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Cryogenic plasma etching is a promising technique for high-control wafer
development with limited plasma induced damage. Cryogenic wafer temperatures
effectively reduce surface damage during etching, but the fundamental mechanism
is not well understood. In this study, the influences of wafer temperature, gas
mixture and substrate bias on the (cryogenic) etch rates of Si with SF6/O2

inductively coupled plasmas
are experimentally and com-
putationally investigated. The
etch rates are measured in situ
with double-point reflectome-
try and a hybrid computational
Monte Carlo – fluid model is
applied to calculate plasma
properties. This work allows
the reader to obtain a better
insight in the effects of wafer
temperature on the etch rate
and to find operating condi-
tions for successful aniso-
tropic (cryo)etching.
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1 | INTRODUCTION

Porous low-k materials have gained increasing interest in the
microelectronics industry during the past decade due to their
promising properties for advanced interconnect technologies
in microchip manufacturing.[1] The main problem with
etching these porous materials is plasma induced damage
(PID). During etching with PID, the material is significantly
damaged by ion bombardment, and especially by diffusion of
reactive species (e.g., F atoms) into the material, effectively
increasing its k-value and thus degrading the quality of the
isolating porous material.

PID can be limited by two techniques that recently
became popular and involve cooling the wafer to cryogenic
temperatures (i.e., near −100 °C): (i) filling of the pores prior
to etching so that diffusion through the pores of undesired
species is avoided[2] and (ii) etching with SF6/O2 so that an
oxifluoride passivation layer is formed on the surface of the
pores that also reduces diffusion through the material. Both
techniques can also be applied simultaneously.[3]

During SF6/O2 cryogenic deep reactive ion etching
(DRIE), first proposed in 1988 by Tachi et al.,[4] a SiFxOy

passivation layer is formed, which desorbs naturally when the
wafer is brought back to room temperature, leaving a clean
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trench with no scalloping.[5] However, the underlying
mechanisms of how the SiFxOy passivation layer is formed
and automatically desorbs afterwards are not yet fully
understood.[6] A topical review by Dussart et al.[6] covers
the latest advances in cryoetching, ranging from the origin of
cryoetching to today’s technologies.

Silicon etching with a fluorine-containing gas, like CF4,
SF6, C4F8, etc., has been around for decades and is a well
known process to anisotropically etch silicon. Etch rates of Si
and SiO2 in SF6/O2 plasmas have been studied by d’Agostino
and Flamm as a function of gas mixture at 1 Torr.[7] They
found that there is a broad chemical analogy with CF4/O2

plasmas. The plasma etching of silicon and silicon dioxide in
CF4/O2 mixtures has also been studied before byMogab et al.
as a function of feed-gas composition using a number of
different diagnostics.[8]

Furthermore, Bartha et al. studied etching of Si with SF6,
using a Helicon type plasma source. In contrast to the current
understanding of low temperature etching, they obtained
isotropic etch profiles even at temperatures below −120 °C.
On the other hand, anisotropic etch profiles were obtained
when they added O2 to the SF6 plasma.[9] The same
conclusion was drawn by D’Emic et al. who developed a
new magnetron ion etching process to etch 50 μm deep
trenches into silicon. Their optimized SF6/O2 gas mixture
results in a nearly vertical etch profile with a vertical to
horizontal etch rate ratio of 9:4.[10] Also Campo et al.
investigated reactive ion etching of Si (and Ge) in SF6/O2

plasmas.[11]

The effects of reactive ion etching of Si in SF6 and SF6/O2
plasmas on the Si─Si wafer bonding properties were also
investigated by Reiche et al. They found that wafers etched
with SF6 showed bonding behavior similar to hydrophobic
samples while addition of O2 caused the Si surfaces to
become hydrophylic.[12]

There is a fair amount of experimental work on cryogenic
etching. A cryogenic SF6/O2 plasma process has been used by
Craciun et al. to investigate the etching of deep holes in Si
wafers. The influences of crystallography and aspect ratio on
the holes have been explored. It was found that wafer
temperature played a crucial role during the etching process
in controlling the anisotropy created due to crystal orientation
dependent etching.[13] Moreover, Dussart et al. investigated
the passivationmechanisms of Si trenches involved in SF6/O2

cryogenic etching.[14] They showed that the passivating layer
is removed during the increase of the wafer temperature
leading to a very clean surface of the sidewalls after
processing but numerical studies are limited. The same group
wrote the topical review on cryogenic etching.[6]

There are some computational studies of SF6/O2 plasmas
but they do not explicitly refer to cryoetching. Blauw et al.[15]

investigated the kinetics of SF6/O2 anisotropic Si etchingwith
a Monte Carlo (MC) surface model and experiments. Their
modeling work was limited to surface interactions without

gas phase plasma calculations. Marcos et al.[16] also
performed MC etch profile simulations with SF6/O2. They
varied the F atom sticking coefficient and compared the
calculated profile with experimental results, to determine the
overall sticking probability for F atoms during trench or
hole etching.

Furthermore, Pateau et al. performed global model
calculations to investigate the plasma kinetics for different
fractions of oxygen in an SF6/O2/Ar ICP.

