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Abstract

Dry cleaning technology is an essential technique that can be applied to remove native oxide
and various contaminants during the semiconductor manufacturing for nanoscale electronic
devices. In this study, the in situ dry cleaning of silicon dioxide (SiO2) with low global
warming potential (GWP) gas mixtures has been investigated by sequential process steps
composed of the reaction of SiO2 surface by oxygen difluoride (OF2) (GWP:  <1)/ammonia
(NH3) remote plasma and the removal of the reacted compound layer by lamp heating. By
using the optimized OF2/NH3 (2:1) mixture for the surface reaction followed by the lamp
heating at 200 °C to remove the reacted compound layer, a high-SiO2 cleaning rate and
etch selectivity over silicon nitride (>30:1) could be obtained due to the formation of the
highest HF concentration on the SiO2 surface at the OF2/NH3 (2:1) gas ratio. The compound
layer formed during the reaction was (NH4)2SiF6 observed for a previously investigated NF3
(GWP: 17 200)/NH3 plasma, but the dry SiO2 cleaning rate and the etch selectivity over Si3N4
obtained by the OF2/NH3 plasma were higher than those by the optimized NF3/NH3 plasma.
The effects of OF2/NH3 mixture dry cleaning on the electrical characteristics of metal-oxidesemiconductor (MOS) devices fabricated on the nano-scale trench patterned Si substrate with
high aspect ratio were studied and compared with conventional wet and NF3/NH3 mixture
dry cleaning-based devices. Compared with other cleaning methods, OF2/NH3 dry-cleaning
shows the improved and reliable electrical characteristics such as sharper capacitance-voltage
behavior, lower hysteresis, less interface trap charge and smaller contact resistivity. Therefore,
it is believed that the in situ sequential dry SiO2 cleaning with the OF2/NH3 remote plasma
can be applied as an essential cleaning method with extremely low GWP for fabricating next
generation nano-scale devices.
Keywords: dry cleaning, silicon dioxide, oxygen difluoride, global warming potential,
metal-oxide-semiconductor capacitor
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1. Introduction
The wafer surface contaminants generated during semiconductor processing are largely classified into particles,
metal contaminants, organic contaminants, and native oxide
formed by exposure to air. These contaminants can affect the
interfacial properties causing contact problems between the
materials and degrading the device performance, therefore,
the cleaning process is very important in the semiconductor
device processing [1–3]. Especially, as the semiconductor
devices are three dimensionally integrated and the critical
dimension of the semiconductor device is scaled down to less
than 10 nm scale, the cleaning process for the device fabrication is becoming more and more important.
Generally, a wet cleaning method has been used to remove
surface contaminants and native oxide [4–6]. However, one of
the problems of the wet cleaning for sub-20 nm devices is the
difficulty in penetrating cleaning solution into the nanoscale
high-aspect ratio pattern due to the inherent surface energy of
the material which makes it difficult to clean the bottom and
sidewalls of the pattern. In addition, the pattern leaning can be
occurred, and where the nanoscale patterns are collapsed due
to the capillary phenomenon. Therefore, due to the cleaning
limit of the wet cleaning method, dry cleaning methods are
required for the sub-20 nm semiconductor devices [7, 8].
Although it is extremely difficult to clean the nanoscale patterns, it is essential to develop a dry cleaning method without
physicochemical and electrical damage while minimizing the
deformation of the cleaned wafer because the cleaning process directly affects the semiconductor device performances.
Among the various dry cleaning methods, the plasma
cleaning method can clean nanoscale patterns with highcleaning selectivity, but it has the disadvantage of causing
surface damage by the ion bombardment [9, 10]. However,
the remote plasma cleaning method has the potential to minimize surface damage due to the absence of ion bombardment
and to have high-cleaning selectivity in the nanoscale pattern
because the remote plasma cleaning generates plasmas at a
separate location and introduces only dissociated radicals
on the substrate surface [11]. The remote plasma cleaning of
silicon dioxide (SiO2) using the various gas combinations has
been widely investigated to reduce surface damages and to
have the high-cleaning selectivity over silicon nitride (Si3N4)
and, among the various compound gases using F-based gas/Hbased gas mixtures such as NF3/H2 [12], SF6/H2O [13], NF3/
H2O [14], NF3/NH3 [15–17], NF3/NH3 gas mixtures were the
most frequently used. To clean the SiO2 surface using NF3/
NH3 plasma, after the exposure of SiO2 surface to the NF3/
NH3 mixture, the compound formed by the reaction of SiO2
with NF3/NH3 was desorbed by a heated showerhead at the
same process chamber [15, 16] or using separate chambers for
the reaction of NF3/NH3 plasma and desorption of the reacted
compound [17]. However, NF3 is a greenhouse gas with a
high global warming potential (GWP) of 17 200 (17 200 times
higher than that of CO2) and a new alternative gas mixture
is needed to replace NF3 [18, 19]. Oxygen difluoride (OF2)
having the GWP (<1) is one of the most potential gases to

