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1. Introduction

The Cu2ZnSnS4 (CZTS) has received considerable interest as a
promising solar cell material owing to its earth abundance and
non-toxicity. The primary limitation of CZTS solar cells is their
low open-circuit voltage (VOC) due to bulk and interface recom-
bination.[1] The electronic properties of the CZTS absorber can
be tuned by cationic substitution of isovalent Ge onto multiva-
lent Sn sites to reduce Sn-related deep defects responsible for
bulk recombination.[2,3] Cu2ZnGexSn1–xS4 (CZGTS) absorbers
show a high absorption coefficient of 104 cm�1 with a tunable
bandgap between 1.5 and 2.1 eV,[4–6] making them a possible

candidate for multijunction solar cells
and band gap-graded devices.[7–9]

We have previously reported the forma-
tion of a Ge-Sn gradient toward the rear
interface of CZGTS absorbers made by
sulfurizing a Cu2ZnGeS4 (CZGS) layer
buried underneath a CZTS layer.[10,11]

Since the diffusion of Ge and Sn occurs
faster through grain boundaries than
grains,[10,12] the accumulation of Ge on
absorber interfaces easily occurs during
sulfurization, which modifies the
bandgap energy at the interfaces. The
importance of the conduction band offset
(CBO) at the absorber and buffer interface
is well established.[13] High efficiency
Cu(In,Ga)Se2 solar cells often feature a
close to flat conduction band align-

ment.[14,15] A cliff-like band alignment (CBO< 0) may cause
detrimental interface recombination, whereas a large spike
(CBO> 0.5 eV) blocks the photocurrent and decreases the fill
factor.[16] The CZTS/CdS interface is generally assumed to be
cliff-like (�0.3 eV)[17] (see Figure 1). The cliff-like band align-
ment is expected to increase with Ge incorporation due to
upward shift in the conduction band minima (CBM) of
CZGTS.[18–20] This results in an increase in the CBO to
��0.7 eV[19] for the CZGS/CdS interface, which emphasizes
the importance of replacing the CdS buffer layer.

The ZnxSn1–xOy (ZTO) can be used as an alternative non-toxic
substitute for the commonly used CdS buffer layer due to the
possibility of band edge movement by either compositional
change[21] or deposition temperature,[22] leading to reduced
cliff-like alignment for CZGS absorbers (Figure 1). Moreover,
the bandgap of CZGS[10,23] is comparable to CdS,[24] which
results in significant parasitic absorption in the CdS. The wide
bandgap ZTO[22] can reduce the parasitic short wavelength
absorption loss compared with the CdS[24] buffer layer.

The CZGS can be a potential alternative to expensive wide
bandgap GaP(2.3 eV)[25,26] single junction solar cell. It can be
suitable for use as a wide bandgap solar cell in tandem solar
cell applications. In addition, alternative buffer layers have
not been investigated for CZGS solar cell application to the best
of our knowledge. As a result, the substitution of CdS with ZTO
buffer layers on CZGS is investigated in this study. The
deposition temperature of ZTO buffer layer is varied to observe
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The Cu2ZnGeXSn1-XS4 (CZGTS) thin-film solar cells have a limited open-circuit
voltage (VOC) due to bulk and interface recombination. Since the standard CdS
buffer layer gives a significant cliff-like conduction band offset to CZGTS,
alternative buffer layers are needed to reduce the interface recombination. This
work compares the performance of wide bandgap Cu2ZnGeS4 (CZGS) solar cells
fabricated with nontoxic ZnxSn1–xOy (ZTO) buffer layers grown by atomic layer
deposition under different conditions. The VOC of the CZGS solar cell improved
significantly to over 1 V by substituting CdS with ZTO. However, VOC is relatively
insensitive to ZTO bandgap variations. The short-circuit current is generally low
but is improved with KCN etching of the CZGS absorber before deposition of the
ZTO buffer layer. A possible explanation for the device behavior is the presence of
an oxide interlayer for nonetched devices.
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the effect on PV performance with varying ZTO bandgap
energy.

