
X‑ray Photoelectron Spectroscopy Equipped with Gas Cluster Ion
Beams for Evaluation of the Sputtering Behavior of Various
Nanomaterials
Hsun-Yun Chang,† Wei-Chun Lin,*,† Po-Chih Chu, Yi-Kai Wang, Mauo Sogo, Shin-ichi Iida,
Chien-Jung Peng, and Takuya Miyayama*

Cite This: https://doi.org/10.1021/acsanm.2c00202 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The selection of ion-beam species and parameters
for depth profiling requires experience to obtain accurate depth
information and an efficient sputter rate on diverse samples.
Sputter damage that causes changes in the chemical state and
composition should be avoided. Monoatomic ion-beam sources are
commonly utilized for the rapid sputtering of metals and
inorganics, but sputter damage to highly oxidized metal oxides
and organics is well-known. Cluster ion beams have become
popular in recent years for soft materials because of their capability
for low damage to organics, but sputter yields of metal and
inorganic materials are very low. Currently, the material properties
and structures of semiconductor devices have become more
complicated because of rapid technical development. Thus, it is
necessary to explore more sputtering methods for samples with hybrid architecture that contain metals/inorganics/organics together.
Recently, gas cluster ion beams (GCIBs) with small cluster sizes were considered to be one of the methods with the advantages of
both monatomic ion beams and conventional large-cluster GCIBs (>Ar2000

+). A smaller-cluster GCIB results in higher energy per
atom with a sputtering behavior similar to that of the monatomic ion beam and leads to enhancement of the sputter yield in metal
and inorganic layers. However, the discussion of the cluster size selection for X-ray photoelectron spectroscopy (XPS) chemical state
analysis during depth profiling is rather limited. In this work, a GCIB cluster measurement kit is developed and installed in an XPS
system. The actual distribution of the cluster size of each GCIB setting can be measured before depth profiling. Depth profiling using
GCIBs with a series of cluster sizes is performed to examine the sputter yield and evaluate the sputter effect on various organic,
inorganic, and hybrid nanomaterials. The results also show the different sputtering behaviors of GCIBs with different cluster sizes
(Ar500−2000

+).
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1. INTRODUCTION

X-ray photoelectron spectroscopy (XPS) is one of the most
commonly used surface analysis techniques to examine the
surface composition and its chemical state.1 Multiple ion
beams are often provided on XPS systems as sputtering sources
and used to remove thin layers of a few angstroms thick from
the sample surface. When X-ray irradiation and ion-beam
sputtering are alternately performed, nanoscale depth
information may be ascertained.2 The chemical state analysis
and composition quantification within a nanoscale thin layer is
then disclosed by the XPS depth profile. Hence, the XPS
system is a very useful instrument to study the sputter effect on
thin-film materials. Monoatomic Ar+ and argon gas cluster ion
beams (GCIBs), inert gases that have a low reaction with the
material surface, are very common ion-beam sources for
sputtering.3,4 Before depth profiling is performed, a suitable

sputtering source should be selected to obtain accurate depth
information. The monatomic Ar+ ion beam is a basic sputtering
source equipped with a surface analysis instrument, such as
XPS, Auger electron spectroscopy, and time-of-flight secon-
dary-ion mass spectrometry (ToF-SIMS), showing excellent
sputter capability on metal and inorganic nanomaterials
without contamination concerns. However, for some sensitive
materials, the chemical state of the elements may be altered
because of monatomic Ar+ depth profiling.5 For instance, the
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preferential sputtering of O is a well-known phenomenon
during depth profiling materials in the front-end fabrication
process of semiconductor industries, such as TiO2 and
Ta2O5.