Figure 1. Schematic diagram of the in situ dry cleaning system
used to clean SiO2 on silicon surface.

replace NF3 and is the gas with a low-binding energy of the
material for high-gas decomposition efficiency [20–22].
In this study, a sequential dry cleaning of SiO2 composed
of in situ reaction by an OF2/NH3 mixture and the desorption of the reacted layer by lamp heating has been investigated. The characteristics of the remote plasma cleaning with
the OF2/NH3 gas chemistry were compared with those by a
conventional NF3/NH3 gas chemistry. Also, the SiO2 cleaning
mechanism using OF2/NH3 was investigated by studying the
characteristics of the reacted layer formed by OF2/NH3 mixture and the desorption characteristics of the reacted layer on
the SiO2 during the lamp heating. In addition, metal-oxidesemiconductor (MOS) devices fabricated on the nano-scale
trench patterned Si substrate with the OF2/NH3 mixture
cleaning were electrically analyzed and compared with other
cleaning methods.
2. Experimental
The samples used for dry cleaning are 300 nm thick SiO2
grown thermally and 300 nm thick Si3N4 deposited by plasma
enhanced chemical vapor deposition (PECVD) on Si wafers.
Also, the Si-trench wafers consisted of 60–200 nm (increased
by 5 nm) pitch and 100 nm depth periodically arranged on
one wafer were prepared for the characterization of device
properties.
The in situ dry cleaning system used in this study is shown
in figure 1 and the sequential dry cleaning procedure of SiO2 is
composed of the reaction step and the desorption (or removal)
step. As shown in figure 1, during the reaction step, an inductively coupled plasma (ICP)-type source with a grid system
operated at a 13.56 MHz radio-frequency (RF) was used for
the plasma generation as a remote plasma source and, during
the removal step, an array of halogen lamps with the wavelength in the range of 400–800 nm and installed above the substrate was used for the heating. A chiller (JEIO TECH; HL-05)
was used to control the substrate temperature and to study the
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Figure 2. Description of SiO2 cleaning steps composed of the reaction step by the OF2/NH3 mixture exposure and the removal step by the
lamp heating. SiO2 also can be cyclic cleaned by repeating the reaction/removal steps.

cleaning effect depending on the substrate temperature. The
substrate temperature was measured using a thermocouple
attached on the substrate. (See supplementary information
figure S1 (stacks.iop.org/JPhysD/51/445201/mmedia).) For
the reaction step, 300 W of RF power was applied to the ICP
source for different OF2/NH3 and NF3/NH3 gas ratios from
3:1 to 1:3 while maintaining the process chamber pressure at
~45 mTorr (For the OF2(NF3)/NH3 gas ratios of 3:1–1:3, the
gas flow rates of 50–15 sccm for OF2 (NF3) and 30–100 sccm
for NH3 were used. In addition to above process gas mixture,
10 sccm of Ar gas was also flowed in the processing chamber
during the reaction step to prevent the reaction of OF2 or NF3
with the stainless gas tubing while keeping the total pressure
at ~45 mTorr). For the desorption step, both the rf power and
gas mixture were turned off and the lamp was turned on to
expose the substrate at ~200 °C for 2 min using the halogen
lamps (it took about 100 s to reach 200 °C and maintained
at 200 °C by turning the lamps on and off). Even though, the
cyclic step was not used for the dry cleaning, the dry cleaning
used in this experiment can be cyclic processed as shown
in figure 2, where, one cleaning cycle is composed of twosequential steps; the 1st step (reaction step) is the generation
of reactant species by a remote plasma and the reaction of
reactant species on the SiO2 surface while keeping the substrate temperature at about 0 °C for effective adsorption of
reactant species on the surface and the 2nd step (removal step)
is the desorption of reacted compound layers on the surface by
lamp heating to ~200 °C.
The thickness of the reacted layer and the removed layers
of SiO2 and Si3N4 during the each step of dry cleaning were
determined by a field emission-scanning electron microscope
(FE-SEM; HITACHI S-4700). After the reaction on the surface, the properties of reacted layers were analyzed by a
fourier transform-infrared spectroscopy (FT-IR; BRUKER
IFS-66/S) to investigate the surface coupling reaction. The
surface roughness was measured using an atomic force microscope (AFM; Bruker Innova) to study the surface damages
after the removal of the reacted layers. Chemical binding
characteristics before and after the each step of reaction
and removal for the dry cleaning were investigated by x-ray

