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Abstract: This study concerns the development of a gap-fill process technology for isolating trench
patterns. There are various gap-filling techniques in the case of trench patterns; nevertheless, a pro-
cessing technology adopting the DED (deposition/etch/deposition) method was developed in this
study. After the etch step, an Ar/O: (1:2) plasma treatment technology reduced the residual amount
of F in the films to 0.05%. By improving the etch uniformity, the deposition uniformity after the
DED process on a 12-inch flat wafer was secured within <1%, and a high-quality SiO2 thin film with
a dielectric constant of 3.97 and a breakdown field of 11.41 MV/cm was fabricated. The DED method
can be used for gap-filling even in patterns with a high aspect ratio by changing process parameters,
such as RF power and division of etch steps, according to the shape, depth, and CD size of the
pattern. This study confirmed that a void-free gap-fill process can be developed in a trench pattern
with a maximum aspect ratio of 40:1.

Keywords: PE-ALD; deposition/etch/deposition; shallow trench isolation; fluorine concentration;
gap-fill

1. Introduction

As the integration degree of the semiconductor device increases, the line width and
spacing between the components of the semiconductor device gradually become finer,
including the width and interval of the device isolation layer. Thus, instead of the con-
ventional local oxidation of silicon processes for the device isolation layer, a shallow
trench isolation technique, in which a narrow and deep trench is formed in a semiconduc-
tor substrate and then gap-fills with insulating materials, is mainly used. However, alt-
hough the gap-filling process fills the trench with an insulating film by sequentially de-
positing an insulating film from the bottom of the trench, due to an overhang phenome-
non that occurs when an insulating film is simultaneously deposited on the entrance, side-
walls, or the bottom surface of trenches, the top of the trench could be blocked before the
trench is completely gap-filled, generating voids or seams inside the trench. Such voids
occur more frequently as the aspect ratio of the trench increases, causing these voids to
deteriorate the device’s characteristics. Therefore, one of the important process goals in
trench gap-filling processes is to suppress the generation of voids. Since the gap-filling
process is a deposition process, the conventional chemical vapor deposition (CVD)
method is primarily used. However, the CVD method cannot be used as the integration
degree of semiconductor devices and the aspect ratio of the trench increase. Hence,
trenches have recently been gap-filled using the plasma-enhanced atomic layer deposition
(PE-ALD) method using plasma, where particularly generating high-density plasma un-
der a low-pressure atmosphere is a core element of the gap-filling process. However, the
PE-ALD method also has limitations in its gap-fill capability due to the high integration
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of semiconductor devices. Besides, as the width of the trench becomes narrow, an over-
hang is generated at the entrance to the trench, resulting in a void inside the trench even
when the trench gap-fill process is performed using the PE-ALD method. Thus, a novel
deposition/etch/deposition (DED) process has been proposed to address this problem,
where deposition and etching of an insulating film are repeated using the PE-ALD method
[1,2]. It is a process of etching the overhang generated from the PE-ALD method and re-
depositing it via the PE-ALD method. Still, if the etching uniformity is poor and the open-
ing size varies, the gap fill would not be uniform throughout the trench. Furthermore, as
the gap-filling space becomes smaller, the three-step DED process becomes increasingly
impossible, thereby requiring five or more steps [3,4]. As a result, since the deposition and
etching uniformities must be met for an effective deposition/etch/deposition process,
while the single/batch type is excellent in terms of deposition uniformity or particle size,
the space-divided type, which has a greater advantage in terms of productivity, has also
been actively researched. Additionally, in the case of the existing space-divided PE-ALD
systems, only the disk, not the wafer, rotates, causing the process gas stream to be formed
toward the chamber wall due to the centrifugal force generated by the rotation of the disk,
which results in poor deposition uniformity. In this condition, during the DED process,
the etch uniformity in all areas of the wafer is also poor, resulting in reduced device yield.
Based on the above facts, this study developed an independent rotational device disk,
which rotates its disks and wafers simultaneously, to solve the problem with space-di-
vided PE-ALD systems and improve the implementation of a silicon oxide circular map
without deposition uniformity. This model was proposed because since the shape of the
deposition map could be controlled when the disks and wafers are rotated simultane-
ously, the disk rotation, which enables control of the deposition speed per cycle, was uti-
lized as a controlling factor for thin-film quality and step coverage, causing the rotation
of the wafer to be utilized as a controlling factor for deposition thickness in the outermost
edge area. Alternately, since factors that can control the deposition thickness of the outer-
most edge area could also be utilized to control the etching speed not only in the deposi-
tion process but also in the etching process, a silicon-insulating film was primarily used
as an oxide film in a semiconductor device. However, although the silicon-insulating layer
was easily etched in an acid-based chemical solution, controlling the thickness of the in-
sulating layer during the etching process remained challenging. In such cases, the insulat-
ing film is penetrated when the silicon is wet-chemical-etched in an acid-based chemical
solution, causing the insulating film to fail in its function as an insulating film. To solve
this problem, this study also describes a semiconductor device capable of gap-filling with-
out voids while forming an insulating layer on the semiconductor substrate with a trench,
thereby preventing the insulating layer from being easily etched in an acid-based chemical
solution.