[17] Also, Hamaoka
et al. performed simulations on a SF6/O2 mixture, but for a
capacitively coupled plasma focusing on deep reactive
ion etching of MEMS.[18] Moreover, we recently did a
computational study on cryogenic etching of Si with pure SF6
plasma, specifically focused on cryogenic etching, but not
including a passivating gas like O2.

[19]

Ryan and Plumb previously developed a model to
describe the SF6/O2 plasma chemistry and the etching of Si
with these plasmas,[20] while Anderson et al. made time-
dependent Boltzmann electron distribution calculations at
constant power and pressure in a SF6/O2 plasma with a
varying oxygen fraction. Their simulations help to explain the
increasing anisotropic etch character with greater oxygen
dilution of SF6.

[21]

In recent years, not only low-k dielectric cryoetching but
also silicon cryoetching has gained increasing interest. The
primary difficulty with SF6/O2 cryogenic DRIE is the high
sensitivity to the oxygen content and the substrate tempera-
ture. The success of an anisotropic etch process with minimal
PID depends strongly on the exact balance between etching
and passivation layer formation on the sidewalls. Especially
the degree of passivation is influenced by the O2 fraction in
the SF6/O2 mixture, in combination with a specific
(cryogenic) wafer temperature. The goal of this work is
therefore to investigate how the O2 content and the wafer
temperature work together, establishing the overall resulting
etch and passivation rates, and how we can tune these process
parameters for successful anisotropic etching.

The experimental and computational details including the
SF6/O2 reaction set are presented in Section 2 while the
results are discussed in Section 3.

2 | EXPERIMENTAL

2.1 | Experimental details

An Alcatel 601E ICP reactor is used to etch Si wafers of
15 cm diameter with an SF6/O2 ICP.

[22] A three-dimensional
sketch of the reactor geometry is shown in Figure 1.

The SF6/O2 mixture is fed from the top nozzle and the
plasma is sustained by the ICP coil surrounding the 20 cm
diameter alumina tube powered by an RF power supply at
13.56MHz. Underneath the source there is a 40 cm diameter
diffusion chamber with the wafer at the center bottom. The
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wafer temperature is controlled from the bottom with liquid
nitrogen and heating elements. The chamber is surrounded by
permanent magnets as shown in the sketch, but these magnets
were not activated for the experiments concerning this work.

Square Si wafer samples (1 cm2), with a SiO2 mask for
etching 500 μm holes, were glued on a carrier wafer covered
by SiO2. The etch rate is measured in situ with double-point
reflectometry, which consists of a 650 nm laser diode from
which two separate spots can be positioned at different spots
on the wafer: usually a point on the mask and one inside a
hole. The interacting phase shift between the two reflected
beams is recorded to obtain the etch rate.

2.2 | Computational details

The hybrid plasma equipment model (HPEM), that is, a two-
dimensional plasma model developed by Kushner, is applied
to understand the plasma properties.[23] It consists of (i) a
module for calculating the electromagnetic fields by solving
Maxwell’s equations; (ii) a module for addressing the
electron properties by solving the electron energy equation;
and (iii) a fluid module for all heavy species. With these
modules, the SF6/O2 plasma can be self-consistently
described. A more detailed description of the model can be
found elsewhere.[23] The species included in the model are
listed in Table 1. Tests have been performed with and without
excited states for O2. The considered states for O2 are: one
ground state level and two electronic excited levels with
thresholds of 8.40 and 10.00 eV; for these three states, one

rotational excitation and two vibrational
excitations are included with thresholds of
0.02, 0.19, and 0.38 eV. This yields a total of
nine electron impact excitation reactions for
O2. However, it could be concluded that these
excited states of O2 could be neglected
because they did not significantly affect the
final results of the SF6/O2 simulations.

Concerning wall collisions, we defined a
simplified reaction set where we allow each
species to reflect from the walls as its neutral
ground state counterpart except for electrons
who are lost permanently at the walls. We do
allow F atoms to recombine to F2 at the wafer
and walls with a probability of 20%.

The reaction set that defines the SF6/O2

plasma chemistry is presented in Tables 2
and 3, where Table 2 lists the electron
impact reactions and Table 3 the reactions
between heavy particles. The labels listed in
Table 2 correspond to the cross sections
shown in Figure 2A-D. The reaction set
consists of a set for pure O2 combined with a
set for pure SF6, including cross-product
ion-ion neutralizations. It also includes

several SOxFy reaction cross-products, adopted from
Hamaoka et al.[18] and Rauf et al.[24]

The electronically excited species F* and O* both
comprise two different electronic states with different
threshold energies, that is, F* (12.70 and 12.99 eV) and O*
(1.97 and 4.19 eV). For the sake of completeness of the
reaction set, we opt to include all possible combinations of
ion-ion neutralizations as these reactions typically have high
rates. However, most of these rates are not known but can be
predicted by a formula constructed by Shuman et al:[25]

k ¼ 3:3 x 10�7 μ�0:5 E�0:24
BE

where k is the rate coefficient (in cm3 s−1), μ is the reduced
mass of the colliding species (in Da) and EBE is the absolute
value of the electron binding energy of the anion (in eV). It
must be noted that this formula is suitable for collisions of
polyatomic ions. For collisions of two monoatomic ions, the
rate coefficient predicted by this formula is typically about
one order of magnitude too high. In these cases, we have used