photoelectron spectroscopy (XPS; (Thermo VG, MultiLab
2000, Mg Kα source).
To investigate the possible electrical damage on the silicon
surface after the dry cleaning of SiO2, four types of MOS
capacitors—pristine, wet cleaning, dry cleaning using NF3/
NH3, and OF2/NH3—were fabricated on the nano-scale patterned Si-trench wafer substrates. Before the SiO2 cleaning,
the Si-trench wafer was oxidized by plasma oxidation using
an O2 plasma at 100 W of 13.56 MHz RF power and 100 sccm
of O2 gas flow for 20 min in an ICP system to form ~7 nm
thick SiO2 on the surface of Si-trench wafer. The dry cleaning
of SiO2 on the Si-trench wafers was carried out by OF2/NH3
or NF3/NH3 plasma, followed by lamp heating. As for reference, wet clean with buffered oxide etch (BOE) was also
adapted for some samples. Then, the MOS capacitors were
formed on the dry or wet-cleaned substrates. The atomic layer
deposition (ALD) was used to provide the conformal thin
film deposition on the 3D fine patterned structures. In MOS
devices, hafnium dioxide (HfO2) and a titanium nitride (TiN)
gate stacks were chosen due to its good thermodynamic stability and superior electrical performance with Si substrate
[23–27]. The ~5 nm-thick HfO2 gate insulator was deposited
using tetrakis (ethylmethylamino) hafnium and H2O as a precursor and an oxidant, respectively, at 250 °C using traveling
wave typed thermal ALD (CN1 Atomic Classic). TiN with
~50 nm thickness was processed with titanium tetrachloride
(TiCl4) and NH3 as Ti precursor and reactant source, respectively, under 350 °C and at 200 W using showerhead typed
plasma enhanced ALD (CN1 Atomic-Premium). N2 and Ar
gas were used as purging gas for HfO2 and TiN, respectively.
DC-sputtered aluminum (Al) with 100 nm thickness was
used as a contact metal on the TiN gate electrode. The final
squared type device with area of 100  ×  100 μm2 was finally
processed by photolithographic gate patterning. To investigate
the conformal thin film deposition on the nano-scale patterned
trench substrate, high resolution transmission electron microscope (HRTEM, JEOL 2100-F) was used. The electrical characteristics of the MOS device were analyzed with Keithley
4200-SCS semiconductor analyzer with capacitance-voltage
(C-V) measurements, interface trap density (Dit) extracted
3
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Figure 3. (a) Film loss of SiO2 and Si3N4 and the selectivity of SiO2 over Si3N4 measured as a function of X:NH3 gas ratio (X  =  OF2,

NF3). The film loss of SiO2 and Si3N4 measured as a function of (b) rf power (at 20 min, 0 °C), (c) reaction time (at 300 W, 0 °C),
and (d) substrate temperature (at 300 W and 20 min) for the optimized OF2/NH3 (2:1) gas ratio.

OF2/NH3 chemistry, the highest dry cleaning rate of SiO2 by
showing the thickest film loss of ~150 nm could be obtained
at the OF2/NH3 (2:1) gas ratio and, when the gas ratio of OF2/
NH3 is higher or lower, the film loss thickness was decreased.
In the case of the Si3N4, the film loss thickness was much
lower than SiO2 and the removal selectivity (>30) could be
obtained. In the case of NF3/NH3, similar to the results from
previous researches [17], the highest SiO2 film loss thickness could be obtained at the NF3/NH3 (1:2) gas ratio but the
film loss thickness was lower than that obtained with OF2/
NH3 chemistry. For NF3/NH3 chemistry, the removal selectivity over Si3N4 was also less than 20, therefore, the OF2/NH3
chemistry exhibited better dry cleaning efficiency compared
to the NF3/NH3 chemistry.
For the optimum OF2/NH3 (2:1) gas ratio, the film loss
thicknesses of SiO2 and Si3N4 on silicon wafer and its selectivity over Si3N4 were also measured as a function of rf power
(at 20 min, 0 °C), cleaning time (at 300 W, 0 °C), and substrate
temperature (at 300 W and 20 min), and the results are shown
in figures 3(b)–(d), respectively. As shown in figure 3(b), with
the increase of rf power of the remote plasma source, the SiO2
film loss thickness was almost linearly increased while noticeable increase of Si3N4 film loss thickness was observed only
at 400 W. Even though more investigation is required, it is
believed that the increased film loss thickness with increased
rf power is related to the increased HF formation from the
further dissociated OF2 and NH3. When the reaction time

