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Formation of Nanoporous Features, Flat Surfaces, or
Crystallographically Oriented Etched Profiles by the Si Chemical Dry
Etching Using the Reaction of F2 + NO → F + FNO at an Elevated
Temperature
Satomi Tajima,* Toshio Hayashi, Kenji Ishikawa, Makoto Sekine, and Masaru Hori

Plasma Nanotechnology Research Center (PLANT), Graduate School of Engineering, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya, Aichi 464-8603, Japan

ABSTRACT: Chemical dry etching of Si was performed using
the reaction of F2 + NO → F + FNO at an elevated
temperature. The etched profile, surface morphology, and
surface chemical bonding structures, measured by a scanning
electron microscope, X-ray photoelectron spectroscopy (XPS),
and a Fourier transform infrared spectrometer (FT-IR), were
significantly changed when the substrate was heated at 27 and
300 °C. Differences in total energies of Si before and after the
chemical reaction with gas molecules in the etching apparatus
were theoretically calculated by the density functional theory (DFT) using CAM-B3LYP/6-311G+(d,p) in Gaussian 09. The
possible change in chemical bonding structures during and after the Si etching was considered by correlating the measured XPS
and FT-IR spectra and the DFT calculation results. When the Si sample was heated at 27∼60 °C, the nanoporous features were
observed since molecules present in the gas phase remained in the condensed layer near the Si surface and they reacted with the
Si surface at different rates. The chemisorbed F2, F, and FNO promoted Si etching by cleaving different bonds to form dangling
bonds, whereas NO and OH, produced from the reaction between H2O and F, inhibited the etching by encapsulating dangling
bonds. The etch rate was significantly reduced, and the evolution of the flat surface was observed at 60∼230 °C due to the
reduction of chemisorbed F2, F, and FNO on the Si surface. When the Si sample was heated at above 230 °C, the etch rate
increased with the temperature due to the amplification of the reaction rate constants of F2, F, and FNO with the Si surface.
Unique orientation-dependent etching was observed at these temperatures due to the termination of dangling bonds by F
without cleaving the Si−Si lattice bonds. The contribution of NO and OH at above 230 °C was ignored since they desorbed from
the Si surface.

I. INTRODUCTION

Chemical dry etching of Si by various gases such as F2,
1−4

XeF2,
1,4,5 ClF3,

6−10 and NO with F2 gases with11−14 and
without15,16 the presence of the plasma has been investigated
since the late 80s. We have been studying the Si etching in NO
and F2 gases with no plasma because this method is the most
economical way of selectively etch Si over SiO2 by the reaction
of F2 + NO → F + FNO over other selections of process
gases.16 This etching technique can be used for texturing the
solar panel surface to improve the light−electricity conversion
efficiency,17 removing the plasma-induced damaged layer
during the gate etching process,18 improving the device
reliability by terminating dangling bonds in the gate oxide
with F,19 and eliminating the sacrificial layer to fabricate the
microelectromechanical system (MEMS).20

In our previous study, a Si p-type (100) sample was etched at
∼5 μm/min at room temperature using the exothermic reaction
of NO + F2 → F + FNO. We conducted density functional
theory calculations and found that F with the total energy of 0.8
eV can be generated by this reaction. The etch rate and the
surface morphology varied significantly with the addition of

NO to F2.
16 Also, our preliminary results showed that when the

substrate was heated at different temperatures, the etched
profile was dramatically changed.21 This etching phenomenon
has never been reported when F2, XeF2, or ClF3 was used as an
etchant gas.1−10

In this study, we investigated the contribution of F2, NO, F,
and FNO to the Si etch rate, the etched profile, and surface
morphology when the Si sample was heated at 27 and 300 °C.
The etch rate, the etched profile, and the etched surface
morphology were measured empirically with a scanning
electron microscope (SEM), a scanning white light interfer-
ometer (SWLI), and an atomic force microscope (AFM). The
changes in the surface chemical bonding structure were
measured by X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FT-IR). The possible
chemical bonding structures were computed by the density
functional theory (DFT), and the calculation results were
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compared to the XPS and FT-IR spectra to elucidate the cause
of the dramatic change in etched profile when the Si was heated
at different temperatures.