FIGURE 1 Illustration of the ICP reactor used for the experiments

TABLE 1 List of heavy species included in the model

Neutral ground
state species

SF6, SF5, SF4, SF3, SF2, SF, S, F, F2, O2, O, SOF,
SOF2, SOF3, SOF4, SO2, SO2F2

Positive ions SFþ5 , SF
þ
4 , SF

þ
3 , SF

þ
2 , SF

+, S+, F+, Fþ2 , O
þ
2 , O

+

Negative ions SF�6 , SF
�
5 , SF

�
4 , SF

�
3 , SF

�
2 , F

−, O−

Electronically
excited species

F* (12.70 eV and 12.99 eV), O*
(1.97 eV and 4.19 eV)
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the formula to obtain the rate coefficient, but we lowered the
coefficient with one order of magnitude, as suggested in the
paper describing this method.[25]

3 | RESULTS AND DISCUSSION

3.1 | Effect of wafer temperature on the etch
rate at low or no oxygen content

The silicon wafers were etched under the following operating
conditions: 5 Pa chamber pressure, 1000W coil power
operated at 13.56MHz, a total gas flow rate of 200 sccm
pure SF6, without bias and with bias voltages of −50
and −100 V, also operated at 13.56MHz. The applied bias
voltages of −50 and −100 V correspond to bias powers of 60
and 150W, respectively. The measured etch rates obtained
for different wafer temperatures are plotted in Figure 3.

The etch rates clearly increase when the wafer becomes
colder up till a temperature of about −110 °C. After this
critical temperature the SF6 gas starts to condense on the
wafer (i.e., it forms a liquid layer on the surface), effectively
limiting the etch rate to a value close to zero (i.e., denoted in
Figure 3 as “X”). This phenomenon, where the etch rate
abruptly drops to a value near zero, either caused by a too low
wafer temperature or by too much oxygen in the SF6/O2

mixture, is called the “etch stop” phenomenon.[32]

The reason for the increasing etch rates as a function of
wafer temperature going from 20 to −100 °C is the active
cooling of the gas near the wafer surface by the wafer,
yielding a higher density of species in this area, for a fixed
reactor pressure, following the ideal gas law. As a result, the
higher flux toward the wafer of reactive species like the F

TABLE 2 Electron impact reactions included in the model

Reaction
Electron impact
reaction type Label

e+ SF6→ SF6 + e Momentum transfer 1

e+ SF6→ SF5 + F + e Dissociation 2

e+ SF6→ SF�6 Electron attachment 3

e+ SF6→ SF�5 + F Dissociative attachment 4

e+ SF6→ F−+ SF5 Dissociative attachment 5

e+ SF6→ SF�4 + 2 F Dissociative attachment 6

e+ SF6→ SF�3 + 3 F Dissociative attachment 7

e+ SF6→ SF�2 + 4 F Dissociative attachment 8

e+ SF6→ SFþ5 + F + 2 e Dissociative ionization 9

e+ SF6→ SF3 + 3 F + e Dissociation 10

e+ SF6→ SFþ4 + 2 F + 2 e Dissociative ionization 11

e+ SF6→ SFþ3 + 3 F + 2 e Dissociative ionization 12

e+ SF6→ SFþ2 + 2 F + F2 + 2 e Dissociative ionization 13

e+ SF6→ SF+ + 3 F + F2 + 2 e Dissociative ionization 14

e+ SF6→ S+ + 2 F + 2 F2 + 2 e Dissociative ionization 15

e+ SF6→ F+ + SF4 + F + 2 e Dissociative ionization 16

e+ SF5→ SF5 + e Momentum transfer 1

e+ SF5→ SF4 + F + e Dissociation 17

e+ SF5→ SF5
+ + 2 e Ionization 18

e+ SF5→ SFþ4 + F + 2 e Dissociative ionization 19

e+ SF4→ SF4 + e Momentum transfer 1

e+ SF4→ SF3 + F + e Dissociation 20

e+ SF4→ SFþ4 + 2 e Ionization 21

e+ SF3→ SF3 + e Momentum transfer 1

e+ SF3→ SF2 + F + e Dissociation 22

e+ SF3→ SFþ3 + 2 e Ionization 23

e+ SF2→ SF2 + e Momentum transfer 1

e+ SF2→ SF + F + e Dissociation 24

e+ SF2→ SFþ2 + 2 e Ionization 25

e+ SF→ SF + e Momentum transfer 1

e+ SF→ S + F + e Dissociation 26

e+ SF→ SF+ + 2 e Ionization 27

e+ S→ S + e Momentum transfer 28

e+ S→ S+ + 2 e Ionization 29

e+ F→ F + e Momentum transfer 30

e+ F→ F* + e Electronic excitation
(12.70 eV; 12.99 eV)

