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Mechanisms of zinc oxide (ZnO) etching by hydrocarbon plasmas were investigated both
experimentally and theoretically with the use of a mass-selected ion beam system and first-
principle quantum mechanical (QM) simulation based on the density functional theory. The mass-
selected ion beam experiments have shown that the sputtering yield of ZnO increases by a pretreat-
ment of the ZnO film by energetic hydrogen (H) ion injections prior to heavy ion bombardment,
suggesting that chemically enhanced etching of ZnO by hydrocarbon plasmas is closely related to
hydrogen storage and/or formation of damage in the ZnO layer by energetic hydrogen injections. In
this study, the effects of hydrogen storage in ZnO are examined. First-principle QM simulation of
ZnO interacting with H atoms has shown that H atoms in ZnO form hydroxyl (OH) groups (or par-
tially convert ZnO to ZnOH), which results in the weakening or breaking of the Zn—O bonds around
H atoms and thus makes the ZnO film more prone to physical sputtering. The formation of hydroxyl
groups in ZnO is also expected to occur in ZnO etching by hydrocarbon plasmas and increase its
sputtering yields over those by inert-gas plasmas generated under similar conditions. © 2017

American Vacuum Society. [http://dx.doi.org/10.1116/1.4982715]

I. INTRODUCTION

Zinc oxide (ZnO) is a transparent conducting oxide
(TCO) that may be used as an alternative to indium tin oxide
for microelectronics devices. As the sizes of some micro-
electronics devices using TCOs decrease, there has been an
increasing demand for submicron- or even nanoscale pattern
formation of ZnO thin films deposited on Si wafers.
Reactive ion etching (RIE), which uses synergetic effects of
chemical reactions and ion bombardment, may be applied to
ZnO etching processes. Hydrocarbon or similar gases such
as methane (CH,4) and methanol (CH3OH) are indeed favor-
able choices for RIE of ZnO because of their noncorrosive
chemistry and reasonably high etching rates.''® A better
understanding of etching reaction mechanisms of ZnO in
RIE processes based on such gases is expected to facilitate
the development of highly controlled submicron- and nano-
scale etching processes of ZnO.

Many studies on RIE processes of Si-based semiconduc-
tor devices have shown that a modification or pretreatment
of a Si surface by incident hydrogen (H) radicals or energetic
hydrogen ions (H" ions) strongly affects the etching
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properties of Si by subsequent heavy ion bombardment.'’>*

The impact of energetic H" ions may not etch Si so much
because of their low mass but often induces damages to the
crystalline structure of Si as they penetrate into the film to a
relatively large depth.”** As to ZnO, the effects of hydro-
gen in ZnO have been widely studied since the presence of
hydrogen in ZnO affects the structural, optical, and electrical
properties of Zn0.”~* It is therefore conjectured that the
penetration of H' ions into ZnO during the etching process
may affect its etching properties. Indeed, our earlier study®”
has shown that chemically enhanced etching of ZnO occurs
by energetic CH;" ion impact whereas carbon tends to accu-
mulate on a ZnO surface by energetic CH" ion impact.
However, this earlier study did not clarify how hydrogen of
the incident ions affected the sputtering yields of ZnO.
When energetic H" ions are injected into a ZnO film,
they are likely to damage the microcrystalline structures
near its top surface and also be stored as H atoms in the ZnO
film, possibly forming hydroxyl (OH) groups in ZnO. Our
goal is to clarify the effects of incident hydrogen on etching
reactions of ZnO. In this study, we focus on examining how
stored hydrogen in ZnO may modify the atomic-scale struc-
tures of ZnO and affect its sputtering yields. To achieve this
goal, we use ion beam injection experiments to observe the

© 2017 American Vacuum Society 05C303-1
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surface modification of ZnO by H™ ion injections and first-
principle quantum mechanical (QM) simulation to evaluate
the changes of bond energies of ZnO in the presence of H
atoms. The effects of the damage formation in ZnO by ener-
getic H' ion injections on its etching properties are a subject
of future study.