II. EXPERIMENTAL PROCEDURES
Process Chamber. A Si etching apparatus used in this

study was described elsewhere.16 The base pressure of this
chamber was maintained at ∼10−1 Pa by the dry pump so that
the small amount of H2O is considered to be present in the
chamber. A 6 mm (width) × 15 mm (length) × 0.53 mm
(thickness) Si sample was placed on the ceramic heater which
was covered by the Al foil inserted in the Pyrex tube with the
inner diameter of 25 mm and the length of 150 mm. The Si
sample was exposed to the gas mixture of NO at a flow rate of 5
sccm (8.5 × 10−3 Pa m3/s) diluted with Ar at a flow rate of 49.5
sccm (8.4 × 10−2 Pa m3/s) and Ar/5% F2 at a flow rate of 54.5
sccm (9.2 × 10−2 Pa m3/s). The corresponding F2 flow rate was
2.7 sccm (4.6 × 10−3 Pa m3/s). In this study, the temperature
on the ceramic heater was adjusted between 27 and 300 °C by
the variable autotransformer while measuring the temperature
by the K-type thermocouple placed on top of the ceramic
heater under the Si substrate. Pressure in the Pyrex tube was
maintained at 600 Pa throughout the process time of 0.5 and 5
min.
Materials. Two Si samples were prepared. One was a p-type

Si(100) sample with the resistivity of ∼1000 Ω cm with a 1 μm
thick SiO2 mask layer which was fabricated by the plasma-
enhanced chemical vapor deposition (PECVD) of tetraethyl
orthosilicate (TEOS Si(OC2H5)4) that had 8 μm × 8 μm
square patterns. This sample was exposed to NO and F2 gases
for 5 min for the etch rate and the etched profile analysis. The
other was the nondoped Si(100) sample with the resistivity of
>3000 Ω cm for the surface morphology and the surface
chemical bonding structure analysis. This sample was cleaned
with acetone, ethanol, deionized (DI) water, 13% hydrochloric
acid, and 49% hydrofluoric (HF) acid for 5 min, followed by
rinsing in DI water for <5 s to terminate the Si surface with H.
This H-terminated Si sample was exposed to NO and F2 gases
for 0.5 min in the aforementioned process chamber.
Analysis Methods. The etch rate, the etched profile, and

the surface morphology of the patterned p-type Si were
observed by the SEM (S-5200 Hitachi High-Technologies
Corporation, Tokyo, Japan) with an acceleration voltage of 2
kV and the magnification of ×3000−30 000. The root-mean-
square (rms) roughness from the 10 μm × 10 μm scan area of
the nondoped Si surface were measured by the SWLI with ×50
objective lens (Zygo, New View TM 6200, Zygo Co.,
Middlefield, CT, USA) and the AFM (DI-2100 Veeco
Instruments Inc. Plainview, NY, USA). The etched depth, d
[μm], the vertical etched length, δ [μm], mask openings, wm
[μm], and maximum width under the mask, w, which was the
sum of wm [μm] and 2δ [μm], were measured from eight
different etched patterns from multiple samples. The vertical
etch rate EV [μm/min] and the lateral etch rate EL [μm/min]
were calculated by d [μm] and δ [μm] divided by the etched
time of 5 min, respectively. Aspect ratio, ah, was determined by
taking the ratio of EV and EL. Anisotropy requirement was
evaluated by the following equation from the etched geo-
metries.22

δ= = ≥ −a E E d d w w/ / 2 /( )h V L m (1)

Changes in surface chemical bonding structures before and
after the etching in NO and F2 gases at different temperatures

were analyzed by XPS (Escalab 220i-XL, VG scientific,
Currently under Thermofisher, Waltham, MA, USA) and FT-
IR (Nicolet 8700, Thermo Fisher Scientific, Waltham, MA).
The nondoped Si samples were etched in NO and F2 gases
within 5 h after the sample cleaning, and they were placed in
the XPS loading chamber, which was maintained at less than
10−6 Pa, within 60 min after the etching. XPS spectra with a Mg
Kα (E = 1253.6 eV) source were taken from the 5 mm2

sampling area with an electron takeoff angle of 90°. Survey
spectra were collected with the pass energy of 187 eV with the
resolution of 1.0 eV. The high-resolution scans were obtained
by adjusting the pass energy of 50 eV for C 1s and Si 2p and 20
eV for O 1s, F 1s, and N 1s with the resolution of 0.05 eV. The
highest peak position of the C 1s core level, which was
incorporated by the physisorption of the contaminant during
the sample transfer between rinsing, etching, and XPS analysis,
was adjusted at 285 eV to compensate the surface charging.
After the background was subtracted by the Touggard
method,23 all spectra were fitted with 80% Gaussian−20%
Lorentzian distributions using the XPS spectra analysis software
(XPSPEAK 4.1). The atom fraction of Si, F, N, and O in the
sample can be calculated as follows.24,25