6,7 This concern could be worse if monatomic Ar+

was used for detecting organic-based specimens. Preferential
sputtering has been reported to cause damage to poly(ethylene
terephthalate) (PET) and poly(tetrafluoroethylene) (PTFE)
films.8 The sputter damage was due to graphitization of the
PET surface and fluorine evolution from PTFE. Hence, the
monatomic Ar+ source is not suitable for the sputtering of
organic materials if information on the chemical state and
quantification of the layer structure is required. For depth
profiling of organics, GCIB is an alternative to reducing sputter
damage of the nanoscale thin films.9 The essential factor for
selecting a suitable ion-beam source is scientifically based on
the energy distributed on each atom. The effect of the energy
per atom of cluster ion beams on depth profiling has been
discussed in the last 5 years.10,11 The sputter damage depth is
known to be smaller when the low energy per atom of GCIB is
used because the impact region of bombardment is
shallower.12 Hence, at a fixed beam energy, a large cluster
size has a shallower impact depth than a small cluster size
(Figure 1a). Moreover, the damage caused by sputtering is
summarized as able to be suppressed if the energy per atom is
smaller than the energy of the molecular bond dissociation in
materials. The energy per atom of monatomic Ar+ is usually
higher than 500 eV; a beam energy range of 500 eV to 4 keV is
commonly used. With a tunable cluster size, it is possible that
the GCIB could provide a wider range of energy distributions
on each atom. The energy per atom could even decrease to 2.5
eV/atom with a cluster size greater than 2000.13 Hence, the
larger size of the cluster ion beam is very useful for the
sputtering of polymer materials with weak bond dissociation
energies, such as C−C and C−O bonds, which are typically
∼3−5 eV.14 As a result, a tunable GCIB has become one of the
most promising techniques to preserve the chemical structure
of organics during the sputtering of nanoscale thin films. In
addition, the sputter damage caused by monatomic Ar+ has

been reported to be able to even be removed using a large-
cluster GCIB.15,16 However, GCIB with a large cluster size
could be utilized to reduce the sputter damage to inorganic
materials, such as metal oxides. The sputter rate was found to
decrease with a smaller energy per atom. A sputter-induced
surface roughness was also reported to be increased with a
smaller energy per atom of GCIB on inorganic materials,17

which may be attributed to the low sputter rate on inorganic
materials, resulting in the accumulation of damage during
depth profiling, which showed the opposite trend: the
roughness of the sputtering on organics was increased with a
larger energy per atom of GCIB.4 However, GCIBs with large
cluster sizes have difficulty providing practical sputter rates for
metal/inorganic-related semiconductor devices. Nevertheless,
multiple and diverse hybrid materials are commonly
introduced in 5G telecommunications chips and displays,
such as front-end, middle-end, and back-end fabrication
processes of semiconductor devices and other next-generation
organic electronics.18,19

The architecture of the devices often consists of multiple
metal/organic/inorganic layers. When information on both
organics and inorganics is required to be collected in these
hybrid nanomaterials, neither monatomic Ar+ nor a GCIB with
a large cluster size could provide it because of the sputter
damage to organics and a very low sputter rate on metals/
inorganics, respectively. Recently, because of the property of
the tunable energy per atom of GCIB, a small-cluster GCIB
may still be considered to hold the capability of low sputter
damage to organics. while the sputter yield on metals/
inorganics may be enhanced because the energy per atom
was increased. A small-cluster GCIB was then applied to the
depth profiling of the hybrid samples.20 Ar500

+, with an energy
per atom of 16 eV, has been reported to show good capability
for the depth profiling of perovskite hybrid devices with less
fragmentation of the organic layer. Although the sputtering was
less efficient than that of monatomic Ar+, the required sputter
time for removing the top metal layer of the device was within
1 h in the ToF-SIMS depth profile. Increasing the energy per

Figure 1. (a) Impact depth of sputtering with various ion cluster sizes. (b) Schematic of the Ar-GCIB ion source. (c) Ar-GCIB cluster size
measurement on the XPS system.
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atom could attenuate the sputter inefficiency by using a smaller
cluster size or higher beam energy. Hence, the selection of the
cluster size of GCIB has been known to play an important role
in sputtering a wider range of hybrid materials on the
nanometer scale. To determine an optimized beam condition,
a test on the depth profiling of each component in hybrid
samples is necessary. To explore more GCIB cluster size
selection for depth-profiling applications, a GCIB cluster size
measurement tool has been developed and installed on the
XPS system in this work. The measurement of the actual
cluster size distribution was realized in the XPS system. The
systematic check of the GCIB cluster size distribution and its
effect on the sputtering behavior was also investigated,
including the sputter rate and sputter damage. GCIB settings
with a series of cluster sizes were applied to depth profiling on
inorganic, organic, and hybrid samples. The practical
application of a GCIB with a tunable cluster size on depth
profiling will be discussed.