Il. EXPERIMENTAL METHODS

The mass selected ion beam system used in this study
can inject mass-selected ions with a specified energy. A
schematic diagram of the ion beam system is given in Fig. 1.
Only desired ion species such as Ar"™ or CH; ", which are
generated in the ion source, are selected by the analyzing
magnet. The ion beam energy is adjusted to the desired inci-
dent energy by a series of electrodes set along the beamline
before the beam ions reach the sample surface. The charac-
teristics of the ion beam, i.e., ion species and their incident
energy, are identified and monitored by a quadrupole mass
spectroscopy (QMS) with an energy analyzer set in the reac-
tion chamber.

The ZnO sample used in this study is a film with a thick-
ness of about 2000 A, measured by ellipsometry, formed on
a 1.6 x 1.6cm square Si chip by sputter deposition. The
atomic compositions are 45.1% Zn and 54.9% O with the
total atomic number density being 7.9 x 10**cm ™, mea-
sured by Rutherford backscattering spectrometry.

The sputtering yield of ZnO in this study is defined as the
total number of desorbed Zn and O atoms per incident ion. The
sputtering yield was derived from the depth profile of the etched
ZnO surface measured by a surface profiler (Dektak3ST) and
the ion dose. To achieve accurate measurement of depth pro-
files, we used a metal stencil mask placed on the sample surface
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during beam irradiation.*® The conversion of the etched depth
to the total number of Zn and O atoms removed from the sur-
face was done with use of the atomic number density of ZnO,
ie., 7.9 x lOzzcm_3, given above. The ion dose was estimated
from the ion current and beam irradiation time. The ion current
was measured with a Faraday cup before and after each ion irra-
diation experiment.

The chemical compositions of a sample surface before
and after beam exposure may be analyzed with an in situ x-
ray photoelectron spectroscopy (XPS) system installed in the
reaction chamber. In this study, we also analyzed the compo-
sition of the ZnO surface by ex situ secondary ion mass spec-
trometry (SIMS) after ion beam injection. (The sample was
taken outside from the high vacuum reaction chamber of the
ion beam system prior to the SIMS measurement.) In SIMS
measurement, 5keV Cs™ ions were focused on to the ZnO
surface to ionize and sputter the atoms from the surface.

lll. EXPERIMENTAL RESULTS

Figure 2 shows the Auger electron spectra (AES) from
ZnO surfaces before and after ion beam injections measured
by the in situ XPS system. In all ion beam experiments per-
formed in this study, the angle of ion beam incidence was
normal to the sample surface. The surface contamination
was removed by Ar" ion bombardment with 500 eV prior to
H" ion injection. We used a molybdenum (Mo) mask to
cover the ZnO surface during the ion beam injections and
the AES measurement. The Mo mask had a hole with a
diameter of 5mm and ion beam was injected uniformly into
the entire uncovered part of the ZnO surface. Then, the ZnO
sample with the Mo mask was exposed to X-rays of the XPS
system for the AES measurement.

(d) Reaction chamber

Fic. 1. Schematic view of the mass-selected ion beam system. The system consists of (1) ion source, (2) analyzing magnet, (3) beam line, and (4) reaction cham-
ber. TMP: turbomolecular pump, CP: cryogenic pump, XPS: x-ray photoelectron spectroscopy, QMS: quadrupole mass spectrometer, and FC: Faraday cup.
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FiG. 2. Zn L3M4sM,4 s Auger electron spectra from (1) an as-deposited ZnO
surface, (2) a cleaned ZnO surface, i.e., a surface after 500eV Ar" ion injec-
tion into the as-deposited ZnO surface, and (3) a cleaned ZnO surface
exposed to 500eV H" ion injection with an ion dose of 1 x 10" /em?,