=
∑

=
∑

n
n

I S
I S

Atom fraction of element X (Si, F, N, or O)
/

/
x

x

x x

i i (2)

σθ λ
= =n

I
f y AT

I S/
(3)

where I is the number of photoelectrons per second in a
specific spectra peak; n is the number of atoms of the element
per cm3 of the sample; f is the X-ray flux [photons/cm2 s]; σ is
the photoelectric cross-section for the atomic orbital of interest
[cm2]; θ is an angular efficiency factor for the instrumental
arrangement based on the angle between the photon path and
detected electron; y is the efficiency in the photoelectric process
for formation of photoelectrons of the normal photoelectron
energy; λ is the mean free path of the photoelectrons in the
sample; A is the area of the sample from which photoelectrons
are detected; T is the detection efficiency electrons emitted
from the sample; and S is the atomic sensitivity factor. S of Si,
F, N, and O is 0.296, 1.000, 0.477, and 0.711, respectively.24,25

Infrared absorption spectra from the Si samples exposed to
NO and F2 gases were measured by transmission FT-IR with
the scan number of 128 and the resolution of 4 cm−1. The FT-
IR measurement of the background spectra of untreated sample
was performed within 5 h after the sample cleaning, and the
absorption spectra were taken from the Si surface within 10
min after the completion of the etching process.

III. THEORETICAL CALCULATIONS
Surface Reaction during the Etching. Not only F2, NO,

F, and FNO but H2O were considered to be present in the
process chamber since the base pressure was in the range of
10−1 Pa. Only F may react with H2O to produce HF and OH
exothermically. OH may be desorbed from the SiO2 mask
fabricated by the PECVD. Changes in total energies and the
chemical bonding structures of Si reacted with F2, NO, F, FNO,
H2O, HF, and OH were calculated by the DFT. The Si(100)-2
× 1 cluster model was used to describe the top four layers of
the Si lattice. From our previous study, only F and Si9H14
reacted exothermically to form HF and Si9H13 with one
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dangling bond.16 At least one dangling bond at the Si surface
was necessary to initiate the reaction with F2, NO, F, and/or
FNO. Therefore, we incorporated two Si surface models with
different number of dangling bonds in this study, i.e., Si9H13
with one H-termination and one dangling bond at the surface
and Si9H12 with two dangling bonds at the surface. Geometries
of F2, NO, F, FNO, H2O, HF, and/or OH + Si9H12 or Si9H13
were optimized, and minimum total energies before and after
the chemical reaction were computed by CAM-B3LYP/6-311G
+(d,p) in Gaussian 09, where CAM-B3LYP could integrate the
long-range correction such as the polarizability of long chains,
excitations of Rydberg states, and charge transfer excitations.26

IV. RESULTS AND DISCUSSION

Etched Profile and Surface Morphology. Figure 1 shows
the representative cross-sectional SEM images of the patterned
p-type Si(100) samples placed in NO and F2 gases when the Si
was heated at 27∼300 °C. EV, EL, d, δ, wm, and w were
measured from SEM images to evaluate the anisotropic
requirement based on eq 1. From the measurement, we
found that the Si was anisotropically etched in NO and F2 gases
when the substrate was heated at 27∼300 °C. The EV, EL, and
ah are plotted with respect to the 1000/T [K−1] in Figure 2.
When the heater temperature was ramped from 27 to 60 °C,

