerated through
the sheaths to high energies.35 The spatially dependent electron
energy distributions are used to produce rate and transport coeffi-
cients, and source functions that are used in the FKPM and
PCMCM.

The PCMCM generates heavy particle energy and angular dis-
tributions (EADs) incident onto surfaces.36 Using Monte Carlo
methods, the PCMCM launches pseudoparticles throughout the
reactor based on their source functions and integrates their trajec-
tories until the particles are consumed, react to produce other
species, or strike a surface during which time their EADs are
recorded.

The SKM focuses on surface reactions, including etching, dep-
osition, and passivation, at the plasma-surface boundary.37 The
SKM executes a surface site balance model using as input the fluxes
of reactive species incident onto surfaces and computes site cover-
ages for surface resident species, which produces reaction probabili-
ties and deposition/etch rates. Based on these surface coverages, the
SKM updates sticking coefficients and species returned to the
plasma, which are then used by the FKPM.

A schematic of the cylindrically symmetric CCP reactor used
in this investigation is shown in Fig. 1. The reactor consists of a
30 cm diameter substrate holding a Si wafer (ε/ε0 = 8, σ = 0.05
S/cm) surrounded by a quartz (ε/ε0 = 4) focus ring 6 cm wide. The
top electrode, 36 cm in diameter, is separated from the wafer by a
gap of 2.8 cm and surrounded by a quartz insulator. The sidewalls
are grounded. The top electrode serves as a gas injecting shower-
head with the annular pump surrounding the focus ring.
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Dual-frequency power at 40 and 2MHz was applied to the sub-
strate with the top electrode being grounded.

The temperature of the substrate electrostatic chuck (ESC),
which is the powered electrode, is controlled and represents the
wafer temperature. Generally, the wafer surface temperature is
slightly higher than the temperature of the ESC setpoint because of
heating from the plasma.38 However, here we assume both to be at
the same temperature. The base case has the substrate temperature
(Ts) set to −60 °C, while the temperature of the walls including
showerhead was set to 100 °C. Plasma conditions for the base case
used a gas mixture of CF4/H2/Ar = 15/15/70 with a total flow rate
of 300 SCCM. The pressure at the face of the pump was held at
30 mTorr. Dual-frequency sources were applied with a fixed source
power of 1000W at 40MHz. The bias power at 2MHz for the base
case was 2500W.

The reaction mechanisms employed for the CF4/H2/Ar
plasma have been discussed in the literature. Reactions involving
fluorocarbon species and argon are described by Vasenkov
et al.,39,40 while hydrogen-related reactions are primarily based on
the work of Volynets et al.41 In addition, the reactions of HF,
which is the most critical etchant species in this system, are
comprehensively discussed by Manke and Hager.42 The complete
reaction mechanism consists of a total of 735 reactions. The rare
gas species in the model include Ar, Ar(4s[3/2]2), Ar(4s[3/2]1),
Ar(4s0[1/2]1), Ar(4s0[1/2]0), Ar(4P), Ar(4D), and Ar+.
Fluorine-containing species include F2, F2*, F, F*, F2

+, F+, and F−.
Hydrogen-related species include molecular hydrogen (H2), with its
ground and vibrationally excited states (v = 1–3), as well as H2*, H,
H*, H+, and H2

+. Hydrogen fluoride species include HF in the
ground state, vibrationally excited HF (v = 1–3), and HF+.
Fluorocarbon species include CF4, CF3, CF2, CF, C, CF3

+, CF2
+, CF+,

C+, and CF3
−. Etch by-products SiF4, SiF3, SiF2, and H2O are

included to account for surface reactions.
Etch by-products are introduced into the bulk plasma through

surface reactions at the SiO2 wafer interface, here simulated by the
SKM. These surface-generated species can subsequently participate
in electron-impact reactions, dissociation processes, and other
plasma-chemical pathways. Through the SKM, HF adsorbs onto
the SiO2 surface, forming a physisorbed layer. Under ion bombard-
ment, the adsorbed HF layer etches the SiO2 generating etch prod-
ucts SiFx species and H2O. A fraction of the generated H2O

desorbs from the surface, diffuses into the bulk plasma, and can
return to the surface to participate in subsequent surface reactions,
effectively acting as a reaction catalyst as discussed above. By
employing the SKM, both the spatial distribution of H2O in the
bulk plasma and its flux toward the wafer surface can be quantified,
enabling its direct utilization in feature-scale modeling and analysis.
Representative plasma properties for the base case are shown in
Fig. 2. To deliver 1000W, the 40MHz voltage amplitude is 473 V,
and to deliver 2500W, the 2MHz voltage amplitude is 1640 V,
with a self-DC bias of −823 V. The resulting sheath thickness is
about 0.5 cm. The 40MHz power sustains an electron density,
which peaks at 8.1 × 1010 cm−3 in the middle of the reactor. The
electron-impact ionization rate by bulk electrons largely mirrors
that of the electron density with a maximum value of
1.3 × 1016 cm−3 s−1. The electron-impact ionization source by sec-
ondary electrons accelerated in the sheath is fairly uniform though
it is maximum in the thick sheath where electrons are accelerated
after emission.

The density of major ions, Ar+, CF3
+, and H2

+ are shown in
Fig. 2(b). Ar+, CF3

+, and H2
+ are primarily generated by direct

electron-impact ionization of their neutral parent species, including
dissociative ionization for molecular precursors. Metastable-assisted
ionization pathways (Penning ionization and metastable pooling)
and charge exchange reactions provide supplementary pathways
that contribute to the redistribution of the dominant ions in the
plasma.

The neutral and ion fluxes incident on the wafer as a function
of radius are shown in Fig. 3. The HF that sustains the etching
reaction is produced by electron-impact dissociation of CF4 pro-
ducing F atoms, followed by H abstraction from H2,

eþ CFn(g) ! CFn�1(g) þ F(g) þ e, (6)

F(g) þH2(v)(g) ! HF(v)(g) þH(g), v ¼ 0� 3: (7)

The abstraction reaction produces HF dominantly in vibra-
tionally excited states. This reaction is favored by the high bond
strength of HF and the low activation barrier of the abstraction
process. Vibrational excitation of H2 further enhances the reaction
rate by effectively lowering the activation threshold, making this
pathway a dominant source of HF. The total flux of HF(v) incident
onto the wafer is 1.6 × 1016 cm−2 s−1, the ratio of v = 0/1/2/3 is
0.49/0.28/0.16/0.06. The vibrational quanta of HF is approximately
0.5 eV (with excitation energies relative to v = 0 of 0.49, 0.96,
1.40 eV for v = 1–3, respectively),43 resulting in a potentially signifi-
cant flux of activation energy onto the wafer in terms of stored
energy in vibrational modes of HF. The power flux of HF(v) deliv-
ered to the wafer is about 1 mW/cm2. Although this is a small
power density compared to the total power flux, the quantized
energy brings with it the possibility of selectively activating surface
processes. In this investigation, we did not distinguish between
vibrational states of HF in the surface reaction mechanism.
However, given the significant stored energy in HF(v), vibrational
activation of surface processes should be a future consideration.

The neutral flux to the wafer is dominated by H atoms
(2.6 × 1017 cm−2 s−1), which does not directly enter into our CPE

FIG. 1. Schematic of the cylindrically symmetric CCP reactor. The bottom elec-
trode is connected to RF generators, blocking capacitors, and a chiller for con-
trolling the substrate temperature in cryogenic etching.
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FIG. 3. Reactive fluxes to the wafer as a function of radius. (a) Neutral fluxes
and (b) ion fluxes for bias power of 2500 W. (c) HF (vibrational states v = 0–3)
and total ion fluxes at bias powers of 1500, 2500, and 3500 W.

FIG. 2. Plasma properties at a bias power of 2500 W. (a) Electron density,
electron-impact ionization source, and secondary electron-impact ionization
source. (b) Densities of major ions. Images are a 2-decade log-scale with the
maximum value indicated.
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surface reaction mechanisms. F (9.8 × 1015 cm−2 s−1) and CF3
(5.1 × 1015 cm−2 s−1) have fluxes comparable to HF. F atoms partic-
ipate in the CPE mechanism as a passivant of Si and CF3 as
polymer forming species.

H2O is essential for silanol formation and HF hydrolysis as a
catalyst of the etching process. Due to the lack of oxygen in the
feedstock gases, H2O is produced through surface reactions as an
etch product. H2O, which is not re-adsorbed within the features,
enters the plasma with some likelihood of returning to the wafer as
incident flux. Following the mechanism described for the SKM, the
flux of H2O returning to the wafer is 3.8 × 1015 cm−2 s−1.

The ion fluxes incident onto the wafer are dominated by Ar+

(9.0 × 1015 cm−2 s−1) with secondary contributions from CF3
+

(9.4 × 1014 cm−2 s−1) and H2
+ (3.7 × 1014 cm−2 s−1). The dominant

contributions of ions to the CPE mechanisms are activation of the
etch and sputtering of the condensed water layer. The total ion
fluxes and HF fluxes at the wafer surface for bias powers of 1500,
2500, and 3500W are shown in Fig. 3(c). The bias power mainly
affects ion energy, whereas radical and ion production via
electron-impact reactions is primarily sustained by the 40MHz
source power. Therefore, the changes in fluxes of HF and ions are
significantly less sensitive to bias power.

The ion energy and angular distributions (IEADs) summed
for all ions are shown in Fig. 4 for bias powers of 1500–3500W.
For the base case of 2500W, the amplitude of the 2MHz voltage is
1640 V, the self-DC bias is −823 V, and the ion energies extend to
approximately 2400 eV. With increasing bias power, the fraction of

ions with higher energies increases with a narrower angular distri-
bution. At 1500W, the bias voltage amplitude is 1206 V, the
self-DC bias is −695 V, and the incident ion energies into the wafer
extend to about 1800 eV. At 3500W, the amplitude is 1998V, the
self-DC bias is −915 V, and the ion energies extend up to 2800 eV.