The spectra from an as-deposited ZnO surface were mea-
sured as a reference. Two peaks at bonding energies of 265.1
and 261.8eV, which correspond to the Zn—O bond, were
observed. No change was seen in spectra between the
cleaned and as-deposited surfaces, indicating that the surface
stoichiometry did not change by the 500eV Ar" ion bom-
bardment. The spectra from the 500eV H' ion-irradiated
surface also exhibited no change. The ion doses of Ar'" and
H" ions in Fig. 2 were approximately 5 x 10'® and 1 x 10"/
cm?. It is clearly seen that the ZnO surface was not reduced
by the injection of H" ions. Similar phenomena were also
observed in earlier studies.*>*®

Figure 3 shows the ex situ SIMS measurement of hydrogen
concentrations in a ZnO layer after 500eV H' ion injection. It
clearly shows a high concentration of hydrogen in the near sur-
face region (~30nm). These results suggest that hydrogen can
be stored in a ZnO layer without surface reduction and form a
hydrogen-rich layer. Some earlier studies also have shown an
incorporation of hydrogen in ZnO.® The depth shown in Fig. 3
is calculated from the number of Zn and O atoms observed per
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Fic. 3. Depth profile of hydrogen density of a cleaned ZnO surface exposed
to 500eV H™ ions with an ion dose of 1 x 1017/cm2, obtained from SIMS.
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unit time in SIMS and the known density of crystalline ZnO. It
is seen in Fig. 3 that the atomic percentage of hydrogen in ZnO
is about 6% near the top surface as the atomic number density
of the ZnO film is 7.9 x 10?? cm_3, as mentioned earlier.

Figure 4 shows the sputtering yields of ZnO by Ne™ ions
as functions of the Ne™ ion incident energy before and after
the ZnO film is exposed to energetic H' ions, obtained from
ion beam experiments. In the latter case, the ZnO sample
was exposed to a 500eV H' ion beam with an ion dose of
1 x 10"”/cm? prior to the exposure to Ne™ ions. The sputter-
ing yield data of ZnO by Ne™ and CH;" ions (without H"
ion pretreatments) in Fig. 4 are the same as those presented
in Ref. 35. It is seen that the physical sputtering yield of
ZnO by Ne™ ions increases significantly after it is exposed to
energetic H ions. It should be noted that, in evaluating the
sputtering yields, we assumed for the sake of simplicity that
the atomic density of the ZnO film did not change after it
was exposed to the 500eV H™ ion beam.

Since the masses and sizes of C and Ne atoms are similar,
the physical sputtering yields of any material by C* ions and
Ne™ ions should be similar. Assuming that similar modifications
of ZnO by hydrogen occur by incident CH;" ions and 500eV
H" ions upon the film surfaces and carbon hardly react with
hydrogen modified ZnO, we expect the sputtering yields of ZnO
by CH;" ions and hydrogen-modified ZnO by Ne* ions are
similar. Thus Fig. 4, which indeed shows nearly the same sput-
tering yields of ZnO by CH;" ions and hydrogen-pretreated
ZnO by Ne* ions, suggests that the energetic impact of CH; "
ions on the ZnO surface simultaneously modifies it with their H
atoms and physically sputter it by their heavier C atoms.

As mentioned earlier, when energetic H' ions are injected
into a ZnO film, they are likely to damage the microcrystal-
line structures near its top surface and may increase its sput-
tering yield. Such effects are beyond the scope of the current
work and deferred to future study. In Secs. IV and V, we
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FiG. 4. (Color online) Sputtering yields of ZnO by Ne™ ions (from Ref. 35)
and the sputtering yields by Ne™ ions of a ZnO film exposed to 500eV H"
ions with an ion dose of 1 x 10'7/cm? prior to Ne™ ion exposure. The sput-
tering yield of ZnO is defined as the total number of Zn and O atoms
removed from the surface per incident ion. It is seen that the H' ion treat-
ment of ZnO significantly increases its physical sputtering yield by Ne™
ions. Solid curves are guides to the eye.
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FiG. 5. (Color online) Side view of a rectangular ZnO hexagonal wurtzite crystal with the top surface representing a (1010) ZnO surface, used in our simula-
tion. A large sphere and a small sphere represent Zn and O atoms. DFT simulation is performed only for a small cluster of atoms placed in the central region
(called the QM region) of this system, which is approximately denoted by the solid or broken circle. Since no periodic boundary condition is imposed, addi-
tional counter-charges are also placed on both sides of the crystal to eliminate the global dipole moment arising from positively charged Zn atoms on one side

and negatively charged O atoms on the other side.

