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ABSTRACT

Atomic layer etching (ALE) enables atomic-precision control of the surface reaction for device fabrication. In this study, we investigate SiN
ALE with process optimization of the surface adsorption and desorption steps, and we clarify the rate fluctuation mechanism. When we
attempted CH;F/Ar plasma adsorption followed by the subsequent Ar desorption step, an etch stop was observed owing to the excess depo-
sition (>6 nm) of a protective film on the surface. X-ray photoelectron spectroscopy analysis revealed that a high number of C-C bonds was
detected. As the bonding energy of C-C (6.4 V) is high, these bonds remain after the desorption step. The excess C-rich polymer deposi-
tion after ALE originates from the residual C-C bonds. To suppress the C-rich polymer deposition, we studied stable SiN ALE using a
desorption step with Ar/O, plasma (0.36 nm/cycle) and a two-step sequential desorption with Ar and O, plasma (0.6 nm/cycle), which
resulted in stable SiN ALE processes. Because the surface condition is able to fluctuate with the number of cycles, precise surface control is
strongly required to achieve stable ALE. Control of the plasma-wall interaction is also important for stable SiN ALE. We intentionally
changed the chamber wall conditions and found that the polymer-deposited wall caused a fluctuation of the etched amount, which resulted
from CF, desorption from the deposited polymer. Thus, it is also important to control the influence of desorbed species from the chamber

components for suppression of the ALE fluctuation.

Published under license by AVS. https://doi.org/10.1116/6.0000257

1. INTRODUCTION

The size of semiconductor devices is continuously being
scaled down, and there is a demand for the precise control of the
etched profiles and a minimization of damage during dry etching.
Atomic layer etching (ALE) is a promising technology that is able
to overcome these issues.' ™ ALE has been widely developed in
recent years with an emphasis on Si-based,” dielectric-based,”™"”
and metal-based'®™'? materials processing. In this paper, we focus
on ALE for dielectric films, which consists of two sequential
steps: the surface adsorption of a polymer and desorption steps.
The desorption step can be classified into three categories that are
based on chemical, physical, and thermal desorption. To realize
anisotropic etched profiles, the physical desorption by Ar plasma
is discussed.

ALE for dielectric films has been developed mainly for $i0,.”~”
One of the applications of SiO, ALE is for high-aspect-ratio
self-aligned contacts (SAC). As SiO, ALE has a higher selectivity of
SiO, over SiN, compared with conventional continuous wave (CW)
etching, better SAC profiles can be obtained.” SiO, ALE has been
applied to advanced logic devices for the sub-7-nm technology gen-
eration. In the SiO, ALE process, a fluorocarbon polymer is
adsorbed by C,Fg/Ar plasma, followed by the subsequent physical
desorption by Ar plasma. During desorption, by-products such as
SiFy and COy are generated. In the case of adsorption with C4Fg/Ar
plasma, a thick polymer is deposited on the mask and underlying
materials (i.e., SIN and Si). Thus, highly selective SiO, etching can
be performed.

SiN is also widely used in device structures, such as in the
sidewall of transistor gates and the liner-layer at the contact
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FIG. 1. Schematic of SiN ALE sequence and optical model for spectroscopic
ellipsometry.

bottom. However, the number of published papers related to
SiN ALE is much lower than that related to SiO, ALE. Thus,
we investigated the SiN ALE in detail. There are two main pro-
posed methods of SiN ALE. The first consists of two steps:
modified layer generation by H, plasma and then removal of
the modified layer."”™'® However, H," ions penetrate deep into
the surface even at a low energy. Thus, the H," ions may cause
damage to the underlying layer in device fabrication. The other
is a method in which a hydrofluorocarbon (HFC) polymer is
adsorbed by CH;F/Ar plasma and the reactive layer is desorbed
by Ar plasma.'’”'* We focus on the latter method since less
damage is expected.

To date, most of the reports on SiN ALE have focused on the
mechanism, and few reports have been published that discuss the
issues encountered in device fabrication. However, when ALE is
used for device manufacturing, process stability and suppression of
fluctuation, which depend on the chamber conditions, are extremely
important.”””" Therefore, we investigate SiN ALE stability with
process optimization of the surface adsorption and desorption steps,
and we clarify the rate fluctuation mechanism.