31, 32

e+ F→ F+ + 2 e Ionization 33

e+ F*→ F* + e Momentum transfer 30

e+ F*→ F + e Quenching 34

e+ F*→ F+ + 2 e Ionization 35

e+ F2→ F2 + e Momentum transfer 36

e+ F2→ F−+ F Dissociative attachment 37

e+ F2→ 2 F + e Dissociation 38

e+ F2→ Fþ2 + 2 e Ionization 39

e+ F2
+→ Fþ2 + e Momentum transfer 40

(Continues)

TABLE 2 (Continued)

Reaction
Electron impact
reaction type Label

e+ F2
+→ F + F Dissociative recombination 41

e+O2→O2 + e Momentum transfer 42

e+O2→O−+O Dissociative attachment 43

e+O2→ 2 O + e Dissociation 44

e+O2→O* +O+ e Dissociation 45

e+O2→Oþ
2 + 2 e Ionization 46

e+O2→O+O+ + 2 e Dissociative ionization 47

e+O2
+→O+O Dissociative recombination 48

e+O→O+ e Momentum transfer 49

e+O→O* + e Electronic excitation
(1.97 eV; 4.19 eV)

50, 51

e+O→O+ + 2 e Ionization 52

e+O*→O+ e Quenching 53

e+O*→O+ + 2 e Ionization 54

Reactions with SF6 are taken from refs.[26–28] and those with O2 from refs.[29–31]
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TABLE 3 Reactions between the heavy particles included in the model

Reaction type Rate coefficient (cm3 s−1)

Chemical reactions

SF + SF→ S + SF2 2.50 × 10−11

SF3 + SF3→ SF2 + SF4 2.50 × 10−11

SF5 + SF5→ SF4 + SF6 2.50 × 10−11

F2 + SF5→ SF6 + F 2.62 × 10−12 exp(−2440(K)/T(K))

F2 + SF4→ SF5 + F 2.62 × 10−11 exp(−7350(K)/T(K))

F2 + SF3→ SF4 + F 2.62 × 10−11 exp(−7350(K)/T(K))

F2 + SF2→ SF3 + F 2.62 × 10−11 exp(−7350(K)/T(K))

F2 + SF→ SF2 + F 2.62 × 10−11 exp(−7350(K)/T(K))

F2 + S→ F + SF 2.91 × 10−11 exp(−7350(K)/T(K))

SF5 +O→ SOF4 + F 1.00 × 10−12

SF4 +O→ SOF3 + F 1.00 × 10−12a

SF3 +O→ SOF2 + F 1.00 × 10−12

SF2 +O→ SOF+ F 1.00 × 10−12a

SF + O→ SOF 1.00 × 10−10

SOF4 + O→ SO2F2 + F + F 1.00 × 10−10a

SOF3 + O→ SO2F2 + F 1.00 × 10−10

SOF2 + O→ SO2F2 1.00 × 10−15

SOF +O→ SO2 + F 1.00 × 10−10a

SO2F2 +O→ SOF2 + O2 1.00 × 10−12

SOF3 + F2→ SOF4 + F 1.00 × 10−11

SOF2 + F2→ SOF3 + F 1.00 × 10−11

SOF + F2→ SOF2 + F 1.00 × 10−11a

SO2 + F2→ SOF + O + F 1.00 × 10−11a

Electron detachment reactions (X = F, F2, or SF0-6)

F−+X→ F +X+ e 5.27 × 10−10

SF�2 + X→ SF2 + X+ e 2.92 × 10−10

SF�3 + X→ SF3 + X+ e 2.92 × 10−10

SF�4 + X→ SF4 + X+ e 2.92 × 10−10

SF�5 + X→ SF5 + X+ e 2.92 × 10−10

SF�6 + X→ SF6 + X+ e 2.92 × 10−10

Ion-ion neutralization reactions

F−+ Fþ2 → F + F2 6.66 × 10−8

F−+ F+→ F + F 7.69 × 10−9

F−+ S+→ F + S 6.86 × 10−9

F−+ SF+→ F + SF 6.37 × 10−8

F−+ SFþ2 → F + SF2 6.13 × 10−8

F−+ SFþ3 → F + SF3 5.99 × 10−8

F−+ SFþ4 → F + SF4 5.89 × 10−8

F−+ SFþ5 → F + SF5 5.83 × 10−8

F−+Oþ
2 → F +O2 6.86 × 10−8

F−+O+→ F +O 8.04 × 10−9

O−+ Fþ2 →O+ F2 7.31 × 10−8

O−+ F+→O+ F 8.32 × 10−8

O−+ S+→O+ S 7.51 × 10−9

O−+ SF+→O+ SF 7.03 × 10−8

(Continues)

TABLE 3 (Continued)

Reaction type Rate coefficient (cm3 s−1)