shall discuss how stored hydrogen can affect atomic struc-
tures of ZnO and the resistance of ZnO against physical sput-
tering, using QM simulation based on the density functional
theory (DFT).

IV. COMPUTATIONAL METHODS

In this section, we describe how DFT calculations can
be used to evaluate the modification of bond energies of

ZnO crystals by additional H atoms. To examine this local
effect, we use the embedded cluster method (ECM)*’ to
evaluate a small region of a ZnO crystal in DFT. In this
method, a large but finite ZnO crystal (hexagonal wurtzite),
as shown in Fig. 5, is taken as a model system. Figure 5
shows a side view of such a model system, i.e., a rectangu-
lar ZnO crystal with the top surface representing a (1010)
surface. The lattice parameters for the unit cell are obtained
from Ref. 47.

F1G. 6. (Color online) Configurations of optimized structure of various sizes of ZnO clusters and their surrounding Zn atoms represented by ECPs. The corre-
sponding ZnO clusters in the QM region are (a) ZngO9, (b) Zn;90s6, (¢) Zn3¢0sg, and (d) Zn,9Os7. It should be noted that Zn atoms in the outermost layer
depicted in each atomic configuration here are the ones represented by ECPs and their positions are fixed during structure optimization. The clusters (a), (b),
and (c) were used for surface simulation whereas the cluster (d) was used for bulk simulation in this study. More detailed information on each cluster and its
surrounding ECPs that represent Zn atoms of the outermost layer is given in Table 1.

J. Vac. Sci. Technol. A, Vol. 35, No. 5, Sep/Oct 2017
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In the ECM, the entire system is divided into two regions:
the QM region, where atoms are treated quantum-
mechanically, and the embedding region, where atoms are
essentially represented only by point charges (PCs), i.e., +2e
for Zn and —2e for O, located at the crystalline lattice sites.
Here, e denotes the elementary charge. In case a cluster of
the QM region is terminated by a layer of O atoms, Zn atoms
of the surrounding outer layer in the embedding region are
represented not by simple +2e PCs but by electron pseudo-
potentials, which are also called electron core potentials
(ECPs). The ECPs serve as additional embedding potentials
to prevent leakage of the electron density of the negatively
charged O atoms. When surface properties of ZnO are stud-
ied, the QM region is placed around the center of the top sur-
face as approximately indicated by the solid circle in Fig. 5.
Similarly, when bulk properties of ZnO are studied, the QM
region is placed around the center of the rectangular crystal,
as approximately indicated by the broken circle in Fig. 5.

Sample ZnO clusters used in our simulation for the QM
region are summarized in Fig. 6 and Table I. We created a
cluster of ZnO atoms that are to be simulated quantum-
mechanically in the QM region by alternately adding com-
plete shells of Zn or O atoms. If an O (Zn) atom was chosen
as the central atom of the cluster, then Zn (O) atoms which
tetrahedrally surround the central atom were added in the first

TaBLE 1. Information on different sizes of ZnO clusters, their surrounding
Zn atoms represented by ECPs, and PCs used for ECM-based simulations of
this study. The corresponding atomic configurations are given in Fig. 6.