Il. EXPERIMENT

A dual frequency capacitively coupled plasma reactor
(60 MHz/2 MHz) was used in this study. SiN (50 nm) was depos-
ited on the Si substrate by low pressure chemical vapor deposi-
tion. One etching cycle consisted of two steps. CH3F/Ar plasma

TABLE I. Experiment.

ARTICLE avs.scitation.org/journalljva

was applied to deposit the HFC polymer as the adsorption step.
The bias power was 0 W. The gas flow rates of CH;F and Ar were
40 and 460 SCCM, respectively. Then, Ar plasma was used in the
desorption step. The peak-to-peak voltage (V,,) of the bottom
electrode was 330V in the desorption. The high energy peak of
simulated ion energy distribution function for the Ar desorption
step was nearly equal to the V,,,. By repeating this sequence, SiN
ALE was achieved (Fig. 1). The conditions for each experiment
are shown in Tables T and II. The thicknesses of SiN and the
HEC polymer were measured by spectroscopic ellipsometry (SE),
XPS, and transmission electron microscopy (TEM). The optical
constants of the HFC polymer were determined by SE. Fitting
was performed using an HFC polymer with a thickness of
approximately 6 nm. A three-layer optical model (HFC polymer/
SiN/Si) with fixed optical constants was used for the analysis of
the thicknesses. The chemical bonding of the SiN surface was
analyzed by XPS. The measurement was carried out on a PHI
Quantera II system wusing a monochromatic Al source
(hv=1486.6€V).

To study the interaction between the plasma and the wall sur-
faces, which affects the ALE stability, the chamber wall conditions
were intentionally varied.”””' As a pretreatment, cleaning was
performed with O, plasma for 300s. After that, irradiation with
C,Fg/Ar plasma was performed for 0, 90, and 180 s to deposit the
polymer on the chamber wall. Thereafter, SiN ALE was performed
to evaluate the etching rate uniformity. As the chamber wall condi-
tion will cause a C/F density fluctuation in the plasma, the effect of
the plasma-wall interactions can be analyzed.

The transition time between each step is also important to
evaluate the C/F density fluctuation in the adsorption and desorp-
tion steps. To study the effect of residual gas in the previous step,
ALE was performed by changing the gas transition time between
the adsorption and desorption steps. After O, plasma cleaning as a
pretreatment, we set the CH3F/Ar gas flow for 20 s as the gas flow
stabilization step. CH;F/Ar plasma were irradiated for 4s as the
adsorption step. Then, as the gas transition step, Ar gas was flowed
for 20 or 1s. In the following desorption step, Ar plasma was irra-
diated for 60s, and finally O, flash was performed to evaluate the
etching rate uniformity.

There are no error bars in the graphs due to insufficient data
point. However, all of experiments were performed in the mass
production tool that is strictly controlled to keep the sufficient

Adsorption

Transition
Experiment Pressure (mTorr) Gas flow rate (SCCM) Ion energy (eV) Time (s) Time (s)
(a) Adsorption 40 CH;F/Ar = 40/460 ~25 4,8, 12
(b) Adsorption 40 CH;F/Ar = 15/485 ~25 4,8, 12
(c) ALE 40 CH,F/Ar = 15/485 ~25 4 20
(d) ALE w/O, desorption 40 CH3F/Ar = 15/485 ~25 4 20
(e) ALE w/O, ashing 40 CH,F/Ar = 15/485 ~25 4 20
(f) ALE (plasma-wall interaction) 40 CH,F/Ar = 15/485 ~25 4 20
(g) ALE (gas transition study) 40 CH;F/Ar = 15/485 ~25 4 1,20
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TABLE Il. Experiment.
Desorption O, ashing
Ion Gas flow Ton
Pressure  Gas flow rate  energy Time  Pressure rate energy Time
Experiment (mTorr) (SCCM) (eV) (s) (mTorr) (SCCM) (eV) (s) Cycle No.
(a) Adsorption 1
(b) Adsorption 1
(c) ALE 40 Ar=500 330 10 1,2,3,5 10
(d) ALE w/O, desorption 40 O,/Ar =50/450 300 60 1,5, 8, 10
(e) ALE w/O, ashing 40 Ar=500 330 60 40 0O, =500 300 10 1,5,8, 10
(f) ALE (plasma-wall interaction) 40 Ar =500 330 60 5
(g) ALE (gas transition study) 40 Ar =500 330 60 5

repeatability of etching performances. Thus, it is confirmed that all
of our experimental results are repeatable.

lll. RESULTS AND DISCUSSION

assumed to be defined by the Ar penetration depth and dose in the
desorption step. Further study is required to understand the modified

layer generation during ALE because the modified layer generation is
important to understand the ALE surface reactions.

