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ABSTRACT: Thermal atomic layer etching (ALE) of indium gallium zinc oxide HF (In,Ga,Zn)F
(IGZO), In,0; Ga,0; and ZnO was achieved using sequential hydrogen =0 ‘ —
fluoride (HF) and acetylacetone (Hacac) exposures. The HF exposure H,0 IGZO

fluorinates the metal oxide surface to a metal fluoride layer. The Hacac exposure
then undergoes ligand substitution and hydrogen transfer to volatilize the metal Hacac, —=—-—-—=-=—=-=-—-

- I
fluoride layer. The etching of IGZO films was studied using in situ spectroscopic (In,Ga,Zn)F, | Etched Thickness |
ellipsometry (SE). Repeated exposures of Hacac or sequential exposures of 1620 In(acac), T

Hacac and O; on IGZO films at temperatures up to 250 °C observed no etching. Ga(acac),

However, fluorination prior to Hacac exposures achieved IGZO etching. Z"(:";ac)z

Sequential exposures of HF and Hacac produced etch rates of 0.3 A/cycle at 200

°C. The etch rates increased with temperature up to an etch rate of 0.6 A/cycle at 250 °C. Similar experiments were performed using
hexafluoroacetylacetone (Hhfac) instead of Hacac. Sequential exposures of HF and Hhfac revealed slightly lower etch rates of 0.2 A/
cycle at 230 °C. The etch rates using HF and Hhfac exposures increased with temperature up to an etch rate of 0.5 A/cycle at 270
°C. In situ quadrupole mass spectrometry (QMS) studies were performed to study the volatile products during etching of In,O;,
Ga,0;, and ZnO powders by sequential HF and Hacac exposures at 200 °C. These QMS investigations observed H,O during HF
fluorination of In,O; and Ga,0;. M(acac), species where M = In or Ga and HF were also monitored as etch products during Hacac
exposures on fluorinated In,O; and Ga,0;. These etch products were consistent with a ligand substitution and hydrogen transfer
mechanism. The time dependence of the In(acac);* and Ga(acac),” ion signals was monitored during Hacac exposures after
fluorination of In,O; and Ga,0;. The decay of the M(acac),’ ion signal intensity versus Hacac exposure was consistent with a self-
limiting surface reaction. In contrast, ZnO was spontaneously etched by Hacac. There was a constant Zn(acac)," ion signal during
Hacac exposure on ZnO with no previous fluorination of ZnO. However, this spontaneous etching of ZnO by Hacac did not affect
the self-limiting behavior of IGZO thermal ALE films using sequential HF and Hacac exposures.

1. INTRODUCTION

Indium gallium zinc oxide (IGZO) is a ternary metal oxide
semiconductor that has important applications.' > The
transparency and conductivity of IGZO leads to its utilization
as a conductor in flat panel displays, solar cells and organic
light-emitting diodes.” The high electron mobility, reasonable
bandgap, and low temperature processing requirements of
IGZO facilitate its use as a channel material for thin film
transistors.~*>® Thin film IGZO is also being developed for
flexible electronic devices and sensors."””*

The thickness of IGZO films affects the performance of
IGZO devices. Thickness is known to define the electrical,”™**
optical,"* and gas sensing properties.'> IGZO thickness can be
controlled during film growth using techniques such as atomic
layer deposition (ALD).'*™"® The IGZO thickness can also be
tuned by etching IGZO films. However, despite the many
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applications of IGZO in microelectronic devices, transparent
conducting layers, and sensors, there are only a limited number
of methods available to etch IGZO.

IGZO can be etched using both wet and dry processes. Wet
aqueous etching methods for IGZO are based on various acids
such as sulfuric, acetic, hydrochloric, and hydrofluoric acid.'”?°
The problem with wet etching is the lack of precision and
pattern collapse in small feature sizes resulting from capillary
action.”’ Dry etching processes for IGZO have utilized
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halogen-based plasmas.””*® Active ion bombardment via
reactive ion etching (RIE) is useful to remove the halide
etch products that have low volatility.”* Switching to
hydrocarbon-based plasma can improve IGZO RIE because
the organometallic etch products have higher volatility.”> The
problem with plasma methods is the ion-induced surface
damage.”*™**

Thermal atomic layer etching (ALE) methods offer etching
precision without ion-induced surface damage. Atomic layer
etching (ALE) is a two-step etching process involving
sequential, self-limiting surface reactions that provide fine
control over the material removal.”” =" The first step is surface
modification of the material. The second step involves volatile
release of the modified surface layer.”” ' ALE can be
performed using either thermal or plasma methods.’”*" In
thermal ALE, the volatilization of the modified surface occurs
using a thermal reaction.”””" Plasma ALE utilizes high energy
ions to remove the modified surface layer and can damage the
surface.*