2. Experiments and Discussion
2.1. Experimental Method
2.1.1. Development of the Experimental Equipment

Existing ALD equipment are single/batch or space division types. While the sin-
gle/batch type is excellent in terms of deposition uniformity and defects, research on the
space division type is still being actively conducted [5,6] because of its productivity. More-
over, findings have revealed that with the space division type, the physical and chemical
properties of the deposited film could be improved by strengthening the upper lead
plasma system. Therefore, this study installed a self-developed dual-plasma system to in-
vestigate its improvement in gap filling. The PE-ALD space division system used in this
study was equipped with eight shower heads on the top lid, after which precursor, purge,
and reactant gases were continuously sprayed in each area. Particularly, since the purge
gas separated the precursor from the reactant regions, deposition and treatment functions
were performed through plasma discharge in the reactant region. Then, while six wafers



Coatings 2023, 13, 48

3 of 14

were arranged on a disk that rotated and passed through each space-divided area, the
precursors repeated chemical adsorption and desorption reactions to form thin films. We
also observed that since the existing space division PE-ALD system was designed to rotate
only the disk, the uniformity of the deposited thin film was poor. As a result, while the
pumping port inside the chamber was located in the precursor and reactant regions, the
gas stream was formed toward the chamber wall via the centrifugal force generated dur-
ing the disk rotation. Hence, this study solved these complexities by designing the disk
and wafer to simultaneously rotate. Consequently, the wafer rotation speed was up to 10
rpm, and the disk was up to 200 rpm. The wafer rotation also controlled the deposition
thickness of the outermost region, increasing the disk rotation speed and productivity.
The disk rpm refers to the number of ALD depositions per minute. In addition, while 60
cycles per minute were performed at 60 rpm, the wafer was rotated at 5 rpm to evaluate
one second per ALD cycle (Figure 1).
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Figure 1. The DED process system development.

2.1.2. Deposition Process

This study was conducted using a space-divided PE-ALD facility, where diiso-
prophylaminosilane (DIPAS) was the precursor to form a silicon oxide thin film on the 12-
inch Si (100) wafer, Oz/He was used as the reaction gas, N2 was the purge gas, and the gas
flow rate of Oz/He was adjusted to 3:2. Meanwhile, for plasma formation, while an RF
voltage of 13.56 MHz was dually applied to the upper chamber, 300 w/300 w was applied,
respectively, at a process pressure of 0.6 torr. Typically, increasing the deposition temper-
ature increased the density of the deposited film (Figure 2); thus, an appropriate temper-
ature of 500 °C was applied to ensure that the DIPAS precursor did not thermally decom-
pose [7,8]. Furthermore, the distance between the disk and showerhead was set to 7 mm,
and the disk and wafer rotation speeds were set to 60 and 5 rpm, respectively, for depos-
iting the silicon oxide thin film. While the space division-type atomic layer deposition
comprised six steps, adopting the same principle as shown in Figure 3, on the substrate,
the precursors were deposited via continuous chemical adsorption and desorption. When
depositing a thin film, the aspect ratio was crucial because the higher the aspect ratio, the
more complex the process was due to the deterioration of step coverage characteristics.
As the aspect ratio increased, the pattern inside adopted the shape of a curved jar, causing
voids or seams to appear inside the pattern during the gap-filling process. Notably, the
sticking coefficient and arrival angle are two factors for improving step coverage. The
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3. Reactant