QM region ECPs Numbers Coordinates

Surface ZngO19 Central Zn 1
1st  shell (6] 3
2nd shell Zn 8
3rd shell (0] 16 Fixed
4th  shell Zn 27 Fixed
PCs 57385 Fixed
Surface Zn;9O3¢  Central (6] 1
1st  shell Zn 3
2nd  shell O 8
3rd shell Zn 16
4th  shell (0] 27 Fixed
5th  shell Zn 39 Fixed
PCs 57346 Fixed
Surface Zn;s0sg  Central Zn 1
1st  shell (6] 3
2nd  shell Zn 8
3rd shell (0] 16
4th  shell Zn 27
S5th  shell (0] 39 Fixed
6th  shell Zn 54 Fixed
PCs 57292 Fixed
Bulk Zn»90s5; Central (6] 1
1st  shell Zn 4
2nd shell (0] 12
3rd shell Zn 25
4th  shell (0] 44 Fixed
Sth shell Zn 67 Fixed
PCs 57287 Fixed

05C303-5

shell. In the next surrounding shells, O (Zn) atoms are added
to the cluster in a similar way. If the cluster is part of the top
surface, it is cut in half so that a (1010) surface is exposed.

Figure 6(a) represents a schematic atomic arrangement of
a ZnyO;q cluster used to simulate the (1010) surface of a
ZnO crystal. Large and small spheres represent Zn and O
atoms, respectively. The bonds connecting Zn and O atoms
are just a guide to the eye, conceptually representing the
Zn—-0O bonds. As indicated in Table I, at the center of the
cluster, there is a single Zn atom. This Zn atom is located at
the center of the top surface of this cluster. The first half
shell that surrounds the central Zn atom consists of three O
atoms. The second and third half shells consist of 8 Zn atoms
and 16 O atoms, respectively. Note that the 27 Zn atoms at
the outer-most shell (the 4th shell) of the cluster shown in
Fig. 6(a) only enter the DFT calculation as ECPs (as indi-
cated in Table I). To increase the accuracy of the simulation,
we also used larger clusters such as Zn 9036 and Zn3¢Osg, as
shown in Figs. 6(b) and 6(c) and Table 1. Figure 6(d) is a
Zn,90s7 cluster that may be used as a small cluster to repre-
sent bulk properties of ZnO and placed at the center of the
ZnO crystal shown in Fig. 5, around the location indicated
by the broken circle. The bottom half of the Zn,yOs5; cluster
of (d) is the same as the Zn;9Os¢ cluster of (b).

In this study, geometry optimization of the ZnO cluster
in the QM region was performed in its DFT simulation*®
based on the resolution-of-the-identity approximation**->
with def2-SVP and def2-TZVPP basis sets.”">* The outer-
most layer of the cluster as well as the position of the
embedding ECPs and point charges was kept frozen in
geometry optimization.

The finite ZnO crystal shown in Fig. 5 is terminated by a
layer of Zn atoms at one side (on the left in this figure) and a
layer of O atoms at the other side (on the right). Such termi-
nations create an artificial dipole moment across the crystal.
In order to compensate this finite size effect, we place addi-
tional counter-charges on both sides of the crystal to elimi-
nate the global dipole moment in this system.>*>> (These
additional counter-charges are not counted as PCs in Table
1.) DFT-D3 (Ref. 56) corrections are used to introduce dis-
persion interactions in the DFT simulation. The exchange-
correlation energy is based on the Perdew-Burke-Ernzerhof
(PBE) functional.’’~®° All the calculations were performed
using the quantum chemistry package TURBOMOLE.®!

The vacancy formation energy (VFE) may be considered
as the minimum energy needed to remove an atom from the

TasLe II. VFEs to remove a Zn atom, Evy(z,), and an O atom, Eg, (), from
the (1010) surface of a ZnO film, evaluated from ECM-based DFT simula-
tions with the three different ZnO clusters in the QM region with the two
different basis sets.