Several mechanisms for thermal ALE have been developed
over the past 10 years.”’ One method is based on fluorination
and ligand exchange.m’32 In this method, fluorination is
typically the surface modification reaction, followed by ligand
exchange to volatilize the metal.”"** This method of thermal
ALE has been used to etch many metal oxides, including
ALO,,>7* and HfO,.** * Another method of thermal ALE is
based on chlorination and ligand addition. Chlorination is the
surface modification reaction.”' ™" Ligand addition then
volatilizes the metal chloride using precursors such as P(CH;);
and tetramethylethylenediamine (TMEDA). Examples of the
chlorination and ligand-addition mechanism include Ni and
Co ALE.*"*

Another chemical pathway for thermal ALE is conversion
and volatilization of the converted layer.”"** During
conversion, the top metal oxide is converted to a different
metal oxide that can be volatilized by a second reaction.***~*
Examples of the conversion mechanism include W ALE using
sequential O3, BCl; and HF exposures and Al,O; thermal ALE
using sequential BCl; and HF reactions.***® For both W and
Al,O; thermal ALE, BCl; converts the metal oxide to a B,O;
layer. The B,0; conversion layer is then spontaneously
volatilized by fluorination using HF.*** Other examples of
conversion mechanisms for thermal ALE include Si, SiO,,
Si;N, and SiGe.*’ ™"

Other thermal ALE mechanisms utilize Hacac or Hhfac to
form volatile M(acac), or M(hfac), compounds. Hhfac can
spontaneously etch some metal oxides such as ZnO, iron oxide
and copper oxide.’' ** Hacac can also be utilized with O,
exposures to etch a wide range of first row transition metal
oxides such as Cr,0;, VO, and Sc,05.°* The O; or O, plasma
exposure can remove carbon residue from the surface or
change the oxidation state of the metal oxide.*>*® The O; or
O, plasma exposure can also oxidize elemental metals prior to
Hacac or Hhfac exposures for metal ALE.”” For these thermal
ALE processes, Hacac or Hhfac undergoes ligand substitution
and hydrogen transfer with the metal oxide.’®

Hacac can also react with metal fluorides through a ligand
substitution and hydrogen transfer mechanism.>® This reaction
pathway was utilized earlier for the ALE of hafnium zirconium
oxide, HfO, and ZrO, using sequential HF and Hacac
exposures.”® The unusual aspect of these ALE reactions was
that HF was a reactant for fluorination and then Hacac
produced HF as a reaction product during the volatilization of

the metal fluoride.*® In addition to metal fluorides, Hhfac can
also be employed after chlorination of elemental metals, such
as Co, to remove the metal chloride.’”*°

In this paper, sequential exposures of HF and Hacac are
employed to etch IGZO, In,0;, Ga,0O; and ZnO. HF is used
for fluorination and Hacac is utilized for ligand substitution
and hydrogen transfer with the metal fluoride. The proposed
mechanism for IGZO ALE using fluorination and ligand
substitution and hydrogen transfer is shown in Figure 1. The
ligand substitution and hydrogen transfer reaction is proposed
to form volatile In(acac);, Ga(acac),, Zn(acac),, and HF etch
products.

HF
(In,Ga,Zn)F,
IGZO
H,0 IGZO
Hacac oo -_ \
(In,Ga,Zn)F, 1 Etched Thickness |
In(acac)
IGZO Ga(acac)33 IGZO
Zn(acac),
HF

Figure 1. Proposed mechanism for IGZO ALE utilizing HF for
fluorination and acetylacetone for ligand substitution and hydrogen
transfer.

2. EXPERIMENTAL METHODS

2.1. Grazing Incidence X-ray Diffraction (GI-XRD) and
X-ray Reflectivity (XRR). Grazing incidence X-ray diffraction
(GI-XRD) was used to characterize the crystallinity of the
IGZO films. The density and thickness of the IGZO films were
measured by X-ray reflectivity (XRR). The GI-XRD scans were
analyzed using Jordan Valley Polycrystal (Jordan Valley
Semiconductors). The XRR scans were modeled and fitted
using Bede REFS software (Jordan Valley Semiconductors).

Both GI-XRD and XRR scans were accomplished using an
X-ray diffractometer (Bede D1, Jordan Valley Semiconduc-
tors). These measurements employed radiation from Cu K at
A = 1.54 A. The X-ray tube filament voltage and current were
40 kV and 35 mA, respectively. The incident angle of the X-
rays for the GI-XRD scans was 0.3°. The XRR scan range was
300—6000 arcsec with a 5 arcsec step size.