the ah was 3.5 at 27 °C and sharply reduced to ∼1 at 60 °C.
The EV, the EL, and the roughness decreased with the
temperature. Nanoporous features were observed in the
microscopically rough etched profile shown in Figure 1(a)(I)
at this temperature range. The mechanism of the generation of
the rough etched profile was discussed in our previous study in
detail.16 When the Si sample was heated at 60∼230 °C, the ah
remained 1, and the etched bottom surface became smooth
with the absence of nanoporous features (Figure 1(a)(II)).
Both the EV and the EL decreased with the increase of the
temperatures up to ∼70 °C, and they increased again at
temperatures above 70 °C (see Figure 2). The EV and the EL at
∼70 °C were 1 order of magnitude smaller than that at 27 °C.
When the heater was adjusted at above 230 °C, the sidewall of
the etched profile became vertical as shown in Figure 1(a)(III).
The magnified view of the corner and the bottom of the etched
Si profile at 300 °C were listed in Figure 1(b). The
crystallographic orientation was observed from these SEM
images where the bottom surface was {100} and the sidewall
was {110}. Corner undercutting27 with the exposure of {211}
and {411} was also observed at the corner of the etched profile.
The morphology of the etched bottom surface and the

sidewall surface of the p-doped Si was dramatically changed
when the Si was heated at different temperatures as shown in
Figure 1. Figure 3 shows the top view of the H-terminated
nondoped Si(100) placed in the NO and F2 gases for 0.5 min
while adjusting the temperature at 27 and 230 °C. The rms
roughness of nondoped Si etched for 0.5 min was 122.4 nm at
27 °C (measured by SWLI), 0.5 nm (measured by AFM) at 60
°C, and 2.4 nm (measured by AFM) at 300 °C. The Si surface
etched in NO and F2 gases at 27 °C had three different sizes of
etch pits with diameters of 50−100 nm, 300−600 nm, and 2−5
μm, and they were marked as A, B, and C in Figure 3(a),
respectively. Neither nanoporous features nor microscale etch
pits were observed by SEM and AFM when the Si was etched at
60∼230 °C. The Si surface exposed to NO and F2 gases at
above 230 °C had square patterns as shown in Figure 3(b) with
the appearance of {211}, confirming that the etch rate was

different with the crystallographic orientation as shown in
Figure 1(b).
The microscopically rough etched profile depicted in Figure

1(a)(I) and Figure 3(a) and the etch rate curve shown in
Figure 2 were observed when the Si was chemically dry etched
in XeF2 or ClF3 gases.3,4 Previous studies stated that the

Figure 1. (a) Cross-sectional SEM images of p-type Si(100) with SiO2
mask with 8 μm × 8 μm square openings etched in NO and F2 gases
with flow rates of NO, Ar, and Ar/5% F2 at 5, 49.5, and 54.5 sccm,
respectively. The chamber pressure was maintained at 600 Pa
throughout the process time of 5 min. The Si sample was heated at
27∼300 °C. (I) The rough etched surface observed at 27−60 °C, (II)
the flat etched surface observed at 65−180 °C, and (III) the
orientation-dependent etched surface observed at 230−300 °C. (b)
The magnified view of the corner, the sidewall, and the bottom of the
etched surfaces at 300 °C.

Figure 2. Relationship between the vertical etch rate, EV, the lateral
etch rate, EL, the aspect ratio, ah, and the inverse of the applied
temperature, 1000/T [K]. The patterned p-type Si(100) was used to
evaluate EV, EL, and ah. The etching was performed in the mixture of
NO, Ar, and Ar/5% F2 at the flow rates of 5, 49.5, and 54.5 sccm,
respectively. The chamber pressure was maintained at 600 Pa during
the process time of 5 min while heating the Si sample at 27∼300 °C.
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evolution of the rough surface was due to the chemisorption of
not only F but also XeF2, XeF, ClF3, Cl2, and Cl that would
etch Si differently.28,29 The residence time of those molecules
on the Si surface was long when the substrate temperature was
low. The fast Si etch rate at the low temperature in NO and F2
gases observed in Figures 1 and 2 can be explained by the
presence of the chemisorbed F2 and F that would promote the
etching. In addition to F2 and F, NO would inhibit the etching
by capping the dangling bonds. FNO would act as both a
promoter and an inhibitor of the Si etching process by
producing and capping the dangling bonds at the surface. The
initiation and the capping of dangling bonds from different
layers of the Si lattice at different rate constants lead to the
formation of various sizes of etch pits.16

These multiple reactions between molecules in the gas phase
and the Si surface not only induced a microscopically rough
etched profile but also produced complex nanoporous features
at low temperature.
When the Si sample was heated at above 60 °C, the etched

surface became smooth, and the etch rate reduced dramatically
as shown in Figure 1(a)(II) and Figure 2. The significant
decrease of the etch rate and the formation of the smooth
surface at 60∼230 °C were considered to be due to the
reduction of chemisorbed F2, F, and FNO, acting as an etching
promoter at the proximity of the Si surface. The orientation-
dependent etching was observed only when the Si sample was
heated at above 230 °C. To elucidate why this significant
change in etched profile was observed by the relatively small
variation of the heat applied to the Si sample, surface chemical
bonding structures were analyzed in the subsequent sections.