by a conductance method [28–30], and the contact resistivity
using transmission line method (TLM).
3. Results and discussion
To measure the dry cleaning efficiency, the 300 nm thick SiO2
and Si3N4 deposited on silicon wafer were exposed with different cleaning conditions during the reaction step in figure 2
to form a compound by the reaction of SiO2 with plasma species and the compound layer formed on the silicon wafer was
desorbed by the lamp heating at the same chamber during the
desorption step. After the complete removal of the reacted
compound, the remaining thicknesses of SiO2 and Si3N4 on the
silicon wafer were measured using cross-sectional FE-SEM
and the film loss thickness of SiO2 or Si3N4 was calculated.
(No etching was observed for silicon for all of the process
conditions) figure 3(a) shows the film loss thickness of SiO2
and Si3N4 on silicon wafer and its selectivity over Si3N4 as
functions of gas ratio of OF2/NH3. In figure 3(a), to compare
the dry cleaning efficiency of the OF2/NH3 chemistry with previously investigated the NF3/NH3 chemistry, the film loss for
the NF3/NH3 chemistry was also investigated while varying
the gas ratio of X (X  =  OF2 or NF3):NH3 from 3:1 to 1:3 at
45 mTorr of total process chamber pressure. The rf power,
cleaning time, and substrate temperature were kept at 300 W,
20 min, and 0 °C, respectively. As shown in figure 3(a), for the
4
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Figure 4. SEM cross-sectional images of the SiO2 interface (a) before reaction (reference), (b) after the reaction of 100 nm thick SiO2, and

(c) after the desorption of the reacted compound on SiO2 surface by the lamp heating. (d) Surface morphology of the reacted compound
formed on the SiO2 surface for (b). (e) FT-IR transmittance spectra of the compound formed on the SiO2 surface by the reaction of SiO2
with radicals from various ratios of OF2/NH3 (2:1, 1:1, and 1:2) mixture and NF3/NH3 (1:2) mixture for 20 min using the conditions shown
in figure 3(a). (f) RMS surface roughness measured by AFM on the surfaces of SiO2 and Si3N4 after the removal of the reacted compound
layer formed on the surfaces by the lamp heating at about 200 °C for 2 min.

was increased up to 40 min while maintaining the rf power
at 300 W, as shown in figure 3(c), due to the increased thickness of the compound layer formed on the silicon wafer surface during the OF2/NH3 plasma exposure, the SiO2 film loss
thickness was increased with cleaning time but with decreased
rate because the HF vapor needs to be diffuse into the growing
compound layer to reach SiO2 surface for reaction. However,
due to no such thick compound formation on the Si3N4, the
Si3N4 film loss thickness was increased linearly with reaction
time. When the substrate temperature was decreased from RT
to  −10 °C, as shown in figure 3(d), the SiO2 film loss thickness
was increased with decreasing substrate temperature while the
Si3N4 film loss thickness was decreased with decreasing substrate temperature. The increased SiO2 film loss thickness at
the lower substrate temperature is due to the increased adsorption of HF and NH3 on the wafer surface, therefore, more
active species can diffuse into the wafer surface. In the case
of Si3N4, the Si3N4 film loss appears to be more dependent on
the reaction rate on the surface rather than adsorption of HF
and NH3 [31].
Figure 4(a)–(c) show the SEM cross-sectional images of
the SiO2 interface (a) before reaction (reference), (b) after
the reaction of 100 nm thick SiO2, (c) after the removal of
the reacted compound on SiO2 surface by the lamp heating.
As shown in figure 4(a), the thickness of SiO2 deposited was
300 nm and, during the reaction by radicals from OF2/NH3
mixture, a reacted compound layer was formed by consuming
the SiO2 on the silicon surface while maintaining a flat SiO2
interface as shown in figure 4(b), and, after the desorption of
the reacted compound layer by the lamp heating at 200 °C,

