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Abstract

Semiconductor devices are constantly being reduced in size for miniaturization and high
functionality. Dry etching is a key technology for fine-pattern transfer to the materials, accurate
control of etched profile and minimization of damage are required. A dielectric film of SiN is
widely used as a spacer material for sidewall of gate electrode and etch stop layer at the bottom
of contact holes. In the sidewall spacer, high-precision anisotropic etching is performed to control
the profile and dimensions of the gate stacks. In addition, damage to the underlying Si substrate
during sidewall spacer/contact hole etching affects the device characteristics. Thus, highly precise
etching at the atomic/molecular level and extremely low damage to the substrate are strongly
required for the dielectric film etching used in the advanced semiconductor devices. Further,
transparent conductive films are also used in various kind of devices. Tin-doped Indium oxide
(ITO) is one of the most popular Transparent Conductive Oxide (TCO) and difficult-to-etch
materials. To improve the performance of devices, precise anisotropic etching of ITO without
generating damage is strongly required, similar to the conventional silicon-based materials.
However, the mechanism of ITO etching is under investigation, we investigated the dry etching
mechanism of ITO by using an CCP system. It has been found that ITO was reduced by incident
hydrogen species in the Ho/Ar plasma, and an In-rich layer was formed on the surface. The In-
rich layer had a higher sputtering yield, resulting in an increase in the etch rate in the Ha/Ar plasma.
ITO etching is determined by the balance between the formation of an In-rich damaged layer by
H ion irradiation and sputtering by relatively heavy inert gas ions. For application to small-
dimension device fabrication, we need highly selective etching of ITO/mask materials. By
applying the etching mechanism of ITO, we investigated the cyclic etching of ITO using hydrogen

plasma followed by Ar plasma and developed a method to improve the etch rate selectivity for



ITO over mask materials. Cyclic etching was investigated using hydrogen plasma, followed by
Ar plasma for highly selective etching of ITO/SiO,. Silicon, which is generated from the top
electrode, was deposited on the SiO, surface selectively during the cyclic process. Therefore,
highly selective etching of ITO over SiO, (mask material) can be achieved by the selective surface
adsorption of a protective film. And it was suggested that cyclic etching by selective surface
adsorption of Si can precisely control the etch rates of ITO and SiO», resulting in an almost infinite
selectivity for ITO over SiO, and in improved profile controllability. However, the residual
metallic-In causes degradation of device performances, low-damage etching or damage recovery
processes are urgently required. To solve these issues, we investigated the potential of both
damage recovery and low-damage etching process that uses simultaneous injection of hydrogen
and oxygen. When using H,/CO plasma, the final resistivity was close to that of the initial sample.
With hydrogen and oxygen-mixed plasma, we were able to achieve low-damage etching by

controlling the balance between surface reduction and oxidation.

Next, we expanded the application from difficult-to-etch materials to general dielectric
films, and we examined the SiN ALE of the dielectric film. When ALE is used for device
manufacturing, process stability and suppression of fluctuation, which depend on the chamber
conditions. We investigate SiN ALE stability with process optimization of the surface adsorption
and desorption steps by using an CCP system., and we clarify the rate fluctuation mechanism.
Excess polymer deposition, which originates from residual carbon after desorption step, causes
the etch stop of SiN ALE. Thus, a thick residual carbon layer causes an etch stop, and suppression
of C deposition is required for stable SiN ALE. Addition of O; to the desorption step or a three-
step O ashing process can suppress C deposition and realize stable ALE. Also, CFx desorption
from the chamber wall causes etch enhancement of ALE. The desorbed CF, enhance the EPC at
the wafer edge during Ar desorption. We found that control of fluorine and carbon amounts is

critical for stable SiN ALE. To realize stable SiN ALE, it is necessary to keep the same surface



conditions in every cycle. Next, the plasma source dependence of the etch-stop mechanisms are
unknown. We investigate the effect of the surface condition on the stability of the EPC in SiN
ALE by using an ICP system. It was confirmed the etch-stop as well as the CCP system, it is
caused by polymer deposition. MD simulation shows that Si—C bonds remain on the SiN surface
after the ALE process. The remaining Si—C bonds are a trigger for carbon accumulation. The etch-
stop is suppressed with an O, flash step. However, the EPC decreases after one cycle of ALE,
which is caused by the surface oxidation of SiN. For a stable ALE process, by combining the
three-step SiN ALE with a subsequent SiO2 ALE to remove residual SiO2, multi-step ALE is

realized.

One of the advantages of ALE is reported to be low-damage etching. We investigate the
underlying Si damage in ALE of SiN and clarify the mechanism of damage generation, which
result in the low damage etching in ALE. During over etching of the underlying Si after SiN ALE,
plasma-induced damage was induced on the Si substrate. As the remaining Si damage degrades
the electrical performance, precise control of the incident ion energy is indispensable to minimize
damage generation. On-wafer IEDF measurement revealed that the damage thickness measured
by SE was defined by the incident ion energy at the high energy peak of the IEDF. Adsorbed
polymer can effectively reduce the underlying Si damage, owing to the ion energy loss in the
polymer layer. Si damage generation was greatly suppressed by sequential deposition of a
protective film during ALE. To suppress the damage generation during the ALE process, precise
control of the ion energy, thickness of adsorbed polymer, and Ar desorption time are strongly

required. For low-damage ALE, a very low ion energy is required.
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CHAPTER 1

1.1 Introduction

Semiconductor devices such as 3D NAND flash memory, Dynamic Random-Access
Memory (DRAM), logic devices, image sensors, etc. are constantly being reduced in size for
miniaturization and high functionality. Dry etching is a key technology for fine-pattern transfer
to the materials, used in semiconductor devices. Plasma is used to remove the substrate materials
in dry etching. Accurate control of etched profile and minimization of damage are required.
Etching damage means defects and impurity elements in Si crystals and is known to deteriorate
device characteristics. Figure 1-1 shows the technology roadmap for semiconductor logic and
memory devices extracted from the International Roadmap for Devices and Systems (IRDS2020)
D' As can be seen from the minimum device dimensions, fine etching of 10 nm or less is required,
and therefore, etching controllability at the atomic level is indispensable. In the traditional metal-
oxide-semiconductor field-effect transistors (MOSFETSs), silicon dioxide (SiO) is the most
popular gate dielectric material. SiO; has the excellent material and electrical properties such as
sufficient insulating properties, low interface trap density, low gate leakage current and excellent
thermal stability at typical Si processing temperature. Furthermore, SiO; has the advantage that it
can be easily formed by thermal oxidation of Si. Thus, the SiO; has been primary choice of gate

dielectric and other insulating materials in silicon-based devices.
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2020 IRDS Execufive Summary Drivers-ORTC
YEAR OF PRODUCTION 2019 2020 2022 2025 2028 2031 2032 2034
Logic device technology naming [4] NEW node definition G5AM38 | GASM36 | GASM24 | GSM20 | GAOMAE G3BM16T2(G33M16T3 GIBM1ETA
Logic industry "Node Range” Labeling (nm) e g nge g qn w5 "1-0;_'"- '1-0'2'“- "0-?r:m-
e eq eq
Logic device structure options FinFET FinFET FL.EIEJ LGAA sz L?,:'Rum L?fnﬂ:ju L(.i':l;.nn-:ﬂ
LOGIC CELL AND FUNCTIONAL FABRIC TARGETS
Average Cell Width Scaling Factor Multiplier [ 1 | a9 [ 08 | o | os | o8 | 68 [ o8
LOGIC DEVICE GROUND RULES
MPU/SoC M0 1/2 Pitch (nm) [1,2] 18 15 12 10.5 8 8 & 8
Physical Gate Length for HP Logic (nm) [3] 20 18 16 14 12 12 12 12
Lareral GAA (nanosheet) Minimum Thickness (nm) i [ 5 5 5
Device Width (FinFET fin, na. SRAM) or Diameter (nm) 9 7 [ 7 [} 6 6 6
LOGIC DEVICE Electrical
Vdd (V) [ 075 | o7 [ 07 | 085 | o065 | o6 | 06 | 08
DRAM TECHNOLOGY
DRAM Min half pitch (nm) [1] 18 17.5 17 14 11 B4 84 7
DRAM Min Half Piteh (Caleulated Half pitch) (nm) [1] 205 17.5 185 15 12 10 10 85
DRAM Cell Size Factor: aF*2 [4] [ 68 4 4 4 4 4 4
DRAM Gb/1chip target 8 8 16 16 32 32 32 32
NAND Flash
Flash 2D NAND Flash unconiacted poly 1:2 pitch — F (nm) 2D [1][2] 15 15 15 15 15 15 15 15
Flash Product highest density (independent of 2D or 3D) 512G T T 5T T .41 | 4T AT+
Flash Product Maximum bit/cell (2D_3D) [6] 2.4 2.4 2.4 24 2.4 2.4 2.4 2.4
Flash 30 NAND Maximum Number of Memory Layers [6] 48-65 64-96 96-128 128192 | 256-384  3B4-512 | 384.512 512+
Notes for Table ES2:

Luogic Notes

[1] Industry naming convention (x0.7 with respect to earlier node) showing a full PPA (performance-power-area) gam from node cycle
to another where SoC area typically scales with a 0.55-0.70x factor_

[2]Horizontal local interconnect (MO) pitch. This is in most of cases the tightest metal pitch in a SoC enabling the scaling of standard
cell height. MO pitch follows a scaling factor of 0.7-0.85x. When this scaling factor combined with the other scaling factors coming from
the contacted poly pitch and design area scaling provide a full PPA (performance-power-area) gain to the next node where SoC area
typically scales with a factor of 0.55-0.70x.

[3] Defined as distance between metallurgical source/drain junctions

[4] GxxMxxTx notation refers to Gxxt: contacted gate pitch, Mxx: tightest metal pitch in nm, Tx: number of tiers. This notation illustrates
the technology pitch scaling capability. On top of pitch scaling there are other elements such as cell height, fin depopulation, DTCO
constructs, 3D integration, etc. that define the target area scaling (gates/mm?2).

Fig.1-1 Semiconductor Logic / Memory Device Technology Roadmap. "

In recent years, a high dielectric constant (high-k) materials are used instead of SiO,
gate dielectric. However, SiO; is still used as the insulating materials such as interlayer/interlevel
dielectric films. Further, a dielectric film of SiN is widely used as a spacer material for sidewall
of gate electrode and etch stop layer at the bottom of contact holes. In the sidewall spacer, high-
precision anisotropic etching is performed to control the profile and dimensions of the gate stacks.
In addition, damage to the underlying Si substrate during sidewall spacer/contact hole etching
affects the device characteristics, so it is necessary to reduce the damages. Thus, highly precise
etching at the atomic/molecular level and extremely low damage to the substrate are strongly

required for the dielectric film etching used in the advanced semiconductor devices.

Although the insulating film has been widely used from the early days of semiconductor

devices, transparent conductive films are also used in various kind of devices. Tin-doped Indium
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oxide (ITO) is one of the most popular Transparent Conductive Oxide (TCO) and widely used in
amorphous silicon solar cells and organic electro-luminescence displays. As ITO has high optical
transparency, good electrical conductivity, chemical inertness, hardness and excellent substrate
adherence, ITO thin films are applied in many kinds of optical applications. In general, wet
etching using hydrochloric acid or aqua regia has been used as a pattern transfer technique for
ITO and 1ZO with a large area of 2 um or more 2 *. To improve the performance of devices,
micro- or nano-level fine patterning of TCO are required **. For this purpose, precise anisotropic
etching of ITO without generating damage is strongly required, similar to the conventional

silicon-based materials.

1.2 Dry etching (plasma etching)

Dry etching is also called reactive ion etching (RIE) or plasma etching. Anisotropic
etching can be performed by converting the etching gas into plasma and chemically reacting the
generated ions and reactive neutral species with the etched film. The major plasma sources used
for dry etching can be divided into the inductively coupled plasma (ICP), capacitively coupled
plasma (CCP), and electron cyclotron resonance (ECR) plasma. Figure 1-2 shows an overview of

the CCP and ICP etching equipment used in this dissertation.

Halogen gas is generally used to etch the conventional dielectric material © 7 ® 9 19,

During over etching of the underlying Si after SiN etching, plasma damage is generated in the
underlying Si substrate. It is reported that the contact resistance fluctuates due to the plasma-
induced damages generated in the Si substrate 'V. Therefore, the damage suppression is an
indispensable issue in plasma etching. The ion energy, generating the Si damage, has been
analyzed, so far, and the energy required for displacement (movement from the lattice position)

in a bulk Si crystal is called displacement energy AEq. The minimum AEq of Si is reported to be
7
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12.5 eV and the averaged AEj, is reported to be 24.0 eV '?. Due to the crystallographic structure
of the solid, the displacement barrier to a lattice atom is not uniform in all directions. Furthermore,
it has been reported that the outermost surface defects could be generated at a lower energy of 10
eV or less '¥. As the kinetic energy of at least 12.5 eV or more is applied to the Si atom, Si damage
could be generated. Thus, precise control of incident ion energy is essential to minimize damage

generation.

For transparent conductive materials such as ITO and ZnO, dry etching using chemically
reactive plasma has been studied to generate fine patterns '” 'Y ' 19 However, halogen-based
reaction byproducts of InCl; and ZnCl, have very high boiling point from 700 to 800 °C (Table
1-1) '7. Thus, dry etching of ITO and ZnO in chemically reactive plasma with substrate
temperature in the range of conventional etching tool (< 60 °C) is difficult, and these materials
are called difficult-to-etch materials. As the dry etching of ITO is basically physical sputtering-
based process, the etching selectivity of ITO over mask materials are also an issue for the fine

patterning ' ¥,

(a) Upper High Frequency (b) Upper High Frequency

4
| Inductively coupled coil
— OO0 O0OO0O0 (g lr

%

l Lower electrode

L Pum |
Pump wenetes e 7\, Lower High Frequency

"\, Lower Frequency %

Fig.1-2 (a)CCP, (b)ICP etching equipment.
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Table 1-1 Boiling point of reaction by-product at atmospheric pressure.

reaction by- Boiling point
product [degree]
Si 3217

SiO, 2230
Si;N,

SiF, -96
SiCly 57
InF; >1200
InCly 800
ZnF, 1500
ZnCl, 732

1.3 Plasma etching using hydrogen

It has been reported that the ITO can be etched by using H, '”, CHy/H, ' 29 2D
CH./Hy/Ar *, CH4/Ar ¥, CH;0H *¥, HBr * and HCI/CH, *® -based (hydrogen-containing)
plasmas. Therefore, the surface reaction of ITO with H and CHy has also been studied in detail *”
) and it has been reported that CH4/Ha/Ar gas improves the selectivity with the resist mask '
20) 2329 30) However, the mechanism of high-selective ITO etching is unclear ** V. For materials
other than ITO, it was clarified that ZnO etch rate was enhanced by the penetration of hydrocarbon
ions *?. Hydrogen plasma was also used to etch LaAlSiOy, which is one of the high-k materials
for CMOS devices, and Co, Fe, and Ni, which are employed in magnetic tunnel junction materials
for Magneto-resistive Random Access Memory (MRAM) 19 30 23) 33) 39) 39) 36) 37) 38) 1t hag been
reported that the etch rate of magnetic materials is enhanced by adding hydrogen ** 4? 4D Thus,

understanding of etch rate enhancement and highly selective etching of difficult-to-etch material

in hydrogen-based plasma is very important in advanced devices.
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Hydrogen is also important for the etching of conventional dielectric materials. CH3;F/Ar and
CH,F»/Ar plasma are also generally used in the etching of SiN. In the case of SiN etching,
hydrogen-incorporation with fluorocarbon-based plasma is known to improve the selectivity of
SiN over SiO, or other mask materials, as well as the Si substrate. Therefore, it is extremely
important to clarify the effect of hydrogen on the etching characteristics of both the difficult-to-

etch material and the conventional dielectric films.