Surface Chemical Bonding Structures. Figure 4(a)
shows the XPS survey spectra from the nondoped Si before
and after the etching in NO and F2 gases for 0.5 s at 27∼300
°C. The C was physisorbed on the Si surface as a contaminant
during the sample transfer in the air between rinsing, etching,
and XPS analysis, and they did not react with Si, F, and/or F2.
This was confirmed by the absence of the Si−C peak at 284.2
eV,30 CF2 peak at 291.5 eV, and CF3 peak at 293.5 eV.31,32

The atom fraction of N was 0.5−1% at all conditions, and
those values were independent of the applied temperature.
Figure 4(b) shows the XPS Si 2p spectra from the Si surface
before and after the etching in NO and F2 gases when the
substrate was heated at 27∼300 °C. The relative area ratios of
Si−Si4 (marked as (i)), silicon suboxyfluoride (Si−SiOxFy (x ≤

Figure 3. SEM images of the nondoped Si(100) sample that was
etched in NO and F2 gases while heating the Si sample at (a) 27 °C
and (b) 230 °C. The flow rates of NO, Ar, and Ar/5% F2 were 5, 49.5,
and 54.5 sccm, respectively. The chamber pressure was maintained at
600 Pa during the process time of 0.5 min.

Figure 4. (a) XPS survey spectra and (b) Si 2p high-resolution spectra from the nondoped Si(100) sample before and after the etching in NO and F2
gases. (c) The relative area ratio of Si−Si4, silicon suboxyfluoride (Si−SiOxFy (x ≤ 3)), and silicon oxyfluoride (SiOxF4−x (x ≤ 4)) measured after the
peak fitting of the Si 2p XPS spectra shown in (b). (d) Atom fraction ratio of O/Si, F/Si, and (O + F)/Si calculated from Si 2p, O 1s, and F 1s high-
resolution XPS spectra taken from the nondoped Si(100) sample etched in NO and F2 gases. The etching was performed with flow rates of NO, Ar,
and Ar/5% F2 of 5, 49.5, and 54.5 sccm, respectively. The chamber pressure was maintained at 600 Pa during the process time of 0.5 min while
heating the Si sample at 27∼300 °C.
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3)) (marked as (ii)), and silicon oxyfluoride (SiOxF4−x (x ≤ 3))
(marked as (iii)) were measured from the peak-fitted Si 2p
spectra, and the results are summarized in Figure 4(c).
Si 2p3/2 plus Si 2p1/2 from the Si matrix (Si−Si4)

33 at the
maximum peak position of 99 eV with the full width at half-
maximum (fwhm) of 1.2 eV and Si suboxide at the maximum
peak position of 102 eV with the fwhm of 2 eV were present
after the Si sample was rinsed and terminated by H. This
suboxide was formed when the sample was exposed to the air
between rinsing and XPS analysis. After the Si was placed in
NO and F2 gases at 27 °C, multiple peaks were evolved at the
peak position in the range of 100−104 eV. These peaks are
from suboxide and/or suboxyfluoride (Si+ at 100.4 eV (Si2O
and/or Si−Si3OxF1−x (x ≤ 1)), Si2+ at 101.4 eV (SiO and/or
Si−Si2OxF2−x (x ≤ 2)), Si3+ at 102.4 eV (Si2O3 and/or Si-
SiOxF3−x (x ≤ 3))). The peak at 103.4 eV was Si4+ at 103.4 eV
(SiO2 and/or Si−O3F).