2. RESULTS AND DISCUSSION
2.1. Measurement of the Ar-GCIB Cluster Size. In a

conventional XPS instrument, there is no tool for measuring
the GCIB cluster size. The parameters of the GCIB are given
by factory settings. Hence, the actual cluster size distribution
cannot be examined if the parameter is changed. Users are also
limited in setting up other GCIB parameters to obtain different
cluster sizes because several parameters affect the cluster size
distribution, including the argon gas pressure, ionization
energy, beam energy, extractor voltage, and the setting of the
condenser lens. To realize measurement of the cluster size
distribution on the XPS system, a cluster size measurement
tool has been developed and installed on a PHI VersaProbe III
XPS system, which is already equipped with a GCIB option
(Figure 1). The cluster size is measured using a time-of-flight
mass separation method.21 After Arn

+ ions are extracted, the
cluster ion beam is deflected to eliminate neutral species and
monomer through bending and a magnetic Wien filter,
respectively, before focusing and sputtering the samples, as
shown in Figure 1b. A rise-up beam is generated by giving a
pulsed voltage to bend the ion beam, which provides the flight-
starting time, as shown schematically in Figure 1c. The current
profile is recorded from the flight-starting time until the largest
mass ions arrive at the sample. The cluster size distribution is
obtained by converting the flight time to mass. In our
experience, the argon gas pressure and beam energy are
dominant parameters that change the cluster size distribution.
In this work, the tuning of each GCIB setting is executed after
a set value of the argon gas pressure is reached and stable. The
beam energy is fixed at 20 kV in all GCIB settings, so naturally
the energy per atom is higher with a smaller cluster size. Then,
all ion-beam parameters, including the settings of the extractor,
condenser lens, objective lens, and bend and Wien deflection,
are optimized to obtain a focused beam with a maximum target
current. A series of GCIB peak cluster sizesAr2000

+, Ar1200
+,

Ar850
+, Ar600

+ and Ar500
+is made, and the beam target

currents for each setting are listed in Table 1. The cluster
distributions of each Arn

+ are shown in Figure 2. The energy
per atom values for each GCIB setting are calculated with the
beam energy divided by the number of peak cluster sizes and
are listed in Table 1. The sputter rate of the material is known
to be dependent on the current and energy per atom of the
GCIB, and a larger current or higher energy per atom increases
the efficiency of sputtering. However, a smaller argon gas

pressure is used to obtain a smaller cluster size with higher
energy per atom, resulting in a lower target current of the
GCIB. Hence, both the target current and energy per atom are
listed in Table 1 for comparison. In conclusion, the results
show that cluster size measurement of the customized GCIB
parameters on the XPS system is realized and can be executed
any time before XPS depth profiling is performed.

2.2. Sputter Rate and Damage Conditions on
Inorganics. The sputter rate of each GCIB setting on a
standard SiO2 thin film was measured (Table 1). The current
density is known to be one of the critical factors affecting the
sputter rate of the ion beam. To estimate the effect of different
cluster sizes on the sputtering of SiO2, the sputter rate is
normalized to the target current. The normalized sputter rate
increases with a smaller cluster size, which is consistent with
the statements above. Table 1 also lists the sputtering
behaviors of each GCIB cluster size on NiOx and crystal
TiO2 thin films, which have been widely adopted in the field of

Table 1. Ar-GCIB Settings with a Series of Cluster Numbers
and Measured Sputter Rates on SiO2, NiOx, and TiO2

a

ion beam Ar-GCIB Ar+

cluster size 2000 1200 850 600 500 1

beam voltage (kV) 20 20 20 20 20 1

target current (nA) 50 33 15 10 3 680

beam current density
(μA/cm2)

67.26 44.84 16.10 11.62 5.91 326.11

energy per atom
(eV)

10 17 24 33 40 1000

sputter raster size
(mm2)