B. Feature-scale model and reaction mechanisms

The Monte Carlo Feature Profile Model (MCFPM) is a 3D
voxel-based simulation used to predict the evolution of etch profiles
in semiconductor materials.44–46 Each voxel in the computational
mesh represents a discrete solid material, and its identity changes
based on surface reactions with incident fluxes such as etching,
deposition, or passivation and by reactions with adjoining solid
materials. The model uses pseudoparticles to represent gas-phase
ions and neutrals, which are launched toward the surface with
fluxes and EADs derived from the HPEM. The trajectories of these
pseudoparticles are tracked until they interact with the surface,
where a Monte Carlo-based mechanism determines the resulting
reaction. Depending on the particle’s energy and angle upon
impact, the surface voxel may be removed, modified, or replaced by
a new voxel. Reactions can also produce additional gas-phase parti-
cles, which are subsequently tracked until they are incorporated
into the surface or leave the feature.

Although the SKM enables H2O to be present in the bulk
plasma at the reactor scale, using the SKM-predicted H2O flux as a
fixed input to the MCFPM does not capture the H2O dynamics
associated with ongoing etch reactions, including the resulting
time-dependent variations in fluxes. To address this limitation,
H2O generation and consumption were modeled self-consistently
within the MCFPM so that the transient behavior of H2O is
reflected during etching. At the start of the etch process, there is no
flux of H2O from the bulk plasma. Water is initially produced as a
by-product of etching when ion bombardment interacts with the
HF adsorption layer on the SiO2 surface in the MCFPM. This gas-
phase H2O then transports within the feature. A portion of
the H2O re-adsorbs onto surfaces where it can participate in the
etching reactions. The remaining H2O exits the feature as out-flux
into the bulk plasma. Subsequently, a fraction of the out-flux H2O
into the bulk plasma will return to the surface as an incident flux.
The H2O generation predicted by the SKM and the return flux of
H2O obtained from the HPEM were used as a guide to determine
the magnitude of the H2O leaving the feature that returns to the
feature from the bulk plasma. During execution of the MCFPM,
10% of the H2O leaving through the top boundary of the computa-
tional domain was returned to the feature as an isotropic flux of
H2O to represent this return flux.

The disposition of ions (or hot neutrals) reflecting from sur-
faces is important to both etch rate and profile control. In the
model, ions (or hot neutrals) reflect from surfaces with specular
and diffusive components that incorporate both incident angle and
incident energy dependencies. In this investigation, we added sub-
strate temperature dependence to the scattering coefficients as sug-
gested by molecular dynamics simulations by Barsukov et al.47

Across studies of scattering of ions from the surface, it has been
observed that lowering the surface temperature reduces thermal
lattice vibrations, leading to a narrower energy distribution of the

FIG. 4. IEADs at bias powers of 1500, 2500, and 3500 W for otherwise the
base case conditions. The IEADs were plotted on a 2-decade logarithmic scale.

ARTICLE pubs.aip.org/avs/jva

J. Vac. Sci. Technol. A 44(3) May/Jun 2026; doi: 10.1116/6.0005378 44, 033006-6

Published under an exclusive license by the AVS

 
1
3
 
A
p
r
i
l
 
2
0
2
6
 
1
4
:
3
8
:
5
5

https://pubs.aip.org/avs/jva


scattered particle and sharper scattering peaks.48–50 As a result,
ions undergo less energy exchange with the surface and retain
more of their incident energy at lower temperatures. Under cryo-
genic etching conditions, the increased lattice rigidity enhances the
specular component of ion (or hot neutral) scattering, enabling
ions to retain a larger fraction of their incident energy.

Briefly, in the MCFPM, when ions scatter from surfaces, the
reflected angle and reflected velocity are determined as follows:

θr ¼ θi þ θt , (8)

vr ¼ vt þ vi � f (θi) � f (Ei) � s(Ts): (9)

An ion striking a surface with incident energy Ei and angle θi
with respect to the normal neutralizes and reflects as a hot neutral,
which carries both thermal and specular components of scattering.
(The same algorithms are used for an incident hot neutral.) In
Eq. (8), the reflected angle, θr, is composed of a specular mirror
reflection θi, plus a thermal deviation θt that accounts for surface
roughness or thermal vibrations. The thermal deviation is modeled
using either a Lambertian distribution (cos(θ))51 or a Phong distri-
bution (cosnθ, n > 1).52 In Eq. (9), the reflected velocity, vr, is deter-
mined by combining a thermal component with a specular
component based on the incident velocity, vi. The weighting func-
tions f(θi) and f(Ei) determine the fraction of incident energy
retained in the reflected particle, so that grazing incidence and
higher incident energy strengthen the specular component. For the
base case, f(θi) increases from 0 to 1 between angles θi = 60° and
90°. f(Ei) increases from 0 to 1 between energies Ei = 100 and
1000 eV. Although the model has the capability for unique weight-
ing functions for different materials, these values were used for all
materials. To account for temperature effects on specular scattering,
s(Ts), a temperature-dependent specularity factor was added to
Eq. (10),

s(Ts) ¼ 0:95 � exp(�0:003 � (Ts � 203:15)), (10)

where Ts(K) denotes the substrate temperature, s(Ts) is designed
such that lower substrate temperatures yield a larger specular com-
ponent. The selection of this temperature dependence is discussed
below.

The higher etch rates obtained with CPE compared to conven-
tional processes likely require a higher yield. The etch yield is the
number of atoms (or units of SiO2) removed from the solid per
incident ion (or hot atom/molecule). In this voxel-based model,
each gas-phase pseudoparticle represents the same number of
atoms as contained in a solid material voxel. Reactions that remove
voxels from the solid are referred to as sputtering reactions. An
etch yield of unity would remove a single voxel for an incident
pseudoparticle. For etch yields less than or greater than unity, the
following procedure is applied.

A gas-phase pseudoparticle strikes a solid voxel. Based on the
incident energy and angle, the probabilities or yields for all inelastic
reactions between the gas phase and solid species are computed. If
the total probability or yield is less than 1, additional probability or
yield allocated to elastic scattering is added to provide a unity prob-
ability or yield. If the total probability or yield is greater than 1, the

inelastic probabilities are rescaled to sum to 1. A random number r
[0,1] then determines which reaction occurs. If the reaction is a
sputtering event, and its unscaled yield is less than 1, then the
single voxel at the site of incidence of the gas-phase particle (the
base voxel) is removed. If the unscaled yield is n.x (n is an integer
≥1 and x is a fraction) then n voxels are first removed. If a random
number r [0,1] < x, then an additional voxel is removed.

In the case of removing more than one voxel (m > 1), the base
voxel is first removed. The nearest and next-nearest solid neighbors
of the base voxel are then randomly selected. If the neighbor is an
equivalent species, then voxel is removed with an appropriate etch
product until m− 1 neighboring voxels are removed. An equivalent
species is a material whose etch yield is at least equal to or greater
than that for the base voxel for the energy and angle of incidence
of the gas-phase particle. For example, if the base voxel is SiO2 and
neighboring voxel is Si having a larger yield, then Si would be an
equivalent sputtering species to SiO2. However, if the base voxel is
Si and the neighboring voxel is SiO2 having a smaller yield, then
SiO2 would not be an equivalent species to Si. For the high incident
ion energies often encountered in HAR etching, this equivalent
species criterion is perhaps overly conservative and will produce a
lower limit on the yield.

Following this procedure, in a 3D cubic lattice, the maximum
yield would be 27 (the total of the base voxel, nearest neighbors,
and next-nearest neighbors). From a practical perspective, voxels
located on a flat surface have at most 17 nearest and next-nearest
neighbors. On a rough surface, the maximum nearest neighbors
would be smaller.

When a pseudoparticle impacts the surface, implantation may
occur. In this context, implantation refers to the penetration of the
incident gas voxel into solid materials. The specific outcome of an
incident particle reacting, reflecting or implanting when striking
the surface is stochastically selected from a probability matrix
depending on the surface material, incident energy and angle. A
detailed description of the implantation model is in Huard et al.46

Briefly, the penetration depth is stochastically sampled using the
stopping ranges from Stopping and Range of Ions in Matter
(SRIM),53 and the projectile is advanced cell-by-cell while deposit-
ing energy and inducing local mixing via cell exchanges. After the
projectile stops, an implantation site is formed by successive
random displacements of neighboring cells, continuing until mate-
rial is pushed to the surface or a prescribed displacement limit is
reached based on the incident energy of the ion. Reactions occur
between the implanted particle and voxels encountered during the
trajectory and at its termination location.

MCFPM includes surface diffusion for physisorbed species. In
the results discussed here, surface diffusion was included for physi-
sorbed H2O and HF. These species were allowed to diffuse over all
surfaces except for the mask. After one of these species sticks to the
surface in a physisorbed state, the pseudoparticle undergoes dis-
crete hopping along the surface. The direction of hopping from the
base voxel is randomly selected from the nearest and next-nearest
neighbor voxels of the base location. If the surface on which the
species has adsorbed is on the list of allowed surfaces for diffusion,
then neighboring voxels are randomly queried. If the neighboring
voxel is empty (that is, a gas cell) and a nearest neighbor of that
cell is a solid upon which diffusion is allowed, the physisorbed
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species hops to that site. If the site does not meet these criteria,
another nearest neighbor site is chosen. If none of the nearest
neighbor sites qualify, the physisorbed species is then immobilized.
This process is repeated for a specified number of moves, which in
the base case was 3000, after which the species is immobilized. At
this point, the surface upon which the physisorbed species is in
contact is examined for possible chemisorption reactions. If such
reactions are allowed, one of the allowed reactions is randomly
chosen based on its reaction probability. If no chemisorption reac-
tions are allowed, the species retains its identity but is no longer
allowed to diffuse.

An overview of the reaction mechanisms for the CPE of SiO2

is in Table I. The complete reaction mechanism is described and
listed in the supplementary material. The mechanism considers the
adsorption of H2O/HF, silanol (Si–OH) formation, hydrolysis of
HF (hydrofluoric acid, H3O

+:F−) with H2O, surface diffusion of
adsorbed H2O/HF, and the formation of silanol and fluorinated Si
complexes (SiO2:H3O

+:F−). These surface species are removed by
physical and chemical sputtering reactions. Ion penetration
through overlying water and acid adsorption layers activates the
etch processes at the underlying solid boundary. Redeposition of
etch products and SiO2 physical sputtering products are accounted
for. Ions neutralize when striking surfaces and reflect as hot neu-
trals, which undergo the same reactions with the same energy
dependence as the original ions. Sputtering products having the
same identity as incident gas-phase species are treated the same as
those incident species. The exception is the product of SiO2 physi-
cal sputtering, which redeposits to produce a passivation layer. The
SiO2:H3O

+:F−(s) complex represents a surface species of silanol and
fluorinated Si, formed through HF hydrolysis in the presence of
H2O and subsequent reactions with the SiO2 surface. Similarly,
SiO2H2O(s) is used to represent all possible silanol groups that can
be generated from the reaction between SiO2 and H2O.