A. Accuracy evaluation of film thickness

measurements

The film thickness was evaluated using SE; however, there was
an issue with the measurement accuracy because the film thicknesses
were extremely thin. Therefore, the accuracy of the film thickness
measurement was evaluated by XPS and TEM. In XPS, the HFC
polymer thickness (dzrc) was calculated from the Si (2p) peak area
ratio of the SiN. The decrease in Si (2p) intensity, absorbed by the

upper HEC polymer, was compared with that of the initial SiN.

22,23

The formula for the HFC polymer thickness is as follows:

dupc = —Asiop)ln

Isicap)
| (1)

Si(2p)

Here, Asi(2p) is the mean free path of the Si (2p) photoelec-
trons in the HFC polymer layer. Ag;2p) was set as 2.5nm in this
study. The Si (2p) peak areas of the HFC polymer/SiN sample and
initial sample are I5;(>) and reference of Ig;(5), respectively. Matsui

et al.”’

reported an assumed escape depth [Ag;(p)] of 3 nm. The dif-

ference was proposed to result from the composition variations of
the HFC polymer. The densification by sputtering in Ar plasma
desorption might be the origin of the escape depth decrease in this
experiment. After the Ar plasma desorption step, many C-C bonds
were generated in the HFC polymer, compared with CH;F/Ar
plasma. Figure 2(a) shows the HFC polymer thickness measured by
SE and XPS. Figure 2(b) shows the thicknesses measured by TEM.
These figures confirmed that there was a correlation between the
HFC polymer film thickness measured by SE, XPS, and TEM.
Therefore, the film thickness of the HFC polymer can be measured

with high accuracy by SE.

Under the HFC polymer, the modified-SiN layer was generated
as shown in Fig. 2(b). This layer was assumed to comprise of mainly
Si and N since SE results show that the optical constant of this layer
is similar to that of SiN films. This layer could also contain some
mixture of C, F, and H. The thickness of the modified-SiN layer is

HFC thickness (XPS) (nm)

Modified-SiN

Protective film

SiN

(a)
/
/
26.3 nnv
7"
/7
pA
/@
/
. 7/
@
//
1.9 nm/
o
/7
/
. L
0 4 8

HFC thickness (SE) (nm)

@® HFC 1.9 nm

Protective film

(b)
@ HFC 6.3 nm

FIG. 2. (a) HFC polymer thicknesses after the adsorption step, measured by
XPS vs SE. Dotted circles denote the thicknesses measured by TEM and
(b) TEM images (two different process times) [experimental condition;
Tables | and Il (a)].
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FIG. 3. HFC thicknesses as a function of adsorption process time [experimental
condition; Tables | and Il (a) and (b)].

B. SiN ALE etch stop

We studied the optimization of the adsorption step. An HFC
film with a thickness of 2 nm was used in a previous study.'' Thus,
the target of the HFC thickness was set to be 2 nm. Figure 3 shows
the HFC thicknesses as a function of the process time. The HFC
thickness increased linearly with the process time. A 2.6-nm-thick
HEFC polymer, deposited on SiN, was used as the adsorption step.
The desorption time by Ar plasma was set to 10s. By using this
ALE sequence, we studied the cycle number dependence of SiN
ALE. The cycle number was changed from 0 to 10. Figure 4 shows
the cycle number dependence of the film thickness change of HFC
and SiN. The etched amount for one cycle was 0.58 nm. Etching
proceeded up to two cycles; however, we observed an etch stop of
SiN after ten cycles of ALE, owing to the deposition (>6 nm) of a
protective film on the surface. To study the etch-stop phenomena
in detail, certain changes to the conditions were also studied (not
shown here). In the case of thin HFC adsorption (1.2 nm), an etch
stop was also observed regardless of conditions. When the desorp-
tion times were changed from 10 to 60 s, we also observed an etch
stop. It was concluded that the etch stop is an important issue for
stable SiN ALE.