1

sputter rate on SiO2
(nm/min)

10.20 7.04 5.95 6.41 3.53 6.30

normal sputter rate
on SiO2 (nm/min
× nA)

0.20 0.21 0.40 0.64 1.18 0.01

sputter rate on NiOx
(nm/min)

7.00 5.72 3.40 3.76 2.36 7.50

normal sputter rate
on NiOx (nm/min
× nA)

0.14 0.17 0.23 0.38 0.79 0.01

sputter rate on TiO2
(nm/min)

0.28 4.00 2.60 1.58 0.64 7.80

normal sputter rate
on TiO2 (nm/min
× nA)

0.01 0.12 0.17 0.16 0.21 0.01

aThe raster size of each depth profiling is 1 mm2.

Figure 2. Cluster size distribution of GCIB Arn
+ settings.
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semiconductor analysis. The normalized sputter rates on NiOx
and crystal TiO2 show consistent results with the SiO2
specimen, which is shown in Figure 3. The smaller the cluster

size, the higher the sputter rate obtained. With increased
energy per atom of smaller cluster size, the curve of the sputter
yield as a function of the cluster size (Figure 3) is found to
have a trend similar to that in the literature.22 Figure 3 also
shows the rapid growth of the sputter rate in SiO2 when the
cluster size is tuned from 850 to 500, possibly attributable to
the energy on each cluster atom surpassing the sputter
threshold energy of the material.23 Similar phenomena are also
observed in NiOx. The depth profiling of a TiO2 film using a
smaller-cluster GCIB does not show significant growth in the
sputter rate, and further investigation on the sputter threshold
energy of TiO2 is required.
The chemical state is another concern during sputtering.

The chemical state of certain metal oxides is usually altered
(reduced) by Ar+ ion sputtering, which results in unreliable
chemical state information. The damage conditions of GCIB
with a series of cluster sizes are examined. High-resolution XPS
spectra of NiOx and TiO2 were acquired to investigate the
chemical state change after sputtering using monatomic Ar+ or
GCIBs. The spectra at the same sputter depth are extracted for
comparison. Figure 4a shows that a reduction of the Ni 2p
peaks is observed either with sputtering of monatomic Ar+ or
with GCIB of various cluster sizes. When a smaller cluster size

is chosen, the ratios of Ni0 to Ni2+ and Ni3+ increase,
suggesting that a more severe reduction in Ni 2p occurs when a
smaller cluster size is used for sputtering. However, the
reduction level is still less than the result of monatomic Ar+

sputtering. The chemical state variation of the O 1s spectra is
also examined, and the variation is found to be similar in the
depth profiles with any GCIB cluster size used in this work.
The O 1s spectra extracted from GCIB Ar500

+ are used here to
present the chemical state variation (Figure 4b). The spectrum
of the surface before sputtering shows the typical O 1s
chemical state of a nonsintered NiOx film,24 and the O 1s
peaks of NiO (529.89 eV) and NiOOH (531.61 eV) are
detected. After sputtering, the ratio of NiOOH to NiO
decreases, suggesting that preferential sputtering of O occurs.
The decrease in the O atomic concentration during sputtering
can be observed in Figure S1. Similar reduction phenomena
are also observed in TiO2 depth profiling (Figure 4c). The
ratios of Ti0, Ti2+, and Ti3+ to Ti4+ increased with sputtering of
a smaller cluster size. The reduction level increases with
sputtering using a smaller cluster size, but GCIB still has the
advantage of preserving the chemical state of TiO2 over
monatomic Ar+, as reported.25 The O atomic concentration in
the TiO2 depth profile of Ar500

+ shows no significant change
because the reduction to Ti0 metal is rather low compared to
the reduction to Ti2+ and Ti3+ oxides (Figure S1). A slow
decrease in O 1s in the TiO2 depth profile of monatomic Ar+ is
observed, suggesting the preferential sputtering of O. Hence,
compared to monatomic Ar+, GCIB sputtering illustrates fewer
reduction phenomena in both the Ni 2p and Ti 2p spectra.
Moreover, sputtering using a smaller-cluster GCIB causes more
chemical reduction, which could result in misleading
information. In other words, the chemical damage is gradually
reduced with increasing GCIB cluster size. In summary, the
results suggest that the sputter rate on inorganics could be
enhanced with a smaller GCIB cluster size. The chemical
damage to sputter-sensitive inorganic materials is alleviated
with a larger GCIB cluster size but at the cost of a reduced
sputter rate.