Reactions of fluorocarbon (CFx) species are summarized in
Table II. These reactions include CFx adsorption on activated SiO2

sites to form SiO2–CFx complexes, subsequent polymer/passivation
formation, and fluorination reactions leading to SiFx formation.
Physical and chemical sputtering, including implantation through
overlying polymer layers, proceeds as described in Huang et al.,44

where there is a more detailed discussion for reaction mechanisms
for fluorocarbon-plasma based etching of SiO2.

Due to the current lack of quantitative, temperature-
dependent reaction probabilities (e.g., adsorption, condensation,
etch yield, and specular reflection), it is challenging to assign prob-
abilities based on fundamental theories when changing the sub-
strate temperature. Therefore, during model development, these
probabilities were generally scaled with increasing and decreasing
substrate temperature without directly assigning specific tempera-
tures to reaction probabilities. However, these scalings reflect, as
much as possible, the physical relationships between temperature
and the underlying processes. For example, adsorption probabilities
are generally believed to increase with decreasing temperature,21,23

and we adopted this scaling. Once the general trends for the tem-
perature dependence of individual processes were established, the
final tuning of the mechanism was accomplished by comparing the
model predictions with experiments,13 and at that time assigning
likely temperatures to the model results.

IV. KEY SURFACE KINETICS MECHANISMS FOR
CRYOGENIC PLASMA ETCH

In this section, the major surface-kinetics mechanisms that
affect the scaling of CPE with substrate temperature are discussed.
These investigations were conducted in the context of HAR etching
of vias, which now have aspect ratios (AR) that often exceed 100.
These conditions make it highly challenging to overcome the
decrease of etch rate as the AR increases during etching, resulting
in ARDE.8,9,11,12 One of the motivations for developing CPE pro-
cesses for dielectric etch of HAR vias is that CPE produces a higher
etch rate and less severe ARDE than conventional ambient temper-
ature processes.13,14

The initial conditions for feature-scale modeling using the
MCFPM are shown in Fig. 5(a). A HAR via-contact structure of
SiO2 was employed, featuring a SiO2 stack height of 5.4 μm with a
1 μm amorphous carbon (AC) layer serving as the mask. The mask
opening width is 100 nm, resulting in a maximum aspect ratio of
approximately 64 when including the mask layer, and about 54
when considering only SiO2. The numerical mesh has 60 cells in
width and depth, and 1320 cells in height, producing cubic voxels
having dimensions of 5 nm on a side. Although pulsed power is
now regularly used in CPE, the results discussed here are for con-
tinuous etching for a fixed period of 600 s.

A typical outcome of the reaction mechanism discussed below
is shown in Fig. 5(a) after 600 s etch time for the base-case condi-
tions (Ts =−70°C). To enable a consistent comparison of etch rates
across conditions, the profile in Fig. 5(a) is shown at a partial-etch
state before reaching the stop layer. That is, we are not including
here (and the results discussed below) an overetch, which is contin-
uing to etch after the stop layer is reached. Overetching is typically
used to straighten tapers in the profile. By not overetching, the
intrinsic tapering of the process due to passivation is made more
clear. The etch mechanism for the AC mask was calibrated to
provide a 5–6:1 selectivity with respect to the underlying SiO2 so
that mask erosion would not have a major effect on the etch
profile. Etch profiles at equal time intervals are shown in Fig. 5(b)
comparing Ts =−70 °C and ambient conditions (Ts = +30 °C). The
etch rate for Ts =−70 °C is 295 nm/min compared to ambient con-
ditions having an etch rate of 83 nm/min, a factor of 3.6 larger.

In both cases, as etch depth increases (aspect ratio increases),
the etch rate decreases, indicating an ARDE effect. However, ARDE
is less severe at the lower temperature. For Ts =−70 °C, the ratio of
etch rate in the low-aspect-ratio regime (AR = 0–12) to that in the
high-aspect-ratio regime (AR = 21–33) is 1.97. At ambient tempera-
tures, this ratio is 3.04. In the absence of ARDE, this ratio would be
unity, whereas a larger ratio indicates more severe ARDE. As dis-
cussed below, the reduced ARDE sensitivity in CPE is partly attrib-
uted to the in situ generation of H2O deep within the feature. This
H2O acts as a precursor for forming the acidified adsorption layer
during the etch process. With there being less reliance on the pre-
cursor having to transport from the plasma deeply into the feature,
large AR is less of an impediment.

In this section, several processes that influence CPE perfor-
mance are discussed. The base case has Ts being nominally −70°C,
with parametric studies performed by varying reaction probabilities
for each process individually. This section addresses mechanisms
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TABLE I. HF–H2O related reaction mechanism for cryogenic etching of SiO2 used in the MCFPM.

Species

M All solid surfaces (g) Gas phase
I+,h Ion or hot neutrala (s) Solid
P Passivation layer by redeposition (a) Adsorption

Reaction Description

Adsorption of HF and SiO2 binding
HF(g) +M(s)→HF(a) +M(s) HF adsorbs on all solid surfaces.
HF(g) + SiO2(s)→ SiO2HF(s) HF adsorbs as a first dry etch step.

Adsorption of H2O and silanol formation
H2O(g) +M(s)→H2O(a) +M(s) H2O adsorbs on all solid surfaces.
H2O(g) + SiO2(s)→ SiO2H2O(s) Silanol group, Si–(OH)n (n = 1–3).

HF hydrolysis and fluorination
HF(g) + H2O(a)→H3O

+:F−(a) HF hydrolysis (hydrofluoric acid).
HF(a) + H2O(g)→H3O

+:F−(a)
HF(g) + SiO2H2O(s)→ SiO2:H3O

+:F−(s) Fluorinated silanol species comprising Si–OH and Si–F groups.
H3O

+:F−(a) + SiO2(s)→ SiO2:H3O
+:F−(s)

H2O condensation
H2O(a) + H2O(g)→H2O(a) + H2O(a) Multiple layers of H2O(a)

Redeposition of SiO2(g)

SiO2(g) +M(s)→ SiO2(s) +M(s) SiO2 redeposits on all solid surfaces.
SiO2(g) + SiO2:H3O

+:F−(s)→ P(s) Passivation layer from redeposition.

Physical sputtering
I+,h(g) + SiO2(s)→ SiO2(g) + Ih(g) Physical sputtering of SiO2.

Chemical sputtering
I+,h(g) + SiO2HF(s)→ SiFx(g)

b + H2O(g) + Ih(g) Sputtering of HF-binding sites.
I+,h(g) + SiO2H2O(s)→ SiO2(g) + H2O(g) + Ih(g) Sputtering of silanol sites.
I+,h(g) + SiO2:H3O

+:F−(s)→ SiFx(g)
b + H2O(g) + Ih(g) Full sputtering of SiO2:H3O

+:F−(s).
I+,h(g) + SiO2:H3O

+:F−(s)→ SiFx(s)
b + H2O(g) + Ih(g) Partial sputtering of SiO2:H3O

+:F−(s).
I+,h(g) + SiFx(s)

b→ SiFx(g)
b + Ih(g) Sputtering of fluorinated Si.

I+,h(g) + P(s)→ SiFx(g)
b + SiO2H2O(s) + Ih(g) Sputtering of passivation layer.

I+,h(g) + H2O(a)→H2O(g) + Ih(g) Sputtering of condensation layer.
I+,h(g) + H3O

+:F−(a)→H2O(g) + HF(g) + Ih(g) Sputtering of acid layer.

Surface diffusion of physisorbed layers
H2O(a)→ diff. → + SiO2(s)→ SiO2H2O(s) Surface diffusion of physisorbed H2O and HF and their

subsequent reactions of H2O and HF with underlying surface.→ + SiO2HF(s)→ SiO2:H3O
+:F−(s)

→ +H2O(a)→H2O(a) + H2O(a)

HF(a)→ diff. → + SiO2(s)→ SiO2HF(s)
→ + SiO2H2O(s)→ SiO2:H3O

+:F−(s)

Ion Implantation through adsorbed layers
I+,h(g) → penetrate H2O(a), HF(a) layers Energetic ions and hot neutrals penetrating adsorption

layer and delivering energy to underlying surface.→ + SiO2(s), SiO2H2O(s), SiO2HF(s), SiO2:H3O
+:F−(s)

→ products

aAfter collisions with surfaces, ions neutralize, and return as hot neutrals, which carry higher energy than thermal neutrals and can participate in the same
reactions as ions.
bSiFx denotes SiF, SiF2, SiF3, and SiF4.
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affecting etch rates, whereas profile analysis, such as bowing, is dis-
cussed in Sec. V.

A. Adsorption

As the surface temperature decreases, the dominant type of
adsorption occurring within the etch feature is physisorption.21

One of the most critical phenomena in CPE is the increase in
adsorption probabilities with decreasing substrate temperature.23 At
cryogenic temperatures, the net adsorption probability of a mole-
cule (or atom) on the surface increases as the available energy
decreases with respect to the adsorption potential well depth.
Volatile HF gas, which does not participate in SiO2 etching under
ambient temperature at pressures of several tens of mTorr, can
physisorb on the surface at cryogenic temperatures. Once physi-
sorbed layers are activated by energy transfer from incident ions,
chemical reactions are triggered, leading to etching.21,23 With HAR
etching generally employing ions with energies of up to several
KeV, the activation energy of these chemical reactions is not rate
limiting.

The CPE mechanism for SiO2 involves numerous adsorption
probabilities. The reference case probabilities (p0), corresponding to

approximately −70 °C, are listed in Table III. To examine the influ-
ence of temperature-dependent adsorption probabilities, these ref-
erence values were scaled to lower values (warmer substrate) and
higher values (colder substrate). All other parameters that could
vary with temperature were held constant to isolate the effect of
adsorption probabilities. Etch profiles, obtained by scaling p0 from
0.03 to 1.25 times the reference value are shown in Fig. 6 for the
base-case conditions. As temperature decreases (and adsorption
probabilities increase), the etch rate monotonically increases, as
enhanced adsorption of H2O and HF facilitates HF hydrolysis,
thereby accelerating the etch process. For this parameterization, the
thickness of the water and acid layers was limited to 1 voxel (5 nm
thickness). That is, we did not allow condensation, which in the
model allows the thickness of water and acid layers to exceed this
limit as a thicker physisorbed layer. Since all etch processes, except
physical sputtering, are initiated by adsorption in this mechanism,
scaling adsorption probabilities to lower values decreases etch rates.
Etch rates eventually saturate at lower temperatures as the adsorp-
tion probability approaches unity.