2.2. In Situ Spectroscopic Ellipsometry (SE). The IGZO
etch experiments were conducted on IGZO thin films provided
by Lam Research. GI-XRD analysis revealed that the IGZO
thin films were amorphous. XRR investigations also
determined that the IGZO films had a thickness of 120 A
and a density of 6.2 g/cm’. Each IGZO sample was obtained
from the same silicon wafer with the deposited IGZO film for
consistency. These studies were performed in a warm wall, hot-
stage type reactor equipped with a spectroscopic ellipsometer
(J.A. Woollam, model M-2000UI). The IGZO film thicknesses
were monitored at an incidence angle of 70°.

The IGZO thin film temperature was varied between 200
and 270 °C. The reaction temperatures were controlled by
heating of the sample stage using a cartridge heater. The walls
of the reactor were maintained at 160 °C. One cycle of IGZO
ALE using Hacac consisted of a 0.4 Torr dose of HF for 0.5 s,
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followed by a 0.4 Torr dose of Hacac for 0.5 s. Between each
dose was a 30 s purge time. In situ SE measurements were
recorded during each purge time. For comparison, one cycle of
IGZO ALE using Hhfac consisted of an HF exposure of 0.4
Torr for 0.5 s. The Hhfac exposure was 0.6 Torr for 0.2 s. A
purge time of 30 s separated the HF and Hhfac exposures.
2.3. X-ray Photoelectron Spectroscopy. X-ray photo-
electron spectroscopy (XPS) was performed on the IGZO thin
film to determine the film composition. The XPS (PHI 5600)
was equipped with a monochromatic Al Ka source at 1486 eV.
Spectra were collected using a pass energy of 93.9 eV. The step
size was 0.2 eV/step. Depth profiles were obtained using an
Ar" jon energy of 3.0 keV. The Ar" ion beam was rastered over
an area ~4 mm X 4 mm. Data was collected using AugerScan
software (RBD Instruments). The resulting XPS data were
analyzed using CASA XPS (Casa Software Ltd.) software.
Figure 2 shows the sputter depth-profiling of the IGZO thin
film. The IGZO films were sputtered until the IGZO film was
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Figure 2. X-ray photoelectron spectroscopy (XPS) sputter depth-
profiling of the IGZO thin film.

completely removed from the underlying silicon wafer. XPS
measurements were recorded after 30 s sputtering increments
to determine the changes in the IGZO film composition during
sputtering. After removing the initial carbon species from the
surface by sputtering, the IGZO film contained approximately
15% indium, 10% zinc, 15% gallium, and 60% oxygen. As
sputtering proceeded, the removal of the top IGZO film left
the underlying silicon substrate. There were no other
measurable elements in the IGZO film.

2.4. Quadrupole Mass Spectrometry (QMS). QMS
studies were performed in a chemical reactor that utilizes a
dual reactant manifold to provide alternating reactant
exposures to high surface area powders.*’ The alternating
reactants were flowed through nested inlet lines ending just
before the powder bed. This design prevented cross-
contamination of the reactant gases. The reactor was also
designed to direct the gaseous etch products to a quadrupole
mass spectrometer by expansion into vacuum to form a
molecular beam.”" After reacting with the powders, the etch
products were transported by a molecular beam expansion.’!

The etch products traveled straight to the ionization region
where they were analyzed using a quadrupole mass
spectrometer (Extrel MAX-QMS flange-mounted system).61

In these QMS experiments, the combined flow rate of the
ultrahigh purity N, carrier gas through the two reactant
manifolds was 2.8 sccm. The N, gas flow produced a pressure
of ~2.1 Torr in the sample holder. The N, gas was a carrier gas
for the reactant and etch products. The N, gas was also the
purge gas. The HF was derived from a HF-pyridine solution
(70% HF, 30% pyridine, Millipore-Sigma). The HF and
acetylacetone (>99% Millipore-Sigma) partial pressures were
~0.7 Torr. The total pressure during the reactant exposures
was ~2.8 Torr. Experiments were conducted using 120 s
exposures of the reactants. These exposures were followed by
300 s purge times to remove the reactant from the powder bed.

The temperature of the powder bed was 200 °C for the
QMS experiments. Powders of In,O; (High Purity, 99.995%,
US-Nano), Ga,0; (>99.99% trace metals basis, Sigma), and
ZnO (99.9+%, US-Nano), were used in the QMS experiments.
These powders were crystalline according to the vendors.
Typical powder masses that were loaded into the sample
holder were between 40 and 70 mg. The nanopowders varied
in diameter from 20 to 200 nm.