33,34 When the Si sample was heated at
above 60 °C, the Si matrix peak at the peak position of 99 eV
and Si+ peak at 100.4 eV significantly reduced. Instead, the peak
at >104 eV with the fwhm of >2 eV evolved, which can be
assigned as Si−OxF4−x (x ≤ 4). When the Si sample was heated
at above 230 °C, the Si matrix peak reappeared at 99 eV, and
this peak intensity increased with the temperature. Multiple
peaks were observed from O 1s and F 1s spectra, indicating the
presence of silicon oxyfluoride with different stoichiometry.
An atom fraction of Si, O, F, and N was calculated from the

area under the peak of Si 2p, O 1s, F 1s, and N 1s using eq 2
with the aforementioned atomic sensitivity factors. The atom
fraction of O/Si, F/Si, and (O + F)/Si are plotted in Figure
4(d). Before etching, O/Si, F/O, and (O + F)/Si were 0.09,
0.01, and 0.099, respectively. When the Si was etched in NO
and F2 gases at 27 °C, O/Si, F/O, and (O + F)/Si became 0.25,
0.02, and 0.27, respectively. When the Si was etched at above
60 °C, O/Si, F/O, and (O + F)/Si became 0.52, 0.05, and 0.57,
respectively. O/F and (O + F)/Si gradually decreased with
temperatures up to 230 °C, whereas F/Si remained the same at
0.07. O/Si, F/Si, and (O + F)/Si dramatically reduced to 0.14,
0.02, and 0.15 when the Si was etched at 300 °C.
The change in O/Si, F/O, and (O + F)/Si with respect to

the applied temperature shown in Figure 4(d) matched well
with the Si 2p peak area ratio summarized in Figure 4(c) where
Si−Si4 and Si suboxyfluride were present at the surface of Si
that was etched below 60 °C (O + F/Si < 0.5) and the
complete coverage of the silicon oxyfluoride layer on the Si
surface at 60−230 °C (O + F/Si > 0.5), and the reduction of Si
oxyfluoride and the increase of the Si−Si4 at the surface of Si
etched were observed at above 230 °C.
Figure 5 shows the FT-IR absorption bands from the

nondoped Si sample that was etched for 0.5 min in NO and F2
gases when the Si sample was heated at 27, 60, 80, 230, and 300
°C. Four broad bands were observed in the range of 743−841
cm−1 (Si−O bending),35 860−1013 cm−1 (Si−F stretching),36

1013−1130 cm−1 (Si−O in-phase stretching),37,38 and 1130−
1311 cm−1 (Si−O out-of-phase stretching)37 from the etched Si
samples. All peak intensities were initially low when the Si was
etched at 27 °C, and they became high at 60∼230 °C and
reduced at above 230 °C. FT-IR results indicated that the large
amount of Si−O and Si−F bonds existed at the Si surface when
the substrate was heated at 60∼230 °C. The number of those
bonds became low when the Si sample was heated to less than
60 °C and more than 230 °C. The change in the number of S−
O and Si−F bonds at the surface was correlated well with O/Si
and F/Si ratio with respect to the applied temperature

measured by XPS as shown in Figure 4(d). Si−N stretching
(820−840 cm−1)39 and Si−(O, N) stretching (900−1000
cm−1)40 overlap Si−O bending and Si−O stretching, so it was
difficult to distinguish the presence of N from these peaks.
However, the absence of N−O stretching at >1311 cm−141

suggested that a very small amount of NO was present at the Si
surface. This result matched well with the low atom fraction of
N from the XPS results shown in Figure 4(a).
The change in total energies before and after the chemical

reaction between Si9Hx (X = 12 or 13) and F2, NO, F, FNO,
H2O, OH, and HF was calculated by B3LYP/CAM6-311G+(d,
p) in Gaussian 09 to identify whether those chemical reactions
are exothermic or endothermic, and the results are summarized
in Table 1. The reaction between H2O or HF and Si9Hx (x =

12, 13) was endothermic and must overcome the energies of
more than 2.0 eV for the reaction. Therefore, the reaction of
Si9Hx + H2O or Si9Hx + HF would not happen at the process
conditions in this study. H2O or HF would not react with the Si
surface that was terminated by F (Si9H12F2) either. The bond
energy between Si9Hx and F2 was the highest, followed by those
between Si9Hx and F, OH, FNO, and NO. The bond energy
between Si9Hx and NO was 0.8∼0.9 eV so that NO can be

Figure 5. FT-IR absorption spectra obtained from the nondoped
Si(100) sample etched in NO and F2 gases. The flow rates of NO, Ar,
and Ar/5% F2 were 5, 49.5, and 54.5 sccm, respectively. The chamber
pressure was maintained at 600 Pa during the process time of 0.5 min
while heating the Si sample at 27∼300 °C.