Etch rates as a function of adsorption probability for bias
powers from 1500 to 3500W are shown in Fig. 7(a). The etch rates

TABLE II. Fluorocarbon (CFx) related reaction mechanism for cryogenic etching of SiO2 used in the MCFPM.

Species

M All solid surfaces (g) Gas phase
I+,h Ion or hot neutral (s) Solid
Poly Fluorocarbon polymer (a) Adsorption

Reaction Description

Adsorption of CFx and SiO2 binding
a,b

CFx(g) + SiO2(s)→ SiO2CFx(s) CFx adsorbs on activated sites
CFx(g) + SiO2CnFm(s)→ SiO2Cn+1Fz(s) to form SiO2–CFx complex.

Polymer deposition
CFx(g) +M(s)→ Poly(s) +M(s) Nonvolatile fluorocarbon polymer
CFx(g) + SiO2CnFm(s)→ Poly(s) + SiO2CnFm(s) film (C–F rich deposit).

Fluorination
Fx(g) + SiFy(s)→ SiFz(s) Surface fluorination and volatile SiF4 formation.
Fx(g) + SiFy(s)→ SiF4(g)
Fx(g) + SiO2CxFy(s)→ SiFCxFz(s)

Chemical sputtering
I+,h(g) + SiO2C3Fy(s)→ SiO2CFy(s) + C2Fz(g) + Ih(g) Chemical sputtering of fluorocarbon-covered SiO2.
I+,h(g) + SiO2C2Fx(s)→ SiOCFx(s) + CO(g) + Ih(g)
I+,h(g) + SiO2CFx(s)→ SiFx(g) + CO2(g) + Ih(g)
I+,h(g) + SiOCFx(s)→ SiFx(g) + CO(g) + Ih(g)
I+,h(g) + Poly(s)→ Poly(g) + Ih(g) Polymer sputtering.

Ion Implantation through adsorbed layers
I+,h(g) → penetrate adsorbed layers Ion penetration through passivation layer enabling underlayer reactions.
→ + SiO2(s), SiOxCyFz(s)→ products

aCFx denotes CF3, CF2, and CF.
bFx denotes F2, and F.
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are averaged over a fixed period of 600 s. Based solely on adsorp-
tion probabilities for the base case, etch rates increase from
193 nm/min for p = 0.03p0 to 404 nm/min for p = 1.25p0, with the
etch rate saturating above p = 0.6p0.

In deeper regions of the feature, the re-adsorption of gas-
phase H2O (which is an etch product) continuously sustains the
H2O layer, even under HAR conditions. The surface coverage of
the H2O adsorption layer (including silanol, SiO2:H2O, and hydro-
fluoric acid, SiO2:H3O

+:F−) at the etch front is shown in Fig. 7(b)
as a function of etch time. Longer etch times correspond to deeper
features and a higher aspect ratio. At the start of etching (t = 0 s),
no H2O is present at the etch front in any case, and so etching is
largely physical sputtering or activation of dry adsorbed HF.
However, as etching proceeds, H2O is progressively produced as an
etch product at the etch front at the bottom of the feature. With
Knudsen diffusion of H2O in the feature,11,21 H2O produced
deeper in the feature has an increasingly larger probability of
adsorbing onto the surface with increasing depth as opposed to dif-
fusing out of the feature. As a result, the surface coverage of H2O at
the etch front increases as etching proceeds (i.e., with increasing
time or etch depth). This enhancement is due not only to the

higher adsorption probability at lower Ts, but also to the increased
likelihood of adsorption for H2O generated deeper in the feature.
The maximum water coverage is about 0.9 for deep features and
large adsorption probability. The less than unity coverage results
from desorption reactions during the etch process.

With increasing bias power, there is a small increase in reac-
tive fluxes accompanying an increase in ion energy and a narrow-
ing of the angular distribution (more specular scattering). The end
result is higher etch rates. The increase in etch rates between 1500
and 3500W is a factor of 1.5 with the highest adsorption probabil-
ity (low Ts). The maximum ion energy increases by a factor of 1.45
between 1500 and 3500W. With a square root energy dependence
for chemical sputtering, the increase in energy would account for
only a factor of 1.2 in the etch rate. The additional increase can be
attributed in part to a larger component of specular scattering due
to the narrower angular distribution. The higher etch rate increases
production of H2O deep in the feature, which then enables more
adsorption of H2O to catalyze further reactions.

In addition to HF–H2O related etch reactions, etching involv-
ing CFx species and physical sputtering occur. These processes are
likewise influenced by changes in adsorption probability with tem-
perature. The relative contributions of each etch process can be
gauged by tracking specific etch products leaving the feature. For
example, CFx-driven etching produces CO(g) and CO2(g), and phys-
ical sputtering produces SiO2(g). At the lowest adsorption probabil-
ity (p = 0.03p0), the fractional contributions to etching are 60%
from HF–H2O related reactions, 5% from CFx related reactions,
and 35% from physical sputtering. At the highest adsorption proba-
bility (p = 1.25p0), the contributions are 88% from HF–H2O reac-
tions, 6% from CFx reactions and 6% physical sputtering.

As adsorption probabilities decrease with increasing tempera-
ture, surface chemical reactions are suppressed, leading to a larger

FIG. 5. Feature dimensions and consequences of ARDE. (a) Initial feature
geometry of a HAR contact structure consisting of SiO2, amorphous carbon
mask, and Si stopping layer, together with the corresponding 3D profile after
etching. (b) Outlines of the feature during etching at different times, demonstrat-
ing ARDE at −70°C (cryogenic) and +30°C (ambient) conditions.

TABLE III. Adsorption probabilities for the base case (Ts =−70°C).

Reaction
Reference

probability, p0

HF–H2O related reactions
H2O(g) +M(s)→H2O(a) +M(s) 0.30
H2O(g, a) + SiO2(s)→ SiO2:H2O(s) 0.80
H2O(g, a) + SiO2:HF(s)→ SiO2:H3O

+:F−(s) 0.80
HF(g) +M(s)→HF(a) + M(s) 0.15
HF(g, a) + SiO2(s)→ SiO2:HF(s) 0.70
HF(g, a) + SiO2:H2O(s)→ SiO2:H3O

+:F−(s) 0.80
H2O(g) + HF(a)→H3O

+:F−(a) 0.80
H2O(a) + HF(g)→H3O

+:F−(a) 0.80

Fluorocarbon related reactionsa

CFx(g) + SiO2(s)→ SiO2CFx(s) 0.45–0.89
CFx(g) + SiOxCyFz(s)→ SiOxCyFz(s) 0.22–0.45
CFx(g) + SiOxCyFz(s)→ SiOxCyFz(s) + Poly(s) 0.02–0.05

aCFx and SiO2CFx include species with x = 1–3. SiOxCyFz denotes SiO2CF,
SiO2CF2, SiO2CF3, SiO2C2F3, SiO2C2F4, SiO2C2F5, SiO2C2F6, and SiOCF3.
Poly denotes fluorocarbon polymer formed on the SiO2 fluorocarbon
complex.
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relative contribution to etching by physical sputtering. Conversely,
increasing adsorption probabilities at lower temperatures enhance
the overall rates of chemical sputtering while decreasing the relative
contribution of physical sputtering. The latter is also somewhat
decreased by the increase in passivation. Although there is
in-feature sputtering of polymer that produces a CFx product, the
majority of CFx incident onto the etch front originates from the
plasma and must diffuse through the feature (one of the origins of
ARDE). The contribution of CFx based processes increases only
modestly with decreasing temperature in spite of the increase in
adsorption due to these conductance limits on CFx transport. With
H2O being generated in situ near the etch front and being subse-
quently re-adsorbed, conductance is a less limiting factor. The con-
tribution of HF–H2O processes therefore increases relative to CFx
processes with decreasing temperature.

B. Condensation

As the substrate temperature decreases, enhanced adsorption
of etch precursors leads to an increase in etch rate. However, when
the temperature falls below a critical value, condensation occurs,
resulting in the formation of thick adsorbed layers. Antoun et al.23

reported that the thickness of the C4F8 physisorption continuously
increases as the temperature decreases from −112 to −120 °C. Lill

et al.21 reported that physisorption allows for multilayer deposition,
which in our nomenclature is condensation, and once condensation
sets in, an etch stop may occur. Their study reported that at
30 mTorr, condensation temperatures are ≈−49 °C for H2O,
≈−88 °C for HF, and ≈−196 °C for CF4. These results imply that,
as temperature decreases, condensation of adsorbed H2O is the first
likely to occur among the major incident fluxes. In this regard,
Kihara et al.13 observed in etching of SiO2 in HF-dominated
plasmas that the etch rate increased with decreasing temperature
until approximately −70 °C, decreasing sharply below that tempera-
ture. One interpretation is that the decrease in etch rate was the
result of thickening of the adsorption layers due to condensation,

FIG. 6. Etch profiles corresponding to different adsorption probabilities for a
bias power of 2500 W. [See Fig. 5(a) for definition of materials and dimensions].
The dark shading lining the feature represents adsorption layers.

FIG. 7. Process values as a function of adsorption probability. (a) Etch rate as
a function of adsorption probability at bias powers of 1500, 2500, and 3500 W.
(b) Surface coverage of the H2O adsorption layer on SiO2 (including SiO2:H2O
and SiO2:H3O

+:F−) as a function of time at the etch front for a bias power of
2500 W.
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which then decreased the ability of ions to deliver activation energy
to the SiO2 interface.