C. Analysis of etch-stop mechanism

To investigate the etch-stop mechanism, the chemical
bonding on the SiN surface after one and ten cycles was analyzed

ARTICLE avs.scitation.org/journalljva

@ Surface adsorption @ Desorption

CH;F/Ar plasma
¢ Se &

o

o
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(o]

S
=)

Cycle Number

FIG. 4. Cycle number dependence of surface location of HFC and SiN
[experimental condition; Tables | and Il (c)].

by XPS. Figure 5 shows the C (1s) peak which is decomposed into
each chemical bond. The binding energies of C-C, C-N, and C-F
were 284.8, 286.3, and 287.4 eV, respectively. Figure 5(c) shows
the cycle number dependence of the peak area ratio of each bond
to the total C (1s) XPS spectra. The ratio of C-C bonds increased
with the cycle number of ALE. The bond strength of the C-C
bond is 6.4 eV.

It is known that carbon atoms in amorphous carbon films
(a-C) hybridize their outermost s and p orbitals of carbon into
sp® and sp® hybrids. Thus, we investigated the sp> and sp® hybrids
by C (1s) spectrum. The binding energy of sp> in a-C is 285.2 eV,
and the binding energy of sp® is 284.4eV.””” The binding
energy of sp® and sp”> was added to Fig. 5(a), and we found that it
forms an sp> hybrid orbital (similar to diamondlike carbon).
Therefore, the HFC polymer, which has many C-C bonds, is dif-
ficult to sputter, which results in the etch stop of SIN ALE.

In Fig. 2(b), the modified-SiN layer was generated under the
HEC polymer. During air exposure, the oxygen containing layer is
also possible to generate under the HFC polymer. Thus, we investi-
gated the C-O and Si-O related peaks in the C (Is) and O (1s)
XPS spectra. However, it was found that the oxidation of modified
layer under the HFC polymer is of nondetectable level. Thus, we
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FIG. 5. (a) XPS spectra of C(1s) electron emission on adsorbed HFC layers
after one-cycle ALE process and (b) ten-cycle ALE process. The electrons were
collected at 90°, and (c) decomposed C-C, C-N, and C-F bond area ratio as a
function of cycle number of ALE.
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concluded that the modified layer under the HFC polymer is the
modified-SiN layer as shown in Fig. 2(b).

Figure 6 shows a schematic of the etch-stop model after
adsorption, and after one cycle and ten cycles of ALE. In the
adsorption step, the HFC polymer was deposited on SiN. After one
cycle of ALE, it was difficult to remove the carbon completely.
Strong C-C bonds remained at the surface. After ten cycles, a thick
layer of carbon polymer was deposited on the residual carbon.
When ions from the plasma pass through the polymer during
etching, approximately 200 eV of kinetic energy of the incident ion
is reported to be lost in a polymer with a thickness of 1 nm.” At
330 eV, which is maximum ion energy of our experimental condi-
tion, etching progresses when the polymer thickness is less than
1.5nm, and etching stops when the film thickness exceeds 1.5 nm
from the published results. As shown in Fig. 4, etching progresses
through the HFC polymer with a thickness of 0.81 nm at cycle 1. It
is expected that etching will proceed when there is energy above
162 eV, in the case that the polymer film thickness is 0.81 nm.
However, the ALE ceased after cycle 2 since the polymer thickness
of 3.55nm is much thicker than the threshold thickness of 1.5 nm.
Thus, these results are almost consistent with the previous data,
published by Tatsumi et al. The detailed study of energy loss rate
differences in the polymer is a topic of future research, as our study
is a rough estimate.

Thus, a thick carbon layer causes an etch stop, and suppres-
sion of C deposition is required for stable SiN ALE.