O−+ SFþ2 →O+ SF2 6.80 × 10−8

O−+ SFþ3 →O+ SF3 6.66 × 10−8

O−+ SFþ4 →O+ SF4 6.57 × 10−8

O−+ SFþ5 →O+ SF5 6.51 × 10−8

O−+O2
+→O+O2 7.51 × 10−8

O−+O+→O+O 8.67 × 10−9

SF�2 + Fþ2 → SF2 + F2 3.83 × 10−8

SF�2 + F+→ SF2 + F 4.91 × 10−8

SF�2 + S+→ SF2 + S 4.05 × 10−8

SF�2 + SF+→ SF2 + SF 3.50 × 10−8

SF�2 + SFþ2 → SF2 + SF2 3.21 × 10−8

SF�2 + SFþ3 → SF2 + SF3 3.03 × 10−8

SF�2 + SFþ4 → SF2 + SF4 2.91 × 10−8

SF�2 + SFþ5 → SF2 + SF5 2.83 × 10−8

SF�2 + Oþ
2 → SF2 + O2 4.05 × 10−8

SF�2 + O+→ SF2 + O 5.26 × 10−8

SF�3 + Fþ2 → SF3 + F2 3.88 × 10−8

SF�3 + F+→ SF3 + F 5.06 × 10−8

SF�3 + S+→ SF3 + S 4.13 × 10−8

SF�3 + SF+→ SF3 + SF 3.52 × 10−8

SF�3 + SFþ2 → SF3 + SF2 3.20 × 10−8

SF�3 + SFþ3 → SF3 + SF3 3.00 × 10−8

SF�3 + SFþ4 → SF3 + SF4 2.87 × 10−8

SF�3 + SFþ5 → SF3 + SF5 2.77 × 10−8

SF�3 + Oþ
2 → SF3 + O2 4.13 × 10−8

SF�3 + O+→ SF3 + O 5.44 × 10−8

SF�4 + Fþ2 → SF4 + F2 4.05 × 10−8

SF�4 + F+→ SF4 + F 5.34 × 10−8

SF�4 + S+→ SF4 + S 4.32 × 10−8

SF�4 + SF+→ SF4 + SF 3.65 × 10−8

SF�4 + SFþ2 → SF4 + SF2 3.29 × 10−8

SF�4 + SFþ3 → SF4 + SF3 3.07 × 10−8

SF�4 + SFþ4 → SF4 + SF4 2.92 × 10−8

SF�4 + SFþ5 → SF4 + SF5 2.81 × 10−8

SF�4 + Oþ
2 → SF4 + O2 4.32 × 10−8

SF�4 + O+→ SF4 + O 5.75 × 10−8

SF�5 + Fþ2 → SF5 + F2 4.37 × 10−8

SF�5 + F+→ SF5 + F 5.82 × 10−8

SF�5 + S+→ SF5 + S 4.68 × 10−8

SF�5 + SF+→ SF5 + SF 3.92 × 10−8

SF�5 + SFþ2 → SF5 + SF2 3.52 × 10−8

SF�5 + SFþ3 → SF5 + SF3 3.27 × 10−8

SF�5 + SFþ4 → SF5 + SF4 3.10 × 10−8

SF�5 + SFþ5 → SF5 + SF5 2.97 × 10−8

SF�5 + Oþ
2 → SF5 + O2 4.68 × 10−8

(Continues)
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atoms entails a slightly higher etch rate. A similar effect was
also observed and explained in our previous work.[19] To
illustrate this, we present the calculated total gas density
profiles as well as the average gas temperature for both −100
and 20 °C wafers in Figure 4A,B, respectively.

It can thus be concluded that cooling the wafer has a
beneficial effect on the etch rate, at least for very low or no
oxygen content. However, as mentioned
earlier, cooling of the wafer and the gas
near its surface entails a higher gas density,
and thus more gas phase collisions, which
effectively reduces the total ion flux toward
the wafer. The reason for this is that a denser
gas is less diffusive, increasing the travel time
for ions generated near the ICP source toward
the wafer, hence increasing the chance for
neutralization reactions to happen before the
ions arrive at the wafer. In other words, when
the wafer is cooled, the fluxes of reactive
neutrals will become somewhat higher while
the fluxes of ions will drop. This is confirmed
by our simulations as presented in Figure 5,
showing a slightly rising flux of F atoms and a
slightly decreasing total ion flux as a function
of decreasingwafer temperature. It also shows
slightly higher ion fluxes and slightly lower F
atom fluxes as a function of bias voltage. This
is explained as follows: increasing the bias
will also slightly heat the gas above the wafer,
reversing this effect. Applying a bias thus will
slightly decrease the F atom flux and increase
the ion flux as well as sputter yield. The
overall etch process will become more
anisotropic in general when a bias is applied.

However, the gas heating near the wafer due to the bias power
is limited, not creating a large enough discrepancy between
actual etch rates when the wafer temperature is low enough
(i.e., 40 °C or lower) as is clear from Figure 3.

On a side note, we would also like to point out that the
calculated ion energy and angular distributions (IED and
IAD) of the ions arriving at the wafer did not vary for different
wafer temperatures. Under the investigated conditions, the
sheath is always collissionless and not influenced by wafer
temperature. As a result, the IED and IAD are not
significantly affected by the wafer temperature, unlike the
ion flux which decreases with colder wafer temperatures.