Table 1. Difference in Bond Energies before and after the
Reaction between Atoms and Molecules Present in the Gas
Phase and Si9Hx (x = 12 and 13)a

difference in bond energies before and after the reaction (eV)

Si surface model Si9H13 Si surface model Si9H12

F2 −7.7 −9.9
NO −0.9 −0.8
F −5.7 −5.6
FNO −4.4 −4.0
OH −4.6 −4.5
HF endothermic endothermic
H2O endothermic endothermic

aThe calculation was performed by CAM-B3LYP/6-311G+(d,p) in
Gaussian 09.
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easily desorbed from the surface when the Si lattice vibration
increased at an elevated temperature. The chemical reaction
between OH and Si was considered to be low at the high
temperature since most of the H2O was eliminated from the Si
surface and very little OH was produced.
Figure 6 shows the optimized chemical bonding structure

that had minimum total energies after the reaction between
Si9Hx and F2, F, OH, FNO, and NO. F abstraction occurs
differently when F2 reacted with the Si that had either one or
two dangling bonds. When the Si9H13 reacted with F2, both the

Si−Si σ-dimer and Si−Si σ-lattice bonds were cleaved, and F
was abstracted from F2. When the Si9H12 reacted with F2, F was
abstracted and reacted with two dangling bonds at the Si
surface. F abstraction from the reaction between the F2 and Si
surface with the dangling bonds was empirically observed in
previous studies.42−44 When the FNO approached to the Si9Hx
surface, F reacted with the dangling bond, and NO was placed
in the middle of the Si−Si σ-dimer bonds. During the cleavage
of the Si−Si σ-dimer bonds, new dangling bonds were formed
at the Si surface.16 F, OH, and NO terminated the dangling
bond at the Si surface, and no Si−Si σ-dimer bond or Si−Si σ-
lattice bond cleavage was observed.
The formation of the etched profile at 27 °C with EV/EL ratio

of ∼3.5 shown in Figure 1(a)(I) has never been observed when
the Si was chemically dry etched in XeF2 or ClF3 gases. This
etched profile was produced probably due to the chemisorption
of different gas molecules in the condensed layer. When the
substrate temperature is low, the condensed layer may be
formed at the proximity of the Si surface, and this layer plays a
significant role in determining the etch rate. The condensed
layer consists of not only F2, NO, F, FNO, H2O, HF, and/or
OH but also the product of the SiF4 with those gas molecules.
When we calculate the possible chemical reaction in the

condensed layer by CAM-B3LYP/6-311G+(d,p) in Gaussian
09, SiF4 may react exothermically with HF, FNO, and OH by
forming fluorosilicic acid (H2SiF6) and (SiF4)(FNO)2 and
(SiF4)(OH). H2SiF6, (SiF4)(FNO)2, and (SiF4)(OH) trans-
ported from the bottom etched wall to the sidewall. H2SiF6
reacts with H2O present in the chamber that could form the
etch stop silicon oxyfluoride layer at the sidewall.45

Chemisorption of H2SiF6 is sensitive to the change in the
temperature since the melting point of H2SiF6 is 19 °C.46 Two
FNO molecules weakly bonded to SiF4 to exothermically form
(SiF4)(FNO)2 with their intermolecular force of 0.37 eV. This
intermolecular force is larger than the hydrogen bond energy of
water (∼0.2 eV). Therefore, (SiF4)(FNO)2 may adsorb on the
etched Si surface at a low temperature, leading to the formation
of a unique anisotropic etched profile. The contribution of
H2SiF6 and/or (SiF4)(FNO)2 to prevent sidewall etching at a
low temperature still needs further investigation by utilizing in-
situ gas and surface analysis techniques.
Figure 7 shows the proposed model of the different chemical

reaction during the Si etching in NO and F2 gases at different
temperatures based on the XPS, FT-IR, and DFT calculation
results. The Si surface can be etched by F, F2, and FNO, while
the etching was terminated by the encapsulation of the dangling
bonds by OH, NO, and FNO at a low temperature. Due to the
presence of those molecules near the Si surface, the etch rate
varies, and this leads to the formation of nanoporous features in
the microscale etch pits. Dangling bonds are formed not only at
the on-top site of Si by the reaction with F but also at the inside
of the Si lattice by cleaving Si−Si σ-dimer bonds and Si−Si σ-
lattice bonds by the reaction with F2 and FNO. Various
molecules in the condensed layer may react with these dangling
bonds at different rates.
When the Si was etched at the intermediate temperature, the