VFEs of a ZnO surface (eV)

Cluster ZngO19  Zn90s6  Znzg0sg  ZngOy9  ZnjgOz¢  ZnzgOsg
Basis set def2-SVP def2-TZVPP

Ev(zn) 6.8 7.1 6.9 6.2 6.2 6.1
Evy(o) 6.8 6.6 6.4 6.2 6.0 6.0

JVST A - Vacuum, Surfaces, and Films
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(a) Before optimization
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(b) After optimization

FiG. 7. (Color online) Atomic configurations of the Zn;9O5¢ cluster of Fig. 6(b) when (a) a H atom is placed at an arbitrary subsurface position around the cen-
ter of the top surface of the cluster with nearly equal distances from the surrounding Zn and O atoms and (b) after geometrical optimization by DFT simulation
based on the ECM. To simply the figure, atoms are represented only by the bond nodes except for some specific Zn atoms on the top surface (denoted as Znl,
Zn2, and Zn3) by a large sphere and a medium-size sphere, and the introduced H atom by a small white sphere. The nodes of light- and dark-toned (online:

gray- and red-colored) bonds represent Zn and O atoms, respectively.

material (i.e., form a vacancy). More precisely, the VFE
Evy(a) of removing an atom A from the material is defined (at
zero temperature) using the potential energy Eys s of the
material with a vacancy, the potential energy E, of isolated
atom A removed from the material, and the potential energy
of the material without vacancy E as

EV(A) = EW/OA +EA—E.

It should be noted that the geometry optimization must be
performed in each system, i.e., the systems with and without
vacancy. In general, the VFE depends on the position from
which a specific atom is removed. In this study, we only
focus on the VFE to remove a Zn or O atom located at the
very top surface of a crystalline ZnO film.

V. COMPUTATIONAL RESULTS

First, we have evaluated the VFEs of ZnO, using the three
ZnO clusters of Figs. 6(a)-6(c) with ECM-based DFT simu-
lations mentioned above. The VFE for a Zn atom, i.e.,
Ev(zn), and that for an O atom, i.e., Ev (o), were evaluated by
removing a Zn or O atom in the center or next to the center
in each cluster. The results are summarized in Table II. It is
seen that the VFEs for Zn and O atoms are similar, meaning
that it requires almost the same energy to remove a Zn or O
atom from ZnO. This may be easily understood because the
numbers of Zn and O atoms are the same in a ZnO crystal,
and therefore, the total bond energy of a single Zn atom
attached to the surrounding O atoms and that of a single O

TasLe III. VFEs to remove a Zn atom, ES(Z" ,an O atom, E% ,and an OH

group, E\”,(OH), from the (1010) surface of a ZnO film in the presence of a H
atom, evaluated from ECM-based DFT simulations with the two different
basis sets. The cluster in the QM region used in these simulations is Zn;9O3¢
of Table I.

VFEs of a ZnO surface in the presence of a H atom (eV)

Zn 9036
Cluster
Basis set def2-SVP def2-TZVPP
Es(zn) 3.6 2.9
EVio) 6.7 5.8
Es(OH) 4.8 2.9

atom attached to the surrounding Zn atoms must be the same
essentially. This also indicates that the sputtering of Zn and
O atoms from a ZnO surface occurs nearly simultaneously,
which supports the fact that the unchanged surface stoichi-
ometry observed in our AES measurement after physical
sputtering of ZnO by Ar" ion bombardment (Fig. 2).

We also evaluate the VFE of ZnO to remove a Zn or O
atom located at the top surface in the presence of a charge
neutral H atom. As shown in Fig. 7(a), a charge neutral H
atom is placed at an arbitrary location slightly below the
very top surface, almost equally distanced from the nearby
Zn atoms (denoted as Znl, Zn2, and Zn3) and O atom
(denoted as O) forming the very top surface. The ZnO cluster
used in this simulation is Zn;9Os¢ of Fig. 6 (b).

After geometrical optimization, the H atom moved closer
to the O atom and formed an O-H bond by breaking the
Zn-0 bond, forcing a Zn atom (Zn1) to move away from the
O atom, as shown in Fig. 7(b). It should be noted that the
atomic percentage of hydrogen in ZnO that we are concerned
with is at most about 6%, as shown in Fig. 3, and therefore,
H atoms in ZnO are considered to be well separated from
each other. Thus, it is consistent with experimental observa-
tions to introduce a single H atom (rather than many) in the
small QM region for our simulation study.