1.4 Atomic Layer Etching

The size of semiconductor devices is continuously being scaled down, and there is a
demand for the precise control of the etched profiles and a minimization of damage during dry
etching. Atomic layer etching (ALE) is a promising technology that is able to overcome these
issues *? ¥ *_ ALE has been widely developed in recent years with an emphasis on Si-based, *¥,
dielectric-based, 4 47 4 49 50 31) 52) 53) 39) 55) and metal-based *® 37 3 39 60 materials processing.
In particular, logic devices are so small in size that ALE was first introduced. Since ALE has a
relatively slow etch rate, it is suitable for etching film thicknesses of several 10 nm or less. The
ALE generally consists of two sequential steps: the surface adsorption of a polymer and
desorption steps. The desorption step can be classified into three categories that are based on
chemical, physical, and thermal processes °”. Physical desorption by Ar plasma is suitable for
achieving an anisotropic etched profile. One of the advantages of ALE has extremely high etch
selectivity over other materials. ALE can control the ion energy at each step and the incubation

time of reactive species adsorption on each materials, resulting in the highly selective etching

performances °".

Another reported advantage of ALE is low damage etching, owing to the self-limited

10
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etching behavior. However, few reports were published related to the suppression of damage in
ALE process. Thus, the mechanism of damage generation is unclear. By examining the ALE in
the low energy region and analyzing and controlling the ion energy distribution on the substrate,
clarification of the mechanism of ion damage generation and the damage reduction can be
expected. Mechanisms of ion-induced damage generation and suppression of damage could be
studied by analyzing the relationship between ion energy distribution function (IEDF) on the

substrate and physical analysis of generated damages.

ALE for dielectric films has been developed mainly for SiO; *¢ 47 4¥ 49 59 One of the
applications of SiO, ALE is for high-aspect-ratio self-aligned contacts (SAC). SAC etching is
contact hole etching of SiO, in the transistor fabrication formation process. By performing
selective etching of the dielectric film SiO» over the SiN (protective film) of the gate electrode
spacer, self-aligned contact can be generated, even if the overlay of lithography is misaligned. As
SiO; ALE has a higher selectivity of SiO; over SiN, compared with conventional continuous wave
(CW) etching, excellent SAC profiles can be obtained. SiO2 ALE has been widely applied to
advanced logic devices for the sub-7-nm technology node. In the SiO2 ALE process, a
fluorocarbon polymer is adsorbed by CsFgs/Ar plasma, followed by the subsequent physical

desorption by Ar plasma.

SiN is another important dielectric film in semiconductor devices. However, the number
of published papers related to SiN ALE is much smaller than that related to SiO, ALE. There are
two major methods of SiN ALE. The first one consists of two steps: modified layer generation by
H, plasma and subsequent removal of the modified layer > 3 ¥, Although the physical structure
and chemical modification of SiN are under investigation, hydrogen is found to be important for
improving the etching performance of cyclic process. However, Hy ions generated in plasma
penetrate deep into the substrate even at low energy, which may damage the substrate in device

manufacturing. The second one is that the hydrofluorocarbon (HFC) polymer is adsorbed by

11
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CH:F/Ar plasma and the reactive layer is desorbed by Ar plasma P 32 %2 So far, most of the
papers related to SiN ALE have focused on etching performance and surface reaction mechanism.
There are few papers related to the issues in SiN ALE during device manufacturing. Table 1-2

summarizes the typical examples of ALE, as described in this chapter.

Table 1-2 List of ALE examples.

Etching Refere
ALE type Etched film Schematic diagram !
Adsorption Desorption

nces

Digital etching Si CF,/ 0, Ar o Radial  Ar ‘;" ‘ ; ; m

..................

C,Fs Ar 45, 46
sio
CF polymer N C,Fg Ar A Are e 8 eRx| g
. . CHF 4 < + *" siFx
adsorption/desorption 3 CF gegegere . o jeie s
- polymer Lt mp O N W
Si0, C,Fs R 52 %
SiN CHF, ;
s 42 Metal complex
Thermal ALE AlLO; Sn(acac), E2 ! y Sniagack 59

a e oo, aghos o
Qo | 'S
AT, {2 I 99999 I 20099
S5 SIS 295999

Modification

Ar'e

- . H, o <
Moc_hﬁed layer ) o H, Ar o 55
generation/desorption > N n

1.5 Objectives of this dissertation

The main objective of this study is to clarify the surface reaction mechanisms of
anisotropic ALE for ITO and SiN. As ITO is one of the difficult-to-etch materials used in
advanced semiconductor devices, the development of etching technique is crucial. In the case of
SiN ALE, minimization of damage in the underlying substrate is also important issue for
semiconductor manufacturing. Thus, the relationship between the incident ion energy and

generated damage in the substrate was intensively studied. To apply the ALE technique to the

12
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manufacturing process, process stability is also important. Process fluctuation mechanism of SiN
ALE, which is mainly caused by the inner wall condition of the mass production tool, was also

investigated.

I categorize this dissertation into four main parts. First part in Chapter 2, I introduce
equipment, analytical techniques, and flow of experimental methods. Second part, in Chapter 3,
4 and 5, I investigated the conventional plasma etching and ALE of ITO, which is one of the
difficult-to-etch materials. The etching mechanism of ITO was clarified and applied its knowledge
to ALE. Third part, in Chapter 6 and 7, I focus on the ALE of SiN (conventional dielectric film).
The surface reaction mechanism of SiN ALE and the stabilization of ALE fluctuation was clarified.
Fourth part, in Chapter 8, I studied the mechanism of damage generation in ALE and verified the
reduction of damage. As described above, the high-selective processing and damage generation
mechanism in SiN ALE and surface reaction mechanisms of ALE of ITO, which is one of the

difficult-to-etch-materials, are clarified.
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2.1 Experimental equipment conditions

A commercially available dual frequency capacitively coupled plasma (CCP) reactor for
300-mm-diameter wafers was used in this study. The CCP reactor is powered by top-bottom
frequency generators. Si is employed as the top electrode. The top electrode diameter is about 300
mm. The gap between the two electrodes was fixed at 35 mm. The system can control ion fluxes
and ion energies independently. A very high frequency is applied to the top electrode to generate
plasma, and ion fluxes can be controlled by changing the powers applied to the top frequency
generators. Bottom power can control the kinetic energies of ions, which are exposed to the wafer
surface. The frequency of the bottom power generator is in the range of medium frequency. Thus,
the high energy peak of ion energy distribution (IED) function is almost equal to the peak-to-peak
voltage (V,p) of the bottom electrode. The V, was kept constant by adjusting the source power,
while the bottom power was fixed. We adjusted the plasma density to keep the ion energy and ion
flux constant " ?. The electron temperature was assumed to be 5 eV. The incident Ar flux was
estimated from the plasma densities, measured using a plasma absorption probe in another
experimental chamber with almost the same configurations. The pressure and lower electrode
temperature were fixed at 10 mTorr and 80 °C, respectively. Our simulation shows that the high
energy peak of IEDF of the bottom electrode is almost the same as V,,, since the frequency of the
bottom rf power is not very high. The energies of Ar" and Hx" were distributed over a wide range
of medium frequencies, since the ion molecular weights are small. Thus, Vp, is a good indicator

of the maximum incident ion energy into the wafer.

ICP reactor with a source frequency of 13.56 MHz and a wafer bias frequency of 0.4
MHz was used for the ALE process. A wafer was held by an electrostatic chuck with a back-side

helium cooling system. The wafer temperature was fixed at 20 °C. The pressure is 25 mTorr.
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2.2 Analysis technology

The I difficult-to-etch material ITO thickness was measured with X-ray fluorescence
(XRF) and X-ray reflectivity (XRR), and the ITO etch rate was calculated on the basis of the
thickness differences. The atomic percentage of tin in the ITO is only 2 or 3 at. %, which hardly
affects the etching characteristics. The chemical bonding in the samples was analyzed by X-ray
photoelectron spectroscopy (XPS). XPS measurements were carried out with a QuanteraSXR
(ULVAC-PHI) equipped with a monochromatic Al source (hv = 1486.6 eV). To evaluate the effect
of single ions, we used the ion beam etching experiments. The In intensity in the film was
measured using XRF, and it converted into ITO film thickness from the change in In intensity
before and after etching. We had confirmed that the ITO film thickness was matched with that
measured by the cross-sectional SEM and XRR. The details of the mass-selected ion beam system
used in this study are presented elsewhere *. The sputtering yield of ITO is defined as the number
of desorbed In atoms per injected ion. The sputtering yield was estimated from the depth of the
etched ITO and ion dose. Etched depths of ITO are measured using a surface profiler (Dektak3ST).
Ion doses are estimated from the ion beam current and exposure time. A cross-sectional scanning

electron microscope (SEM) image was used for the profile analysis.

SiN was deposited on the Si substrate by low pressure chemical vapor deposition. The
thicknesses of SiN and the HFC polymer were measured by spectroscopic ellipsometry (SE), XPS,
and TEM. The optical constants of the HFC polymer were determined by SE. Fitting was
performed using an HFC polymer with a thickness of approximately 6 nm. A three-layer optical
model (HFC polymer/ SiN/Si) with fixed optical constants was used for the analysis of the
thicknesses. The SiN film contained minimal hydrogen (2.6 at.%), while the elemental
compositions of Si and N were 41.9 and 55.5 at.%. Thus, the effect of hydrogen in the SiN film
could be minimized. The data were obtained using Rutherford backscattering spectrometry (RBS)

and hydrogen forward scattering spectrometry (HFS). The chemical bonding of the SiN surface
20
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was analyzed by XPS.

There are no error bars in the graphs due to insufficient data point. However, all of
experiments were performed in the mass production tool that is strictly controlled to keep the
sufficient repeatability of etching performances. Thus, it is confirmed that all of our experimental

results are repeatable.
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Mechanism of I'TO etching using H, plasma
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3.1 Introduction

Tin-doped indium oxide (or indium tin oxide, ITO) has been widely used as a transparent
electrode. Given that typical thin-film electroluminescent devices such as amorphous silicon solar
cells and electroluminescent displays have a micropattern of materials, more effective
micro/nanoscale processing is required " 2. A fabrication technology of ITO has been
conventionally carried out by wet etching using a mixture of hydrochloric and nitric acids. The
wet etching, however, is used for ITO and 1ZO patterned films with a large area (>2 pm) > ¥. The
application trend is dry etching of ITO using chemically reactive plasmas to control a small
pattern ¥ 9. It has been reported that the ITO fine patterns (1.5 pm line=space) can be etched by
CH4/H, plasma. Halogen-based species are generally used as source gases for the etching of
conventional materials” ® ® '9 ' However, the halogen-containing reaction by-products of
indium have boiling points of 700-800 °C, which cause difficulties during dry etching'?. The
other issue is the low etch selectivity to the photoresist mask on ITO pattern etching'? Y. On the
other hand, the ITO dry etching can be performed by using hydrogen-containing plasma (methane,
hydrogen, etc.), and the etch selectivity to the photoresist mask during ITO dry etching improved
using the deposition of 0-C:H layers on the top of the mask by CHa/H/Ar © 19 191018 However,
the mechanism of ITO etching is under investigation ' ?. Herein, we investigated the dry etching
mechanism of ITO. Our previous beam study revealed that the etch rate of ZnO, which is one of
the well-known transparent conductive oxides, was enhanced by the energetic incidence of
hydrocarbon ions 2. Moreover, other research papers also reported that the etch rates of high-k
materials such as LaAlSiOx of metal-oxide—silicon devices and magnetic tunnel junction
materials such as Co, Fe, and Ni of magnetic random access memory devices were enhanced by
the addition of hydrogen *» %*). In this paper, we investigated the effects of the hydrogen-damaged

layer on ITO etching caused by Ha/Ar plasma using several surface analysis techniques.
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3.2 Experimental conditions

We used an ITO (50 nm)/SiO2(100 nm)/Si sample in Hy/Ar plasma. The ITO was
sputtered from an InO03:Sn0O (90:10 wt%) target in an argon-oxygen atmosphere using a DC
magnetron sputtering system. It was deposited at 2.2mTorr with 800W dc power. The deposition
temperature was 25°C. After deposition, the samples were postannealed at 350°C. CCP system
was used in this study. The V,, was kept constant at 960 + 30V by adjusting the source power,
while the bottom power was fixed at 500 W. The flow rate ratio of the H»/Ar plasma was varied
while the total flow rate was kept constant at 400 sccm. The etching time was 30 s. The damaged
ITO layer created by the H./Ar plasma exposure was measured by transmission electron
microscopy (TEM). The penetration depth of H/Ar ions into the ITO was simulated by TRIM
simulation 2Y. The quantitative amount of hydrogen penetrated into the ITO surface was
investigated by thermal desorption spectroscopy (TDS). The ITO sample is a 1 cm by 1 cm square
chip, which was heated to 60—400 °C to measure the thermal desorption of hydrogen. For the
quantitative analysis of hydrogen, the correlation between the amount of hydrogen in the film and
the ion currents in the TDS system was used. After known amounts of hydrogen ions were
implanted in the SiO,/Si substrate, the integration of ion currents of desorbed H, during heating
in the TDS system was measured. As a result, the proportional relationship between the implanted
H" doses and the integration of ion currents of H, measured by the TDS system was determined.
Using this relationship, we can estimate the quantitative amount of hydrogen in the films. We
measured the chemical state of In—In and In—O on the surface of ITO. To clarify the effects of
hydrogen in ITO etching reactions, the ion beam etching experiments for ITO surfaces using H,
He", Ne', and Ar" were performed. The accelerated energy of inert-gas ions, i.e., He", Ne", and

Ar’, was constant at 1000 eV, while that of H" was 500 eV.
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3.3 ITO Etching evaluation

Figure 3-1 shows the etch rates of ITO in Hy/Ar plasma achieved by varying the flow
rate ratio. The ITO etch rate increased after the addition of a small amount of hydrogen in region
A (Ar-rich), gradually decreased in region B, and decreased markedly in region C (hydrogen-rich).

The ITO etch rate was found to strongly depend on the Ha/Ar flow rate ratio.

C
40
(O]
g
§E 20
=
o0& <
=
0

0 0.2 0.4 0.6 0.8 1.0
Ho/[H,+Ar]

Fig.3-1 Rate of ITO etching by H2=Ar plasma.

Figure 3-2(a) shows cross-sectional analyses of the ITO after Ho/Ar plasma irradiation
obtained by TEM. The ITO sample in region A was Ho/[H,+Ar|=0, that in region B was
H,/[H>+Ar]=0.4, and that in region C was Ho/[H,+Ar]=1. It was confirmed that a thin damaged
layer was generated in region A, whereas a deeper damaged layer was observed in regions B and
C. The damaged layer in regions B has non-uniform gray/white contrast, because the density of
H atoms penetrating deep into the film is lower than that in the pure H, plasma (region C). The

density of the damaged layer is microscopically disordered, especially under the low-H-dose
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condition (region B).

Figure 3-2(b) shows the penetration depths of H/Ar ions into the ITO simulated by
TRIM. The film density of ITO was estimated to be 6.9 g/cm®. The incident angle of ions was
fixed at 90° from the surface. The results show that the damaged layer thickness is relatively
consistent with the penetration depth of the dominant ion species. Because H;" is known to be the
dominant ion species in pure H, plasma *¥ %, the kinetic energy of incident H;" was assumed to

be divided equally into every three H atoms on the surface (320 V).