a clean SiO2 surface was observed as shown in figure 4(c).
Figure 4(d) shows the surface morphology of the reacted compound formed on the SiO2 surface for figure 4(b). The reacted
layer thickness was thicker than the consumed SiO2 thickness
and the surface of the reacted compound was very rough.
Figure 4(e) shows the FT-IR transmittance spectra of the
compound formed on the SiO2 surface by the reaction of SiO2
with radicals from various ratios of OF2/NH3 (2:1, 1:1, and
1:2) mixture and NF3/NH3 (1:2) mixture for 20 min using the
conditions shown in figure 3(a). Due to the thin compound
thickness for the condition of OF2/NH3 (1:2), no significant
peaks could be observed, however, for other conditions,
strong absorption peaks at 3330 cm−1 (N–H stretching),
1450 cm−1 (N–H bending), and 720 cm−1 (Si–F bonding)
could be observed. There was no significant differences in the
absorption peak positions between the compounds formed by
both the OF2/NH3 (1:2, 1:1, and 2:1) mixture and the NF3/
NH3 (1:2) mixture. The FT-IR absorbance spectra (See supplementary information figure S2) measured for the compounds investigated also showed the same information on the
compound as the FT-IR transmittance spectra. The observed
FT-IR peak positions were the same as the positions observed
for the (NH4)2SiF6 powder as investigated by previous studies
for the compound formed using NF3/NH3 plasmas [32].
Figure 4(f) shows the rms surface roughness measured
by AFM on the surfaces of SiO2 and Si3N4 after the removal
of the compound layer formed on the surfaces by the lamp
heating at about 200 °C for 2 min. As shown in the figure,
the rms roughness of the reference SiO2 was ~0.25 nm and
was increased to ~0.69 nm for 1:1 of OF2/NH3 and the further
5
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Figure 5. (a) XPS wide scan spectra and (b) XPS Si 2p narrow scan spectra for the SiO2 surfaces of the reference, after the compound

formation by the reaction, and after the lamp heating with the optimized conditions of the exposure to OF2/NH3 (2:1) mixture for 20 min
followed by the lamp heating at 200 °C for 2 min. (c) Change of binding energy of O 1s, C 1s, and Si 2p for the reference SiO2, after the
OF2/NH3 (2:1) mixture, and after the removal of the reacted compound layer by the lamp heating. (d) Surface composition of the SiO2
surfaces calculated using the XPS wide scan data in (a).

increase of OF2/NH3 gas ratio to 2:1 decreased the rms surface roughness to ~0.35 nm. Even though the surface roughness on the SiO2 surface after the desorption of the compound
layer was not directly proportional to the thickness of the
compound layer formed on the SiO2 surface, it is believed
that the surface roughness is roughly related to the compound
layer formed on the SiO2 surface. In addition, considering the
significant surface roughness of the compound layer surface
as shown in figure 4(d), the variation of the roughness of the
SiO2 surface observed after the desorption of the reacted compound layer was negligible. In the case of Si3N4, due to the no
significant reacted compound formation of the Si3N4, the rms
surface roughness varied with OF2/NH3 gas ratio was even
less than that of SiO2 by showing 0.31 nm for the reference
Si3N4, 0.46 nm for 1:1 OF2/NH3, and 0.40 nm for 2:1 OF2/
NH3. AFM images of Si3N4 surface after the desorption of the
reacted compounds for different OF2/NH3 gas ratios can be
found in the supplementary information (figure S3).
The reaction mechanism of (NH4)2SiF6 formed on the SiO2
surface by the OF2/NH3 mixture is believed to be similar to

the reaction of SiO2 surface by NF3/NH3 plasma and can consider the following reaction equations;
(Remote plasma reaction/recombination)
OF2 (g) (plasma) → O (g) + 2F (g)
(1)
(NF3 (g) (plasma) → NF2 (g) + F (g) → NF (g) + 2F (g))
NH3 (g) (plasma) → NH (g) + 2H (g)
(2)



OF2 (g) + NH3 (g) (plasma) → 2HF
+ byproducts (O2 , H2 , H2 O, NH2 . . .)