For the QMS analysis, the isotopic distributions of the etch
products were calculated from the naturally occurring isotopic
abundances of each element present in the compound. For
example, for Zn(acac),, where acac is CsH,0O,, the isotopes of
Zn, *Zn, %Zn, “Zn, and ®*Zn, and all isotopes of C and O
were used to determine the predicted isotopic distribution.
The relative abundance was calculated for each m/z value.
Some m/z values might contain contributions from more than
one distinct chemical species.

3. RESULTS AND DISCUSSION

3.1. IGZO Thermal ALE Using HF and Hacac. Figure 3
shows in situ SE results for the change in IGZO film thickness
versus number of ALE cycles using sequential HF and Hacac

04 ® 200°C
- A 230°C
< o m 250°C
p i
4 0.3 AlCycle
£
© =10+
£
|_
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s HF/Hacac on
£ | Amorphous IGZO Film
o Hacac (0.5 s, 0.4 Torr)
HF (0.5 s, 0.4 Torr)
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-30 T T T T
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Figure 3. Change in IGZO film thickness measured by in situ
spectroscopic ellipsometry versus sequential exposures of HF and
Hacac at 200 °C, 230 °C, and 250 °C.
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exposures. The HF exposure was 0.4 Torr for 0.5 s. The Hacac
exposure was 0.4 Torr for 0.5 s. A purge time of 30 s separated
the HF and Hacac exposures. Temperatures were surveyed
from 200 to 250 °C. The change in film thickness was linear
with the number of ALE cycles. The measured etch rates were
0.3, 0.4, and 0.6 A/cycle at 200, 230, and 250 °C, respectively.

Hexafluoroacetylacetone (Hhfac) is another p-diketone
closely related to Hacac. Figure 4 shows in situ SE results for

1 230°C
250°C
-5 270°C

0.2 A/Cycle

0.4 Aicycle

_25_
HF/Hhfac on
Amorphous IGZO Film
1 Hhfac (0.2 s, 0.6 Torr)
HF (0.5 s, 0.4 Torr)

=35 T T T T T T
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Number of Cycles

Change in Film Thickness (A)
1
(3}
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Figure 4. Change in IGZO film thickness measured by in situ
spectroscopic ellipsometry versus sequential exposures of HF and
Hhfac at 230 °C, 250 °C, and 270 °C.

the change in IGZO film thickness versus number of ALE
cycles using sequential HF and Hhfac exposures. The HF
exposure was 0.4 Torr for 0.5 s. The Hhfac exposure was 0.6
Torr for 0.2 s. A purge time of 30 s again separated the HF and
Hhfac exposures. Temperatures were examined from 230 to
270 °C. The etch rates were smaller for Hhfac compared with
Hacac. The measured etch rates were 0.2, 0.4, and 0.5 A/cycle
at 230, 250, and 270 °C, respectively.

Previous literature suggests that fluorinated pJ-diketones,
such as Hhfac, begin to decompose on ZnO surfaces around
125 °C.°” In contrast, nonfluorinated p-diketones, such as
Hacac, are observed to be stable on ZnO surfaces until around
325 °C.%” This lower stability for Hhfac may also be observed
on ZnF, surfaces during ZnO ALE and could lead to the
smaller etch rates for ZnO ALE. Because of the smaller etch
rates and lower stability with Hhfac, this study concentrated on
sequential HF and Hacac exposures for IGZO etching.

Control experiments were also performed to determine the
possible etching of IGZO by either Hacac by itself or Hacac
together with O;. The in situ SE results showed only a
negligible change in IGZO film thickness versus number of
cycles using Hacac exposures by themselves or Hacac
exposures together with O; using either viscous flow or static
exposures. The film thickness change was only ~1 A over 60
cycles. This small thickness change could be attributed to
removal of carbon species from the surface or residual fluorine
that fluorinates the IGZO surface and leads to a very small etch
during the Hacac exposures. These control experiments argued

that Hacac by itself or Hacac together with Oj is not able to
etch IGZO.

3.2. In,0; Thermal ALE Using HF and Hacac. QMS
studies of etching using HF and Hacac were conducted on the
In,0;, Ga,0; and ZnO constituent oxides present in IGZO.
Figure 5 shows the results for Hacac exposure on fluorinated

3.0
Hacac on Fluorinated Ex':’erl'"t'egt
In,0, Powder, 200°C alculate
R
In(acac),
; 2.0
£
I
c
]
whd
€ 1.0
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409 412
mlz

Figure 5. Mass spectrum of In(acac);* during Hacac exposure on
fluorinated In,O; at 200 °C. Experimental results are compared with a
calculated mass spectrum assuming natural isotopic abundances.