The etch rate thus becomes slightly less anisotropic upon
cooling the wafer due to less physical sputtering and more
isotropic chemical etching.Note that this is only true at very low
or no oxygen content, where no sidewall passivation occurs.
This explainswhy themeasuredetch rateswithout bias andwith
bias tend tobecome similar at lowwafer temperatures, as shown
in Figure 3. Indeed, introduction of a bias will slightly heat the
gas in the area near thewafer, resulting in less F atoms andmore
ions arriving at thewafer.However, fromFigure 5 it is clear that
the flux of F atoms increases by about 6% in the temperature
range of 20 to −100 °C while the ion flux decreases with a
similar percentage. Since the F atom flux is roughly 100 times
higher than the total ion flux, and since the F atoms are very
reactive toward the siliconwafer, it can be concluded that in this

TABLE 3 (Continued)

Reaction type Rate coefficient (cm3 s−1)

SF�5 + O+→ SF5 + O 6.28 × 10−8

SF�6 + Fþ2 → SF6 + F2 5.09 × 10−8

SF�6 + F+→ SF6 + F 6.81 × 10−8

SF�6 + S+→ SF6 + S 5.45 × 10−8

SF�6 + SF+→ SF6 + SF 4.55 × 10−8

SF�6 + SFþ2 → SF6 + SF2 4.06 × 10−8

SF�6 + SFþ3 → SF6 + SF3 3.76 × 10−8

SF�6 + SFþ4 → SF6 + SF4 3.55 × 10−8

SF�6 + SFþ5 → SF6 + SF5 3.39 × 10−8

SF�6 + Oþ
2 → SF6 + O2 5.45 × 10−8

SF�6 + O+→ SF6 + O 7.36 × 10−8

The rate coefficients for the chemical reactions and the electron detachment
reactions are taken from references[18,24,26–28] while the rate coefficients for the
ion-ion neutralization reactions are adopted from refs.[25]
aThese reactions where estimated based on similar reactions from refs.[18,24]

FIGURE 2 Cross sections of the electron impact reactions included in the model, divided
over several plots for clarity. The labels correspond to the reactions shown in Table 2. Some
X-axis scales are logaritmic instead of linear for clarity
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case (i.e., without O2) the overall etch rate is defined mainly by
the rate of chemical etching by F atoms.

3.2 | Combined effects of wafer temperature
and oxygen content on the etch rate without
bias voltage

The same conditions asmentioned in the previous sectionwere
applied to etch the wafers at different wafer temperatures and

for different SF6/O2 ratios in the mixture, without using a bias
voltage and keeping the total gas flow rate fixed at 200 sccm.
The measured etch rates are presented in Figure 6.

First, we should note from Figure 6 that at very low
oxygen content (i.e., 0-3%), the etch rate increases upon
cooling the wafer, as was explained in the previous
section.

It is also clear that, for all wafer temperatures, the etch rate
is fairly constant at low oxygen content, but above a critical
oxygen fraction it drops abruptly to a value near zero. When
the O2 percentage is higher than this critical value, the process
changes from an etching regime to the formation of an
oxifluoride passivation layer, what we call the “etch stop”
phenomenon, as mentioned earlier. The oxidation threshold
had also been studied and reported by Tillocher et al. who
analyzed the plasma species by mass spectrometry and by
increasing the oxygen flow.[33]

FIGURE 3 Measured etch rates for pure SF6 plasma without bias and
with bias voltages of −50 and −100 V, as a function of wafer
temperature. At “X” the etch rate could not be measured properly, which
refers to a situation where the gas condenses on the wafer surface,
inhibiting further etching (i.e., etch stop)

FIGURE 4 Calculated total species density (A) and average gas
temperature (B) in the area near the wafer for a −100 °C wafer
temperature (left) and a 20 °C wafer temperature (right). Please note that
this is only a partial section of the computational grid involving the
complete reactor

FIGURE 5 Calculated F atom flux and total ion flux toward the center
of the wafer as a function of wafer temperature, for the conditions
mentioned in the beginning of Section 3.1

FIGURE 6 Measured etch rates without bias voltage, for different
wafer temperatures and different oxygen contents in the SF6/O2 gas
mixture. The other operating conditions are the same as mentioned in the
beginning of Section 3.1
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The abrupt transition from an etching
regime to a passivation regime indicates that
the overall etch rate is determined by at least
two processes that are in competition, more
specifically (i) etching of silicon mainly by F
atoms, and (ii) passivation layer formation
mainly by O atoms. Sputtering by ions plays a
minor role in this case, as there is no bias
voltage applied. The overall etch rate is thus
mainly determined by the ratio between the F
flux and O flux toward the wafer.

Both the calculated F and O fluxes are
plotted in Figure 7A, while their ratio is shown
in Figure 7B, for different wafer temperatures
and as a function of O2 percentage.