2.3. Sputter Rate and Damage Conditions to
Organics. A large argon cluster ion beam is known for its
relatively high sputter rate with low damage to organics. With
regard to a smaller cluster size, the sputtering impact on
organics needs to be considered because the elemental
distribution and chemical state could be disturbed, similar to
the behavior using monatomic ion beams. PET, poly(methyl
methacrylate) (PMMA), and polyimide (PI) are widely used

Figure 3. Normalized sputter rates versus cluster sizes for SiO2, NiOx,
and TiO2.

Figure 4. XPS spectra of (a) Ni 2p, (b) O 1s of nickel oxide, and (c) Ti 2p of TiO2 before and after GCIB or monatomic Ar sputtering. The sputter
depth of each GCIB is ∼10 nm in parts a and c.
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polymers for IC packaging in far back-end processes. In this
study, these three polymers were selected to investigate the
difference in the chemical state before and after 10 min of
sputtering. Figure 5a shows that, compared to monatomic Ar+

sputtering,26 GCIB sputtering causes less damage to PET films.
However, minor sputter damage could still be observed. The
ratio of −CO and −COO groups to hydrocarbons was found
to be lower, with smaller cluster GCIB sputtering in general
(purple arrows). This result suggested that sputter damage on
the PET film was increased with a smaller cluster size. In
general, the sputter yield (normalized sputter rate in the paper)
increased with smaller cluster size (higher energy per atom),
Ar500

+ may remove the surface damage caused by sputtering
faster than Ar850

+. Therefore, a more undamaged surface
(newly exposed surface) could be detected, which results in a
higher −COO ratio in Figure 5a. Although the XPS spectral
shapes show no dramatic change with the energy per atom up
to 40 eV, the sputter rate at PET had been reported to
decrease in the ToF-SIMS depth profile when a GCIB with an
energy per atom of 20 eV is used.4 Ion-induced cross-linking
and carbonization led to suppression of the sputter rate and
ion intensity. Compared to the ToF-SIMS depth profile, a
longer sputter depth may be required to observe more
accumulation of sputter damage with obvious changes in the
XPS spectrum.
In the spectra of PMMA (Figure 5b), the ratio of −COO

groups to hydrocarbons also slightly decreased with a small
cluster size. The results also suggested that sputter damage was
enhanced with a small cluster size. Therefore, from the change
in the spectral shape in PET and PMMA, the data suggest that
differential sputtering between O and C was enhanced with a
small cluster size. PI compounds have been used in diverse
applications because of their high heat resistance. However,
sputter damage using monatomic Ar+ is commonly ob-
served,15,27 which results in errant chemical state information.
Moreover, sputter damage using a GCIB with a high beam
voltage was also reported. Hence, depth profiling using GCIB
with known cluster sizes was then performed. Figure 5c reveals
that the C 1s spectra of PI significantly changed when the
GCIB cluster size was below 2000. Even though the energy per
atom of Ar1200

+ was as low as ∼17 eV, it still caused sputter
damage to PI. Differential sputtering among N, O, and C
nuclei was observed. Therefore, a high-resolution XPS
spectrum was shown to be necessary to comprehensively find
a suitable GCIB cluster size for sputter-sensitive organics.