In discussions of temperature-dependent etch mechanisms, it
is important to note that in CPE reactors, substrate temperature
control is typically performed through the ESC and not the wafer
itself. The bottom of the wafer is cooled by the ESC and the top
surface of the wafer (whose temperature determines reaction proba-
bilities) is heated by incident ion fluxes. As such, the temperature
of the top surface of the wafer is typically higher than the ESC set-
point (likely by a few tens of degrees depending on process
conditions).38

Within the temperature range notionally investigated here (−110
to +30 °C) at 30mTorr, condensation occurs predominantly in the
H2O adsorbed layer. In this regard, condensation in our model refers
to the accumulation of additional H2O layers on top of the initially
adsorbed H2O and acidified layer on SiO2. In our base case (−70 °C),
condensation was not included. The impact of thickening condensa-
tion layers on etch rate was investigated by varying the probability for
adsorption of H2O on top of previously adsorbed H2O (pure and
acidified) from 0 (base case) to pc = 0.3 while keeping other parame-
ters constant. The multilayer condensation probability was imple-
mented in our model, following the Brunauer, Emmett, and Teller
(BET) theory in which the initial adsorption and condensation proba-
bilities may differ, however, the probability of multilayer condensation
is the same as the first layer.54 As shown in Fig. 8, increasing

condensation probability significantly reduces etch rates, while also
increasing roughness on the sidewalls and the etch front due to varia-
tion in the thickness of the condensation layer. As with thicker fluo-
rocarbon passivation,55 thicker condensation layers produce more
tapered profiles. Over this range of pc, the thickness of the adsorption
layer at the etch front varies from 0 to an average of 10 nm. Although
the intent was to limit thickness to a maximum of 10 nm, statistical
variation in surface sites and local morphology will produce occur-
rences of thicker condensation.

With thicker condensation layers, ions must penetrate further
through the overlying water to reach the H2O–SiO2 interface to
transfer energy and activate reactions. Thicker H2O layers require
larger HF fluxes to sustain hydrolysis and surface acidification.
Increasing condensation probability from 0 to 0.3 reduced etch
rates by approximately 40%.

The effects of condensation, for bias powers of 1500, 2500,
and 3500W, are shown in Fig. 9 for maximum average condensa-
tion thickness of 10 and 15 nm while varying pc from 0 to 0.3.
With a maximum average thickness of 10 nm, the etch rate for a
bias power of 3500W decreased by 32% while that for 1500W
decreased by 50%. The higher ion energies produced at 3500W are
able to both better penetrate through the condensation layer and
more efficiently thin the condensation layer by sputtering.

With a maximum average condensation thickness of 15 nm,
the decrease in etch rates follows the same trends as the thinner
condensation layers, though with a more severe decrease in the
etch rate. There is more scatter in our results due in large part to
the rougher surface with the increase in condensation layer thick-
ness. In our model, after adsorbed H2O undergoes its initial period
of surface diffusion, the voxel representing the condensed H2O
does not move unless sputtered or otherwise chemically reacts.
That is, the voxels in the condensed layer do not flow as a fluid.
These static voxels lead to roughening (which would be worse in
the absence of surface diffusion), while also sputtering less of the
condensation layer. In experiments by Cemin et al.,56 thicker H2O
condensation layers on Si were measured with decreasing tempera-
ture, exponentially increasing from nominally zero at −100 °C to
12 nm at −150 °C. However, the surface diffusion or flow of the
thick H2O condensation layers has not yet been systematically
quantified. Although not conducted in a plasma environment,
Thoms et al.57 observed a mobile surface layer during vapor depo-
sition of amorphous solid water (ASW). Their analysis shows that
the effective thickness of this mobile layer decreases with decreas-
ing deposition temperature. By analogy, as the temperature
decreases, surface diffusion of the condensed H2O layer is likely to
be more limited, even if the total condensed layer becomes thicker.

C. Etch yield

One of the key parameters in the CPE mechanism contributing
to a higher etch rate is the etch yield. Etch yield is the number of
atoms (or units of SiO2) removed from the solid per incident ion (or
hot atom/molecule). In the context of the model, the etch yield is the
number of SiO2 voxels removed per incident ion or hot atom (mole-
cule) pseudoparticle. The dependence of the physical sputtering yield
of SiO2 on ion energy has been extensively studied.58–62 Seah and
Nunney58 recorded that for ion energies as high as 5–10 keV, the Ar+

FIG. 8. Etch profiles corresponding to different condensation probabilities (pc)
for a bias power of 2500 W, with the maximum thickness of condensation limited
to an average of 10 nm.
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sputtering yield for SiO2 is only 2–3. Although the etch yield of
chemical sputtering in CPE has not yet been quantitatively reported,
estimates of the etch yields based on blanket etch rates and incident
ion fluxes suggest that the etch yield of CPE is at least two or three
times larger than physical sputtering, considering the difference in
etch rates. In our model, these higher yields would apply to the fluori-
nated silanol species (represented as SiO2:H3O

+:F− in this work),
which contains silanol (Si–OH) and fluorinated Si (Si–F).

The threshold energy for physical sputtering of SiO2 has been
reported as 30–50 eV.60–62 However, in the etching process involv-
ing HF and H2O, the activation barrier for chemical reactions is

significantly reduced.63,64 Hidayat et al.63 demonstrated through
density functional theory (DFT) calculations that silanol groups
undergo a four-step sequential fluorination by HF, accompanied by
OH exchange and H2O formation, ultimately producing volatile
SiF4 with activation energies of 0.72–0.79 eV per step. These results
suggest that the effective threshold energy required for final etching
of SiO2, when fluorinated by HF in the presence of H2O catalysis,
is low, providing a rationale for the enhanced etch yield compared
to physical sputtering. The high etch yield of SiO2:H3O

+:F− may
also be attributable to the HF hydrolysis mechanism. HF hydrolysis
of SiO2 surfaces unzips Si–O bonds to form Si–OH and Si–F
groups, creating a nanoporous network.29–31 The nanoporosity of
the silanol network and the associated weakened lattice rigidity
likely further enhances the yield.

The etch profiles corresponding to varying the etch yield of
SiO2:H3O

+:F− (fluorinated silanol species) and SiO2:H2O [silanol
groups, representing Si–(OH)n (n = 1–3)] with decreasing tempera-
ture are shown in Fig. 10(a). In the base case (−70 °C), the etch
yields (y0) were set to 12 molecules/ion for SiO2:H3O

+:F− and 9
molecules/ion for SiO2:H2O with a threshold energy of 30 eV. To
isolate the effect of etch yield as a function of substrate tempera-
ture, etch yields were varied from 0.03y0 to 1.25y0 while keeping
other parameters constant, while operating under the yield limits of
the voxel-based yield model discussed in Sec. III. Higher yield con-
ceptually corresponds to lower temperature. The results show that
etch depth increases with higher yield with similarity between the
1.25y0 and y0 being due to the yield limit. Consequently, increases
in etch rate due to yield changes in y0 with Ts are likely underesti-
mated here.

The consequences of the effective yield on the etch rate for
bias powers of 1500, 2500, and 3500W are shown in Fig. 10(b). As
expected, decreasing temperature and corresponding higher y0
results in increased etch rates across all bias powers. With bias
power increasing from 1500 to 3500W (a factor of 2.33), the etch
rate increases by a factor of 1.6, which aligns with the higher ion
energy and increase in ion flux. At the lowest etch yield, removal of
SiO2 is due to physical sputtering and fluorocarbon-based etching.

D. Specular reflection of scattered particles

When ions scatter from dielectric surfaces such as SiO2, they
generally lose their charge, neutralize (producing hot neutrals), and
undergo reflection with both specular and diffusive components.
Manson et al.65 reported that when fast particles at keV energies
scatter from surfaces at grazing incidence, the energy loss is rela-
tively small. Under HAR etching conditions, energetic ions striking
the feature sidewalls before reaching the etch front are likely to
impact at grazing angles, undergoing specular reflection while
retaining a large fraction of their incident energy.

In HAR etching, ions (or hot neutrals) reaching the etch front
consist of particles arriving directly without collisions and particles
arriving after undergoing reflection from the sidewalls. The latter
population can be influenced by substrate temperature through the
sensitivity of scattering probabilities to temperature. At the higher
bias voltages that typically produce narrower angular distributions
onto the wafer, a larger proportion of ions reach the etch front
without scattering from sidewalls.

FIG. 9. Etch rate as a function of condensation probability at bias powers of
1500, 2500, and 3500 W, with the maximum average thickness of condensation
limited to (a) 10 and (b) 15 nm.
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The average energies of Ar hot neutrals (produced after initial
reflection of ions from sidewalls) arriving at the etch front as a
function of time are shown in Fig. 11(a), for s(Ts) of 0.1, 0.48, and
0.95 corresponding to decreasing Ts. [Recall that increasing s(Ts)
increases the specularity of reflection.] Increasing specular

reflection supplies higher-energy (hot) atoms to the etch front,
which can accelerate the etch rate and mitigate ARDE. Etch rates
for bias powers of 1500–3500W as a function of s(T) are shown in
Fig. 11(b). The increase in hot-atom energy with increasing s(T)
does produce an increase in the etch rate across all bias powers.
However, the increase in etch rate is less than 10% as the majority
of the etch is due to the direct incidence of ions. In a tapered
feature, a particle reflecting from the sidewall is increasingly likely
to undergo a second (or more) reflection, thereby decreasing the
hot-atom energy and reducing its yield. We expect a larger contri-
bution of hot atoms to the etch rate, and so a larger influence of s
(T) for features that are less tapered.

FIG. 10. Etch properties as a function of yield. (a) Etch profiles at a bias power
of 2500 W as a function of etch yields of fluorinated silanol (SiO2:H3O

+:F−) and
silanol groups (SiO2:H2O). (b) Etch rate for a bias power of 1500, 2500, and
3500 W as a function of the etch yield.

FIG. 11. Etch processes as a function of specularity. (a) Time evolution of the
average Ar energy arriving at the etch front, for different values of the
temperature-dependent specularity. (b) Etch rate as a function of temperature-
dependent specularity at bias powers of 1500, 2500, and 3500 W.
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E. Redeposition

In conventional HAR etching using carbon-rich fluorocarbon
gas mixtures, the etch profile is controlled by passivating the side-
walls with polymer layers. However, in CPE, the high adsorption
rate of fluorocarbon radicals promotes the formation of thick
polymer layers, which can narrow or clog the feature at the mask
or high in the feature. As a result, HF containing plasmas with low
carbon content are preferred.13,14,28 When HF is not directly sup-
plied but instead generated through reactions between a F-donating
fluorocarbon and H2, fluorocarbon-derived passivation will occur.
The fluorocarbon-derived passivation is controlled by limiting the
mole fraction of the F-donor. In CPE of dielectric materials such as
Si3N4, the presence of nitrogen enables the formation of nonvolatile
passivation layers such as ammonium fluorosilicate,66 which pro-
vides the passivation needed for profile control. By contrast, in
HF-dominated plasma etching of SiO2, no specific passivation layer
arising from HF/H2O reactions has been clearly identified.