Damaged layer lon number (arb. unit)
2000
0 "
245 ~ Ar9s0v
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£
e
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(b)

Fig.3-2 (a) H=Ar ion penetration depth in ITO: TEM and (b) TRIM simulation.

3.4 Effects of hydrogen-damaged layer on ITO etching

To investigate the effect of the hydrogen-induced damage in detail, the etch rate of ITO
in Ar plasma after exposure to H, plasma was analyzed. Figure 3-3 shows the dependence of the
ITO etch rate during subsequent constant Ar plasma exposure on the H, irradiation time. The H»

irradiation time was varied from 0 to 15 s. The ITO etch rate increased with H, irradiation time.
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Figure 3-4 shows ITO etch rate as a function of the amount of H» in the ITO measured by TDS.
The inset figure shows H; ion spectra with different H exposure times. We found that a longer H»
exposure time caused a larger H ion current. There are two peaks. The peak at low temperature
shows weak bonds such as van der Waals' force and the peak at high temperature shows strong
hydrogen bonding. In this experiment, we use the two peaks to estimate the amount of hydrogen.
We estimated desorbed H; using the integral value from 60 to 400 °C. The longer the H; irradiation
time, the larger the amount of H» that existed in the etched ITO. We confirmed that the amount of
background H, desorption was negligible. The amount of H in the ITO was found to be almost
proportional to the etch rate. Thus, we found that the hydrogen injection has a strong impact on

the etch rate enhancement.

50

H, plasma Ar plasma
(0-15 s) (20 s)

0 5 10 15
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ITO etch rate
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o

Fig.3-3 Dependence of ITO etch rate on H2 irradiation time.
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Fig.3-4 Dependence of ITO etch rate on amount of Ho.

In region B, reduction in the partial pressure of Ar caused the ITO etch rate to decrease.
Because the Ar flux decreased with increasing H partial pressure, we investigated the Ar flux
dependence of the ITO etch rate with constant hydrogen-induced damage. A higher Ar ion flux
was found to increase the ITO etch rate (Fig. 3-5). We speculate that the reduction in the Ar flux

was the dominant contributor to the gradual decline in the etch rate observed in region B.

In region C (hydrogen-rich), the dominant mass number of incident ion species
markedly changed. As the sputtering yield caused by light mass ions is normally much smaller

than that by heavy mass ions, the etch rate of ITO decreased markedly in the hydrogen-rich gas

chemistry.
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Fig.3-5 Dependence of ITO etch rate on Ar flux.

3.5 Elementary surface reaction of ITO etching using beam experiments

In the case of conventional dry etching, many kinds of species such as ions, radicals,
and photons are irradiated on the surface simultaneously. Thus, the surface reactions during dry
etching are very complicated. To simplify the elemental reactions between injected H™ and ITO
surfaces, we employed a mass-selected ion beam system [Fig. 3-6(a)]. After H" irradiation to the
ITO surface, the sputtering yield of Ne" was analyzed [Fig. 3-6(b)]. The ion doses of H" and Ne*
were 1 x 10'7 (ions/cm?). The enhancement in etch rate caused by H ions was similarly confirmed.
The result clearly shows that the hydrogen ion plays a dominant role in etch rate enhancement of

ITO etching.

To clearly explain the reason for the etch rate reduction in region C, we also investigated
the dependence of the ITO sputter yield on mass number using beam experiments [Fig. 3-6(a)].

The ITO sputter yield was found to be strongly dependent on the incident mass number of the

29



CHAPTER 3

inert-gas ions (Fig. 3-7) *. In the hydrogen plasma, the dominant ion species are reported to be
H;", H,", and H" " %, Because the mass numbers of H;*, H,", and H" are very small, the etch rate

markedly decreased in region C (Fig.3-1).
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Fig.3-9 Proposed reaction mechanism of ITO etching by Ho/Ar plasma.
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3.6 Reaction mechanism of ITO etching

The hydrogen ion injection into the ITO can cause physical damage, chemical bonding
scission, and chemical composition variation. To investigate the etch rate enhancement
mechanisms, the chemical bonding on the ITO surface was analyzed by XPS before and after
Ha/Ar plasma exposure [Fig. 3-8(a)]. The ITO sample was H»/[Ha+Ar]=0.5, and the Ho/Ar plasma
exposure time was 30 s. High-resolution In (3dss) electron emission spectra were deconvoluted
into the chemical contributions of metallic In (443.11 e¢V), InO; (444.32 ¢V), and In(OH);3
(444.85 eV) using a least-squares fitting technique including Gaussian peaks and a linear
background. XPS results revealed that the ITO was reduced by hydrogen injection, which
generated an In-rich layer on the surface. The reduction of ITO by hydrogen could generate the
volatile OHy radicals as reaction by-products. Thus, we analyzed the OH radical with Si or ITO
substrate by optical emission spectroscopy (OES). The ratio of OH emission intensity (307 nm)
to that of Ar (750.5 nm) is shown in Fig. 3-8(b). With the ITO substrate, the marked increase in
the emission intensity of OH was observed. We confirmed that the In-rich layer after Ho/Ar plasma

exposure was generated by the reduction of the ITO surface.
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Fig.3-8 (a) XPS area ratio of In—In/In—O before and after H»/Ar plasma exposure and
(b) OES ratio of OH/Ar with Si or ITO substrate.
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We also analyzed the surface metal composition by cross-sectional TEM equipped with
an energy dispersive X-ray spectrum (EDS) (not shown here). We also confirmed that the metallic
In-rich layer and agglomerated In were generated on the ITO surface during H»/Ar plasma etching.
Figure 3-9 shows the proposed reaction mechanism of ITO etching in Ho/Ar plasma. The ITO was
reduced by incident hydrogen species in the Ho/Ar plasma, thereby forming an In-rich layer.
Because indium is reported to have a higher sputtering yield (3.1 atom/ion) than ITO (0.9
atom/ion) *%, the etch rate was increased in the Hy/Ar plasma. These sputtering yields were
measured for bombardment with Ar ions at normal incidence (90°). The energy is 1 keV. In the
beam study **, the surface reduction of ITO takes place especially with the low-energy incidence
of CHy" ions (< 1000 eV). In this etching experiment, the H incident energy is roughly 300 eV,
since the dominant ion species in the Ho/Ar plasma is H;". The low-energy incidence of H ions (~
300eV) could cause the effective surface reduction of the ITO surface. The incident H ion also
causes physical damage in the ITO films. Further analysis is required to clarify the contribution

of physical damage to the ITO etch rate enhancement.

Sputter yield
(1000eV) (atom/ion)

H, 'na Ar plasma In 3.1
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Fig.3-9 Proposed reaction mechanism of ITO etching by Hy/Ar plasma.
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3.7 Conclusions

The etch rate of ITO and the effects of a hydrogen-damaged layer caused by H./Ar
plasma were investigated using several surface analysis techniques. The ITO etch rate in Ho/Ar
plasma increased to about three times that with Ar plasma. ITO was reduced by incident hydrogen
species in the Ho/Ar plasma, and an In-rich layer was formed on the surface. The In-rich layer had
a higher sputtering yield, resulting in an increase in the etch rate in the Ho/Ar plasma. ITO etching
is determined by the balance between the formation of an In-rich damaged layer by H ion

irradiation and sputtering by relatively heavy inert gas ions.
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4.1 Introduction

ITO has been widely used for transparent electrodes. Thus, we investigated the etching
mechanism of ITO. We previously proposed an ITO etching method using H,/Ar plasma, wherein
the balance is maintained between the formation of an In-rich layer modified by H ion irradiation
and sputtering with relatively heavy inert gas ions " 2. In beam experiments, we also found that
the ITO sputter yield is highly dependent on the incident mass number of inert gas ions > ¥. The
problems inherent in this ITO etching method, however, are its low etch rate and low selectivity
against hard-mask materials > ©. To solve these problems, herein we investigated the effect of the
hydrogen-induced modified layer for cyclic, multistep thin-layer etching. One of the advantages
of cyclic etching is the possibility of adjusting the ion energy in each step; thus, highly selective
etching can be expected ”. When we use the differences in precursor incubation time among
different materials effectively, highly selective etching is also expected. The suppression of the
deposition of reaction byproducts and their accumulation on the surface or chamber wall is also
possible using the cyclic process® ?. By quickly alternating the adsorption and etching steps, there
is a possibility to realize a more stable process than the conventional CW plasma process. By
carefully choosing the appropriate gas chemistry in the etching step, the deposition of reaction
byproducts on the chamber wall can be refreshed every cycle without accumulating deposits. Thus,

we carried out cyclic etching to improve the performance of ITO etching.

Recently, hydrogen plasma has been employed for difficult-to-etch materials'® 'V 12 13

4 1516 17 18) 19 Hydrogen effectively enhances the etch rates of magnetic materials in a
magnetoresistive random access memory (MRAM) stack ' 2? 2V In addition, the self-limited
etching of silicon nitride, which is a commonly used dielectric material in conventional
semiconductor devices, has also been demonstrated using hydrogen plasma *?. The process

consists of two sequential steps—surface modification in hydrogen plasma followed by the
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removal of modified layers in fluorinated plasma. Although the structural and chemical
modifications of silicon nitride by hydrogen plasma are under investigation, hydrogen has been

found to play an important role in improving the etching performance of the cyclic process.

ITO is one of the difficult-to-etch materials, since the boiling points of indium halides
are very high (> 700 °C) ?*. The ITO patterning of microscale and larger features has been carried
out by wet etching using hydrochloric acid or aqua regia ¥ *. For the patterning of nanoscale
features, we usually use dry etching with chemically reactive plasmas®® 2” 2® For application to
small-dimension device fabrication, we need highly selective etching of ITO/mask materials. In
this study, we investigated the cyclic etching of ITO using hydrogen plasma followed by Ar

plasma and developed a method to improve the etch rate selectivity for ITO over mask materials.

4.2 Experimental conditions

ITO (50 nm) was deposited by sputtering on a SiO»/Si substrate. ITO was sputtered from
an In,03-Sn0O; (90 wt—10 wt %) oxide target in Ar/O, ambient using a DC magnetron sputtering
system. Postdeposition annealing was performed at a high temperature. The upper peak-to-peak
voltage (Vpp) was 800 V with H, plasma exposure. The roughly estimated V4. was about 410 eV.
Our simulation shows that the high energy peak of ion energy distribution function (IEDF) is
about 500 eV at the Si top electrode (not shown). The maximum the ion energy, incident to the
Si top electrode, is close to Vg. As the frequency of the top electrode was high, the energy
dispersion of IEDF was narrow (< £100 eV). A Si wafer was electrostatically chucked on the
stage of the bottom electrode. The peak-to-peak voltage (V,p) of the bottom electrode was varied
from 630 to 960 V. The flow rate of H, or Ar plasma was kept constant at 400 sccm. One etching
cycle consisted of two steps: First, a hydrogen-plasma-induced modified surface was generated

to activate the ITO surface, and then an Ar plasma was used to selectively etch the modified layer.
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ITO modified layer reduced by H, plasma exposure was analyzed by transmission electron
microscopy (TEM). The penetration depth of a H ion into the ITO layer was simulated by TRIM
simulations *¥, and the etched ITO profile was analyzed by scanning electron microscopy (SEM).
We measured the Si concentration on the surface of ITO by using XPS. For the analysis of etched
profiles, we used a SiO; (70 nm)/ITO (50 nm)/SiO,/Si sample, and an upper SiO; layer (trench
pattern) was employed as the hard-mask. Conventional TEOS (tetracthylorthosilicate)-based
chemical vapor deposition processes have been utilized to deposit the hard mask SiO,. The
substrate temperature was kept at 400°C. After etching the upper SiO, mask with conventional

fluorocarbon gas chemistry, the photoresist was removed via an ashing process.

4.3 Effect of hydrogen-induced modification

To investigate the effect of hydrogen-induced modification, the etch rate of ITO in Ar
plasma after exposure to H, plasma was analyzed (Fig. 4-1). Figure 4-2 shows the dependence of
ITO etch rate during the subsequent continuous Ar plasma exposure on H, plasma irradiation time.
The ITO etch rate in pure Ar plasma was 17 nm/min, whereas the maximum etch rate of cyclic
etching (1 cycle) was 51 nm/min. We found that the ITO etch rate using cyclic etching increased
to about three times that using only Ar plasma. Although the mechanism of etch rate enhancement
is described in detail elesewhere ", the reduction of ITO by hydrogen injection must be a key
factor for the etch rate increase. Recently, a beam study has indicated that the etching
enhancement is also related to the forming of a structurally modified layer, where the grain size
of structures is changed ? *” *?_ Further analysis is required to clarify the effect of chemical and/or

physical modification of the ITO surface on the etch rate increase.
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Fig.4-1 Experiment on ITO cyclic etching with H, and Ar plasmas.
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Fig.4-2 Dependence of ITO etch rate on H, plasma exposure time.
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When the H» plasma irradiation time was longer than 20 s, the ITO etch rate decreased
and became constant at about 30 nm/min. The reason for the decrease in ITO etch rate is assumed
to be the following: (a) Si was generated from the upper electrode and/or other chamber parts *"),
or (b) ITO surface densification/modification occurred after a long H, plasma exposure (>20s).
Specifically, excessive H, plasma exposure suppressed ITO etching owing to the generation of a
protective surface layer. To determine the root cause of etch rate decrease, the ITO surface was
analyzed by XPS. Figure 4-3 shows the Si concentration of the ITO surface without and with H»
plasma exposure. Si is detected on the ITO surface after a long H, plasma exposure (40 s). The
ITO surface was also analyzed by XRR to investigate ITO surface densification (not shown here).
The ITO surface density after a long H, plasma exposure (40 s) was almost the same as that before

the H, plasma exposure. These results clearly show that the reason for the ITO etch rate decrease

is the deposition of Si generated from the chamber parts.

Figure 4-3 also shows that the ITO etch rate during H, plasma exposure for 20 to 40 s
is almost constant. When Si is deposited from the chamber wall continuously, the ITO etch rate
decreases as a function of H, plasma exposure time. We speculated that the reason why the ITO
etch rate is constant in this exposure time is as follows: During H, plasma exposure, Si desorbs
owing to the generation of SiHy from the chamber parts. The generated SiHy reacts with oxygen
in the ITO surface and generates OHy. As a result, Si is deposited on the ITO surface. Once the
ITO surface is covered with Si (no oxygen), OHy cannot be generated and excessive Si deposition
is suppressed. Thus, the ITO etch rate becomes constant after 20 s of H, plasma exposure. The Ar
sputtering yield of Si at an energy of 1000 eV is about 0.9 atoms/ion. As the sputtering yield of
Si is three times lower than that of metallic In (3.1 atoms/ion), for ITO etching during H, plasma

exposure for 20 to 40 s becomes much slower than that for 15 s.
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Fig.4-3 Si concentration of the ITO surface without and with H, plasma exposure

measured by XPS.