In,O; powder at 200 °C. The QMS analysis detected a
prominent ion intensity at m/z 412. Earlier mass spectrometry
studies of In(acac), have identified m/z 412 as In(acac),".*
The largest observed cracking fragment of the In(acac);”
parent ion was In(acac),” in agreement with previous
literature.”” Subsequent time-dependent studies of In,Os
ALE utilized the In(acac),” ion signal.

Hacac exposures on fluorinated In,O; could produce
In(acac); according to the chemical equation:

InE + 3Hacac — In(acac); + 3HF (1)

This reaction involves ligand substitution and hydrogen
transfer. The ligand substitution is the exchange of fluorine
on the indium metal center with an acac ligand to produce
In(acac);. The hydrogen transfer is the transport of hydrogen
from Hacac to fluorine to release HF. In(acac); has been
previously studied as a precursor for the atomic layer
deposition (ALD) of indium oxy-sulfide films.**** The thermal
decomposition of In(acac); can also be employed for the
growth of indium—tin-oxide (ITO) films.*®

The In(acac);* ion intensities in Figure S are in agreement
with calculations based on the natural abundances of the
indium isotopes. Indium has two prominent isotopes, '**In at
4.3% and "In at 95.7%.°°> The largest signal at m/z 412 is
attributed to '"*In(acac);. The small signal present at m/z 410
is attributed to''® In(acac);. Carbon has two main isotopes,
2C at 98.9% and *C at 1.1%. The small signals present at m/z
413 and 414 are attributed to the natural abundance of *C
found in acac.
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Figure 6. Time-resolved QMS results showing ion intensities for
In(acac),”, H,0*, HF*, and Hacac" during Hacac and HF exposures
on In,O; at 200 °C. Shaded areas show duration of reactant
exposures.

etch cycles using HF and Hacac exposures on In,O; powder.
Three consecutive exposures of Hacac were initially performed
to remove any InF; present due to residual chamber
fluorination. These three Hacac exposures also demonstrated
that there was no spontaneous etching of In,O; by Hacac.
Three alternating cycles of HF and Hacac exposures were then
performed after the three consecutive Hacac exposures.

Figure 6 reveals that a H,O" ion signal intensity coincides
with the HF" ion intensity during the HF exposures. Figure 7a
shows the relationship between the HF" and H,0" ion signal
intensities during the HF exposure. These results are
consistent with the HF fluorination reaction:

In,0; + 6HF — 2InE + 3 H,0 @)

This reaction is expected because fluorination of In,O; by
HF is thermochemically favorable with AG°(200 °C) =
—373.7 kJ.%7 The appearance of H,O" ion signal prior to the
HF" ion signal at the onset of the HF dose suggests that HF is
consumed to produce H,O as expected from the fluorination
reaction.

The dominant ion signal intensity from each Hacac exposure
after the HF exposures is In(acac),”. This In(acac)," ion signal
is the primary crack of the parent species, In(acac),".°®> There
is also a small HF" ion signal intensity that coincides with the
rising edge of the Hacac exposures in Figure 6. Figure 7b
displays this correlation between the HF" and Hacac’ ion
signal intensities during the Hacac exposure. These results for
the In(acac),” and HF" ion signals coinciding with the Hacac
exposures are consistent with the ligand substitution and
hydrogen transfer reaction given by eq 1

The appearance of HF as a volatile etch product during the
Hacac exposure is surprising because HF is also the reactant

Figure 7. lon intensities of a) H,O* and HF" during a 120 s HF
exposure on In,O; at 200 °C and b) Hacac* and HF" during a 120 s
Hacac exposure on fluorinated In,0; at 200 °C. Vertical dashed lines
indicate beginning and end of reactant exposures.

for fluorination of In,03.>* Some of the HF etch product could
return and refluorinate the underlying In,O; substrate.”® This
refluorination would reduce the amount of HF required to
fluorinate the In,O; surface. In the limit that all the HF etch
product refluorinates the In,O; substrate, the etching of
fluorinated In,O; by Hacac could become spontaneous. In this
limit, the Hacac reaction would not be self-limiting.