sticking coefficient denotes the probability of chemical adsorption to the substrate in a
single collision. As the sticking coefficient increases, the surface mobility decreases,
thereby deteriorating the coating ability. Therefore, while the sticking coefficient should
be small, the arrival angle depends on the pressure. Moreover, the higher the pressure,
the smaller the mean free path; thus, the randomness of the particles increases. As a result,
atoms tended to cluster at the side with a greater arrival angle, forming an overhang.
When the overhang was formed, voids were also formed, causing the covering ability to
be greatly reduced.
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Figure 2. Wet etch rate characteristics of SiOz2 thin film at various process temperatures.
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Figure 3. (a) Principle of PE-ALD. (b) The space division PE-ALD sequence.

2.1.3. Etch Process

In this study, an etch step was added in the middle of the deposition process to solve
the overhang problem and improve the gap-fill performance. The etch step was config-
ured in the same manner as in the deposition conditions with a dual-RF voltage of 13.56
MHz, and 500 w/500 w were applied to each. After the source injector was turned off, NFs
gas was injected into the reactant injector (1 and 2) to perform the etch process. At this
time, the plasma discharge area was increased by turning off the curtain purge between
reactant injector 1 and reactant injector 2. In the etch step, the most important issues are
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increasing productivity by increasing the etch rate and increasing the yield by improving
etch uniformity over the entire wafer area. Etch uniformity refers to the consistency of the
etch rate across all regions of a wafer. The difference between the most advanced and least
advanced etch sites can be calculated by dividing it by the sum. The calculation (Formula
(1)) is as follows:

Etch uniformity (%) = (max E.R. — min E.R.)/(max E.R. + min E.R.) x100% (1)

(E.R. = etch rate)

In the case of bad etch uniformity, a difference in the thickness of the film at the center
and the edge will be noticed after etching, resulting in a difference in the characteristics of
a device and ultimately leading to a lower yield in the manufacturing process. In this ex-
periment, etch uniformity was calculated by averaging the etch rate of 49 points across all
regions of a 12-inch wafer. Figure 4a is a graph showing etch uniformity and the etch rate
according to the NFs flow rate, and Figure 4b is a graph showing etch uniformity accord-
ing to wafer rpm. In Figure 4a, it can be seen that the etch rate increases as the NFs flow
rate increases from 2500 to 5000 sccm. However, a tendency of etch uniformity to deteri-
orate from 0.4% to 1.1% was confirmed. Applying NFs 4000 sccm was expected to be most
suitable in terms of etch rate and etch uniformity, so it was applied to this evaluation. In
the Figure 4b, it can be seen that the etch uniformity improves from 1.1% to 0.5% as the
wafer rpm increases. As the wafer rotates, the high and low etch rates intersect, and the
etch uniformity improves as the rpm increases. From the time of the 5 rpm application, it
was confirmed that the uniformity tendency was saturated, and thus the etch process was
performed at 5 rpm.
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Figure 4. (a) Trend of etch rate and etch uniformity according to NFs flow rate. (b) Trend of etch
uniformity with increasing wafer rpm.

2.1.4. Analysis Method

The thickness of the thin film deposited on the flat plate was measured using the Elli-
SE-Uam12 model ellipsometer manufactured by Ellipso Technology (Suwon, Korea). The
deposition thickness on the flat plate was measured as the average value and uniformity
in the 49-point area measured on a 12-inch wafer. For component analysis of the deposited
thin film, XPS (TFS K-Alpha+, Rigaku, Kyoto, Japan) and SIMS (CAMECA IMS 7f mag-
netic sector SIMS, JEOL, Tokyo, Japan) analyses were performed, and C-V and I-V char-
acteristic analyses were performed using MS Tech’s MST 8000 CHC model. To confirm
the gap-fill image, a pattern with an aspect ratio of 40:1 was used, and FIB (Focused Ion
Beam) sampling was performed on the central part of the 12-inch wafer to analyze the
thin-film growth rate through transmission electron microscopy (TEM) (JEM-2100F HR,
JEOL, Tokyo, Japan) analysis.
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2.2. The Deposition/Etch/Deposition Process Development
2.2.1. Silicon Oxide Thin Film Deposited by the PE-ALD Method