4.4 Selective etching of H-modified ITO

To investigate the effects of Ar sputtering in detail, the etch rate of ITO was analyzed
by varying the Ar plasma exposure time with constant hydrogen-induced modification. The H,
plasma exposure time was fixed at 10 s, since a sufficient etch rate increase was expected. Figure
4-4 shows the extent of ITO etching as a function of Ar plasma exposure time at two different V,,
values. At a high V,, (960 V), the amount of etched ITO increased with increasing Ar plasma
exposure time. During the initial stage of Ar sputtering, the extent of ITO etching was increased
markedly by hydrogen-induced ITO modification. After the complete removal of the modified
layer surface, the sputtering of the underlying nonmodified ITO becomes dominant. In the case
of a low V,, the extent of ITO etching saturated at 10 nm, which is close to the theoretical
hydrogen penetration depth, as shown in Fig. 4-5. We confirmed that the amount of etched ITO

can be self-limited by adjusting V.
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Fig.4-4 Amount of etched ITO as a function of Ar plasma exposure time at different Vy, values
(H2 plasma exposure time: 10 s).

Figure 4-5(a) shows a cross-sectional TEM image of ITO after H, plasma irradiation,
where the modified layer thickness was about 10 nm. Figure 4-5(b) shows the simulated H ion
penetration depth into ITO. The etch rate enhancement mechanism is described in detail elsewhere
D We found that ITO was reduced by hydrogen injection, which generated an In-rich layer
(hydrogen-induced damage) on the surface. The modified layer (white area) in the TEM image is
the metallic In layer generated by hydrogen injection. Because this In-rich layer had a higher
sputtering yield, the hydrogen-damaged layer increased the ITO etch rate. Therefore, these results
show that the modified layer thickness was consistent with the theoretical penetration depth of
hydrogen. The reason for the selection of H;" ions for simulation is that H;" is the major ion
species in H, plasma. We confirmed by quadrupole mass spectrometry (QMS) that H;" is the
dominant ion species in H, plasma in the CCP reactor with a similar configuration®”, and the

collision cross section for generating Hs" is larger than those in other major reactions™.
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Fig.4-5 H ion penetration depth in ITO: (a) TEM and (b) TRIM simulation.

4.5 Highly selective cyclic etching over mask materials

The selectivity for the etching of ITO over that for the mask material is also
indispensable for device fabrication. By precisely controlling the surface adsorption of a
protective film on different materials, highly selective etching of ITO can be achieved. Carbon-
based and Si-based films are the candidate protective films. Carbon-based films can be deposited
using CHs-containing plasma. When we use CHy plasma for ITO etching, the C-based film can
be selectively deposited on SiO, (mask material) 2. The Si-based film can be deposited using Si-
based gas, e.g., SiH4, or Si from the chamber components. In this study, we intentionally
controlled the amount of Si generated from the upper electrode *", and demonstrate the highly

selective cyclic etching.
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Figure 4-6 shows the dependence of the amounts of etched ITO and SiO> on Ar exposure
time. The H, plasma exposure time was 10 s. The etch rate selectivity for ITO over SiO, was
infinitely high for shorter Ar exposure times (< 15 s), because Si is selectively deposited on SiO»
during H; plasma exposure. In the case of ITO, the etch rate was increased in the range from 0 to
30 s of Ar plasma exposure. This increase was caused by the metallic In layer (with hydrogen-
induced damage), which has a threefold higher sputtering yield than ITO. Both the surface
reduction layer formation and selective surface adsorption of Si on SiO; resulted in the highly

selective etching of ITO over SiOs.
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Fig.4-6 Dependence of etched ITO amount on Ar plasma exposure time
(H» plasma exposure time: 10 s).

Figure 4-7 shows the schematics of Si adsorption on the ITO and SiO; surfaces. In the
case of SiO,, Si was deposited on the surface and the SiO, etch rate was decreased. On the
hydrogen-modified ITO surface, the amount of adsorbed Si is expected to be much less than that

on the SiO; surface. The reason for the selective adsorption of Si on SiO; is speculated to be the
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difference between the amounts of oxygen in the ITO and SiO, surfaces. The amount of oxygen
is smaller in ITO. Thus, volatile OHj is difficult to generate through the reaction of SiHy from the
top electrode and oxygen from ITO. Because only a negligible amount of Si is deposited on the
ITO surface, it hardly has any effect on ITO etching. On the other hand, a larger amount of oxygen
exists in Si0,. H in SiHx is removed by its reaction with oxygen in SiO,, which results in the

generation of volatile OHy. Therefore, Si is deposited on SiO; selectivity.

The result indicates that the selective surface adsorption can realize the highly selective
etching of ITO over SiO,. For the selective surface adsorption of other materials, a database of
time-dependent and ion-energy-dependent surface adsorption coefficient is strongly required for

many precursors and other materials.
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Fig.4-7 Proposed model of Si adsorption differences between ITO and SiO, surfaces.

Figure 4-8 shows the cycle number dependence of etched amount (ITO vs SiO,). The

amount of etched ITO was constant at a rate of 3 nm/cycle, while that of SiO, was almost zero.
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We thus confirmed the sufficient stability of ITO cyclic etching. The amount of etched SiO, was
a negative value, which means that Si was deposited on the SiO, surface, resulting in the infinite
selectivity for ITO over SiO». In the first cycle, there is a large amount of oxygen in SiO; and Si
is deposited on the SiO; surface. After the second cycle, there is no oxygen on the surface with Si
deposition. As no Si was deposited on the Si of SiO» surface in this incident ion energy range, the

deposition thickness saturated.
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Fig.4-8 Cyclic number dependence of etched amount (ITO vs SiO»)

(H2: 5'5,960V=Ar: 5,960 V).

4.6 Etched ITO profile

We analyzed the etched ITO profile with the hard-mask SiO; (thickness, 70 nm; etch
space, 160 nm) by SEM. Figure 4-9(a) shows the ITO profile after Hy/Ar plasma etching, where
the ITO space was 190 nm and the hard-mask SiO; thickness was 59 nm. This case exhibits the
problems of an expanding space and a low selectivity for ITO over SiO,. Figure 4-9(b) shows the

ITO profile after cyclic H» and Ar etching, where the ITO space was 164 nm and the hard-mask
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Si0O; thickness was 70 nm. Space width was measured at the top of ITO. The hard-mask SiO,
thickness after cyclic etching is almost same as that of the initial sample. We confirmed the highly
selective etching for ITO over SiO, with the cyclic etching process using the hard-mask to control
the Si deposition, resulting in superior profile controllability. One of the major etching concerns
of difficult-to-etch materials is residues since the reaction by-products are easily redeposited on
the wafer surface. However, the amount of residues on the side wall is negligible, as shown in the
SEM image in Fig. 4-9. When the aspect ratio of trench/hole patterns becomes much higher, the
side wall residues might be an issue for this process. Thus, further study of residue reduction as

well as the post-etching cleaning process (wet/dry) will be required for devices in the near future.

The H; and Ar plasma exposure times were both 5 s (Fig. 4-9). When we use a longer
H; exposure time, Si was released from the chamber parts and deposited on the ITO and SiO»
surfaces. This causes the fluctuations in ITO etch rate uniformity and repeatability. Thus, the
surface reaction control of the chamber wall is indispensable to realizing the cyclic process or
atomic/molecular level processes. To obtain highly selectivity for ITO over mask materials, a
database of surface adsorption of a precursor on the materials will also be important for the precise

control of cyclic, multistep thin-layer etching.
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Fig.4-9 Cross-sectional images of etched ITO profile: (a) after Ho/Ar plasma etching and

(b) after cyclic etching.
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4.7 Conclusions

We investigated the effect of hydrogen-induced modification on ITO etch rate increase
and demonstrated the cyclic thin-layer etching of ITO. Hydrogen plasma generates a modified
layer on the ITO surface, which has a high etching rate in Ar plasma. The thickness of the modified
layer was about 10 nm (Vp, 960 V). Only the hydrogen-induced modified layer of ITO can be
etched by precisely controlling ion energy; the rate of etching the underlying non modified ITO
is almost zero. Thus, the self-limiting etching of ITO was demonstrated. Cyclic etching was
investigated using hydrogen plasma, followed by Ar plasma for highly selective etching of
ITO/Si0,. Silicon, which is generated from the top electrode, was deposited on the SiO, surface
selectively during the cyclic process; the amount of deposited Si on the modified ITO surface was
negligible. Therefore, highly selective etching of ITO over SiO, (mask material) can be achieved
by the selective surface adsorption of a protective film. And it was suggested that cyclic etching
by selective surface adsorption of Si can precisely control the etch rates of ITO and SiO, resulting

in an almost infinite selectivity for ITO over SiO; and in improved profile controllability.
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5.1 Introduction

The most widely used transparent conductive oxide for optoelectronic devices is tin-
doped indium oxide (ITO). Since high-definition micro-OLED (organic light-emitting diode)
display needs to maximize the pixel area, the interpixel area must be minimized. The required
space width is less than several hundred nanometers. Thus, the fine ITO patterning is strongly
required for small display devices (ie, camera viewfinder, head-mounted display). Highly
bendable transparent electrodes for a flexible electronic device are also reported to require the
ITO mesh patterning, whose line widths are several microns ". In future display devices,
microfabrication will become increasingly important. As electronic device sizes continue to be
scaled down, it is necessary to have a way of achieving anisotropic etching of ITO. Thus, dry
etching of ITO is set to become indispensable for micro- and nanopatterning, replacing
conventional wet etching. Hydrogen containing plasmas have been reported to etch ITO film.
Different gas mixtures were used to etch the ITO layers including H,?, CHs/H,® ¥ ¥, CHa/Ho/Ar
9 CH4/Ar 7, CH30H ¥, HBr ?, and HCI/CH4'?. Surface reaction with hydrogen and/or CHy
species were also studied in detail'” '». However, the mechanism of etching by hydrogen-
containing plasma still needs to be understood. We have previously proposed ITO etching using
Ha/Ar plasma'® '¥). For highly selective etching over a dielectric hard mask, CH4/H,/Ar plasma
was also proposed by some researchers® ' '9 7 Incident hydrogen from H, or CHs-based
plasmas reduces the ITO surface, resulting in a metallic-In surface. As the sputtering yield of In
is much higher than that of ITO, a high etch rate can be achieved. During H»/Ar plasma etching
both the surface reduction and sputtering of metallic-In occurs simultaneously on the ITO surface.
Reduction means the metallic-ITO generation. As the complete removal of reduced ITO is
difficult, the metallic-In (damaged) layer remained after the etching process. As the residual
metallic-In causes degradation of device performances (eg, because of surface leakage), low-

damage etching or damage recovery processes are urgently required. To solve these issues, we
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investigated the potential of both damage recovery and low-damage etching process that uses

simultaneous injection of hydrogen and oxygen.

5.2 Experimental conditions

A SiO; (70-100 nm)/ITO (50 nm)/SiO,/Si sample with a line and space photoresist
pattern was used for the experiments. A 50 nm thick layer of ITO was deposited by a sputtering
process on a Si0,/Si substrate, namely a wafer with a diameter of 200 mm. With the overlaying
Si0; acting as a hard mask, the underlying ITO was etched by CH4+/H»/Ar, Ho/CO, and H»/CO/Ar
plasmas. For the ITO surface damage and recovery analysis, blanket ITO (50 nm)/SiO,/Si sample
was also used. We used H,, O,, and H,/CO plasmas for the damage generation and recovery
investigation. First, the H, plasma caused damage to the ITO surface. Subsequently, a recovery
process was performed using either O, or H»/CO plasma. The V,, was fixed at 960 V. The pressure
and temperature were fixed at 10 mTorr and 80°C, respectively. The etch rate of ITO was
measured after application of the H», O», and H»/CO plasmas. The process time was 30 s. ITO
modified layer was studied viatransmission electron microscopy (TEM) and energy dispersive X-
Ray (EDX) analysis. The secondary ion mass spectrometry (SIMS) depth profile of the ITO
wafers was analyzed using 1 keV Cs' primary ions to detect any modifications to the ITO. The
variation of the hydrogen concentration in the SIMS measurement was calibrated using the
absolute value measured by elastic recoil detection analysis. The sheet resistance was measured
using the four-point probe technique at 49 different locations on each film and an average of the

measured values was compared.
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5.3 Origin of the ITO roughness after CH4+/H,/Ar plasma etching

Figure 5-1 shows the SEM image of the ITO profile etched by using CH4/H»/Ar plasma
with the hard SiO, mask; it can be seen that the plasma caused the sidewalls of the ITO features
to be rough. We propose that Hy" or CHy" in the CH4/Ha/Ar plasma may be the cause of the ITO
sidewall roughness. We focused on the effect of hydrogen on modifying the ITO. To investigate
the details of the plasma-induced roughness, we analyzed the surface after Ho/Ar plasma exposure
(partial etching) via TEM. Halfsphere shaped surface features were observed in Figure 5-2(a).
We analyzed the chemical composition of the feature shown in Figure 5-2(a) using EDX (Figure
5-3). We found that the ITO surface was reduced by the H,/Ar plasma and a metallic-In surface
was generated. And the half-sphereshaped surface feature shown in Figure 5-2(a) is thus an
agglomeration of In. The In-aggregated part became thick and the nonaggregated part became
thin, as shown in Figure 5-2(b). We thus speculate that the ITO sidewall roughness in Figure 5-1
was caused by the agglomeration of metallic-In in ITO. As metallic-In causes fluctuations in the

ITO's resistivity, the suppression of such damages (caused by reduction) of ITO is very important.

The blanket ITO film was reduced to a significant depth by the hydrogen plasma.
However, the incident angle of the hydrogen on the blanket film and the sidewall of the ITO
pattern was completely different. Thus, we need to understand the dependence of the reduction
on the angle of the hydrogen incident on the ITO surface. Damage formation on Si surfaces by
energetic hydrogen ions has been examined for different angles of incidence with the use of a
multibeam system by Ito et al'®. They reported that the depth of a defect layer formed by H* ion
irradiation has little dependence on the angle of incidence. As hydrogen atoms are much lighter
than Si atoms, energetic hydrogen atoms experience large angle scattering when they collide with
substrate Si atoms. We assumed that the scattering of hydrogen also occurred in the case of the
ITO sidewalls because the mass numbers of the elements in ITO are much higher than for

hydrogen. As the hydrogen ions accelerated in the sheath region have a small angle distribution,
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they collided with the ITO sidewall. Regardless of their angles of incidence, hydrogen atoms
propagate in nearly all directions in the substrate, which makes the thickness of the reduced-ITO
layer less dependent on the hydrogen incident angle. Thus, we conclude that the ITO sidewall

was reduced by hydrogen ion injection.

ITO — 2
Si0,  sio,

Fig. 5-1 SEM image of ITO etched profile after CH4+/H»/Ar plasma etching.

Agglomeration of In

50 nm

Fig. 5-2 (a)TEM image of ITO film after H, plasma etching, and (b)Schematic model.
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Fig. 5-3 EDX point analysis at points A and B of Figure 5-2(a).