As is clear from Figure 7A, the calculated fluxes of the F
atoms decrease while the fluxes of the O atoms increase as a
function of O2 percentage, which is expected. Also, the fluxes
toward the wafer are always higher when the wafer is colder,
as was explained in the previous section. Moreover, the flux
of F atoms is at least 80 times higher than the flux of O atoms,
as can be concluded from their ratio shown in Figure 7B.
Finally, the F atom flux toward the wafer increases more
slowly upon decreasing temperature than the O atom flux,
which results in a drop of the F/O flux ratio with decreasing
wafer temperature (see Figure 7B). Thus, cooling of the wafer
changes the ratio between F and O fluxes in favor of
passivation layer formation, regardless of the SF6/O2 gas
mixing ratio. However, we may not conclude that passivation
layer formation occurs more rapidly at lower wafer temper-
atures simply because there is a shift in F/O flux ratio in favor
of passivation. Indeed, if the ratio between the F and O fluxes
would be the only factor defining the overall etch rate, we
would find the critical point where etch stop occurs always for
the same F/O flux ratio, regardless of wafer temperature. This
is not the case, as is clear from Figure 8, showing the critical
F/O ratios where etch stop first occurs, as a function of wafer
temperature.

It is apparent from Figure 8 that this critical F/O ratio
increases with colder wafer temperature nearly linearly, at
least for the investigated temperature range. Undoubtedly,
Figure 8 indicates that the etch rate is not solely dependent on
the F, O fluxes arriving at the wafer, but that there is a change
in the etching surface reaction mechanism with temperature.
Indeed, a lower wafer temperature seems to favor passivation
layer formation, as it yields a higher critical F/O flux for full
etch stop, which might be due to enhanced surface sticking of
O. Most likely, the actual sticking probabilities do not change
significantly in the investigated temperature range, as was
concluded in our previous work involving an atomistic
calculation technique (Molecular Dynamics) to predict
sticking coefficients of fluorine on silicon as a function of
wafer temperature.[34] This combined information suggests
that the formation of the passivation layer is most probably

influenced by the behavior of physisorbed species which have
longer residence times on the surface at colder wafer
temperatures. The actual mechanism of how the passivation
layer is formed as a function of wafer temperature must be
investigated with atomistic simulation techniques and is
beyond the scope of the current work.

3.3 | Additional effects of bias voltage in
combination with wafer temperature and
oxygen content

When a sufficiently strong bias voltage is applied, sputtering
by ions also becomes an important factor affecting the overall
etch rate, in addition to the fluxes of F and O atoms and the
wafer temperature. Figure 9A,B show the etch rates measured
for different O2 fractions and wafer temperatures, at bias
voltages of −50 and −100 V, respectively.

Similar to the case where no bias is applied, the etch rates
all decrease with increasing O2 fraction, as expected.
However, the etch rates no longer decrease abruptly at a
critical O2 fraction, but they drop consistently with rising O2

FIGURE 7 (A) Calculated F and O fluxes and (B) calculated F/O flux ratio toward the
center of the wafer for different wafer temperatures as a function of O2 gas fraction, at the
same conditions as mentioned in the beginning of Section 3.1

FIGURE 8 Calculated critical ratio of F atom flux over O atom flux
toward the wafer, where full etch stop starts to occur, for different wafer
temperatures, as can be deduced from Figures 6 and 7Bgr8
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percentage. This suggests that the growth of a passivation
layer is thwarted by ion bombardment, through removal of the
passivation layer at the bottom of the trench or hole during
etching. As a result, the etch rate is now mainly dependent on
the number of F atoms that reach the wafer surface, which
gradually decreases with O2 content, and on the amount of
sputtering. As is clear from Figure 10, the flux of F atoms
does indeed decrease as a function of O2 content asmentioned
earlier and the same applies to the total ion flux. The most
abundant ions under the investigated conditions are always
SFþ5 , making up 89% of the total ion flux at 0% O2 and 48% at
20% O2. As a result, the total ion flux changes along with the
density of SFþ5 . The most important processes to create SFþ5
ions are electron impact dissociative ionization of SF6
(Table 2; label 9; threshold = 15.9 eV) and electron impact
ionization of SF5 (Table 2; label 18; threshold = 11.8 eV).
Both processes are almost equally important. The second
most abundant ion is Oþ

2 (except for the case without O2),
which only has one significant path for creation: electron
impact ionization of O2 (Table 2; label 46; thresh-
old = 12.1 eV). As a result, the formation of positive ions
is diminished with increasing O2 gas percentage, as is clear
from Figure 10.

The etch rate thus decreases fairly linearly with O2

fraction, since both the F atom and total ion fluxes also show a
drop as a function of O2 percentage. As explained in Section
3.1, the F atom flux increases with decreasing wafer
temperature due to the higher gas density, while the ion
density decreases slightly. The latter is due to the less
diffusive character of the denser gas, imposing a longer travel
time for the ions from source to wafer, resulting in a higher
chance for ions to become neutralized before reaching the
wafer surface, as explained above. It must be noted that this
trend (i.e., where the ion flux decreases with colder wafer
temperature) can be different for different reactor geometries
and is strongly influenced by the distance between plasma
source (i.e., ICP coil(s)) and wafer. If the wafer is placed near
the plasma source, the loss of ions diffusing toward the wafer

will be less pronounced and a different trend
can be observed, for example, a constant ion
flux for different wafer temperatures.

Even with significant ion sputtering, it is
clear that a lower wafer temperature enhances
the formation of a passivation layer. For
example, from Figure 9A we can conclude
that the etch stop occurs above a critical value
of about 50% O2, when the wafer is 20 °C.
At −100 °C, passivation layer formation
becomes dominant already at 20% O2.
When the bias voltage is stronger, and thus
sputtering is more pronounced, it will be
easier to remove the passivation layer, as can
be concluded when comparing Figure 9A,B.
Indeed at −100 V bias voltage and for similar

temperatures, etch stop occurs when the O2 fraction is 2-3%
higher compared to the cases at −50 V.