(3)

(NF3 (g) + NH3 (g) (plasma) → 2HF + byproducts (H2 , NH2 . . .))

(Surface reaction)
NH3 (g) + HF (g) → NH4 F
(4)
2NH4 F + 4HF (g) + SiO2 (s) → (NH4 )2 SiF6 (s) + 2H2 O (g)

(5)
6
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Figure 6. (a) Schematic diagram of MOS device fabricated on the trench patterned Si substrate. (b) Top-view SEM image of trenchpatterned substrate. (c) Cross-section view SEM image of trench-patterned substrate. (d) HR-TEM micrograph of MOS capacitor with ALD
thin films on the 3D trench structure.

smaller peaks related to Si and O. Figure 5(b) shows the XPS
narrow scan data of Si 2p. For the reference SiO2, the Si–O2
binding peak at 103.6 eV was observed. After the reaction,
the Si peak related to Si–O2 binding was disappeared and the
peaks related to Si (98.6 eV), SiO/SiF (102.5 eV), and SiFx
(x  >  2, 105.6 eV) were observed [34]. However, after the desorption of the reacted layer by the lamp heating, the peak position only related to Si–O2 was observed. Figure 5(c) shows
the change of the binding peak energies for C 1s, O 1s, and Si
2p for the reference SiO2, after the reaction, and after the desorption (Also, see supplementary information figure S4). The
binding peaks related to oxygen and carbon remained similar
while Si binding peak was split into three peaks as mentioned
above during the reaction indicating that the carbon observed
for all the samples is related to the air exposure before the XPS
measurement and oxygen is originated from the Si–O binding.
Figure 5(d) shows the surface composition of the SiO2 surfaces calculated using the XPS wide scan data in figure 5(a).
As shown in figure 5(d), the surface composition of SiO2 after
the desorption was similar to that of reference SiO2 surface
while significant percentages of F and N were observed in
addition to Si, O, and C after the reaction. Therefore, it can be
seen that, after the desorption of the reacted compound layer,
the compound was completely removed after the lamp heating
and a clean SiO2 surface was exposed.
Figure 6(a) shows the schematic diagram of MOS capacitor used for electrical characterization. Figures 6(b) and (c)
illustrate a top-view as well as a cross-sectional view SEM
images of a Si trench pattern, respectively. Figure 6(d) shows
HR-TEM image of ALD HfO2/TiN MOS capacitor formed

(Desorption by Lamp heating)
(NH4 )2 SiF6 (s) → SiF4 (g) + 2NH3 (g) + 2HF (g) .
(6)

That is, F and H are dissociated from OF2 and NH3 (equations
(1) and (2)), and HF is formed by recombination of H and F,
and travels to the surface of the SiO2 surface together with
NH3 (equation (3)). NH3 and HF recombine and form NH4F
(equation (4), where, NH4F is solid at room temperature) and
NH4F and HF reacts with SiO2 on the SiO2 surface and porous
(NH4)2SiF6 compounds are formed (equation (5)) while negligibly smaller reaction is expected on the Si3N4 surface [33].
The thickness of the (NH4)2SiF6 compound is increased further by the diffusion of NH3 and HF through the (NH4)2SiF6
compound to the SiO2 surface and by the reaction of NH4F
reacts with SiO2. The porous (NH4)2SiF6 compound is decomposed at a temperature higher than 100 °C (The dissociation
temperature of (NH4)2SiF6 is 100 °C [15]) and is removed by
forming volatile SiF4, NH3, and HF (equation (6)).
Using the optimized surface cleaning conditions consisted
of the exposure to OF2/NH3 (2:1) mixture for 20 min followed
by the lamp heating at 200 °C for 2 min, the chemical composition of the surface was investigated by XPS and the results
are shown in figure 5 for the SiO2 surfaces of the reference,
after the compound formation by the reaction, and after the
lamp heating. Figure 5(a) shows the wide scan data of XPS
spectra, and, as shown in the figure, the wide scan data for
the reference SiO2 surface and the SiO2 surface after the desorption of the compound were similar while the SiO2 surface
with the reacted compound formation exhibited F and N on
the surface due to the formation of (NH4)2SiF6 while having
7
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Figure 7. (a) Normalized C-V characteristics for devices with various cleaning methods. (b) VFB and ΔVFB values of MOS capacitors. (c)
Dit of the MOS devices with respect to cleaning methods. (d) Contact resistivity of device with different cleaning methods. Inset shows I–V
characteristics for TLM analysis.