As aresult, a thin layer of silicon oxide is deposited on the substrate via the reaction
of the adsorbed molecules with the oxygen plasma formed in the chamber. During this
process, He/O2 was also used as a reactant gas since adding inert gases, such as He or Ne,
to Oz could result in the formation of an oxygen-based plasma with an increased popula-
tion density of reactive species (atomic oxygen, oxygen radicals, or excited oxygen spe-
cies). Furthermore, when plasma was generated from the gas mixture comprising an ox-
ygen precursor and additional gas, the pressure in the reaction chamber was more than
that during the conventional PE-ALD processes, indicating that an increase in the popu-
lation density of reactive species was possible [9-11]. Subsequently, XPS analysis was per-
formed to confirm whether a normal silicon oxide thin film was deposited. As a result of
XPS analysis, an Ois peak was found in the 532.6 eV binding energy section, and a Sizp
peak was found in the 103 eV binding energy section; thus, the silicon oxide thin film was
determined to have been properly deposited (Figure 5a,b). According to the composition
analysis results (Figure 5c), the concentrations of C and N were measured to be <1% and
the concentration ratios of Si and O were determined to be 1:2. Figure 6 presents a graph
showing the tendency of the deposition rate according to the reactant gas O2 and He flow
rates. The deposition rate is confirmed to increase when He is added compared to when
only Oz is used. In general, the deposition rate per cycle of the silicon oxide thin film de-
posited by the normal ALD reaction is less than 1 A, and it can be confirmed that the ALD
reaction normally occurs up to an Oz:He ratio of 3:2 [12-14].
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Figure 5. XPS spectra of SiO2 are also shown: (a) Sizp and (b) Ois. (c) Deposited thin-film composi-
tion analysis.
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Figure 6. Reactant gas Oz2: deposition rate trend according to He flow rate.

2.2.2. DED Process Method

In this study, an etching step was added to the middle of the silicon oxide thin-film
deposition to remove the overhang, causing the silicon oxide thin film to be redeposited.
First, the thickness and uniformity of the flat wafers were compared under the aforemen-
tioned deposition conditions with and without the etch step (Figure 7). After the etch step
was performed at 10 and 30 s, the effect of an increased etching time was then investigated.
We observed that as the etching time increased, the deposition thickness decreased from
200.4 to 172.5 A, improving the deposition uniformity from 0.96% to 0.75%. The chemical
reaction (Formula (2)) of the silicon oxide thin film and the NFs gas is as follows:

SiOx(s) + NFs(g) = SiFs(g) + NOx(g) @)

SiFs generated in the reaction step vaporizes and is eliminated from the substrate
surface. At this time, the fluorine ions mainly participate in the elimination reaction of
SiOz, and the NFs gas is ionized in the plasma state. The degree of ionization depends on
the flow rate of NFs and the plasma power [15,16]. The results of this study showed that
the elimination rate of the silicon oxide thin film was high when the flow rate of the NFs
gas was 4000 sccm and the plasma power was 500 w. In addition, Figure 8 describes the
aforementioned elimination reaction, and the chemical species participating in this reac-
tion is the fluorine ion. Fluorine ions interpose between Si and O and break the Si-O bond,
and this reaction is highly exothermic (Figure 8a). Additionally, recombination occurs
with fairly low activation energy, leaving Si-F bonds by coulomb attraction (Figure 8b).
Here, since Si-N binding energy is 4 eV and that of Si-F is 6 eV, Si-F is more thermody-
namically stable [17-19]. However, after NF etching, the wafer is terminated with the ni-
trogen remaining after the reaction. As the difference in electronegativity between Si and
F (Si: 1.8, F: 3.9) is too large, the Si-F bond causes polarization, in which NF breaks the Si-
Si bond by back-bonding (Figure 8c). This reaction terminates nitrogen on the surface by
releasing SiFx and leaving O-N (Figure 8d). This reaction was obtained by molecular or-
bital calculation of the activation energy [20-23]. It is known that trace amounts of nitro-
gen in the silicon oxide thin films do not deteriorate film properties, and this nitrogen
termination phenomenon on the wafer is used as an inhibitor in other research activities
as a gap-fill process [15].
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Figure 7. The thickness and uniformity of the silicon oxide thin film deposited via the DED method
on a flat plate.
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back bonding. (d) Releases SiFx and leaves O-N