5.4 Analysis of ITO damages

We defined the ITO damage as a reduction of the ITO. As Hy" in Ho/Ar plasma can
penetrate deep into the ITO, we analyzed the depth profiles of H (Figure 5-4). As the exposure
time increased, the hydrogen penetration depth increased. The dominant ion species in Hy/Ar
plasma is known to be Hs" and the penetration depth of Hs" is less than 20 nm, as estimated by
the SRIM simulations '” ' 'Y, The V,, of the bottom electrode during Ho/Ar plasma exposure
was about 960 V. The IED is well-known to be affected by the RF modulation of the sheath
voltage and sheath thickness. Our simulation clarified that the high energy peak of H;" in IED is
almost the same as the V,,. Thus, the H3™ ion was exposed to the substrate at about 960 eV. The
measured depth of the hydrogen and oxygen penetration was slightly greater than in the
simulation. We speculate that a knock-on effect of various species during the SIMS analysis may
be the cause of the deeper penetration of hydrogen and oxygen compared with what was expected
based on the simulations. Figure 5-5 shows the oxygen depth profiles of the same samples. We

found that the depth of the reduced ITO was almost the same as the Hy" penetration depth.
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Penetrated hydrogen reacted with the oxygen in the ITO and generated volatile OHy as a reaction

by-product. Thus, O was removed from the bulk of ITO.
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Fig. 5-4 H mass spectrometry SIMS results for an ITO after H, plasma etching
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Fig. 5-5 O mass spectrometry SIMS results for an ITO after H, plasma etching
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5.5 Recovery of reduced ITO

We investigated the possibility of using plasma to aid the recovery of the reduced ITO
by using O-containing plasma as O, plasma has been shown to recover reduced ITO surfaces.
However, when we used this method, excessive oxidation of the ITO surface was observed.
Because the penetration depths of oxygen species from the plasma are less than 10 nm, the
recovery of any bulk modifications would be difficult. Thus, a damage recovery process that can
recover bulk ITO is urgently required. Ito et al studied enhanced oxygen diffusion in Si
substrates®”. It was found that oxidation of a Si surface exposed to oxygen radicals is significantly
enhanced only if the surface is simultaneously subjected to both an oxygen radical supply and
energetic hydrogen ion bombardment. A possible mechanism of the enhanced oxygen diffusion
assisted by hydrogen ion injections is momentum transfer from incident H" ions to O atoms
incorporated in the Si substrate. Each impact of a fast hydrogen ion or atom against an oxygen
atom may transfer only a small amount of the momentum of the hydrogen species to the oxygen
atom, but a series of such collisions may transport the oxygen atom a long distance into the Si
layer. If Ar" was used instead of H", the momentum transfer from incident Ar” ions to O atoms is
also expected. However, the penetration depth of Ar" (<10 nm), accelerated by almost the same
incident energy, is much shallower than that of Hx+. As a result, the penetration depth of the
oxygen atom becomes shallow (<10 nm). The recovery of bulk ITO (>10nm) is difficult in the
case of Oy/Ar plasma. Only excess surface oxidation is expected. He/O, plasma is possible to
recover bulk ITO damages since the penetration depths of He" is much deeper than that of Ar".
This means that the light mass ions (Hyx', He") are indispensable to realize damage recovery of
bulk ITO. In Ho/CO plasma, Hy, Cx, CHy, Ox, OHy, COy, HiCO, HCOH species were reported to
be generated®". In these incident species, light mass ions are only H,". The penetration depths of
heavier ions, whose mass number is more than 12 (carbon), become shallower than 10 nm. Thus,

only the Hy" ions are possible to recover bulk damages of ITO.
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Momentum transfer from the H+ ions to the atoms in the ITO substrate is also expected
to occur. Thus, we simultaneously used hydrogen and oxygen for the ITO damage recovery
plasma treatment. Figure 5-6 shows the depth profile of oxygen in untreated ITO (initial) and that
after Ho/CO plasma exposure. The untreated ITO had larger oxygen counts in the depth of 1 to 2
nm from the surface, due to atmospheric oxidation. We could not directly use H»/O, plasma owing
to safety risks in the mass-produced equipment. We found that the bulk reduction of ITO (>10
nm) was almost completely recovered by the simultaneous injection of both hydrogen and oxygen,
without excess oxidation occurring at the ITO surface (<10 nm). We observed the slightly reduced
ITO on the outermost surface in the depth within 0 to 5 nm. The incorporated hydrogen generated
OHx and removed the outermost surface oxygen as reaction by-products. We assumed that the
carbon in CO had little impact on damages because C and O easily react to form highly volatile
COy. If the carbon is incorporated into the ITO, the resistivity could be varied. However, the
resistivity is almost the same as the untreated ITO (initial) after H»/CO plasma exposure, as shown
in Figure 5-7. This means that the effect of carbon incorporation is a negligible level. The thin,
reduced outermost surface layer was eliminated by wet treatment, resulting in the almost complete
recovery of the reduced ITO back to ITO. For device applications, the ITO's resistivity is a good
indicator of damage. Thus, we compared the resistivity before and after the H»/CO plasma
recovery process (Figure 5-7). Initially, we found that the resistivity increased after O, or H,
plasma exposure. The O, plasma caused excess oxidation, resulting in a resistivity increase. After
H, plasma exposure, the oxide was removed from the ITO film via the generation of OHx. We
propose that oxygen vacancies caused the resistivity increase. After that H, plasma exposure, we
then investigated the H»/CO plasma recovery process. We found that the H,/CO plasma was able
to recover the reduced ITO surfaces. We propose that the momentum transfer from incident H*
ions to O atoms incorporated in the ITO caused enhanced diffusion of O into the bulk regions of
the ITO. We also studied the simultaneous injection of oxygen and hydrogen by using only H,/CO

plasma. When using only Ho/CO plasma, the final resistivity was close to that of the initial sample.
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Fig. 5-6 Depth profiles of oxygen with and without H,/CO plasma exposure by SIMS.
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Fig. 5-7 Resistivity of ITO after O, H,, and H»/CO plasma.
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5.6 Possibility of ITO etching with H,/CO plasma

The process sequence of the damage recovery experiment was initially an Hy/Ar or
CH4/H/Ar etching step, followed by the recovery process using H»/CO plasma. From the view
of mass production, it is important to minimize the number of process steps. Thus, we investigated
the possibility of etching with H»/CO plasma, thus creating a low damage one-step etching process.
Figure 5-8 shows the ITO etch rate after applying O», H,, andH»/CO plasma. The etch rate of ITO
in the H, plasma was 7.8 nm/min, while in the H»/CO plasma it was about 15.2 nm/min. The etch

rate of the ITO was thus increased by the mixture of hydrogen and oxygen plasma.
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Fig. 5-8 ITO etch rate after application of O,, H,, and H»/CO plasma.

In the case of bulk ITO, the film quality was almost entirely maintained owing to the
enhanced diffusion of oxygen. However, the surface of the ITO was reduced by the generation of
volatile OHy. As indium is reported to have a higher Ar sputtering yield (3.1 atoms/ion) than ITO

(0.9 atoms/ion) 2, we propose that the etch rate was increased by the sputtering kinetics at the

61



CHAPTER 5

reduced ITO. The ITO sputter rates strongly depend on the mass number of incident ions'?.
Basically, the heavier the mass number, the higher the sputter rate of ITO. In the CO-based plasma,
CO" and CO»" ions are well-known to be generated. The masses of CO" and CO," are 28 and 44.
The sufficient physical sputter reaction is expected in the CO-based plasma since the mass number
of dominant ion species are relatively close to that of Ar+ (m/e = 40). Thus, the CO" and CO,"
could transfer momentum energy to the surface for sputtering reaction, instead of conventional
Ar’. Another possibility is that an increase in the number of grain boundaries occurred after
hydrogen injection. To investigate only the physical effect, we exposed the ITO surface to He"
instead of hydrogen. Figure 5-9 shows top view TEM images of pristine ITO and ITO after He"
exposure. The He ion injection generated a polycrystalline ITO surface, which means that the
number of grain boundaries increased. Because the chemical bonding energies of the grain
boundaries are speculated to be lower than that in the bulk of ITO, the sputtering yield of the
polycrystalline ITO was enhanced. In the case of ZnO, which is one of the transparent conductive
oxides, we also confirmed that the number of grain boundary was increased by He" injection by
our beam experiment *?. When the ZnO sample was exposed to a He" beam before the exposure
to Ne', the physical sputtering yield of ZnO by Ne" increases significantly after it is exposed to
energetic He™ ions. In the case of ITO, we speculate that it is also possible to increase the
sputtering yield by Ar plasma after He plasma exposure. Although the dominant contribution of
etch rate enhancement is caused by metallic-ITO generation by the reduction of ITO, the grain
boundary increase could have some influence on the ITO etch rate enhancement. We concluded
that the increase of the ITO sputter rate was caused by both generations of metallic-ITO via the

reduction of ITO and an increase in the number of grain boundaries (Figure 5-10).
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(a) Pristine  (b) He* exposure

Polycrystalization

Fig. 5-9 Top view TEM image of (a) pristine ITO and (b) ITO after He" exposure

Fig. 5-10 Proposed model of ITO etching after H,/CO plasma exposure.

Patterned samples were also etched by using the H»/CO plasma. The cross-sectional
SEM image in Figure 11A clearly shows that the ITO is etched by the H»/CO plasma. However,
some residue remained on the underlying SiO». To increase the effect of the physical sputtering,

we also tested Ho/CO/Ar plasma as a low damage ITO etching process. The ITO was etched by
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the H»/CO/Ar plasma without any residue remaining and without any sidewall roughness (Figure
11B). The addition of Ar eliminates the residues on the underlayer, due to the increase of physical
sputtering effect. Since the plasma density was increased by the addition of Ar, the number of Hy"
ions could be increased due to the dissociation degree enhancement. However, the sufficient
amount of oxygen was also generated in the H,/CO/Ar plasma, ITO damage due to H injection is
speculated to be recovered. A further quantitative study of H and O amount in the plasma is
strongly required in the near future. Reduction and excess oxidation of ITO surfaces after etching
is an issue for device manufacturing. However, simultaneous injection of hydrogen and oxygen
can minimize the damage. Thus, mixed hydrogen and oxygen gas chemistry is a potential
candidate for achieving low damage ITO etching as well as for achieving a damage recovery

process after etching with hydrogen-containing plasma (Hx/Ar or CHa/Ho/Ar).

(a) (b)

Space 160nm
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Fig. 5-11 Cross-sectional SEM image after (a) H»/CO and (b) H»/CO/Ar plasma etching of ITO.

5.7 Conclusions

H; plasma required for ITO etching reduced the ITO surface and damaged it in the form
of generating metallic-In. To investigate the damage recovery, in Chapter 5, potential of O, plasma
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and the potential of using H,/CO plasma as a low-damage etching technique was studied. Damage
recovery for device fabrication was possible using H,/CO plasma, O, plasma caused excess
oxidation of the ITO surface. When using H»/CO plasma, the final resistivity was close to that of
the initial sample. Simultaneous injection of hydrogen and oxygen recovered the reduced ITO to
its initial state. The etch rate of the ITO was thus increased by the mixture of hydrogen and oxygen
plasma compared with O, single gas and H, single gas. The He ion injection generated a
polycrystalline ITO surface, the number of grain boundaries increased. We concluded that the
increase of the ITO sputter rate was caused by both generations of metallic-ITO via the reduction
of ITO and an increase in the number of grain boundaries. Patterned samples were etched by the
H»/CO/Ar plasma without any residue remaining and without any sidewall roughness. The
addition of Ar eliminates the residues on the underlayer, due to the increase of physical sputtering
effect. With hydrogen and oxygen-mixed plasma, we were able to achieve low-damage etching

by controlling the balance between surface reduction and oxidation.
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6.1 Introduction

The size of semiconductor devices is continuously being scaled down, and there is a
demand for the precise control of the etched profiles and a minimization of damage during dry
etching. ALE is a promising technology that is able to overcome these issues. We focus on ALE
for dielectric films, which consists of two sequential steps: the surface adsorption of a polymer
and desorption steps. SiN is widely used in device structures, such as in the sidewall of transistor
gates and the liner-layer at the contact bottom. However, the number of published papers related
to SiN ALE is much lower than that related to SiO, ALE. Thus, we investigated the SiN ALE in
detail. There are two main proposed methods of SiN ALE. The first consists of two steps: modified
layer generation by H, plasma and then removal of the modified layer " ? ¥. However, H," ions
penetrate deep into the surface even at a low energy. Thus, the Hyx' ions may cause damage to the
underlying layer in device fabrication. The other is a method in which a hydrofluorocarbon (HFC)
polymer is adsorbed by CH3F/Ar plasma and the reactive layer is desorbed by Ar plasma ¥ 9,

We focus on the latter method since less damage is expected.

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

we clarify the rate fluctuation mechanism.
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6.2 Experimental conditions

CCP reactor was used in this study. SiN (50 nm) was deposited on the Si substrate by
low pressure chemical vapor deposition. One etching cycle consisted of two steps. CH3F/Ar
plasma was applied to deposit the HFC polymer as the adsorption step. The bias power was OW.
The gas flow rates of CH3F and Ar were 40 and 460 SCCM, respectively. Then, Ar plasma was
used in the desorption step. The Vy, of the bottom electrode was 330 V in the desorption. The
high energy peak of simulated ion energy distribution function for the Ar desorption step was
nearly equal to the V. By repeating this sequence, SiN ALE was achieved (Fig. 6-1). The

conditions for each experiment are shown in Tables 6-1.

@ Surface adsorption @ Desorption

CHiFltmplasma Arplasma ! Three-layer optical

PN b e

FC:

Hydrofluorocarbon(HFC) polymer

1 I Harmonic oscillator

Cycle

I I

Fig. 6-1 Schematic of SiN ALE sequence and optical model for spectroscopic ellipsometry.
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Table 6-1 Experiment.

Adsorption Transision Desorption O: ashing
- - - . Cycle
Experiment Pressure Gas flow Ion energy Time Time Pressure Gas flow Ion energy Time  Pressure Gas flow Ton energy Time  number
(mTorr) ¢ ) © ) (mTorr) ¢ V) (s (@Tom) '€ &) ©
(sccm) (sccm) (sccm)
. CH:F/Ar )
(a) Adsorption 40 40/460 ~25 4,812 1
. CH:F/Ar <
(b) Adsorption 40 15/485 ~25 4,812 1
CH:F/Ar . , , . 123,
(c)ALE 40 _ 15/485 ~25 4 20 40 Ar=500 330 10 510
(d) ALE w/ . CHsF/Ar e ) ) .~ OAr .
O:desorpion 10 = 15/485 = 4 20 40 Souso 30060 13810
(e) ALEw/ ) CHsF/Ar < ) ) _ ) e <
0 ashing 40 15/485 ~25 4 20 40 Ar=500 330 60 40 0,=500 300 10 1,5.8,10
(f) ALE (Plasma- ) CHsF/Ar N N _
wall interaction) 40 _ 15/485 ~e 4 20 40 Ar=500 330 60 >
(¢) ALE (Gas g CHEEAT s g 1,20 40 Ar=500 30 60 5

transition study) =15/485

To study the interaction between the plasma and the wall surfaces, which affects the
ALE stability, the chamber wall conditions were intentionally varied ” ¥. As a pretreatment,
cleaning was performed with O, plasma for 300 s. After that, irradiation with C4Fs/Ar plasma was
performed for 0, 90, and 180 s to deposit the polymer on the chamber wall. Thereafter, SIN ALE
was performed to evaluate the etching rate uniformity. As the chamber wall condition will cause
a C/F density fluctuation in the plasma, the effect of the plasma—wall interactions can be analyzed.
The transition time between each step is also important to evaluate the C/F density fluctuation in
the adsorption and desorption steps. To study the effect of residual gas in the previous step, ALE
was performed by changing the gas transition time between the adsorption and desorption steps.
After O, plasma cleaning as a pretreatment, we set the CHsF/Ar gas flow for 20 s as the gas flow
stabilization step. CHsF/Ar plasma were irradiated for 4 s as the adsorption step. Then, as the gas
transition step, Ar gas was flowed for 20 or 1 s. In the following desorption step, Ar plasma was

irradiated for 60 s, and finally O, flash was performed to evaluate the etching rate uniformity.
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6.3 Accuracy evaluation of film thickness measurements

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

19 The formula for the HFC polymer thickness is as follows:

Isi(2p)
dyrc = —ASi(Zp)ln ref (1)
Si(2p)

Here, Asiq2p) is the mean free path of the Si (2p) photoelectrons in the HFC polymer layer.
Asizp) Was set as 2.5 nm in this study. The Si (2p) peak areas of the HFC polymer/SiN sample and
initial sample are Isipp) and reference of Isip), respectively. Matsui et al. reported an assumed
escape depth [Asiep] of 3 nm '”. The difference was proposed to result from the composition
variations of the HFC polymer. The densification by sputtering in Ar plasma desorption might be
the origin of the escape depth decrease in this experiment. After the Ar plasma desorption step,
many C—C bonds were generated in the HFC polymer, compared with CH3F/Ar plasma. Figure
6-2(a) shows the HFC polymer thickness measured by SE and XPS. Figure 6-2(b) shows the
thicknesses measured by TEM. These figures confirmed that there was a correlation between the
HFC polymer film thickness measured by SE, XPS, and TEM. Therefore, the film thickness of

the HFC polymer can be measured with high accuracy by SE.