on the trenched substrate, indicating that thin films were conformably deposited well on the 3D fine structures.
Figure 7 compares the electrical characteristics of the
devices processed by conventional wet clean, NF3/NH3
plasma dry clean, and OF2/NH3 plasma dry clean. To ensure
the repeatability, all devices were measured more than 10
times and at least 5 points were analyzed for each sample.
Arithmetic average measurement values with error bars are
shown for figures 7(b)–(d). In comparison with non-cleaned
devices, the cleaned devices exhibit improved electrical performance with smaller errors and OF2/NH3 remote plasma
dry cleaning process shows the best improvement. Figure 7(a)
shows the normalized C-V behaviors at 1 MHz frequency. The
OF2/NH3 plasma cleaned device has the sharpest slope in a
depletion-inversion regime, the relatively positive flat band
voltage (VFB) of  −0.56 V, and a very small C-V hysteresis
with 21.4 mV. Figure 7(b) summarizes the VFB and hysteresis
(ΔVFB) values from C-V plots. The relative positive VFB and
the smallest ΔVFB of the device with OF2/NH3 mixture dry
cleaning indicate the least amount of charges and defects are at
the interface between HfO2 and cleaned Si substrate as a result
of the effective cleaning, on the contrary, other devices show a
more negative VFB and slightly larger hysteresis value. In par
ticular, the device under the NF3/NH3 plasma process exhibits
a large C-V hysteresis of 594 mV due to residual chemicals.
Figure 7(c) explains the Dit of the devices as a function of

distribution energy depending on different cleaning methods.
The device with the NF3/NH3 plasma dry cleaning has almost
two times higher Dit than that of the conventional wet cleaning
devices. However, Dit was apparently reduced to 70 % after
the OF2/NH3 plasma dry cleaning. The Dit characterization
supports that defects and/or charges related to residual particles or process-induced damages were efficiently suppressed
with OF2/NH3 cleaning. Figure 7(d) illustrates the contact
resistivity of each device extracted with TLM analysis, where
the inset shows I–V characteristics used for TLM analysis.
Compared with non-cleaned device, cleaning is effectively
proven to reduce contact resistivity and further improvement
comes from drying cleaning. The reduction in contact resistivity of the wet cleaning, NF3/NH3 plasma dry cleaning, and
OF2/NH3 plasma dry cleaning are 80 %, 97 %, and 99.7 %,
respectively. These electrical characteristics suggest that
residual particles on the interface were significantly reduced
and the charge trapping behavior was also improved using
OF2/NH3 dry cleaning compared to other cleaning methods.
4. Conclusion
In this study, the in situ sequential dry cleaning process of
SiO2 by the reaction of OF2/NH3 mixture and the removal of
a reacted compound by the lamp heating was investigated. At
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the OF2/NH3 (2:1) gas ratio, the highest dry SiO2 cleaning rate
by forming the thickest compound layer during the reaction
and the highest etch selectivity over Si3N4 could be observed
possibly due to the formation of the highest HF concentration on the SiO2 surface at the OF2/NH3 (2:1) gas ratio. The
dry SiO2 cleaning rate and etch selectivity over Si3N4 were
higher than those obtained with the optimized conventional
NF3/NH3 (1:2) condition. When SiO2 surface roughness was
measured after the cleaning of a partial SiO2 layer on silicon,
no significant change of the surface roughness (<0.7 nm) was
observed even though the SiO2 surface with the reacted layer
composed of (NH4)2SiF6 was significantly rough. Also, even
though significant percentages of N and F were observed on
the SiO2 surface after the reaction with OF2/NH3, the surface
composition similar to the reference SiO2 was observed after
the removal indicating complete desorption of the reacted
layer after the lamp heating at 200 °C. In addition, the MOS
devices were fabricated on the nano-scale trench patterned
Si substrate and their electrical properties were analyzed.
Compared with other cleaning methods such as BOE wet
cleaning and NF3/NH3 mixture cleaning, the optimized OF2/
NH3 mixture cleaning showed improved electrical characteristics such as sharper C-V, reduced hysteresis, lower Dit and
smaller contact resistivity. Therefore, it is believed that the in
situ sequential dry cleaning used for SiO2 cleaning by OF2/
NH3 mixture as the alternative to NF3/NH3 can be applied as
an essential cleaning method for fabricating nanoscale devices
with extremely low global warming potential.
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