2.2.3. Fluorine Analysis of 5iO: Thin Film Deposited by the DED Process

In general, the byproducts of fluorine atoms that are involved in the silicon oxide
elimination reaction during dry etching are well-adsorbed on the surface of the Si wafer
due to the high electronegativity of fluorine atoms [24,25]. Additionally, it is known that
the amount of fluorine remaining on the wafer surface after etching is higher than that of
wet etching [26]. Figure 9 is the result of the SIMS analysis of the thin film to which the
DED process was applied to. After dry etching, the concentration of fluorine incorporation
in the film was confirmed at 0.18%. The fluorine remaining on the surface after etching in
this way makes the wafer surface hydrophilic and has high electronegativity, which can
cause other contaminants to be adsorbed well to the wafer, thereby lowering the interface
properties, and lowering the quality of the device [27,28]. Therefore, to remove fluorine
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remaining on the surface after dry etching, surface treatment was performed using Ar and
Oz plasma after NFs plasma etching. The Oz plasma process, which is mainly used to re-
move etch residues, is also called the ashing process, and has a mechanism to remove etch
residues by converting them into volatile substances such as OFz and O2F2 [29]. After the
etch step during the DED process, plasma treatment was used on the surface with an Ar
and Oz ratio of 1:2 and RF of 500 w/500 w. It was confirmed that the concentration of
fluorine incorporation in the membrane decreased by 0.05% (Figure 9). Although Ar and
Oz plasma did not completely eliminate the remaining fluorine on the substrate, it was
confirmed that the amount of fluorine was reduced compared to the case where only dry
etching was performed. This suggests that Ar and Oz energy may play a role in breaking
the bonds of Si-F and Si-OF present on the surface of the oxide film and terminating with
Si-O [30].
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Figure 9. Fluorine concentration of thin film applied by the DED process (SIMS analysis).

2.2.4. Electrical Characteristics” Analysis of SiOz Thin Film Deposited by the
DED Process

To investigate the electrical characteristics of the silicon oxide thin film deposited by
the DED method, a MOSCAP (metal-oxide semiconductor capacitor) device was manu-
factured (Figure 10a). MIS (metal-insulator silicon) stack devices were manufactured
through photo/etch and sputter TiN deposition and lift-off, and C-V and I-V characteris-
tics were analyzed using a Cu bottom contact and probe station. Figure 10b shows the
dielectric constant and breakdown voltage measurement results measured at a frequency
of 1 MHz. The dielectric constant was obtained using the following Formula (3):

Capacitance = area x (k x €o/Tox) 3)

- area=100x 100 (um?)
- €0=8.8542 x 10-2 F/m
- k = dielectric constant

Although the residual amount of fluorine generated from the etch step in the DED
process is insignificant, dielectric constants were extracted and breakdown voltages were
compared through C-V and I-V analysis to identify its impact during device manufactur-
ing. The dielectric constant of the SiOz thin film deposited using the general method was
4.00 and the breakdown field was 11.89 MV/cm, whereas the dielectric constant of the SiO2
thin film deposited by the DED method was 3.97 and the breakdown field was 11.41
MV/cm. The dielectric constant and breakdown field for both methods were at a similar
level, confirming that the DED process did not affect the electrical properties of the films.
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Figure 10. (a) Fabrication of a MOCAP device for C-V and I-V characterization and (b) dielectric
constant and breakdown field of the deposited SiO: thin films.