Under the HFC polymer, the modified-SiN layer was generated as shown in Fig. 6-2(b).
This layer was assumed to comprise of mainly Si and N since SE results show that the optical

constant of this layer is similar to that of SiN films. This layer could also contain some mixture
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of C, F, and H. The thickness of the modified-SiN layer is assumed to be defined by the Ar
penetration depth and dose in the desorption step. Further study is required to understand the
modified layer generation during ALE because the modified layer generation is important to

understand the ALE surface reactions.

(a) (b)
— 8
£ .
/7
i 6.3 nm @ HFC 1.9 nm @ HFC 6.3 nm
) 3
o > 4
x 4
— /g o
§ // . Protective film HFC
£ 4 T /.’ Sio, Si0«
L ’
£ ®1.9 nm~ SiN SiN
(&) £
[T feust 7
I [ X4
7/
4
0 @ :
0 4 L

HFC thickness (SE) (nm)

Fig. 6-2 (a) HFC polymer thicknesses after the adsorption step, measured by XPS vs SE. Dotted
circles denote the thicknesses measured by TEM and
(b) TEM images[experimental condition; Table 6-1 (a)].

6.4 SiN ALE etch stop

We studied the optimization of the adsorption step. An HFC film with a thickness of 2
nm was used in a previous study®. Thus, the target of the HFC thickness was set to be 2 nm.
Figure 6-3 shows the HFC thicknesses as a function of the process time. The HFC thickness
increased linearly with the process time. A 2.6-nm-thick HFC polymer, deposited on SiN, was
used as the adsorption step. The desorption time by Ar plasma was set to 10 s. By using this ALE

sequence, we studied the cycle number dependence of SiN ALE. The cycle number was changed
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from 0 to 10. Figure 6-4 shows the cycle number dependence of the film thickness change of HFC
and SiN. The etched amount for one cycle was 0.58 nm. Etching proceeded up to two cycles;
however, we observed an etch stop of SiN after ten cycles of ALE, owing to the deposition (>6
nm) of a protective film on the surface. To study the etch-stop phenomena in detail, certain
changes to the conditions were also studied (not shown here). In the case of thin HFC adsorption
(1.2 nm), an etch stop was also observed regardless of conditions. When the desorption times
were changed from 10 to 60 s, we also observed an etch stop. It was concluded that the etch stop

is an important issue for stable SiN ALE.
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CH,F/Ar plasma
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0 “/ 1 ]
0 4 8 12
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Fig. 6-3 HFC thicknesses as a function of adsorption process time

[experimental condition; Tables 6-1 (a) and (b)].
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@ Surface adsorption @ Desorption
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Fig. 6-4 Cycle number dependence of surface location of HFC and SiN

[experimental condition; Tables 6-1 (c)].

6.5 Analysis of etch-stop mechanism

To investigate the etch-stop mechanism, the chemical bonding on the SiN surface after
one and ten cycles was analyzed by XPS. Figure 6-5 shows the C (1s) peak which is decomposed
into each chemical bond. The binding energies of C—C, C-N, and C—F were 284.8, 286.3, and
287.4 eV, respectively. Figure 6-5(c) shows the cycle number dependence of the peak area ratio
of each bond to the total C (1s) XPS spectra. The ratio of C—C bonds increased with the cycle

number of ALE. The bond strength of the C—C bond is 6.4 V.

It is known that carbon atoms in amorphous carbon films (a-C) hybridize their outermost
s and p orbitals of carbon into sp® and sp? hybrids. Thus, we investigated the sp* and sp* hybrids
by C (1s) spectrum. The binding energy of sp® in a-C is 285.2 eV, and the binding energy of sp?
is 284.4 eV.24,25 The binding energy of sp® and sp® was added to Fig. 6-5(a), and we found that

it forms an sp® hybrid orbital (similar to diamondlike carbon). Therefore, the HFC polymer, which
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has many C—C bonds, is difficult to sputter, which results in the etch stop of SiN ALE. In Fig. 6-
2(b), the modified SiN layer was generated under the HFC polymer. During air exposure, the
oxygen containing layer is also possible to generate under the HFC polymer. Thus, we
investigated the C—O and Si—O related peaks in the C (1s) and O (1s) XPS spectra. However, it
was found that the oxidation of modified layer under the HFC polymer is of nondetectable level.
Thus, we concluded that the modified layer under the HFC polymer is the modified SiN layer as

shown in Fig. 6-2(b).
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Fig. 6-5 (a) XPS spectra of C(1s) on adsorbed HFC layers after one-cycle ALE, (b) ten-cycle
ALE process, and (¢) decomposed C—C, C—N,
and C—F bond area ratio as a function of cycle number.
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Figure 6-6 shows a schematic of the etch-stop model after adsorption, and after one
cycle and ten cycles of ALE. In the adsorption step, the HFC polymer was deposited on SiN. After
one cycle of ALE, it was difficult to remove the carbon completely. Strong C—C bonds remained
at the surface. After ten cycles, a thick layer of carbon polymer was deposited on the residual
carbon. When ions from the plasma pass through the polymer during etching, approximately 200
eV of kinetic energy of the incident ion is reported to be lost in a polymer with a thickness of 1
nm 'V, At330 eV, which is maximum ion energy of our experimental condition, etching progresses
when the polymer thickness is less than 1.5 nm, and etching stops when the film thickness exceeds
1.5 nm from the published results. As shown in Fig. 6-4, etching progresses through the HFC
polymer with a thickness of 0.81 nm at cycle 1. It is expected that etching will proceed when there
is energy above 162 eV, in the case that the polymer film thickness is 0.81 nm. However, the ALE
ceased after cycle 2 since the polymer thickness of 3.55 nm is much thicker than the threshold
thickness of 1.5 nm. Thus, these results are almost consistent with the previous data, published
by Tatsumi et al. The detailed study of energy loss rate differences in the polymer is a topic of

future research, as our study is a rough estimate.

Thus, a thick carbon layer causes an etch stop, and suppression of C deposition is
required for stable SiN ALE. Although we focused on the effect of the C—C bond in the HFC
polymer, there are other possibilities that can cause the etch stop of SiN ALE. Another possible
reason is that Si—C bonds are formed on the surface ' '¥ 'Y, As the binding energy of Si—C in the
C (1s) photoemission (283.0 e¢V) is close to the peak position of a strong C—C (284.8 e¢V) bond,
it was difficult to deconvolute the effect of Si—C. As Si—C is generated in the interface between
HFC polymer and underlying SiN, the signal of Si—C seems to be under the detectable-level since
the upper HFC polymer suppressed the photoelectron from the interface. Further study will be

performed related to the Si—C bond by using other techniques.
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Adsorption 1 cycle 10 cycle
lon® ® Arion ® Arion

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

6.6 Proposed sequence for stable ALE

For the suppression of excess carbon, physical removal by ion or chemical processes is
two possible methods to realize stable ALE. In the case of physical removal using ions, however,
longer Ar exposure caused sputtering of the underlayer. Therefore, we focused on the chemical
removal. Desorption by O./Ar plasma and three-step ALE with O, ashing processes were
investigated. Although the desorption by O, plasma has been reported for SiO, ALE,30 SiN ALE

with an O-based process has not been reported (to the best of our knowledge).

To investigate the effect of oxygen, the desorption step with O»/Ar plasma was examined.
The desorption time was 60 s and 0—10 cycles of ALE were performed. Figure 6-7 shows the
etched amount per cycle (EPC) as a function of cycle number in the case of a desorption step by
O2/Ar plasma. The EPC was 0.89 nm/cycle. SiN ALE proceeded continuously by the O»/Ar
plasma desorption step. The HFC polymer deposition was suppressed by O addition. Next, we
examined a three-step ALE with O, ashing. The desorption and ashing times were 60 and 10 s,
and 0-10 cycles of ALE were performed. Figure 6-8 shows the EPC as a function of cycle number
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in the case of the three step ALE with O, ashing. The EPC was 1.52nm/cycle. Therefore, the O

ashing step effectively removed the HFC polymer.
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Fig. 6-7 Etched depths as a function of cycle number in the case of a desorption step
by O2/Ar plasma [experimental condition; Tables 6-1 (d)].
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Fig. 6-8 Etched depths as a function of cycle number in the case of three-step ALE with
subsequent O ashing [experimental condition; Tables 6-1 (¢)].
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The EPC of the three-step ALE was much higher than that of O/Ar desorption. We
discuss the amount of fluorine during ALE because the EPC of SiN is strongly related to the
amount of fluorine on the SiN surface. The high EPC of the three-step ALE was caused by the
presence of abundant fluorine atoms in the HFC during Ar desorption, compared with O,/Ar
desorption. In the case of the three-step ALE with O, ashing, the HFC film remained in the
desorption step. This caused the high EPC of SiN ALE. In the case of O,/Ar desorption, the HFC
was removed simultaneously during the desorption step. This caused the low EPC. As the three-
step ALE is appropriate for device manufacturing, we used three-step ALE in the subsequent
investigations. We also confirmed that EPC of first and second cycles was higher than that for the
other cycles. Impurities from the plasma, which were implanted in the SiN surface during ALE

cycles, modified the SiN surface to cause the decrease of the SiN EPC with additional cycles.

6.7 SiN ALE fluctuation

A key parameter of SiN ALE is the amount of fluorine, which dominantly contributes
to SiN etching. In addition, the amount of carbon affects the EPC fluctuation in ALE. Excess
carbon causes the etch stop and less carbon may cause the low EPC. As the amounts of fluorine

and carbon are important, the effect of density fluctuations by C/F species was studied.

As the plasma-wall interactions were reported to cause the C/F density fluctuation * '*),

the chamber wall condition was intentionally changed. We performed the O, cleaning and
polymer deposition with C4Fs/Ar plasma. The deposition time was 0, 90, or 180 s. Then, we
performed the SiN ALE for five cycles using the same conditions (Fig. 6-9). Figure 6-10 shows
the etched depth uniformity differences with and without chamber wall polymer deposition. The
etched depth at the wafer edge increased drastically. We proposed that the desorbed species from

the wall surface affected the etch rate fluctuation. Because CF,, measured by appearance mass
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spectroscopy, is reported to be desorbed from the deposited polymer with Ar ion injection,31
desorbed CF» enhance the EPC at the wafer edge during Ar desorption. When we investigated the
optical emission spectra of CF, (A =262.5 nm) during the Ar desorption step (not shown here), a
clear increase of the CF; radical was detected with the chamber wall deposited conditions. In the
case of O; cleaning, however, the CF, desorption from the chamber wall was suppressed. We
concluded that the chamber wall condition is important for stable ALE processes. Under the
condition that there was no deposition on the reactor wall, the etched depth uniformity across the

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

Pre treatment Atomic Layer Etching

SiN ALE
vYVYVYVYY
S CF,

Cleaning Polymer deposition

t 1t t ¢
- ~HEaat S

O, plasma C,4Fg/Ar plasma CHs5F/Ar plasma
+ Ar plasma
(300 s) (O or90s) +0, flash
5 cycle

Fig. 6-9 Schematic of the experiment to investigate the plasma—wall interactions.
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Fig. 6-10 Etched depth uniformity differences with and without polymer deposition on the
chamber wall [experimental condition; Tables 6-1 (f)].

Next, we studied the effect of residual gases from the previous step. A mixture of
residual gas from the previous step might cause C/F density fluctuation. We changed the gas
transition time before the Ar desorption step from 20 to 1 s (Fig. 6-11). Figure 6-12 shows the
etched depth uniformity differences at gas transition times of 1 and 20 s as a function of wafer
coordinate. There was almost no difference in etched depth after ALE (adsorption and desorption)
with gas transition times of 20 and 1 s. We found that residual gases have almost no impact on
ALE because the gas residence time under the experimental condition was 63 ms, which is much
shorter than the gas transition time (1 s). Therefore, the transition time has a negligible effect on

the etched depth fluctuation.

We proposed the fluctuation model of SiN ALE caused by the plasma—wall interaction.

CF, desorption from the chamber wall caused the ALE enhancement. Therefore, we need to clean
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the chamber before ALE. We found that control of fluorine and carbon amounts is critical for

stable SIN ALE.
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Fig. 6-11 Schematic illustration of experiments for gas transition time dependence.
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Fig. 6-12 Etched depth uniformities as a function of wafer coordinate
with different gas transition time (20 vs. 1 s) [experimental condition; Tables6-1 (g)].
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6.8 Conclusions

ALE has been studied extensively for surface reactions, and thus, little has been reported
about the fluctuation of ALE performances in device fabrication. In this study, we investigated
SiN ALE with process optimization of the adsorption and desorption steps, and we focus on the
cycle number dependence of EPC fluctuation of ALE. We also studied the ALE performance
variation caused by the chamber wall conditions. Excess polymer deposition, which originates
from residual carbon after desorption step, causes the etch stop of SiN ALE. The reason of residual
carbon is that the HFC polymer, which has many C—C bonds, is difficult to sputter. Thus, a thick
carbon layer causes an etch stop, and suppression of C deposition is required for stable SiN ALE.
Addition of O, to the desorption step or a three-step O, ashing process can suppress C deposition
and realize stable ALE. The high EPC of the three-step ALE was caused by the presence of
abundant fluorine atoms in the HFC during Ar desorption, compared with O,/Ar desorption.
Hence, the three-step ALE is appropriate for device manufacturing. CFy desorption from the
chamber wall causes etch enhancement of ALE. The desorbed CF, enhance the EPC at the wafer
edge during Ar desorption. We found that control of fluorine and carbon amounts is critical for
stable SiN ALE. To realize stable SiN ALE, it is necessary to keep the same surface conditions in
every cycle. It is also important to control the influence of desorbed species from the chamber
components. As the etching selectivity to other materials is critical for semiconductor device
manufacturing, further study related to the selectivity to mask and/or underlying materials is

strongly required in the near future.
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Stabilization of SiN by multi-step ALE
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7.1 Introduction

As the size of semiconductor devices approaches the atomic/molecular level an
improvement of the precision of dry etching technologies becomes increasingly indispensable.
ALE enables atomic-precision control of the surface reaction etching with low damage to
underlying layers in device fabrication V. Basically, ALE consists of an adsorption and a
desorption step. By combining the different approaches to the adsorption and desorption steps,
various methods of ALE can be investigated. In typical Si ALE, Cl, is generally used in the
adsorption step 2. Cl, is adsorbed on a Si substrate and irradiated with Ar plasma as the desorption
step to form SiCls, which is a volatile reaction by-product, and etching is performed *. A FC
polymer or HFC polymer are used for SiO, or SiN ALE **. As SiN etching with a CW plasma
generally involves a CH;F plasma ®”, which can obtain a high selectivity over Si and SiO,, the
HFC polymer from the CHsF plasma is also used for the adsorption step in SiN ALE. Recently,
ALE has been applied to etch the difficult-to-etch materials. The difficult-to-etch materials are
those where the reaction of their by-products with halogen-based plasma is non-volatile. In
particular, it has been reported that the surface modification with hydrogen plasma is effective to
etch such difficult-to-etch materials®®. Because these three kinds of ALE generally use ions in
the desorption step, an anisotropic profile can be realized. However, ion injection into the

substrate causes serious damage, which in turn degrades the device performance.