2.4. Depth Profiling in a Hybrid Sample. The depth
profiling of inorganic/organic hybrid devices has been reported
to be difficult because it is difficult to find a balance between
the practical measurement cycle time and the preservation of
chemical information. When depth profiles were performed
from both sides of a perovskite, sputter artifacts from the
bombardment of primary ion and sputter ion beams (Bi+, Bi3

+,
O2

+, and Ar500−3000
+) in ToF-SIMS analysis were reported to

be observed.28−30 While monatomic ion-beam sputtering
causes severe damage to organics, large-cluster GCIBs have
difficulty removing metal layers from hybrid materials.
Therefore, GCIB with a small cluster size was used to perform
depth profiling on the hybrid sample because the energy per
atom is increased to enhance the sputter rate and the cluster
property holds the capability of low sputter damage to
organics. In this work, depth profiling using GCIB with a
specific cluster size was performed. The device architecture of a
perovskite solar cell is shown in Figure 6a. It was difficult to
examine the sputter damage of the phenyl-C61-butyric acid
methyl ester (PCBM) layer in the XPS system because the
chemical bonds are composed mainly of C−C/C−H bonds
(Figure 6b). Hence, the fragmentation of PCBM was analyzed
using ToF-SIMS. The sputtering behavior of monatomic ion
beams and Ar1500

+ (5 keV, ∼3 eV/atom) on PCBM was
reported.31 Therefore, ToF-SIMS depth profiling using Ar2000

+

(∼10 eV/atom) and Ar600
+ (∼33 eV/atom) was performed

here to examine the sputter damage of a PCBM thin film on an
indium−tin oxide (ITO) substrate. The substrate effect of
PCBM deposition on ITO glass is also taken into
consideration based on previous experience. The similar
thickness of PCBM could be controlled with a suitable ITO
pretreatment compared to the conventional PCBM deposition
on perovskite thin films. The molecular integrity of PCBM was
maintained after Ar2000

+ or Ar600
+ sputtering without a

significant decrease in the [C60]
+ intensity (Figure 6c). Figure

7a shows the XPS depth profile of the perovskite device using
Ar2000

+ as the sputtering source. The sputter rate on metal (Ag)
is observed to be quite low, and the layer structure is ill-
defined. The metallic cathode layer could not be removed
efficiently, and the layer structures contained no interfacial
information. Depth profiling on hybrid samples with large
cluster sizes has been reported to cause obvious differential
sputtering effects.32 It is then suggested to choose a smaller-
cluster Ar600

+ ion beam for further device examination.
Selection of Ar600

+ instead of Ar500
+ is due to the higher

beam target current of Ar600
+. In general, a higher beam current

Figure 5. XPS C 1s spectra of (a) PET, (b) PMMA, and (c) PI before and after GCIB sputtering.
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shows a higher sputter rate. Although Ar500
+ also shows a

higher normalized sputter rate (sputter yield), it can be found
that its sputter rate is lower than those of other cluster sizes,
which leads to a longer acquisition time for the complete depth
profile for inorganic layers. It is also observed that Ar2000

+

shows a low sputter rate to the metal layer. On the basis of the
above conditions, Ar600

+ is selected for depth profiling of
perovskite devices. The XPS depth profile using the Ar600

+ ion
beam is illustrated in Figure 7b, where the layer structure of the
perovskite solar cell can be observed to have been preserved.
Compared to the depth profile using Ar2000

+, the metallic layer

could be removed by using Ar600
+ with obvious interface

information. The low detection of N 1s and I 3d5 from the
perovskite layer is caused by degradation.33 A reduction in
NiOx can be observed, which illustrates a similar Ni metallic
peak at ∼852.5 eV, as shown in Figure 4a, and the reduction
level increases with the sputter time. The Ni 2p spectrum
extracted from the interface of the perovskite device is shown
in Figure S2. Metal Pb0 was also observed as expected, and Pb0

existed in the process of sample preparation. No sputter
damage accumulation was reported with Ar75

+ and Ar500
+

sputtering.20 C was detected in the Ag layer, and the Ag
layer accumulated in deeper layers, coming from the common
phenomenon of perovskite degradation.34,35 However, com-
pared to the depth profile of monatomic Ar+ (Figure 7c), Ag
accumulation between the perovskite and NiOx layer is
approximately twice as high in the depth profile of GCIB
Ar600

+ and has a long tail into the NiOx layer, suggesting the
low sputter rate of GCIB at the metal. Pb and I tailing into the
ITO layer was observed in the depth profile of GCIB sputtered
with 20 kV Ar4000

+ but was suppressed when 20 kV Ar1000
+ was

used.36 Although this phenomenon could not be examined
because of the ill-defined layer due to the metal layer when
Ar2000