In the atomic configuration of Fig. 7(b), which is consid-
ered to be the most stable state in the presence of a H atom
near the surface, the VFEs to remove the Zn atom (denoted
as Znl), the O atom (denoted as O) only, and the hydroxyl
group, are evaluated and given in Table III. It is seen that, in
the presence of an H atom, it requires less energy to remove

TaBLE IV. Charges (in units of elementary charge ¢) of and bond lengths (in
units of A) among the atoms denoted as Znl, Zn2, Zn3, O, and H on the
(1010) ZnO surface shown in Fig. 7, after geometry optimization by ECM-
based DFT simulations with a basis set of def2-SVP for the Zn;9O3¢4 cluster
of Fig. 6 (b) in the absence or presence of an introduced H atom.

Atomic charges (e) Atomic distances (;\)

Atom type  WithoutH  WithH  Atomtype WithoutH With H

0.2197 O—-H 0.984
Zn1 —0.6692 —-0.5112 O —Znl 2.010 3.082
Zn2 0.7198 0.7177 O —Zn2 1.981 1.952
Zn3 0.7198 0.7178 O —Zn3 1.981 1.952
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TaBLE V. Charges (in units of elementary charge ¢) of and bond lengths (in
units of A) among the atoms denoted as Znl, Zn2, Zn3, Zn4, O, and H in
the bulk of ZnO shown in Fig. 8, after geometry optimization by ECM-
based DFT simulations with a basis set of def2-SVP for the Zn,9Os; cluster
of Fig. 6(d) in the absence or presence of an introduced H atom.

Atomic charges (e) Atomic distances (A)

Atom type  WithoutH ~ WithH  Atomtype WithoutH With H
H 0.1605 O-H 0.998

0] —0.7399  —0.5300 O —Znl 1.974 2.302

Zn1 0.8191 0.8320 O —7Zn2 1.974 2.116

Zn2 0.8191 0.8101 O —Zn3 1.992 2.156

Zn3 0.7994 0.7830 O —Zn4 1.973 2.101

Zn4 0.8186 0.8114

the Zn atom from the surface than in the absence of hydro-
gen. It is also shown that removing an O atom as a hydroxyl
group is energetically more favorable than doing so as an
individual O atom. These results suggest, in terms of energy
levels, that ZnO becomes less resistant to physical sputtering
when hydrogen is stored near its top surface.

Table IV shows how hydrogen affects both charge distri-
butions and Zn—O bond lengths. After geometrical optimiza-
tion, it is shown that the introduced H atom becomes
positively charged as a typical H atom of a hydroxyl group
whereas the negative charge of the O atom forming the
hydroxyl group is reduced as one of its bonds with Zn atoms
is broken. It is also seen that the O-H bond length is 0.98 A,
which is a typical O-H bond length found in many familiar
systems such as H,O and methanol.®* The formation of an
O-H chemical bond has also been confirmed by the molecu-
lar orbitals (not shown here) formed around the H and O
atoms. The simulation results here are consistent with other
theoretical and experimental studies®*>>® showing that
hydrogen forms hydroxyl groups in ZnO. Furthermore, it is
shown that the Zn—O bonds near the H atom are elongated
due to the repulsive electrostatic forces between H and Zn
atoms, both of which are positively charged.

Similar results have been also observed when an H atom
is introduced in the bulk of ZnO, as seen in Fig. 8 and Table
V. In Fig. 8(a), an H atom is placed at an arbitrary position

(a) Before optimization
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near the center of the Zn,9Os; cluster of Fig. 6 (d) with
nearly equal distances from surrounding Zn and O atoms.
Figure 8(b) shows the atomic configuration after geometrical
optimization by ECM-based DFT simulation.