To overcome the damage generation issue, thermal ALE has been actively studied
recently as a damage-less ALE with isotropic processing '”. Thermal ALE is also a prospective
candidate for the etching of difficult-to-etch materials. A metal complex is generated on the

surface, which is desorbed by the thermal process.

In this study, we focus on SiN ALE "' with CH;F plasma adsorption and Ar plasma

desorption. It has been reported that SiN ALE using a CCP system stops the etching reaction,
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owing to the excess deposition of polymer on the SiN surface, which has enabled the conclusion
that the process stability of ALE is important ', However, the plasma source dependence of the
etch-stop mechanisms are unknown. We investigate the effect of the surface condition on the

stability of the EPC in SiN ALE by using an ICP system.

7.2 Experimental conditions

An ICP reactor with a source frequency of 13.56 MHz and a wafer bias frequency of
0.4 MHz was used for the ALE process. As an etching sample, SiN (20 nm) was deposited on the
Si substrate. First, a CH3F/Ar plasma was applied to deposit the HFC polymer on SiN as the
adsorption step. The bias power was set at 0 W, which meant that the incident ion energy to the
wafer was approximately equal to the plasma potential (~15 eV). Then, an Ar plasma was used
for the desorption step. The V,, of the bottom electrode (0.4 MHz) was 140 eV in the Ar
desorption step. The total gas flow rate was 500 sccm. This was the etching cycle composed of
two steps (Fig. 7-1(a)). We also used a three-step ALE process, where an O, flash step without

bias power was applied after the Ar desorption step (Fig. 7-1(b)).

To accurately simulate the atomic-level surface reactions, we used a classical molecular
dynamics (MD) simulation with modified Stillinger—Weber (SW)-type interatomic potential
functions '”. The details of the MD simulation have been reported elsewhere '*!'9). All the incident
species including ions were treated as charge-neutral atoms in our MD simulation. In the actual
ALE process, the charge of the incident ions is known to be neutralized through an Auger emission
process after injection of substrates 2", Thus, we proposed that the effect of charges on the ions
was negligible. The substrate used in the simulation of this study was stoichiometric Si3zN4. The
cross-section of the initial SiN substrate was a rectangle of 4.035 nm x 2.33 nm and the depth of

the substrate was 2.25 nm. Periodic boundary conditions were used in the horizontal directions so
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that the system represented an infinitely wide surface layer.

For the modification step in the ALE sequence, CH,F hydrofluorocarbon molecules
were introduced in the system to chemically modify the SizN4 surface. The incident energy was
fixed at 0.5 eV. As the desorption step, Ar was employed to physically remove the surface reacted
layer with an incident energy of 50 eV. The Ar dosage was 5.32 x 10'® cm™. The conditions for

each experiment are shown in Tables 7-1.
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Fig. 7-1 Schematic of (a) Experiment of SiN ALE, and (b) experiment of 3-step SiN ALE.

Table 7-1 Experiment.
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7.3 Mechanism of SiN etch-stop

Figure 7-2 shows the EPC fluctuation in conventional ALE (Fig. 7-1(a)). The etch-stop
of SiN arose from the excess deposition of HFC polymer on SiN '®. This phenomenon was also
confirmed in the CCP experiments of Chapter 6 and is a common issue for SiN ALE. The major
difference between CCP and ICP is the dissociation degree of CH3F molecules. The high-density
ICP intensively dissociates the CH3F molecules, which yields a large number of F atoms. Thus,
adsorption of a less-carbon containing polymer is expected in the case with the ICP source.
However, the etch-stop of SiN ALE occurs even in the case with ICP. Thus, we conclude that the
etch-stop of SiN ALE with CHsF-based plasma adsorption is almost unavoidable so needs to be

suppressed.
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Fig. 7-2 Cycle number dependence of surface location of HFC and SiN
[experimental conditions: Table 7-1 (a)].

To investigate the details of SiN surface modification, MD simulation was performed
(Fig. 7-3). After deposition of the HFC polymer (2 nm) by CH,F molecules (0.5 eV), Ar with a
kinetic energy of 50 eV (~10'® cm™) was exposed to the surface. It was confirmed that CH,F was

the major ion/radical species in CH3F plasma, as measured by a quadrupole mass spectrometer.
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From the MD calculation, it was found that many Si-C bonds were formed on the SiN surface
after the desorption step. It has been reported that the Si-C bonds are generated on the SiN surface
during conventional CW etching %, as well as on the Si surface 2>, Thus, our result from the

MD simulation is qualitatively consistent with that from experimental results with a CW plasma.

The main bonds, estimated by MD simulation, were Si-C, C-N, Si-Si, Si-F, C-C (4.63,
7.77,3.21,5.93, 6.41 eV). The bond dissociation energies of these bonds are higher than those of
other chemical bonds. Especially, Si-C and C-N bonds at the polymer/SiN interface are important
for carbon residues. The combining capacity of an atom is defined as the valence. Silicon has a
valence of 4 and nitrogen has a valence of 3. As the valence of silicon is higher than that of
nitrogen, carbon bonded to Si is more difficult to be desorbed. Thus, we assumed that many Si-C
bonds remained on the surface, which was confirmed by MD simulation as well as the reported
experiments. Thus, it was proposed that the remaining Si—C bonds (4.63 eV) are a trigger for
carbon accumulation. As carbon remains after one cycle of ALE, a thick carbon layer is deposited
in the following adsorption step with the CH3F/Ar plasma. We concluded that this is the root cause

of the etch-stop in SiN ALE.

Depth (nm)

0 0.1 0.2 0.3
Atomic density [ x 1023 /cm?]

Fig. 7-3 Atomic density of each bond on the SiN surface by MD simulation.
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7.4 Suppression of etch-stop and the issue of surface oxidation

To remove the accumulated carbon on the SiN, an O, flash step was introduced after Ar
desorption (Fig. 7-1(b)). Figure 7-4 shows the total SiN etched amount as a function of cycle
number, where the etch-stop was seen to be suppressed with the O, flash step, though the EPC
was decreased after one cycle of ALE. Because O, plasma typically induces surface oxidation of

SiN, surface bonding was analyzed by XPS (initial vs. post-ALE).
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Fig. 7-4 Cycle number dependence of total SiN etched amount
[experimental conditions: Table 7-1 (b)].

Figure 7-5 shows the XPS spectra of Si (2p) after three cycles of ALE. The binding
energies of Si3Ns and SiO; are 101.5 and 103.5 eV, respectively. The binding energy of SiO.N;, is
in the range from 102.0 to 103.0 eV. From the XPS peak deconvolution, we found that the SiO:N,,
bond was below the detection limit. As the detected bonding was only from SiO, and Si3N4, we
concluded that SiO; with a negligible amount of H, C, F, Si, and N was generated on the surface
by O, flashing. Because the SiO; film thickness was thin, a SizNs-related peak of the underlying
SiN was detected. The thickness of the SiO; on SiN after each cycle was measured by SE (Fig. 7-
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6). The XPS peak area ratio of oxygen as a function of ALE is also shown in Fig. 6. SiO; had an
almost constant film thickness, which caused a constant EPC decrease in the ALE process. A SiO»
film with a thickness of 0.75-0.9 nm was found to be generated. it has also been reported that
Si0; is formed between the SiN surface and the CF polymer when irradiated with a C4Fs/Ar/O;
plasma in CW etching 2. Thus, we concluded that the EPC decrease after one cycle was caused
by the surface oxidation of SiN. Therefore, a stable ALE process requires the removal of SiO;

after each cycle.

SiO, SiN
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Fig. 7-5 XPS spectra of Si(2p) electron emission on SiN after 3-step ALE
[experimental conditions: Table 7-1 (c)].
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Fig. 7-6 (a) Cycle number dependence of SiO2 thickness by SE, and (b) cycle number
dependence of O (1s) peak area ratio by XPS [experimental conditions: Table 7-1 (¢)].

7.5 Plasma-enhanced multi-step atomic layer etching

The SiN surface must become pristine after each cycle. Thus, we developed a multi-step
ALE for achieving a stable EPC. The multi-step ALE concept herein is shown in Fig. 7-7, wherein
the surface SiO; is removed by SiO, ALE after the three-step SiN ALE. One etching cycle of SiO,
ALE comprised two steps **”; first the C4Fs/Ar plasma was used to deposit an FC polymer as the
adsorption step and an Ar plasma was subsequently used as the desorption step. To analyze the
SiO; ALE performance, a sample of SiO; with a thickness of 100 nm was used. The thickness of
Si0, was measured by SE with a thermal SiO, optical model. Figure 7-8 shows the SiO, EPC
(one cycle) as a function of Ar desorption time, where a quasi-self-limited behavior of SiO, ALE

was realized. We used 120 s for the Ar desorption time (EPC of 2.3 nm).
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Fig. 7-7 Schematic of experiment of multi-step ALE.
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Fig. 7-8 SiO; EPC as a function of Ar plasma exposure time
[experimental conditions: Table 7-1 (d)].

The total SiO; etched amount as a function of cycle number is shown in Fig. 7-9, which
demonstrates the realization of a SiO, ALE process. Further, no carbon accumulation was

observed in the case where the Ar desorption time of the SiO, ALE was sufficiently long.
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Specifically, oxygen in the SiO, generated volatile COy as a reaction by-product, which resulted
in the removal of residual carbon on the surface. By combining the three-step SiN ALE with a
subsequent SiO, ALE to remove residual SiO,, plasma-enhanced conversion (multi-step) ALE
was realized (Fig. 7-10), wherein the EPC fluctuation was suppressed by the precise control of
the surface conditions (EPC of 2.6 nm). It was found that the surface became pristine SiN after

multi-step ALE, because SiO, was completely etched in the additional SiO, ALE.

As the etch selectivity of SiN over SiO» is very important for device fabrication, we also
measured the SiO, EPC in multi-step ALE. The EPC selectivity of SiN over SiO, was
approximately 0.78. The reason why the selectivity was below 1 was because the oxidation
thickness of the SiN surface was relatively thin. The total etch amount of multi-step SiN ALE can
be defined as the sum of the EPC of SiN and the surface oxidation thickness. The surface oxidation
thickness can be controlled by the incident ion energy of oxygen in the O, flash step. By
controlling the SiO; thickness, EPC selectivity can be controlled precisely. Because ALE is
extremely sensitive to the surface conditions, an understanding and precise control of the plasma—

surface interactions are crucial.
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Fig. 7-9 Cycle number dependence of total SiO, etched amount
[experimental conditions: Table 7-1 (e)].
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Fig. 7-10 Cycle number dependence of total SiN etched amount after multi-step ALE
[experimental conditions: Table 7-1 (f)].

7.6 Conclusions

We investigate the effect of the surface conditions on the stability of the EPC in SiN
ALE by using an ICP system. And we investigated the etch-stop mechanism in SiN ALE and
examined multi-step ALE for stabilization. Etch-stop of SiN ALE is caused by polymer deposition.
MD simulation shows that Si—C bonds remain on the SiN surface after the ALE process. The
remaining Si—C bonds are a trigger for carbon accumulation, which is generated during the ALE
cycles. The etch-stop is suppressed with an O, flash step. However, the EPC decreases after one
cycle of ALE, which is caused by the surface oxidation of SiN. For a stable ALE process, the
surface SiO; is removed by SiO, ALE. By optimizing the SiO, ALE sequence, a quasi-self-limited
behavior of SiO; ALE is realized. By combining the three-step SiN ALE with a subsequent SiO»
ALE to remove residual SiO, multi-step ALE is realized. The EPC of SiN is approximately equal
to that of Si0,. Non-selective ALE is developed for next-generation devices. To stabilize the ALE

process, because ALE is extremely sensitive to the surface conditions, understanding and precise
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control of the plasma—surface interactions are critical.
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Mechanism of ALE damage generation

99



CHAPTER 8

8.1 Introduction

One of the advantages of ALE is reported to be low-damage etching. Ishii et al. reported
that nondetectable RIE-induced damage in the underlying Si surface after SiIN ALE, analyzed by
TEM, occurs because low ion energy bombardment during the desorption process can be used in
the ALE process . However, it is impossible to eliminate the plasma-induced damage completely
from occurring because the kinetic energy from the ion injection is necessary for anisotropic ALE.
Because the detection sensitivity of TEM is relatively low, damage actually remains on the

underlying Si surface.

Suppression of the underlying Si substrate damage caused by energetic ion
bombardment is one of the most critical issues in advanced devices. The threshold energy for
atomic displacement is defined as AEq. In the case of Si, the AEq indicates the energy required for
a certain Si atom to move to a stable position between adjacent lattices. The AEq4 also varies
depending on the crystalline orientation, and the smallest displacement energy of a Si crystal
(bulk) is reported to be Ed eV and the average displacement energy is 24.0 eV 2. It has also been
reported that defects near the outermost surface are generated at lower energy (~10 eV) *. When
we use an ion energy higher than the Eq4, the generation of damage in the Si substrate is
unavoidable. The floating potential (V%) of a conventional plasma source, which is generally used
in semiconductor manufacturing, is in the range of 10-30 eV. When the ion energies accelerated
by the Vr and bias power become larger than the damage generation threshold, ideal damage-less
processing is almost impossible. Thus, plasma-induced damage reduction during ALE is

investigated.

We have previously investigated ALE of SiN with process optimization of the surface adsorption
step and desorption step, and we achieved stable ALE by controlling the precise surface

condition®. SiN was employed as a spacer material and a contact etch-stop layer. During over
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etching of the underlying Si after SiN ALE, plasma-induced damage was induced on the Si
substrate. Damage remaining on the Si substrate caused contact resistance fluctuations®. As the
remaining Si damage degrades the electrical performance, precise control of the incident ion
energy is indispensable to minimize damage generation. In this study, we investigate the
underlying Si damage in ALE of SiN and clarify the mechanism of damage generation, which

result in the low damage etching in ALE.

8.2 Experimental conditions

ICP system was used in this study. The total gas flow rate was 500 sccm. One etching
cycle consisted of three steps. CHsF/Ar plasma was applied to deposit the HFC polymer without
bias power in the adsorption step. Then, Ar plasma was used in the desorption step. The Vj, of
bottom electrode was approximately 140 V. Finally, O, plasma was exposed to suppress etch stop
owing to polymer deposition ¥. By repeating these steps, we processed the SiN ALE (Fig. 8-1).
The HFC polymer was deposited with a thickness of 1.2 nm on SiN, then the reacted layer was
desorbed by Ar plasma for 30 s. To remove the residual surface polymer on Si, subsequent O,
plasma without bias power was applied (O: flash process, 10 s) ¥. After O, plasma exposure, SiOx
was generated on SiN surface. SiOy caused etching rate decrease. Further study is required to

understand the effect of surface oxidation.