There are other interesting conclusions that can be drawn
when comparing the cases with and without bias for a given
wafer temperature. For clarity and ease of explanation, these
are presented together in Figure 11A-E.

Figure 11A clearly illustrates the transformation from an
abrupt etch stop regime without bias to an almost linear
decrease in etch rate as a function of O2 percentage when
sputtering by ions is significant, as explained above. It is
interesting to note that in some cases the etch rate without bias
can, in fact, be slightly higher than with a small bias voltage
applied (e.g., see Figure 11A; at 16% O2 without bias and
with −50 V bias). As mentioned in Section 3.1, the
introduction of a bias voltage causes some additional heating
of the gas located near the wafer. A higher gas temperature
will decrease the flux of F atoms and increase the flux of ions,
but the decrease in F atom flux is much more significant,
resulting in an overall decrease of the etch rate, especially

FIGURE 9 Measured etch rates obtained with a bias voltage of −50 V (A) and −100 V (B),
for different wafer temperatures as a function of the O2 fraction in the mixture. The other
operating conditions are the same as mentioned in the beginning of Section 3.1

FIGURE 10 Calculated F atom flux (solid lines) and total ion flux
(dashed lines) toward the center of the wafer as a function of oxygen
fraction and for various wafer temperatures. The conditions are the same
as mentioned in the beginning of Section 3.1, without an applied bias
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under conditions of low O2 content and when passivation
layer formation is nearly absent.

The collective data presented in Figure 11A-E allow the
reader to find proper operating conditions for successful
anisotropic (cryo)etching. Indeed, in practice, anisotropic
etching always requires a sufficiently strong bias voltage, and
the results without bias shown here in fact refer to the etch
rates at the sidewalls of the trench or hole, as ion
bombardment is negligible here. For example, if we cool
the wafer to −100 °C (see Figure 11E), an O2 percentage of
10% and a bias voltage of −100 V are suitable conditions for
anisotropic etching, as the etch rate will be about 120 nm s−1,
while at the same time successful etch stop (or passivation

layer formation) will occur on the sidewalls
(referring to the etch rate obtained without
bias, which is virtually equal to zero).

It can be concluded that the introduction
of a bias voltage will greatly influence the
etch rate in such a manner that passivation
layer formation is efficiently counteracted.
The stronger the bias voltage, the lower the
temperature or the more O2 percentage is
needed to create a passivation layer, although
it must be noted that the difference between a
bias voltage of −50 and −100 V is not very
significant, especially at low wafer tempera-
ture. It is mainly the difference between a
small bias voltage and no bias that is very
significant. It is clear that adjusting the O2

gas fraction, wafer temperature and bias
voltage together allows proper conditions for
successful anisotropic etching.

4 | CONCLUSION

We performed both experimental and
numerical investigations on the etching of
silicon with an SF6/O2 ICP, to elucidate the
effects of the SF6/O2 gas ratio and the wafer
temperature in the range −100 to 20 °C on
the etch process. At very low or no oxygen
content, the etch rate slightly increases with
decreasing wafer temperature due to addi-
tional cooling of the gas near the wafer,
which results in a somewhat higher gas
density. This in turn results in a slightly
higher flux of F atoms but a somewhat lower
total ion flux due to an increased chance for
neutralization to occur before the ions arrive
at the wafer. The etch process thus becomes a
bit faster at cryogenic and oxygen-poor
conditions, but also less anisotropic. How-

ever, below−110 °C, the etch rate suddenly drops to virtually
zero, when the gas starts to condense on the wafer.

At oxygen-rich conditions the formation of a passivation
layer is enhanced at lower wafer temperatures, resulting in a
lowering of the etch rate, which is in contrast to the slightly
rising etch rate upon decreasing wafer temperature at low or
no oxygen content,. Our results indicate that the enhanced
formation of the passivation layer at lower wafer temper-
atures is due to the lower ratio of F atom flux to O atom flux at
lower wafer temperature, but this effect alone is not sufficient
to explain the trend. Therefore, we expect that at low wafer
temperatures the sticking of O atoms will be more
pronounced, most probably due to physisorption, which is

FIGURE 11 Measured etch rates obtained without bias, and with a bias voltage of −50 and
−100 V, as a function of O2 percentage in the mixture, for wafer temperatures of (A) 20 °C, (B)
−10 °C, (C) −40 °C, (D) −70 °C, and (E) −100 °C. The other operating conditions are the same
as mentioned in the beginning of Section 3.1
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in line with our previousMD calculations for the sticking of F
atoms on Si.[33]

Finally, our measurements show that the shift from an
etching regime toward a passivation regime, and the degree of
anisotropy during etching can be controlled by the amount of
ion sputtering, because a stronger bias voltage will more
efficiently remove the passivation layer. The reader can find
suitable operating conditions for successful anisotropic
etching from our collective results presented in the paper.
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