chemisorbed layer consisting of F2, NO, F, FNO, and OH as
well as the product of SiF4 and those molecules decreased, and
this leads to the significant reduction of the etch rate. F2, F,
FNO, OH, and NO may react with the dangling bonds located
at the on-top site of the Si and inside the Si lattice, but
unreacted dangling bonds remained even after the etching in
NO and F2 at this temperature. These dangling bonds react
with O2 in the air to form a complex silicon oxyfluoride layer
with different stoichiometry.
When the Si was heated at above 230 °C, the etch rate

increased with the temperature due to the increase of the rate
constant between the reaction of F, F2, and FNO at the Si
surface. The etching inhibitor, NO and OH, can be ignored at
this temperature since NO with the low bond energy may easily
desorb by the increase of the Si lattice vibration, and the
contribution of OH can be ignored since the H2O adsorption
on the Si surface was low. The etching continued mainly by F
from the gas phase and from the surface reaction between F2
and the dangling bond located at the on-top site of Si. The
incorporation of the high density F on the Si surface resulted in
the formation of SiF4 that would leave Si−Si4 at the surface.
The contribution of FNO to the Si etching was not clear at this
temperature with the absence of N on the Si surface from XPS
and FT-IR results. However, we still consider that the N from
FNO may play a significant role in crystallographically oriented
etching since the crystallographic orientation dependency was
also observed by the chemical dry etching of Si with ClF3 and
N2 gases.

47 N may be desorbed during the post-etching reaction
between the Si surface with the dangling bonds and FNO and
O2 in the air. Further investigation is necessary using an in-situ

Figure 6. Calculated chemical bonding structures of Si9Hx (x = 12 and
13) after the reaction with F2, NO, F, FNO, and OH. These structures
were determined by CAM-B3LYP/6-311G+(d,p) in Gaussian 09.
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chemical analysis technique to elucidate the contribution of N
to the orientation-dependent etching.
In this study, we performed Si etching in NO and F2 gases

and produced the wide variety of etched profiles by just
changing the temperature of the Si sample. Coexistence of the
etching promoter, F2, F, and FNO, and the etching inhibitor,
NO, FNO, and OH, produced a rough etched profile with
nanoporous features at the low temperature. The roughness can
be controlled by adjusting the residence time of those
molecules at the proximity of the Si surface. When the
temperature was increased, the contribution of etching
inhibitors, NO and OH, can be ignored, and etching was
mainly proceeded by the reaction between F and Si. Since no
special equipment, such as a power supply or a magnet, was
necessary to produce completely different etching profiles, this
chemical dry etching technique has a potential for texturing the
Si surface, conducting smooth and slow etching, and producing
orientation-dependent etched profiles for various applications
such as the solar panel fabrication, the damage layer removal
around the gate oxide, and the MEMS fabrication.

V. CONCLUSIONS

Si chemical dry etching was performed in NO and F2 gases
using the exothermic reaction of F2 + NO → F + FNO. The
formation of nanoporous features, the initiation of the flat
surface, or the crystallographically orientation-dependent
etched profile were observed by controlling the temperature
of the Si sample between 27 and 300 °C. The etched profile
and the change in surface chemical bonding structures were
observed by the SEM, XPS, and FT-IR. Reactions between the
Si surface and F2, NO, F, and FNO, OH, HF, and H2O were
evaluated by the DFT by assuming the different numbers of
dangling bonds at the outermost layer of the Si(100)-2 × 1
cluster model. By comparing the empirical and calculation
results, the chemisorbed F2, F, and FNO promoted the Si
etching by forming new dangling bonds, while NO, OH, and
FNO inhibited etching by terminating the dangling bond at the
Si surface at low temperatures. The multiple chemical reactions
between the molecules in the gas phase and the Si surface

occurred at different rates, leading to the formation of complex
nanoporous features in microscopically rough etched profiles as
well as the anisotropic etched profile. The reduction of
chemisorbed F2, F, and FNO decelerated the etch rate at an
intermediate temperature, and the unreacted dangling bonds
remained on the Si surface. When the substrate temperature
was ramped at above 230 °C, the Si etching was mainly
performed by F, F2, and FNO at the Si surface, and the
contribution of NO and OH could be ignored. The
crystallographic orientation was evolved, and the etch rate
increased with the temperature by the increase of the rate
constant of F2, F, and FNO and the Si surface.
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