+ was used, the Ar600
+ result showed no increased Pb and

I tailing into the NiOx layer, which is similar to the depth
profile of monatomic Ar+. Nevertheless, although the sputter
efficiency was less than monatomic Ar+, as reported,20 the layer
sequence was clearly obtained in the depth profile of Ar600

+.
For the sputter rate difference among each of the layers, the
sputter rate on each layer was calculated using the thickness in
Figure 6a. The sputter rate in the organic layer (∼10.4 nm/
min) was higher than the sputter rate in the metal Ag (∼5.6
nm/min) and NiOx layers (∼2.2 nm/min). These results show
that GCIB with a small cluster size still shows a higher sputter
efficiency for organic materials than inorganics and metals.
However, compared to GCIB Ar2000

+, the sputter rate
difference between organic and metal/inorganic materials is
obviously smaller.

3. CONCLUSIONS

The sputtering behavior of GCIB has been reported to be
adjustable using different cluster sizes. In this work, an XPS
system equipped with a cluster size measurement kit was
developed. The actual cluster size was measured using the ToF
method for any GCIB setting. Hence, by tuning of the ion gun
and measurement of the cluster size distribution, GCIB

Figure 6. (a) Layer structure of the perovskite device, (b) PCBM
chemical structure, and (c) ToF-SIMS depth profile of the PCBM
thin film on the ITO substrate. The energy of each GCIB is fixed at 20
kV.

Figure 7. XPS depth profile of the perovskite device using GCIB: (a) Ar2000
+; (b) Ar600

+; (C) monatomic Ar+. The cluster energy is 20 kV for each
GCIB and 1 kV for monatomic Ar.
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settings with specific cluster size and energy per atom could be
obtained before XPS analysis. GCIB Ar500−2000

+ ion beams
were made and used for depth profiling on various nanoma-
terials, and the results of the depth profiles were similar to the
results reported. Depth profiling using different cluster sizes on
SiO2, NiOx, and TiO2 showed that the sputter rate on
inorganics could be enhanced with smaller cluster sizes and
sputter damage is observed. However, the chemical state
change of sputter-sensitive inorganics using GCIB could be
reduced compared to monatomic Ar+ sputtering. Additionally,
three different polymers were used to investigate the chemical
state change with different cluster sizes. Sputter damage was
observed in PET, PMMA, and PI, leading to a correlation
between the sputter damage and energy per atom. However,
the differential sputtering on PET and PMMA is less than that
on PI. We concluded that the sputter damage varies with the
material. Moreover, depth profiling of hybrid samples using
small-cluster GCIB was also examined. The depth profile of a
perovskite device showed that using a small-cluster GCIB
could deliver a reasonable sputter rate on a hybrid sample with
a metal/organic/inorganic structure.
In conclusion, the development of a GCIB cluster size

measurement kit on an XPS system accesses GCIB cluster size
measurements for any customized parameters. The actual
cluster size distribution is available before XPS depth profiling.
This cluster size measurement kit could become a useful tool
in the investigation of optimized GCIB settings for balancing
the sputter damage and sputter rate for novel nanomaterials
and complicated hybrid samples.