Figure 6 reveals that the In(acac),” ion signal progressively
decreases versus time during the individual Hacac exposures.
This behavior suggests that the Hacac reaction is self-limiting.
Figure 8 shows a close comparison between the In(acac)," and
Hacac" ion signal intensities during the Hacac exposure. The
In(acac),” ion signal decreases while the Hacac® ion signal
remains constant. This behavior suggests that the Hacac
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Figure 8. Ion intensities of In(acac),” and Hacac* during a 120 s
Hacac exposure on In,O; at 200 °C. Vertical dashed lines indicate
beginning and end of Hacac exposure.

https://doi.org/10.1021/acs.jpcc.5c05730
J. Phys. Chem. C 2025, 129, 20223-20233


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c05730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

reaction is self-limiting even though the HF produced as an
etch product could return to refluorinate the In,Oj; surface.
3.3. Ga,0; ALE Using HF and Hacac. Sequential
exposures of HF and Hacac were also performed on Ga,0O;
powder. Figure 9 shows the QMS results for experimental ion

Hacac on Fluorinated === Experiment
50 Ga,0; Powder, 200°C = calculated
+
Ga(acac),
—
>
§, 2.0
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Figure 9. Mass spectrum of Ga(acac),” during Hacac exposure on
fluorinated Ga, O3 at 200 °C. Experimental results are compared with
a calculated mass spectrum assuming natural isotopic abundances.

signal intensities at m/z 267 and 269 during Hacac exposure
on fluorinated Ga,0; powder. These ion signal intensities are
consistent with Ga(acac),”. The calculated ion intensities for
Ga(acac)," are also displayed based on the natural abundances
of the gallium isotopes. Gallium has two prominent isotopes,
%Ga at 60.4% and 7'Ga at 39.6%.°> The large peaks at m/z 267
and 269 in Figure 9 are assigned to “Ga(acac),” and
"'Ga(acac),’, respectively. The small peaks at m/z 268 and
270 are attributed to the presence of *C in the acac ligands.

Ga(acac)," is the largest cracking fragment of the Ga(acac);"
parent ion.> The relative abundance of Ga(acac),* ion signal
compared with the Ga(acac);" ion signal has been reported to
be 81:2.° The agreement between the experimental and
calculated spectra for Ga(acac),” in Figure 9 confirms the
presence of Ga(acac); as an etch product during Hacac
exposures on the fluorinated Ga,O; powder. Ga(acac), is a
well-known volatile Ga precursor. Ga(acac), has been used as a
precursor for Ga,O, ALD.**%? Ga(acac), is also a Ga source
for Ga,0; CVD.”® Because the Ga(acac)," ion signal has a
much larger intensity that Ga(acac);,63 Ga(acac),” was used
for the time-dependent QMS studies.

Figure 10 shows the time-resolved QMS results recorded
during HF and Hacac exposures on Ga,0; powder for the
Ga(acac),”, H,0*, HF*, and Hacac" ion intensities. Initially,
the Ga,O; powder was subjected to three 2 min Hacac
exposures. There was a 5 min purge between each Hacac
exposure. The lack of any Ga(acac),* ion signal during these
three Hacac exposures indicates that Hacac alone does not
spontaneously etch Ga,O;.

Following the three Hacac exposures, the Ga,O; powder was
exposed to three sequential HF and Hacac exposures. A 2 min
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Figure 10. Time-resolved QMS results showing ion intensities of
Ga(acac),", H,0", HF*, and Hacac" during Hacac and HF exposures
on Ga,O; at 200 °C. Shaded areas show duration of reactant
exposures.

HF exposure was followed by a 2 min Hacac exposure. These
exposures were separated by a 5 min purge. On the first HF
exposure, Figure 10 reveals that the H,O signal increases
rapidly, suggesting fluorination of Ga,O; according to

Ga,0; + 6HF — 2GaE + 3H,0 (3)

This reaction was anticipated because fluorination of Ga,O; by
HF is thermochemically favorable. The Gibbs free energy
change for eq 3 is AG°(200 °C) = —170.4 k.’ Figure 11a
shows the relationship between the HF* and H,O" ion signal
intensities during the HF exposure. The H,O ion signal peaks
on the rising edge of the HF" ion signal.

Figure 10 also shows that Hacac exposure on the fluorinated
Ga,0; powder produces a Ga(acac),” ion signal. The
Ga(acac),” ion signal is consistent with Ga(acac); as the
primary etch product. Like the In(acac); etch product
observed during In,O; ALE, the Ga(acac); etch product is
generated by the ligand substitution and hydrogen transfer
reaction:

GaE, + 3Hacac — Ga(acac); + 3HF 4)

The decrease in the Ga(acac)," signal versus time during the
Hacac exposure is also consistent with a self-limiting reaction.