2.3. Deposition/Etch/Deposition Process in the Pattern
2.3.1. Evaluation of Etch Influence in the Pattern

Figure 11 is a TEM analysis image of a silicon oxide thin film deposited on the pattern
and etched after deposition. Figure 11a is an image deposited with 200 A of silicon oxide.
Figure 11b,c are TEM results analyzed by changing only the RF power to 500 and 700 w
after fixing the etch time to 30 s, respectively. It can be seen that the etch rate increases
when the RF power is increased from 500 to 700 w in the etch step. Additionally, it can be
seen that the open area of the pattern top increases when the RF power is increased. The
DED process can be used for the gap-fill process, in which the inside is a jar-shaped pat-
tern. If the inside of the pattern is jar-shaped, even if the step coverage is adjusted, the top
open area will close before gap-fill is completed [31,32]. Eventually, voids are formed in-
side the pattern and the quality of the film is deteriorated. The DED process prevents the
pattern open area from closing before gap-filling by etching the pattern top open area in
the middle of the process. At this time, by adjusting the RF power of the etch step, the
open size of the pattern top area can be adjusted, so even if the aspect ratio of the pattern
increases or the shape changes, the void-free gap-fill process can be performed.
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Figure 11. Analysis of the influence of etching in the pattern. (a) Pattern image when deposited
only. (b) Pattern image when deposited by increasing RF power (500 w). (c) Pattern image when
deposited by increasing RF power (700 w)

2.3.2. Gap-fill Evaluation in High Aspect Ratio Pattern

As semiconductor performance improves, the demand for a process to gap-fill high
aspect ratio patterns is increasing [33-36]. In this study, the gap-fill process of the silicon
oxide thin film was performed using the DED method using a 2400 nm depth and a CD
170 nm/60 nm pattern. In Figure 12a, the deposition/etch/deposition/etch/deposition 5-
step DED method was applied by applying the etch step twice with an aspect ratio of a
14:1 pattern. If the CD size is large, it is difficult to secure a sufficient open area before
gap-filling with the three-step DED method. Considering the CD size, the deposition
thickness was divided into three parts to 600 A, and an intermediate etch step was added
twice. Etch time was 30 s, RF power was 700 w, and the NFs flow rate was 4000 sccm to
complete the void-free gap-fill process. In Figure 12b, the deposition/etch/deposition 3-
step DED method was used by applying one etch step with an aspect ratio of a 40:1 pat-
tern. Considering the CD size of 600 nm, the deposition thickness was divided into two
parts with 320 A, and an intermediate etch step was performed once. Etch time was 30 s,
RF power was 500 w, and the NFs flow rate was 4000 sccm. The process conditions of the
etch step can be adjusted according to the pattern’s shape, CD size, and depth.

Aspect Ratio Aspect Ratio
(14:1) (40:1)

- Pattern spec.
: $i/Si02(2.400nm)/SiN(150A)

SIN
SI0 2 5102

- Aspect Ratio(14:1)
: Top CD 170nm, Bottom CD 100nm

- Aspect Ratio(40:1)
: Top CD 60nm, Bottom CD 30nm

(@) (b)

Figure 12. Gap-fill images of the silicon oxide thin film deposited by the DED method. (a) Aspect
Ratio 14:1. (b) Aspect Ratio 40:1
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3. Conclusions

In this study, a processing technology for depositing and gap-filling a SiO2 thin film
using the DED method was investigated. The gap-filling process was conducted by de-
veloping a space-divided PE-ALD facility, and a gap-filling process was developed to de-
posit void-free, insulating material in a trench pattern with an aspect ratio of 40:1 after
confirming the basic characteristics of the DED process in a flat wafer. To reduce the in-
film F concentration that may increase during the application of the DED process, an
Ar/Oz plasma treatment technology was developed, and the F concentration was reduced
to 0.05%. An increase in the concentration of impurities such as F in films reduces various
properties of the device. A MOCAP device was fabricated to identify potential reduction
of electrical characteristics that may occur during the device manufacturing process. Un-
der the DED application conditions, the dielectric constant and breakdown field of the
fabricated thin film were 3.97 and 11.89 MV/cm, respectively, similar to the SiO: thin films
deposited using the conventional method. Since the DED processing technology can be
adjusted according to the shape, CD size, and depth of the pattern to be gap-filled, void-
free gap-filling was achieved through RF power use and division of etch steps, even for
patterns with a high aspect ratio. This study highlights the importance of applying appro-
priate solutions as the types of materials used and the required process development tech-
nologies are becoming increasingly diversified.
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