Although we focused on the effect of the C-C bond in the
HEC polymer, there are other possibilities that can cause the etch
stop of SiN ALE. Another possible reason is that Si-C bonds are
formed on the surface.”’~*” As the binding energy of Si-C in the C
(1s) photoemission (283.0eV) is close to the peak position of a
strong C-C (284.8 eV) bond, it was difficult to deconvolute the
effect of Si-C. As Si-C is generated in the interface between HFC
polymer and underlying SiN, the signal of Si-C seems to be under
the detectable-level since the upper HFC polymer suppressed the
photoelectron from the interface. Further study will be performed
related to the Si-C bond by using other techniques.

D. Proposed sequence for stable ALE

For the suppression of excess carbon, physical removal by ion
or chemical processes is two possible methods to realize stable
ALE. In the case of physical removal using ions, however, longer
Ar exposure caused sputtering of the underlayer. Therefore, we
focused on the chemical removal. Desorption by O,/Ar plasma and
three-step ALE with O, ashing processes were investigated.
Although the desorption by O, plasma has been reported for SiO,
ALE,” SiN ALE with an O,-based process has not been reported
(to the best of our knowledge).

To investigate the effect of oxygen, the desorption step with
O,/Ar plasma was examined. The desorption time was 60 s and 0-10
cycles of ALE were performed. Figure 7 shows the etched amount per
cycle (EPC) as a function of cycle number in the case of a desorption
step by O,/Ar plasma. The EPC was 0.89 nm/cycle. SiN ALE pro-
ceeded continuously by the O,/Ar plasma desorption step. The HFC
polymer deposition was suppressed by O, addition. Next, we examined
a three-step ALE with O, ashing. The desorption and ashing times
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were 60 and 10s, and 0-10 cycles of ALE were performed. Figure 8
shows the EPC as a function of cycle number in the case of the three-
step ALE with O, ashing. The EPC was 1.52 nm/cycle. Therefore, the
O, ashing step effectively removed the HFC polymer.

The EPC of the three-step ALE was much higher than that of
O,/Ar desorption. We discuss the amount of fluorine during ALE

@ Surface adsorption @ Desorption
CH,F/Ar plasma C.a
¢« Se &

0@
€ o
=
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% '5 B .\ ~o .
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FIG. 7. Etched depths as a function of cycle number in the case of a desorp-
tion step by O./Ar plasma [experimental condition; Tables | and Il (d)].
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10 cycle
@ Arion

FIG. 6. Schematic models after the
adsorption step, one-cycle ALE, and
ten-cycle ALE.

because the EPC of SiN is strongly related to the amount of fluo-
rine on the SiN surface. The high EPC of the three-step ALE was
caused by the presence of abundant fluorine atoms in the HFC
during Ar desorption, compared with O,/Ar desorption. In the
case of the three-step ALE with O, ashing, the HFC film remained
in the desorption step. This caused the high EPC of SiN ALE. In

@ Surface adsorption @ Desorption ~ ®Ashing
CH;F/Arplasma  Arplasma Oz PiEsma
&b o 0 o o o o

Y

=
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FIG. 8. Etched depths as a function of cycle number in the case of three-step
ALE with subsequent O, ashing [experimental condition; Tables | and Il (e)].
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the case of O,/Ar desorption, the HFC was removed simultane- C/F density fluctuation. We changed the gas transition time before
ously during the desorption step. This caused the low EPC. As the the Ar desorption step from 20 to 1 s (Fig. 11). Figure 12 shows the
three-step ALE is appropriate for device manufacturing, we used etched depth uniformity differences at gas transition times of 1 and

three-step ALE in the subsequent investigations. We also confirmed 20 s as a function of wafer coordinate. There was almost no differ-
that EPC of first and second cycles was higher than that for the ence in etched depth after ALE (adsorption and desorption) with
other cycles. Impurities from the plasma, which were implanted in
the SiN surface during ALE cycles, modified the SiN surface to cause
the decrease of the SIN EPC with additional cycles.