The Hacac exposure on the fluorinated Ga,O; surface also
produced HF as expected from eq 4. Figure 11b shows the
relationship between the HF etch product and Hacac during
the Hacac exposure. The HF" ion signal peaks on the rising
edge of the Hacac" ion signal. Like the results in Figure 7b, HF
is a volatile etch product from the reaction of Hacac with the
fluorinated Ga,Oj; surface. Some of the HF etch product could
be retained and refluorinate the underlying Ga,O; substrate. If
all the HF etch product returned to refluorinate the Ga,O,
substrate, the etching of fluorinated Ga,O; by Hacac could
become spontaneous.
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Figure 11. Ion intensities of a) H,0O" and HF* during a 120 s HF
exposure on Ga,0O5 at 200 °C and b) Hacac* and HF" during a 120 s
Hacac exposure on fluorinated Ga,O; at 200 °C. Vertical dashed lines
indicate beginning and end of reactant exposures.

Figure 12 provides a closer look at the correlation between
the Hacac* and Ga(acac),” ion intensities during one Hacac
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Figure 12. Ion intensities of Ga(acac),” and Hacac* during a 120 s
Hacac exposure on Ga,0; at 200 °C. Vertical dashed lines indicate
beginning and end of Hacac exposure.

exposure. The Hacac™ ion signal maintains a steady intensity
throughout the entire 2 min Hacac exposure. In contrast, the
Ga(acac)," ion signal decreases progressively during the Hacac
exposure. This behavior is consistent with a self-limiting Hacac
reaction during Hacac exposure on the fluorinated Ga,0;
surface.

3.4. ZnO ALE Using HF and Hacac. To complete the
study of all the constituent metal oxides in IGZO, exposures of
HF and Hacac were also conducted on ZnO powder. Figure 13
shows the QMS results for the prominent experimental ion
signal intensities at m/z 262, 264, 265, and 266 during Hacac
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Figure 13. Mass spectrum of Zn(acac)," during Hacac exposure on
fluorinated ZnO at 200 °C. Experimental results are compared with a
calculated mass spectrum assuming natural isotopic abundances.

exposure on fluorinated ZnO powder. These ion signal
intensities are consistent with the mass spectrum of Zn-
(acac),’. Zinc has four main isotopes, **Zn at 49.2%, Zn at
27.7%, “Zn at 4.0% and **Zn at 18.5%. Figure 13 displays the
calculated ion signals for Zn(acac), based on the natural
abundance of the zinc isotopes. There is excellent agreement
between the experimental and calculated ion signals.

The ion signal intensities in Figure 13 at m/z 262, 264, 265,
and 266 can be assigned to®*Zn(acac),®, *Zn(acac),’, “"Zn-
(acac),” and %®*Zn(acac),", respectively. The small peaks at m/
z 263 and 267 result from '*C naturally occurring in the acac
ligands. The peak at m/z 265 is a combination of a small
amount of naturally occurring “’Zn, and C existing in the
acac ligands. The agreement of the calculated and experimental
spectra confirmed that Zn(acac), is the primary etch product
of the reaction of Hacac with fluorinated ZnO. Zn(acac), is a
volatile precursor that has been employed for ZnO ALD and
cvD. V72

The ZnO powder was also subjected to sequential Hacac
exposures to determine if Hacac can spontaneously etch ZnO.
Figure 14 shows the results for three consecutive Hacac
exposures on initial ZnO powder prior to HF fluorination.
These 2 min Hacac exposures led to the immediate appearance
of Zn(acac)," ion signals. The Zn(acac),* ion signal persists
during each Hacac exposure. There is no indication of any
reduction of the Zn(acac)," ion signal intensity versus Hacac
exposure. These results are consistent with the previous
observations that the Hacac reaction with ZnO is not self-
limiting.54’73 In contrast, earlier results claimed that the Hacac
reaction with ZnO was self-limiting when performed
sequentially with an O, plasma exposure.”

Following the three Hacac exposures, three cycles of
alternating HF and Hacac exposures were performed on the
ZnO powder. Each reactant exposure was conducted for 2 min
and separated from the previous reactant exposure by a S min
purge. For these alternating HF and Hacac exposures, Figure
14 shows that the fluorination of the ZnO powder by HF

https://doi.org/10.1021/acs.jpcc.5c05730
J. Phys. Chem. C 2025, 129, 20223-20233


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig13&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c05730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

HF/Hacac on ZnO
Powder, 200°C
Zn(acac),* m/z 262

5| [ | (O
3 H,0* m/z 18
£
<
Pl
i HF* m/z 20
3
5

Hacac* m/z 100

10 O

0 20 40 60
Time (min)

Figure 14. Time-resolved QMS data showing ion intensities of
Zn(acac),*, H,0*, HF*, and Hacac" during Hacac and HF exposures
on ZnO at 200 °C. Shaded areas show duration of reactant exposures.

decreased the intensity of the Zn(acac)," ion signal compared
with the Zn(acac),” ion signals prior to fluorination. The
fluorination of the ZnO to ZnF, produced less Zn(acac), etch
product compared with the Zn(acac), etch product derived
from the spontaneous etch of the ZnO powder.