The simulation results in this section clearly show that,
with stored hydrogen, ZnO partially forms ZnOH and its
structure becomes less resistant against physical sputtering.
However, the results offer only qualitative tendency regard-
ing the sputtering yield of ZnO, and it is not clear at the
moment how much the sputtering yield would be increased
for a given amount of stored hydrogen. In this study, we
only considered the case where deposited hydrogen exists in
a crystalline ZnO. This is because ZnO typically forms a
microcrystalline structure and we believe that the presence
of hydrogen can alter the crystalline structure of its grain
(i.e., crystallite) more drastically than the structures of its
grain boundaries, where disconnected (i.e., dangling) bonds
of oxygen can be easily terminated by inserted hydrogen
atoms without much changing the atomic configurations.
Many deposited H atoms are likely to be stored in grain
boundaries, and we simply did not consider such cases in
this study. A quantitative discussion on the change of the
ZnO sputtering yield by incident H" ions is beyond the
scope of this work and is deferred to future study.

VI. CONCLUSIONS

In this study, the mechanisms of chemically enhanced
etching of ZnO by hydrogen have been examined with ion
beam experiments and first-principle QM simulations. The
beam experiments have shown that H" ions injected into a
ZnO film can be deposited as H atoms inside the film without
reducing (i.e., removing oxygen from) the ZnO surface. It
has been also found in the beam experiments that the physi-
cal sputtering yield of ZnO increases after it is exposed to
H™ ion beam injection. These results indicate that a ZnO
film is modified by H" ion irradiation and the modified layer
has a higher sputtering yield than pure ZnO.

The first-principle QM simulation results have indicated
that the deposition of hydrogen in ZnO causes the formation
of hydroxyl groups, partially converting ZnO to ZnOH by
breaking some Zn-O bonds. The VFEs of ZnO for the

(b) After optimization

Fic. 8. (Color online) Atomic configurations of the Zn,9Os; cluster of Fig. 6(d) when (a) a H atom is placed at an arbitrary position near the center of the cluster with
nearly equal distances from the surrounding Zn and O atoms and (b) after geometrical optimization by DFT simulation based on the ECM. To simply the figure, atoms
are represented only by the bond nodes except for some specific Zn atoms (denoted as Znl, Zn2, Zn3, and Zn4) by large spheres, an O atom by a mediium-size sphere,
and the introduced H atom by a small white sphere. The nodes of light- and dark-toned (online: gray- and red-colored) bonds represent Zn and O atoms, respectively.
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removal of Zn and O atoms are also found to be lower in the
presence of H atoms (that form hydroxyl groups) than those
of ZnO without H atoms. This is consistent with the experi-
mental observation that a ZnO film modified by H" ion
beam injection has higher physical sputtering yield by Ne™
ion bombardment.

The experimental and computational study performed
here can also account for the RIE of ZnO by hydrocarbon
plasmas. Some incident ions from a hydrocarbon plasma
such as CH3" contain a few H atoms and energetic impact of
such hydrocarbon ions as well as H' ions of a hydrocarbon
plasma on a ZnO film may deposit H atoms by forming
ZnOH (or hydroxyl groups) and also damage ZnO crystalline
structures near its top surface. During ZnO etching by a
hydrocarbon plasma, the modification of ZnO by incident H
ions/atoms simultaneously occurs with physical impact by C
or hydrocarbon ions on the ZnO surface. Since the hydrogen
modified layer of ZnO has a higher physical sputtering yield,
the sputtering yield of ZnO by a hydrocarbon plasma is typi-
cally higher than that by an inert-gas plasmas such as a Ne
or Ar plasmas generated under similar conditions.

In this study, we have focused on the effects of hydrogen
deposition in ZnO on its sputtering yield. The energetic
impact of H ions on ZnO is likely to damage its microcrys-
talline structures and affect its sputtering yield. How it
affects the ZnO sputtering yield is a subject of future study.
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