Gray et al.,67 reported that during SiO2 etching, redeposition
is dominated by nonvolatile fragments (e.g., SiO2) formed through
physical sputtering while redeposition of volatile by-products,
formed through chemical sputtering (e.g., SiF4), proceeds at a
much slower rate. These findings suggest that in CPE of SiO2 non-
volatile SiO2 fragments generated by physical sputtering may rede-
posit and contribute to passivation layer formation.

The representative redeposition reactions are in Table I.
SiO2(g) will redeposit on all nonaqueous surfaces. Unlike the initial
strongly bonded SiO2, redeposited SiO2 has a lower density and
weaker bonding, making it more easily removed by ion sputtering.
Gas-phase SiO2 redeposition onto acidified aqueous layers is
hydrolyzed forming a passivation layer. In this solution, Si is
extracted as SiF4 and the O as water. The notation P(s) is used here
as a generic aqueous passivation serving, in principle, a similar role
as polymer deposition in conventional fluorocarbon etching, which
is less likely to be sputtered than the original aqueous layer. P(s) is
removed by ion (hot atom) sputtering, liberating SiF4 and leaving
behind a nonpassivating aqueous layer.

The redeposition of etch products in HAR must have a small
probability, or, once deposited, be rapidly removed. In HAR fea-
tures, the neutral species convect through Knudsen transport, as
their mean free path for collisions with gas-phase species is much
longer than the feature width. As a result, etch products produced
at the etch front in a feature having an aspect ratio of 40 or 50
requires many hundreds of collisions with sidewalls to leave the
feature. A redeposition probability even as small as 0.01 would
result in the etch product not leaving the feature. As such, the rede-
position probability, pr, for the base case (−70 °C) is 0.001.

To evaluate the impact of redeposition, all other parameters
were held constant, while pr was varied from 0 to 0.008. The side-
wall profiles at 600 s etch time, plotted as height versus CD
(width), are shown in Fig. 12(a) for pr = 0.001 and pr = 0.008. At
high pr (0.008), the CD along the feature height reflects a reduction
in bowing compared to pr = 0.001. As discussed above, increasing
pr enhances passivation, either through SiO2 redeposition or the
formation of the passivation layer P(s) on the acidified aqueous
layer. The top-view comparison of the feature at 4.8 μm, where
bowing is most pronounced, shows a smaller feature size for

FIG. 12. Feature properties with redeposition probability and implantation range.
(a) Feature width (CD) and feature height at 600 s for redeposition probability
(pr) with top-views of profiles at 4.8 μm height, where bowing is most pro-
nounced. Etch rates as a function of (b) redeposition probability and (c) ion
implantation range (Rp) at bias powers of 1500, 2500, and 3500 W.

ARTICLE pubs.aip.org/avs/jva

J. Vac. Sci. Technol. A 44(3) May/Jun 2026; doi: 10.1116/6.0005378 44, 033006-16

Published under an exclusive license by the AVS

 
1
3
 
A
p
r
i
l
 
2
0
2
6
 
1
4
:
3
8
:
5
5

https://pubs.aip.org/avs/jva


pr = 0.008. With these small values of pr, clogging of the feature
does not occur as may be seen in fluorocarbon-plasma etching,
which has high sticking coefficient radicals. The resulting etch rates
for bias powers of 1500–3500W are shown in Fig. 12(b). For all
bias powers, increasing redeposition probability decreases the etch
rate (and increases taper) due to the higher rates of passivation.
The reduction in the etch rate is more pronounced at higher bias
powers. Between pr = 0 and 0.008, the etch rate for 3500W
decreases by 31%, whereas at 1500W, the decrease is 26%. Only a
small fraction of this decrease can be attributed to the narrowing of
the feature. At the higher power (and higher ion energies), the pro-
portion of the etching due to physical sputtering is higher, and so
there is proportionally more SiO2(g) etch product for redeposition.
These results are consistent with experimental reports that increas-
ing bias power (or ion energy) enhances, on a relative basis, physi-
cal sputtering, and consequently promotes redeposition.67,68

F. Ion (hot atom) penetration through adsorption and
condensed layers

In CPE of SiO2, lowering the substrate temperature leads to
the formation of a thick physisorbed layer consisting largely of
H2O together with HF- or CF-containing compounds. Unlike
monolayer chemisorption, this multilayer adsorption may reduce
transfer of energy from incident ions (hot atoms) to the underlying
SiO2 substrate, thereby decreasing etch rates. One of the key param-
eters is the range (Rp) of the implanted ion (or atom) through the
adsorption or condensation layer. Rp is the distance traveled
through the adsorption layer over which the ion deposits its energy.
The penetration depth (dp) is the distance measured normal to the
surface at which the ion slows. When ions strike an adsorption
layer and implantation occurs, the ion may deposit energy near the
surface producing sputtering, produce reactions traversing the
adsorption layer, deliver energy to the underlying material, or react
with adsorbed species to contribute to the formation of new
adsorbed layers. In contrast to parameters described earlier, RP for
ion implantation is not strongly dependent on substrate tempera-
ture although the thickness of the adsorption layer will be a func-
tion of temperature.

Numerous studies have reported that the Rp of implanted ions
increases with incident energy. The penetration depth (dp)
increases as the angle of incidence approaches the normal.53,69 This
suggests that in HAR etching, ions striking the sidewall at grazing
angles are less likely to penetrate deeply into the physisorbed H2O
layer than ions striking at normal angles at the etch front. Among
ions or hot atoms reaching the etch front, those arriving directly
with high energy and near-normal incidence, without sidewall col-
lisions, are expected to have larger dp than hot atoms scattered
from sidewalls, whose energies are lower and arrive at non-normal
angles.

To evaluate the influence of Rp on CPE, all other parameters
were fixed and Rp was varied in the base case (−70 °C). The param-
eter sweep was normalized to the Rp of a 1000 eV Ar+ ion at
normal incidence through H2O, approximately 17 nm. With Rp for
SiO2 being small compared to that for H2O, once penetrating the
water layer, the ions deposit their energy at the surface of SiO2. As
shown in Fig. 12(c), increasing Rp produces higher etch rates as

ions are better able to penetrate the physisorbed H2O layer and
deliver energy to the underlying solid to initiate etching reactions.
However, the effect is not large, and similar trends occur for all
bias powers. For example, the etch rates for a bias power of 1500W
increase by only 4% between Rp = 3.4 and 34 nm. For 3500W, the
increase is 6%. With the average adsorption layer for the base case
(which does not allow condensation) being ≈5 nm at the etch front
and ion energies reaching the etch front at all powers generally
exceeding 1 keV, the lower values of Rp already produce dp com-
mensurate with the adsorption layer thickness. This will not neces-
sarily be the case when condensation produces water layers whose
thickness may exceed Rp, thereby significantly reducing the energy
delivered to the underlying solid.

G. Neutral transport

Chemically enhanced HAR etching of SiO2 requires a critical
supply of neutrals (including radicals) arriving at the etch front.
Neutrals arriving at the wafer surface with isotropic trajectories
undergo Knudsen transport deeper into the feature. A low energy
particle usually scatters isotropically from the surface (a
Lambertian distribution51), with, on average, half the particles
being directed upward and half downward. This conduction
limited transport reduces the flux of neutrals to the etch front, par-
ticularly if there is a nonzero sticking coefficient on the walls of the
feature.11,44,70 This reduced transport of etch precursors is a con-
tributor to ARDE in HAR etching.

Transport of anisotropic ions and their specularly reflected
hot neutrals to the etch front are less affected by aspect ratio com-
pared to isotropic neutrals. Panagopoulos et al.11 reported that
neutral transmission probability decreases sharply with increasing
aspect ratio and with smaller feature diameters. They reported that
with a zero sticking coefficient, Knudsen transport results in only
1.3% of neutrals reaching the etch front for an aspect ratio of 100.
These observations emphasize that surface diffusion of physisorbed
neutrals may enhance transport efficiency of neutrals deeper into
the feature. Lill et al.21 demonstrated that at low substrate tempera-
tures, higher physisorption probabilities increased surface residence
time and rates of diffusion, thereby enhancing neutral transport
deeper into the feature.

We examined how increased physisorption probability at low
substrate temperatures affects neutral transport, considering both
Knudsen transport and surface diffusion. To isolate the conse-
quence of neutral transport from other processes in the mecha-
nism, we began with a pre-etched SiO2 trench feature, with an
opening width of 100 nm, a trench height of 3 μm (aspect
ratio = 30), and a depth of 100 nm using periodic boundary condi-
tions. HF molecules were launched into the feature, where upon
colliding with sidewalls, they either physisorb or reflect with a
Lambertian distribution. The incident flux of HF is that of the base
case, 2.4 × 1016 cm−2 s−1. Adsorbed molecules diffused along the
surface for a maximum of 3000 jumps. In this evaluation, the effec-
tive surface diffusion coefficient was kept constant, while the physi-
sorption probability was varied.

While varying adsorption probability, the HF flux incident on
the bottom of the feature (AR = 30) was measured over a central
area of 84 × 84 nm2. Over the same region, we quantified the
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surface coverage of HF, defined as the fractional area occupied by
physisorbed HF. Previous studies have reported that lower physi-
sorption probability (as expected at higher temperature) enhances
neutral transport to the bottom of the feature.11,44,70

The HF flux and HF surface coverage at the feature bottom as
a function of the incident HF fluence (time integral of flux) are
shown in Fig. 13 for different adsorption probabilities. The HF flux
at the etch front increases as the physisorption probability, pp,
decreases, as expected. At an HF fluence of 2 × 1018 cm−2, the HF
flux for pp = 0.001 is 8.9 × 1015 cm−2 s−1, whereas for pp = 1.0 the
flux is 3.1 × 1014 cm−2 s−1, a difference of nearly a factor of 29. The
surface coverage at the feature bottom, which more directly governs
the effective etch rate, exhibits the opposite trend. The HF surface

coverage at the feature bottom increases with increasing pp. At an
HF fluence of 2 × 1018 cm−2, the HF surface coverage is 0.098 for
pp = 0.001, and 0.839 for pp = 1.0, a difference of a factor of 9.
These results indicate that with high pp (lower temperature),
although a smaller HF flux reaches the etch front, the higher stick-
ing probability results in a larger population of adsorbed HF avail-
able to participate in chemical sputtering.