4. EXPERIMENTAL SECTION
GCIB Cluster Size Measurement. ToF mass measurement is

commonly used in high-resolution mass spectrometry, and a mass can
be obtained by converting the flight time into ion mass with
conditional parameters of kinetic energy, flight distance, etc. The
GCIB cluster size measurement tool (PHI MOD1310) on an
ULVAC-PHI VersaProbe III system was developed. In the ULVAC-
PHI GCIB system (PHI MOD06-2500 and MOD06-2500A) installed
on the 65° incident port of VersaProbe III, a ToF mass separation of
the rising-up step-pulsed method was applied to measure the cluster
size (Figure 1). When a pulsed voltage was given to bend the ion
beam, a beam rise-up was generated and gave the flight-starting time.
This beam rise-up gave a sufficiently short time at the flight-starting
time, and the beam current profile was continually measured at the
detector from the starting time until the largest mass ions certainly
arrived at the detector. Through differentiation of the current profile
with respect to the flight time, the mass distribution of the ion beam
could be obtained. The gas pressure and beam voltage are two of the
main factors that affect the cluster size distribution and beam current
density. The beam voltage was fixed at 20 kV, and the gas pressure in
the range from 450 to 650 kPa was adjusted to obtain a cluster size
distribution from 500 to 2000. The extractor, bend, and Wien
deflections were tuned to gain the maximum beam current measured
on the sample holder (SUS304 stainless steel) at an incident angle of
65°. Then, Ar-GCIB was focused by tuning the objective lens. All
parameters of these Ar-GCIB settings were repeatedly tuned to obtain
the desired cluster size distribution before depth profiling was
performed. The peak cluster size was used to present the cluster size
of each Ar-GCIB setting. The sputter rate of these Ar-GCIB settings
was calibrated using a known thickness from the material
manufacturer or measured using a step profilometer (DEKTAK 6M,
Bruker, Germany).
Sample Preparation. Standard samples used in this work

included PET, PMMA, PI, and crystal TiO2. The PSC devices were
glass/ITO/NiOx/MAPbI3/PC61BM/Ag and were fabricated as
follows. ITO-coated glass substrates (15 Ω/cm2) were ultrasonically

cleaned in detergents, deionized water, acetone, and isopropyl alcohol
for 15 min each and subsequently dried in a N2 gas flow. NiOx films
were spin-coated onto the ITO layer from 70 μL of a 0.3 M nickel 2-
ethylhexanoate solution in ethanol at 1700 rpm for 35 s. The samples
were heated from 70 °C and then increased to 20 °C every 5 min
until 300 °C was reached following 1 h of annealing. A solution of
PbI2 (460 mg/mL) was dissolved in N,N-dimethylformamide, heated
to 70 °C while being continuously stirred, deposited on top of the
NiOx layer by spin coating at 6000 rpm for 30 s, and then annealed at
70 °C for 10 min. Then, the samples were dipped into a solution of
CH3NH3I dissolved in 2-propanol (40 mg/mL) at 3000 rpm for 60 s
and annealed at 100 °C for 20 min. The PC61BM layer was spin-
coated from a toluene solution of 20 mg/mL at 1000 rpm for 30 s.
MAPbI3 and PC61BM were all spin-coated under ambient conditions.
Finally, an Ag film with a thickness of approximately 200 nm was
deposited onto the PC61BM layer by using a thermal evaporation
process. For a 50 nm nickel oxide thin film on an ITO-coated glass
slide, the preparation method was the same as that for the NiOx layer
in the PSC devices.

XPS and ToF-SIMS Depth Profiling. All XPS depth profiling was
performed with a PHI VersaProbe III (ULVAC-PHI, Inc., Japan) XPS
system. The chemical state of the materials was analyzed using
microfocused Al Kα X-rays (25 W, 15 kV), and dual-beam charge
neutralization (a 1 V electron beam and a 7 V Ar+ ion beam) was
applied during analysis. For the sputter phase, a 1 kV monatomic Ar+

ion beam and a 20 kV GCIB with a specific cluster size were used.
The sputter raster size was set to 1 mm × 1 mm. To calculate the
sputter rate, the sputter crater was measured using a stylus profiler
(DEKTAK 6M, Germany). An average sputter depth of 0.5 mm × 0.5
mm area from the center position of the crater was recorded. The
sputter rate was obtained by dividing the sputter depth by the total
sputter time.

ToF-SIMS depth profiling on a PC61BM thin film was performed
with a PHI nanoTOF II instrument (ULVAC-PHI, Inc., Japan). The
PC61BM layer was spin-coated on ITO glass from a toluene solution
of 20 mg/mL concentration at 2000 rpm for 30 s. Bi3

+2 (30 kV) was
used to probe the PC61BM surface in the analysis phase with a raster
size of 100 μm × 100 μm. GCIB Ar2000

+ and Ar600
+ (20 kV) were used

in the sputter phase with raster sizes of 2000 μm × 2000 μm. The
sputter interval was set to 1 s. No neutralization was applied during
the analysis or sputter phase.
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