The absence of self-limiting behavior during Hacac
exposures is also illustrated by the comparison of the Hacac®
and Zn(acac),” ion signals in Figure 15. During this Hacac
exposure, the Hacac* and Zn(acac),” ion signals were fairly
constant and tracked each other very closely. The time-
dependent variations in the Hacac" ion signal also appeared in
the Zn(acac)," ion signal. In contrast, the previous results for
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Figure 15. Ion intensities of Zn(acac),” and Hacac* during a 120 s
Hacac exposure on ZnO at 200 °C. Vertical dashed lines indicate
beginning and end of Hacac exposure.

the Hacac" and In(acac),” ion signals during In,O; etching
presented in Figure 8 and the Hacac® and Ga(acac)," ion
signals during Ga,0; etching displayed in Figure 12 both
showed that the In(acac),” and Ga(acac),” ion signals
decreased versus Hacac exposure. The lack of decrease for
the Zn(acac)," ion signal in Figure 15 argues that Hacac is
spontaneously etching ZnO.

The continuous etching observed for Hacac exposures on
ZnO could influence the thermal ALE of IGZO using HF and
Hacac exposures. However, Figure 3 shows that controlled
etching of IGZO is observed using sequential HF and Hacac
exposures. In addition, there was no etching of IGZO films
using only Hacac exposures or alternating Hacac and O
exposures. The ability to etch IGZO in a self-limiting manner
using sequential HF and Hacac exposures was not affected by
the spontaneous etching of ZnO by Hacac exposures. The
different environments for Zn in crystalline ZnO and
amorphous IGZO may be responsible for these contrasting
etching behaviors.

4. CONCLUSIONS

Sequential HF and Hacac exposures were employed to define
the thermal ALE of IGZO, In,0; and Ga,0;. In this thermal
ALE process, HF first fluorinates the metal oxide surface to
form a metal fluoride layer. Subsequently, the Hacac exposure
reacts by ligand substitution and hydrogen transfer to volatilize
the metal fluoride layer. The etching of IGZO films was
demonstrated using in situ spectroscopic ellipsometry inves-
tigations. The volatile etch products during In,O; and Ga,0;
thermal ALE were also identified using in situ quadrupole mass
spectrometry studies.

The in situ spectroscopic ellipsometry investigations revealed
that sequential exposures of HF and Hacac achieved IGZO
etch rates of 0.3 A/cycle at 200 °C. The IGZO etch rates were
temperature dependent and increased to an etch rate of 0.6 A/
cycle at 250 °C. IGZO etching was also observed using Hhfac
instead of Hacac. Sequential exposures of HF and Hhfac
produced slightly lower etch rates of 0.2 A/cycle at 230 °C.
The etch rates were also temperature dependent and increased
to an etch rate of 0.5 A/cycle at 270 °C. In addition, control
studies revealed that no etching occurred with repeated
exposures of Hacac or sequential exposures of Hacac and O,
on IGZO films up to 250 °C. Fluorination before the Hacac
exposure was required for IGZO etching.

In situ quadrupole mass spectrometry (QMS) studies
identified the volatile etch products produced during the
etching of In,O; and Ga,O; powders by sequential HF and
Hacac exposures at 200 °C. H,O was monitored during HF
fluorination of In,0y and Ga,05. M(acac), species where M =
In or Ga were detected as etch products during Hacac
exposures on fluorinated In,O; and Ga,0; HF was also
monitored during the Hacac exposures. These M(acac), and
HF etch products were consistent with a ligand substitution
and hydrogen transfer mechanism.

The In(acac);* and Ga(acac),* ion signals were monitored
during Hacac exposure on In,O; and Ga,0; respectively,
during Hacac exposures after fluorination. The reduction of the
M(acac),” ion signal intensity versus time during the Hacac
exposure provided evidence for self-limiting surface reactions.
In contrast to In,O; and Ga,0;, Hacac exposures on ZnO led
to spontaneous ZnO etching. The QMS studies revealed that
constant Zn(acac)," ion signals were observed during Hacac
exposure on ZnO powder. In spite of this spontaneous etching

https://doi.org/10.1021/acs.jpcc.5c05730
J. Phys. Chem. C 2025, 129, 20223-20233


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05730?fig=fig15&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c05730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

of ZnO by Hacac, IGZO thermal ALE could still be achieved
using sequential HF and Hacac exposures.
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