We found that for these test conditions, diffusion did not
have a large effect on surface coverage. When varying the effective
diffusion coefficient (number of jumps), the surface coverage at
the bottom of the feature only nominally changed. We attribute
this result to the lack of reactions that would consume physi-
sorbed species in the test case, which might then be replaced by
diffusing species. In the absence of consumption, diffusion both
removes and adds adsorbed species at the bottom of the feature.
We also found that in full etching cases, as discussed above,
surface diffusion did not make large changes in etch rates. We
attribute this result to the lack of spontaneous desorption in the
model, which would produce sites that might then be repassivated
by diffusion.

H. Comprehensive temperature-dependent etch
mechanism

The seven mechanistic surface kinetics relevant to cryogenic
etching discussed in Secs. IV A–IV G were incorporated into the
model with explicit temperature dependences, thereby enabling a
comprehensive cryogenic etching simulation. (The range of ion
implantation, Sec. IV F, is temperature-independent, with only
energy dependence considered.) Given that there is limited
temperature-dependent fundamental data, for example, physisorp-
tion, condensation, and etch yield, we adopted a hierarchical
approach to specify the temperature dependence of these processes.
The reference experiments we used to calibrate the model were per-
formed by Kihara et al.13 for SiO2 etch rates as a function of Ts.

Adsorption probabilities (pa(Ts) and pa2(Ts)) and redeposition
probabilities (pr(Ts)) were modeled using the adsorption rate for-
malism of Kreuzer et al.,71

p(Ts) ¼ p0

ffiffiffiffiffi
T0

Ts

r
exp(�α(Ts � T0)), (11)

where Ts is the substrate temperature and T0 is a reference tempera-
ture at which each parameter takes on its nominal value, p0. The
parameter α is an empirical coefficient (K−1). Here, pa(Ts) refers to
H2O–HF related adsorption probability, while pa2(Ts) corresponds
to fluorocarbon related adsorption probability, enabling separate
treatment of their temperature dependence. The chemical sputter-
ing yield y(Ts) of fluorinated silanol (SiO2:H3O

+:F−) and silanol
group (SiO2:H2O), and specularity (s(Ts)) were similarly modeled
using the form

f (Ts) ¼ f0exp(�α(Ts � T0)), (12)

where T0 is the reference temperature at which each parameter
takes its nominal value, f0. Both Eqs. (11) and (12) produce a
monotonic decrease with increasing temperature.

FIG. 13. Fluxes and surface coverage at the bottom of the feature as a function
of HF fluence for different physisorption probabilities. (a) HF flux and (b) HF
surface coverage.
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The condensation of H2O is assumed to occur below a thresh-
old temperature Tth, where the formation of the condensed layer
becomes thermodynamically favorable. As the temperature
decreases below Tth, the condensed layer progressively thickens. At
a pressure of 30 mTorr, the H2O condensation temperature is
about −49 °C.21 Considering that the actual wafer surface tempera-
ture is higher than the ESC substrate temperature due to heating,38

condensation of H2O was assumed to start from Ts =−70 °C in the
model. With the condensation probability (pc(Ts)) having a thresh-
old temperature, the form we used is

pc(Ts) ¼ pcm
1þ exp(α(Ts � T0))

, (13)

where pcm is the maximum condensation probability, T0 is the mid-
point temperature at which pc(Ts) = pcm/2, and α determines the
steepness of the transition. Here, T0 = 186.4 K, pcm = 0.58, and
α = 0.24. As a result, pc(T) is small at Ts =−70°C, but rapidly
increases with decreasing temperature. To better account for the
increase in physisorption thickness with decreasing temperature,23

the maximum average condensation thickness was 15 nm for tem-
peratures below −100 °C.

Model parameters were initially prescribed and then iteratively
refined through comparison to experimental data by Kihara et al.13

A summary of the applied temperature dependences is in Table IV.
To evaluate the unified temperature dependence, the etch time

was increased from 600 to 1100 s, corresponding to the time
required for the fastest etch (−70 °C) to reach the bottom of the
feature. Etch profiles after 1100 s for Ts ranging from −110 °C to
+30 °C and for a bias power of 2500W are shown in Fig. 14. Prior
to the onset of condensation, the etch rate increases monotonically
as the temperature decreases from ambient conditions. At low tem-
peratures, where H2O condensation occurs, the etch rate drops
sharply. The formation of thick H2O condensed layers acts as an
inhibiting barrier within the via, similar to the clogging effect
caused by a thick carbon polymer in conventional dielectric
etching. These condensed layers hinder ions from delivering suffi-
cient energy to the underlying SiO2 surface to activate the etch.

Thicker H2O layers would also require higher HF fluxes to become
acidified.

The temperature-dependent etch rates, for bias powers of
1500, 2500, and 3500W, are shown in Fig. 15(a). These etch rates
are for partial etches performed for a fixed duration of 1100 s. As
expected, the etch rate increases with bias power due to the higher
ion energies and fluxes, while the overall temperature dependence
is consistent across all bias powers. For example, the etch rate at
Ts = +30 °C is approximately 40% of that at Ts =−70 °C for all
powers. We have assumed that Ts is independent of bias power
when, in practice, higher bias power would likely translate to a
higher wafer surface temperature for a given temperature of the
ESC. That said, the decrease in etch rate for all bias powers below
Ts =−70 °C is attributable to the onset of condensation. The more
rapid decrease for 1500W results from the lower ion energies being
less able to penetrate the thicker condensed layers, and so less able
to activate the etch. These trends suggest that, although bias power
influences the absolute etch rate magnitude, the underlying
temperature-dependent surface kinetics are relatively insensitive to
bias power. The etching window is then defined by the onset of
condensation.

The modeling results show good agreement with the experi-
mental results of Kihara et al., as shown in Fig. 15(b).13 The model
results are an average of the three bias powers. The partial-etch
results are for a fixed period of 1100 s. The full-etch results repre-
sent over the time at which the etch front reaches the stop layer
(Si).

Etch rates as a function of aspect ratio (AR) are shown in
Fig. 16. As shown in Fig. 16(a), at Ts =−70 °C, the maximum etch
rate is approximately 3.7 times higher than that at +30 °C. At
Ts = + 30 °C, the etch rate near an aspect ratio of 20 is about
70 nm/min, whereas at −70 °C, the rate is about 450 nm/min and
still above ≈120 nm/min even at an aspect ratio of ≈52. As Ts
decreases, the etch rate peaks at progressively larger AR rather than
at the beginning of the etch. At high Ts, where adsorption probabil-
ities are small, the etch is dominated by physical sputtering with
fluorocarbon enhancements. The fluxes dominating these processes
monotonically decrease with AR, and so the etch rate decreases

TABLE IV. Temperature-dependent model parameters.

Description T0 (K) Nominal value α Equation

Adsorption probability pa(Ts)
a 203.15 pa0 (Table III) 0.05 (11)

Adsorption probability pa2(Ts)
a 203.15 pa20 (Table III) 0.006b (11)

Redeposition probability pr(Ts) 203.15 pr0 = 0.001 0.02 (11)
Etch yield y(Ts)

c 203.15 y0 = 12 & 9d 0.0347 (12)
Specularity s(Ts)

e 203.15 s0 = 0.95 0.003 (12)
Condensation probability pc(Ts) 186.40 pcm = 0.58 0.24 (13)

apa(Ts) is for H2O–HF related adsorption and pa2(Ts) is for fluorocarbon related adsorption. Adsorption probabilities at 203.15 K are listed in Table III as p0.
bFor the adsorption probabilities of all fluorocarbon species (CFx), a relatively small value of α = 0.006 is applied. Because, unlike HF or H2O adsorption,
which is highly volatile and negligible at room temperature, fluorocarbon adsorption remains sufficiently stable even at room temperature, enabling the
etching reaction to proceed.
cChemical sputtering yield of fluorinated silanol (SiO2:H3O

+:F−) or silanol group (SiO2:H2O).
dyo of fluorinated silanol is 12 and yo of silanol group is 9.
es(Ts) represents the degree of specular reflection as a function of temperature.
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(ARDE). At low Ts, H2O adsorption becomes important, however,
the fluxes generated by the CF4/H2/Ar gas mixture do not initially
contain H2O. Instead, H2O is gradually produced through surface
reactions during the etch process. As AR increases, the H2O etch
product is progressively trapped in the feature, leading to
re-adsorption. At a large enough AR, ion energies and incident HF
fluxes to the etch front decrease, and ARDE effects begin to
dominate.

The etch rates normalized by the initial etch rate for different
Ts are in Fig. 16(b). The aspect ratio at which the etch rate
decreases to 50% of its initial value increases with decreasing Ts. At

Ts = +30 °C, the etch rate falls to 50% of its initial value at AR≈ 11,
whereas at −70 °C this occurs at AR≈ 31. These trends suggest that
ARDE effects are suppressed at lower substrate temperatures before
condensation takes place. This suppression at lower temperatures
can be attributed to higher adsorption rates, H2O regeneration in
deeper regions, intrinsically higher etch yields, enhanced specular
reflection, and more effective neutral transport.

There are significant changes in profile distortion and mask
selectivity as a function of Ts. In high-temperature conventional
HAR etching that employs fluorocarbon-rich chemistry, nonuni-
form fluorocarbon polymer formation can lead to profile distortion

FIG. 14. Etch profiles for different substrate temperatures (Ts) for a bias power of 2500 W. The temperature range before condensation, in which the etch rate increases
monotonically with decreasing Ts can be regarded as the etching window.
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(e.g., noncircular vias deep in the feature).4,28 Cryogenic HAR
etching based on HF-rich chemistry produces less profile distor-
tion.28 Although this investigation was conducted in the
HF-dominant cryogenic etching regime, temperature variations can
still induce noticeable changes in distortion, which are strongly
influenced by the masking layer.