On-wafer monitoring of the ion energy distribution functions (IEDFs) was carried out
to analyze the incident ion energies in detail. We used experimental ICP equipment. IEDFs were
directly measured by using a gridded retarding field energy analyzer. The details of the system
have been provided elsewhere © ' ®. The accuracy of the measured ion energy was confirmed by
comparison with the threshold energy of SiO; sputtering in Ar plasma. The threshold energy of

Si0O; sputtering in our system was approximately 50 eV. We confirmed that this value was almost

101



CHAPTER 8

the same as the published data *. The damage thickness of the underlying Si was measured by SE.
In the SE analysis, data were fitted using a three-layer model (SiO»/dislocated Si/substrate) ¥ 'V
Dislocated Si was modeled as a mixture of SiO, and poly-Si. The penetration depth of an Ar” ion

into the Si was simulated by SRIM simulation ' ¥,

@ Surface adsorption @ Desorption 3 O,-flash
CH;,FIN-pIasma Ar plasma 0, plasma

hed ¢« ¢ ¢ o e o o

4N qu; Vi

QIH

Cyc le

Fig. 8-1 Schematic of experiment of SiN ALE.

8.3 Si damage analysis in SiN ALE over etch

To investigate the low damage etching of underlying Si, we studied the one cycle ALE
of SiN. Figure 8-2 shows the eEPC of SiN as a function of Ar plasma desorption time. The result
shows the quasi-self-limiting behavior. The EPC of SiN increased for shorter desorption times
(<30 s), because the SiN reacted with the HFC polymer and etching progressed. After 30 s, the
etched amount became consistent with the physical sputtering of SiN. With adsorption, a quasi-
self-limited ALE process was realized. We measured the damage thickness of the underlying Si

in the first cycle of ALE. This ALE process had an adsorption step (9 s, <15 eV), desorption step
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(30's, 140 V), and O; flash step (10 s, <15 eV). The plasma potential of our system was less than
15 eV, and the process time was approximately 10 seconds in the adsorption step and O, flash

step. Thus, dominant damage was generated in the desorption step.
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Fig. 8-2 SiN thickness versus desorption time.

Figure 8-3 shows the Si damage thicknesses of untreated Si and the first cycle with
relatively long Ar desorption (120 s). The dislocated Si was oxidized by air exposure, which
resulted in surface SiO, formation. The total damage thickness (74am 1owal) Was approximately 5
nm. We confirmed that deep damage was generated, even in the case of ALE by using the quasi-
self-limiting region. To suppress the damage generation, the use of a lower ion energy and

protection film, and control of desorption time, are strongly required.
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Fig. 8-3 Si damage thickness after ALE.

8.4 Damage analysis in low ion energy

As the damage thickness depends on the ion energy, we investigated the damage
generation in the ion energy range below 100 eV. A high bias frequency of 13 MHz was used to
minimize the energy split of the two peaks of the IEDF. Figure 8-4 shows the IEDF of Ar plasma
(bias power of 30 W and 50 W). The ion energy could be controlled below 50 eV. The IED had a
bimodal profile. However, it became a monotonic IED when the bias power was decreased. The
plasma potential of the ICP system was in the range from 10 to 15 eV. This was the minimum

value of the ion energy in our mass production equipment.
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Fig. 8-4 IEDFs of Ar ions (input bias power of 30 W and 50 W).

The threshold energy (Vi) for etching has been investigated in the case of chlorine and
fluorine from the beam experiment '¥ ', The absolute values of Vi were 4 eV for fluorine and
16 eV for chlorine. In contrast, defects near the outermost surface were generated at an energy of
the same order (~10 eV). This meant that the damage generation energy was almost the same as
that of the etching threshold. Thus, we found that a damage-less process is difficult with the

current equipment. Therefore, understanding of the IED profile is extremely important, in the case

of low ion energy ALE.

Figure 8-5 (a) shows the dependence of the damage thickness on the Ar plasma exposure
time at 30 W and 50 W. A longer Ar plasma exposure resulted in a thicker damage thickness. The
damage thickness was saturated at 5 nm after 40 seconds at 30 W, and at 7 nm after 60 seconds at
50 W. Figure 8-5 (a) shows the simulated Ar ion penetration depth into the Si substrate. The
simulation was performed using the ion energy value at the high energy peak of the [EDF (V1)
(Fig. 8-4), where 18 eV at 30 W and 33 eV at 50 W were used. Figure 8-5 (b) shows the damage
thickness after Ar plasma exposure at 30 W and 50 W (60 s). The projected range of the ion

penetration depth was defined as the damage film thickness. The results showed that the damaged
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thickness was relatively consistent with the Ar ion penetration depth. Ar plasma irradiation at 50
W for more than 60 seconds sputtered the damaged layer on the surface, and we found that the
damaged film thickness was reduced. However, in the case of the 30W condition, there is a
correlation between the damaged film thickness and the ion penetration depth. Therefore, it is
speculated that the damage thickness is almost saturated after 60 seconds at SOW. Even in the case
of ALE, a lower incident ion energy was required to minimize ion-induced damage as well as the

conventional dry etching process.
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Fig. 8-5 (a) Damage thickness versus Ar desorption time,
and (b) Depth profiles of Ar ion penetration in Si by TRIM simulation.

To confirm the relationship between Vi, and the damage thicknesses, measured by SE,
we performed an additional experiment with a wide energy range and three different systems. A
CCP system (Source: 60 MHz, Bias: 13.56 MHz), CCP system (Source: 60 MHz, Bias: 2 MHz),
and ICP system (Source: 13.56 MHz, Bias: 400 kHz) were used in this study. We changed the
processing time to keep a constant ion dose at 1.64 x 10'” (ion/cm?), and IEDF was obtained by
simulation in the range from 0 to 1000 eV of Vy,. We confirmed that the thickness of the damaged

layer was strongly related to the high energy peak of the IEDF, as shown in Fig. 8-6. There was a
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correlation between the damage thickness and the square root of Vi, (damage thickness = 0.44 x
\Vip). The damage thickness has been reported to be related to the averaged voltage of IEDF'®.
However, our results showed that the damage thickness is related to Vy,,. We propose that this
discrepancy was caused by the differences of optical models used for the damage analysis. Our

model showed that the damage thickness was deeper than that of the previously published results.
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Fig. 8-6 Damage thickness versus high energy peak of ion energy distribution.

8.5 Damage reduction by a protective film

The HFC polymer was evaluated because it reduces the ion energy and has a protective
film effect. To investigate the effect of the protective polymer on Si damage generation, the
damage thickness with and without a polymer adsorption process was investigated. Figure 8-7
shows the Tdam total @s a function of Ar desorption time. There is a damage in the initial sample. It

is a native oxide and underlying dislocated Si on Si substrate. The film thickness of the HFC
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polymer on Si was 1.2 nm after adsorption (9 s). By applying the HFC polymer on the Si substrate,
the damage thickness was decreased to approximately 1 nm. The ion energy at Si substrate can
be greatly changed according to the upper HFC polymer'”. When the desorption time became
longer, the damage became saturated, which resulted in no change in the thickness. The surface
polymer can delay the damage generation process. After complete removal of the surface
adsorbed polymer, the damage generation exhibited the same damage generation behavior as the
samples without the adsorption step. Thus, a shorter desorption time resulted in a damage
reduction. To satisfy the both requirements of the self-limited process and low-damage etching,
we selected 30 seconds as the minimum value in the self-limited region (Fig. 8-2). ALE with the

shortest desorption time in the self-limited region showed the least damage.
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Fig. 8-7 Damage thickness without and with polymer.

Figure 8-8 shows the damage thickness as a function of cycle time of ALE. The
desorption time was set at 30 s. It was clearly shown that the surface adsorption of the polymer

could effectively reduce the damage generation during the ALE process. The desorption time was
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the same as the Ar exposure time of 120 seconds and 4 cycles. Excess damage generation was
suppressed by the sequential deposition of the protective film on the Si substrate (Fig. 8-9).
Without adsorption, Si damage was generated from long-time Ar exposure. With adsorption, the
adsorbed polymer could effectively reduce the underlayer Si damage, owing to the reduction of
the ion energy in the polymer layer. Si damage generation was greatly suppressed by sequential

deposition of the protective film in ALE.
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Fig. 8-8 Cycle number dependence of damage thickness after ALE process.
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Fig. 8-9 Proposed model of damage reduction in ALE.
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8.6 Conclusions

We investigated the underlying Si substrate damage generated during upper SiN ALE.
Even in the case of ALE, damage was generated on the Si substrate, owing to the accumulation
of incident ions. On-wafer IEDF measurement revealed that the damage thickness measured by
SE was defined by the incident ion energy at the high energy peak of the IEDF. Adsorbed polymer
can effectively reduce the underlying Si damage, owing to the ion energy loss in the polymer layer.
Si damage generation was greatly suppressed by sequential deposition of a protective film during
ALE. To suppress the damage generation during the ALE process, precise control of the ion energy,
thickness of adsorbed polymer, and Ar desorption time are strongly required. For low-damage
ALE, a very low ion energy is required. Therefore, a low electron temperature plasma source,
high bias frequency, and low power generator are required. Additionally, precise control of Vi, in
the IEDF is strongly required. Thus, measurement and prediction of the IEDF, and low-damage

ALE equipment with a precise IEDF control system need to be developed.
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CHAPTER 9

1) Mechanism of ITO etching using H, plasma

ITO has been widely used as a transparent electrode. In Chapter 3, the etch rate of ITO
and the effects of a hydrogen-damaged layer caused by Hx/Ar plasma were investigated using
several surface analysis techniques. The ITO etch rate in Hy/Ar plasma increased to about three
times that with Ar plasma. ITO was reduced by incident hydrogen species in the Ho/Ar plasma,
and an In-rich layer was formed on the surface. The In-rich layer had a higher sputtering yield,
resulting in an increase in the etch rate in the Ho/Ar plasma. Thus, ITO etching is determined by
the balance between the formation of an In-rich damaged layer by H ion irradiation and sputtering

by relatively heavy inert gas ions.

2) Mechanism of ITO cyclic etching

To investigate the effect of hydrogen-induced modification on ITO etch rate increase, in
Chapter 4, we demonstrated the cyclic thin-layer etching of ITO. Hydrogen plasma generates a
modified layer on the ITO surface, which has a high etching rate in Ar plasma. The thickness of
the modified layer was about 10 nm in V,, 960 V. Only the hydrogen-induced modified layer of
ITO can be etched by precisely controlling ion energy; the rate of etching the underlying non
modified ITO is almost zero. Thus, the self-limiting etching of ITO was demonstrated. Cyclic
etching was investigated using hydrogen plasma, followed by Ar plasma for highly selective
etching of ITO/Si0,. Silicon, which is generated from the top electrode, was deposited on the
Si0O, surface selectively during the cyclic process; the amount of deposited Si on the modified
ITO surface was negligible. Therefore, highly selective etching of ITO over SiO, (mask material)
can be achieved by the selective surface adsorption of a protective film. And it was suggested that

cyclic etching by selective surface adsorption of Si can precisely control the etch rates of ITO and
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Si0,, resulting in an almost infinite selectivity for ITO over SiO, and in improved profile

controllability.

3) Damage recovery and low-damage ITO etching

H; plasma required for ITO etching reduced the ITO surface and damaged it in the form
of generating metallic-In. To investigate the damage recovery, in Chapter 5, potential of O, plasma
and the potential of using H,/CO plasma as a low-damage etching technique was studied. Damage
recovery for device fabrication was possible using H,/CO plasma, O, plasma caused excess
oxidation of the ITO surface. When using H,/CO plasma, the final resistivity was close to that of
the initial sample. Simultaneous injection of hydrogen and oxygen recovered the reduced ITO to
its initial state. The etch rate of the ITO was thus increased by the mixture of hydrogen and oxygen
plasma compared with O, single gas and H, single gas. The He ion injection generated a
polycrystalline ITO surface, the number of grain boundaries increased. We concluded that the
increase of the ITO sputter rate was caused by both generations of metallic-ITO via the reduction
of ITO and an increase in the number of grain boundaries. Patterned samples were etched by the
H»/CO/Ar plasma without any residue remaining and without any sidewall roughness. The
addition of Ar eliminates the residues on the underlayer, due to the increase of physical sputtering
effect. With hydrogen and oxygen-mixed plasma, we were able to achieve low-damage etching
by controlling the balance between surface reduction and oxidation. Thus, mixed hydrogen and
oxygen gas chemistry is a potential candidate for achieving low damage ITO etching as well as

for achieving a damage recovery process after etching with hydrogen-containing plasma
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4) Surface reaction mechanism of SiN ALE

ALE has been studied extensively for surface reactions, and thus, little has been reported
about the fluctuation of ALE performances in device fabrication. In Chapter 6, we investigated
SiN ALE with process optimization of the adsorption and desorption steps, and we focus on the
cycle number dependence of EPC fluctuation of ALE. We also studied the ALE performance
variation caused by the chamber wall conditions. Excess polymer deposition, which originates
from residual carbon after desorption step, causes the etch stop of SiN ALE. The reason of residual
carbon is that the HFC polymer, which has many C—C bonds, is difficult to sputter. Thus, a thick
carbon layer causes an etch stop, and suppression of C deposition is required for stable SiN ALE.
Addition of O, to the desorption step or a three-step O, ashing process can suppress C deposition
and realize stable ALE. The high EPC of the three-step ALE was caused by the presence of
abundant fluorine atoms in the HFC during Ar desorption, compared with O,/Ar desorption.
Hence, the three-step ALE is appropriate for device manufacturing. CFy desorption from the
chamber wall causes etch enhancement of ALE. The desorbed CF, enhance the EPC at the wafer
edge during Ar desorption. We found that control of fluorine and carbon amounts is critical for
stable SiN ALE. To realize stable SiN ALE, it is necessary to keep the same surface conditions in
every cycle. It is also important to control the influence of desorbed species from the chamber

components.

5) Stabilization of SiN by multi-step ALE

To investigate the effect of the surface conditions, in Chapter 7, we studied stabilization
of the EPC in SiN ALE by using an ICP system. And we investigated the etch-stop mechanism in
SiN ALE and examined multi-step ALE for stabilization. Etch-stop of SiN ALE is caused by

polymer deposition. MD simulation shows that Si—C bonds remain on the SiN surface after the
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ALE process. The remaining Si—C bonds are a trigger for carbon accumulation, which is generated
during the ALE cycles. The etch-stop is suppressed with an O, flash step. However, the EPC
decreases after one cycle of ALE, which is caused by the surface oxidation of SiN. For a stable
ALE process, the surface SiO; is removed by SiO; ALE. By optimizing the SiO, ALE sequence,
a quasi-self-limited behavior of SiO, ALE is realized. By combining the three-step SiN ALE with
a subsequent SiO, ALE to remove residual SiO,, multi-step ALE is realized. The EPC of SiN is
approximately equal to that of SiO,. Non-selective ALE is developed for next-generation devices.
To stabilize the ALE process, because ALE is extremely sensitive to the surface conditions,

understanding and precise control of the plasma—surface interactions are critical.

6) Mechanism of ALE damage generation

In Chapter 8, we investigated the underlying Si substrate damage generated during upper
SiN ALE. Even in the case of ALE, damage was generated on the Si substrate, owing to the
accumulation of incident ions. On-wafer IEDF measurement revealed that the damage thickness
measured by SE was defined by the incident ion energy at the high energy peak of the IEDF.
Adsorbed polymer can effectively reduce the underlying Si damage, owing to the ion energy loss
in the polymer layer. Si damage generation was greatly suppressed by sequential deposition of a
protective film during ALE. To suppress the damage generation during the ALE process, precise
control of the ion energy, thickness of adsorbed polymer, and Ar desorption time are strongly
required. For low-damage ALE, a very low ion energy is required. Therefore, a low electron
temperature plasma source, high bias frequency, and low power generator are required.

Additionally, precise control of Vi, in the IEDF is strongly required.
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