E. SiN ALE fluctuation
A key parameter of SiN ALE is the amount of fluorine, which

dominantly contributes to SiN etching. In addition, the amount of ‘ &
carbon affects the EPC fluctuation in ALE. Excess carbon causes @CF CF

the etch stop and less carbon may cause the low EPC. As the %) 2 2@
amounts of fluorine and carbon are important, the effect of density ‘ ‘

ALE
fluctuations by C/F species was studied. ‘enhancement

As the plasma-wall interactions were reported to cause the C/
F density fluctuation,”””” the chamber wall condition was inten-
tionally changed. We performed the O, cleaning and polymer dep- dge Center Edge
osition with C,Fg/Ar plasma. The deposition time was 0, 90, or
180 s. Then, we performed the SiN ALE for five cycles using the 0
same conditions (Fig. 9). Figure 10 shows the etched depth uni-
formity differences with and without chamber wall polymer deposi-
tion. The etched depth at the wafer edge increased drastically. We
proposed that the desorbed species from the wall surface affected
the etch rate fluctuation. Because CF,, measured by appearance
mass spectroscopy, is reported to be desorbed from the deposited
polymer with Ar ion injection,”’ desorbed CF, enhance the EPC at
the wafer edge during Ar desorption. When we investigated the
optical emission spectra of CF, (A =262.5nm) during the Ar desorp-
tion step (not shown here), a clear increase of the CF, radical was

--+--Without deposition
—e&—\Vall deposition (90 s)

Etched depth (nm)
N
o
|

detected with the chamber wall deposited conditions. In the case of --m--\Wall deposition (180 s)

O, cleaning, however, the CF, desorption from the chamber wall was

suppressed. We concluded that the chamber wall condition is impor- 40 1

tant for stable ALE processes. Under the condition that there was no -100 0 100
deposition on the reactor wall, the etched depth uniformity across the Wafer coordinate (mm)

wafer was poor. However, it can be improved by optimizing the Ar
desorption process.

Next, we studied the effect of residual gases from the previous
step. A mixture of residual gas from the previous step might cause

FIG. 10. Etched depth uniformity differences with and without polymer deposi-
tion on the chamber wall [experimental condition; Tables | and || (f)].
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FIG. 11. Schematic illustration of experiments for gas transition time dependence.

gas transition times of 20 and 1s. We found that residual gases
have almost no impact on ALE because the gas residence time
under the experimental condition was 63 ms, which is much
shorter than the gas transition time (1s). Therefore, the transition
time has a negligible effect on the etched depth fluctuation.

We proposed the fluctuation model of SiN ALE caused by the
plasma-wall interaction. CF, desorption from the chamber wall
caused the ALE enhancement. Therefore, we need to clean the
chamber before ALE. We found that control of fluorine and carbon
amounts is critical for stable SIN ALE.

dge Center Edge
0
€
=
L
2
s 9T
2 —a—20s
5 —o-1s
w
10 1
-100 0 100

Wafer coordinate (mm)

FIG. 12. Etched depth uniformities as a function of wafer coordinate with differ-
ent gas transition time (20 vs. 1 s) [experimental condition; Tables | and Il (g)].

IV. SUMMARY AND CONCLUSIONS

ALE has been studied extensively for surface reactions, and
thus, little has been reported about the fluctuation of ALE perfor-
mances in device fabrication. In this study, we investigated SiN
ALE with process optimization of the adsorption and desorption
steps, and we focus on the cycle number dependence of EPC fluc-
tuation of ALE. We also studied the ALE performance variation
caused by the chamber wall conditions. Our findings are as
follows.

(1) Excess polymer deposition, which originates from residual
carbon after desorption step, causes the etch stop of SiN ALE.
The reason of residual carbon is that the HFC polymer, which
has many C-C bonds, is difficult to sputter. Thus, a thick
carbon layer causes an etch stop, and suppression of C deposi-
tion is required for stable SiN ALE.

(2) Addition of O, to the desorption step or a three-step O, ashing
process can suppress C deposition and realize stable ALE. The
high EPC of the three-step ALE was caused by the presence of
abundant fluorine atoms in the HFC during Ar desorption,
compared with O,/Ar desorption. Hence, the three-step ALE is
appropriate for device manufacturing.

(3) CFy desorption from the chamber wall causes etch enhance-
ment of ALE. The desorbed CF, enhance the EPC at the wafer
edge during Ar desorption. We found that control of fluorine
and carbon amounts is critical for stable SiN ALE.

To realize stable SiN ALE, it is necessary to keep the same
surface conditions in every cycle. It is also important to control
the influence of desorbed species from the chamber components.
As the etching selectivity to other materials is critical for semi-
conductor device manufacturing, further study related to the
selectivity to mask and/or underlying materials is strongly required
in the near future.
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