Cross-sectional slices of the feature are shown in Fig. 17 for
different Ts after the etch reached the stop layer followed by an
additional 15% overetch (etching continues for 15% of the time

required to reach the stop layer). First, as Ts decreases from −30 to
−70 °C, the continuously increasing adsorption rate and proximity
to the condensation threshold temperature can lead to a higher
likelihood of profile distortion due to nonuniform growth of
adsorption layers. Second, as Ts increases from −10 to +30 °C, the
top region’s distortion becomes increasingly pronounced, leading
to severe top bowing. This behavior arises because the etch rate
decreases markedly at higher temperatures, resulting in prolonged
etch times for HAR features without benefit of passivation to
protect sidewalls, which would otherwise reduce bowing. In con-
ventional dielectric etching, this passivation would be provided by
CFx polymer deposition. In the absence of water adsorption, which

FIG. 15. CPE properties. (a) Model predictions for etch rates as a function of Ts
for an etch time of 1100 s and bias powers of 1500, 2500, and 3500 W. (b)
Normalized etch rates with respect to the maximum etch rate as a function of
Ts, compared to experimental results of Kihara et al. (Ref. 13). These results
are the average of all powers. The partial-etch results are for a fixed etch time
of 1100 s. The full-etch cases correspond to the point at which the etch front
reaches the stop layer for a bias of 2500 W.

FIG. 16. Etch rates as a function of aspect ratio for different substrate tempera-
tures for a bias of 2500 W, illustrating the ARDE effect. (a) Etch rates. (b) Etch
rates normalized by the initial rate.
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protects the mask, this also enables more mask erosion, which
enables ions with a broader angular distribution into the feature.

V. ETCH PROFILE EVOLUTION VERSUS TEMPERATURE

In microelectronics fabrication, profile control, in addition to
higher etch rates, is also needed. In the context of HAR plasma
etching, profile control refers to the ability to produce features with
straight sidewalls with minimum variation in the critical dimension
(CD). The CD is usually measured as the width or diameter of the
feature. Bowing and tapering are examples of features having less-
good profile or CD control. CD control is usually a consequence of
controlling the passivation of the sidewalls. Plasma etching of HAR
features may take an hour or more,9,72 which means that the walls
in the upper regions of the feature have long exposure to the reac-
tant fluxes. Passivation is typically needed to protect the sidewalls
from etching that would produce bowing in the feature. That said,
too much passivation can produce tapering.55 Since mask erosion
is known to influence CD control,4 simulations were performed to
isolate the consequences of mask erosion on surface kinetics and
CD control. The same feature geometry as in Fig. 5(a) was used

having a 100 nm mask opening. However, the original 1 μm AC
mask was replaced with a less-erodible (i.e., higher-selectivity) AC
hard mask to decouple mask erosion from surface kinetics. For this
evaluation, parameters are the same as the base case with the fol-
lowing exceptions. To minimize interference on the substrate
between the 2MHz bias and 40MHz source, the 40MHz source
power was applied to the top electrode.

Etch profiles for a bias power of 2500W for Ts between −70
and +30 °C are shown in Fig. 18. Etching continued for a 30% over-
etch after reaching the stop layer. Sequential snapshots at 350 s
intervals show a distinct ARDE effect. As the substrate temperature
decreases, the etch rate increases in alignment with our previous
discussion.

The bowing CD is the largest diameter of the via. The taper
CD is the difference between the bow CD and the diameter at the
bottom (generally the minimum CD). Smaller taper CD indicates
more vertical profiles. All cryogenic cases (−70, −50, −30 °C) have
smaller bowing CD (166, 163, 158 nm, respectively) and taper CD
(89, 91, 86 nm) than the ambient temperature case (bowing
CD = 180 nm, and taper CD = 124 nm). However, the most vertical
and least bowed profiles are not at −70 °C but at −30 °C. These

FIG. 17. Top-view images of etched SiO2 via at different heights (top, 5, 4, 3, 1 μm, and bottom) as a function of substrate temperature for a bias power of 2500 W. A
2 μm-thick erodible amorphous carbon layer was used as the mask. Etching continued until reaching the stop layer, followed by an additional 15% overetch.
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trends indicate that the optimum temperature for CD control is
determined by a balance between the lateral etch rate and passiv-
ation. For the plasma delivered fluxes for these conditions, the
increase in etch rate that occurs when Ts decreases below −30 °C is
not sufficiently compensated by passivation, which then produces
an increase in bowing. This lack of passivation could also be a
result of the water adsorption layers on the sidewalls being too thin
or the redeposition of etch product being too small. In the CF4/H2/
Ar plasma used here, the main etchant HF does not form a
strongly nonvolatile passivation layer. Weak passivation arises in
this mechanism from redeposition and thickening adsorption
layers, however, it is insufficient to minimize bowing and taper CD.
In contrast, CPE of Si3N4 or ONON structures consisting of alter-
nating SiO2/Si3N4 layers form less-volatile ammonium fluorosilicate
(AFS) passivation, which provides stronger sidewall protection, an
option not available to CPE of SiO2.

66

To demonstrate these trends, additional simulations were
performed for the CF4/H2/Ar mixture at Ts = −70 °C, where the
etch rate is the highest. In the base case at Ts = −70 °C, the
total flux onto the wafer of HF (v = 0–3) is 2.4 × 1016 cm−2 s−1,
while the CF3 flux is 3.9 × 1016 cm−2 s−1, corresponding to a
CF3/HF flux ratio of about 0.17. The passivation flux was arti-
ficially increased by increasing the CF3/HF flux ratio. The
resulting etch rates and profiles are shown in Fig. 19. With
increasing CF3 flux, a less bowed profile was produced than at
Ts = −30 °C (shown in Fig. 18) while retaining a higher etch
rate. The bowing CD decreases from 166 nm in the base case
at (CF3/HF = 0.17) to 138 nm for CF3/HF = 1.0. The taper CD
also significantly decreased (from 89 to 69 nm). As expected,
the increased passivation leads to a reduction in the etch rate,
from 267 to 234 nm/min while still remaining higher than at
−30 °C.

FIG. 18. Full-etch profiles for etched SiO2 vias for different substrate temperatures for a bias power of 2500 W including a 30% overetch. Sequential snapshots of the etch
profiles with an interval of 350 s are shown with snapshot at the time when the etch front reaches the stop layer (0% overetch).
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Although CPE is promising for its ability to have
higher etch rates than conventional etching, CPE shares the
common challenge of profile and CD control with conventional
etching.

VI. CONCLUDING REMARKS

This investigation focused on clarifying the mechanisms of
CPE of SiO2. Surface kinetics processes thought to be important in
CPE were analyzed, including adsorption, condensation, chemical
sputtering yield, specular reflection, neutral transport, redeposition,
and ion implantation. The simulations were conducted for a CCP
reactor using a CF4/H2/Ar mixture at 30 mTorr with a 40MHz
source power of 1000W and a 2MHz bias power of 1500–3500W
(nominally, 2500W), applied to a 3D SiO2 HAR via-contact struc-
ture with an aspect ratio of 54.

At lower temperatures, the increasing adsorption probabilities
of HF enable initial dry etching of SiO2 under ion bombardment,
which has H2O as an etch product. The gas-phase H2O is
re-adsorbed on the surface and plays a pivotal catalytic role.
Physisorbed H2O promotes HF hydrolysis and silanol formation,
both of which accelerate surface fluorination and enhance overall
reaction rates. Gas-phase H2O molecules produced at the etch front
can re-adsorb locally, allowing sustained catalytic activity even in
deep features where neutral transport is limited. When the temper-
ature drops below the H2O condensation point, increased adsorp-
tion leads to the formation of a thick condensed layer, resulting in
a decrease in the etch rate. The thick condensation layer reduces
the activation energy delivered by ions (hot neutrals), which must
penetrate through the layer to reach the underlying SiO2 interface.
The thicker condensation layers require higher HF fluxes to acidify
the layer for catalytic activation. Nonuniform condensation can
also result in profile distortion.

The enhanced co-adsorption of HF and H2O not only facili-
tates faster reaction kinetics but also increases the chemical sputter-
ing yield. The activation energy required to form volatile SiF4 from
fluorinated silanol or silanol groups is as low as ≈0.7–0.8 eV.63 The
co-adsorption promotes HF hydrolysis and facilitates the formation
of silanol groups and likely nanoporosity, which likely leads to the
higher yields obtained in CPE. At cryogenic temperatures,
increased surface rigidity of the lattice also promotes specular
reflection, as reduced lattice vibration results in less energy dissipa-
tion. This enables hot neutrals to retain higher kinetic energy upon
reflection from sidewalls, mildly contributing to etch rate enhance-
ment as they reach the etch front.

While volatile by-products such as SiF4 from the chemical
sputtering are unlikely to redeposit, less-volatile gas-phase SiO2

generated by physical sputtering likely has increased sticking proba-
bilities at lower temperatures, resulting in minor but non-negligible
redeposition layers. Although such redeposition reduces the etch
rate, it concurrently protects the sidewall, mitigating bowing and
improving verticality.

Neutral transport, consisting of Knudsen transport and
surface diffusion, also exhibits temperature-dependent behavior. In
general, when the surface has a lower sticking probability (warmer
temperatures), neutrals undergo multiple reflections between the
sidewalls rather than being adsorbed, allowing them to reach the
etch front more rapidly. However, what governs the actual reaction
rate is not only the number of neutrals that reach the etch front but
those that reach the etch front, are adsorbed, and participate in
surface reactions. At lower substrate temperatures, enhanced physi-
sorption facilitates faster buildup of neutral adsorption coverage

FIG. 19. Comparison of (a) etch profiles and (b) etch characteristics as a func-
tion of CF3/HF flux ratio at Ts =−70 °C and 2500 W for vias in SiO2. The etch
characteristics include the bowing CD, taper CD, and etch rate.
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near the etch front and the effect that is enhanced by surface
diffusion.

Under conditions where a multilayer condensed film forms,
the ion implantation depth becomes critical. Higher ion energy
with more normal trajectories are required to penetrate the thicker
H2O physisorbed layer at the etch front to maintain the etch rate.

In summary, the investigation suggests that the higher etch
rates and better profile control of CPE likely originate from the syn-
ergistic interplay among multiple temperature-dependent surface
phenomena—enhanced HF/H2O co-adsorption, catalytic activation
through silanol formation (enhanced etch yield), increased specular
reflection, controlled redeposition, and moderated neutral trans-
port. Together, these effects suppress ARDE, accelerate etching,
and maintain verticality in HAR features. By carefully tailoring the
substrate temperature and gas composition to balance adsorption,
condensation, and sputtering dynamics, CPE can be further engi-
neered to achieve both high throughput and precise profile control.

SUPPLEMENTARY MATERIAL

The supplementary material contains a full accounting of the
individual reactants, products, and processes encompassing the
reaction mechanism discussed in this paper.
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