2. Result and Discussion

2.1. CZGS Material Properties

The compositions of the different sputtered CZGS precursors
are listed in Table 1, together with the sample naming of corre-
sponding solar cell absorbers. The CZGS absorbers are prepared
on TiN/Mo/SLG substrate. Coating of a thin TiN (�20 nm) inter-
layer on Mo-coated (�350 nm) glass improves the CZGS adhe-
sion on the substrate (Mo/SLG)[11] after the annealing of the
precursors in the sulfur atmosphere. The grazing incidence X-

ray diffraction (GIXRD) pattern of the samples confirms the for-
mation of crystalline CZGS (see Figure 2a). ZnS[27] phases are
detected; however, other secondary phases such as Cu2–xS,
Zn2GeS4,

[28] Cu2GeS3,
[29,30] and GeO2 could be present but

are not visible by X-ray diffraction due to peak overlap or small
volume. The microstructural properties of the annealed CZGS
absorbers are shown in Figure S1 in the supporting information
(SI) (cross-sectional scanning electron microscopy [SEM]). These
examples are representative of all batches A–D. After annealing,
the typical absorber thickness is 750 nm, and the average CZGS
grain size (�200 nm) is similar in the cross-sectional SEM
images of all the CZGS solar cells (Figure S1, Supporting
Information).

The presence of CZGS was also verified by Raman spectros-
copy of the samples with excitation of 532 nm laser (Figure S2,
Supporting Information), which showed (359 cm�1) A1 and
(295 cm�1) A2 vibrational modes of CZGS. The room tempera-
ture PL emission spectra (Figure S3, Supporting Information) of
the samples showed a typical bandgap position of CZGS at
1.95 eV along with an unknown broad and intense peak at
1.4 eV. The samples were tilted to �45�, and PL spectra were
remeasured in order to rule out that the 1.4 eV peak was caused
by optical interference.[31]

The CZGS films (Batch D) were also fabricated on SLG sub-
strate for optical measurements. A Tauc’s plot is shown in the
Figure 2b, together with Raman spectra (Figure 2c) of the same
film. An optical bandgap of 2.2 eV is determined from the Tauc’s
plot. The estimated optical bandgap from reflectance and trans-
mittance spectroscopy of CZGS is higher than the PL bandgap of
the CZGS. Such offset is well known in CZTS, where it is related
to band tailing from high density of defects such as Cu-Zn
antisites.[32]

The influence of KCN etching on possible secondary phases at
the absorber surface is of interest since both etched and non-
etched absorbers were used in this study, as discussed below.
In a separate X-ray photoelectron spectroscopy (XPS) study using
CZTS and alloyed CZGTS samples (Figure S4, Supporting
Information), oxides present before KCN etching, most likely
assigned to SnOx for CZTS and GeO2 for Ge containing
CZGTS, were removed after KCN etching.

2.2. ZTO Material Properties

The ZTO buffer layers were fabricated on top of the annealed
CZGS films with SLG monitoring pieces for composition and
thickness determination in each atomic layer deposition (ALD)
run. As seen in Table 2, bandgap widening of ZTO is obtained
at lower TALD, which can be an effect of lower film density or a
quantum confinement effect from ZnO crystallites of decreasing
size.[22] The thickness of the ZTO layer is changed with a varying
number of cycles at a fixed TALD. Figure S5, Supporting
Information, illustrates the XPS of ZTO coatings, grown under
various ALD deposition conditions, on CZGS absorbers. The
spectra reveal mainly signals from the ZTO overlayer (Zn, Sn,
and O). Some C contamination is observed at the surface of
all samples, which is likely due to samples being exposed to
air prior to XPSmeasurements. However, we cannot exclude that
some C incorporation may also take place during the ALD

Figure 1. Approximate band offsets of ZTO, CdS, CZGS, and CZTS esti-
mated from the literature.[22,34,37,38] The band alignment of ZTO has been
shown to change with ALD growth temperature (TALD) from 90 to 120 �C.
Low temperature ZTO depositions were chosen to decrease the negative
offset between CZGS and ZTO.

Table 1. The composition of CZGS precursors measured with XRF
calibrated by RBS. The compositions of the reference precursors were
measured on Mo/SLG substrate, and precursors on TiN-coated Mo/
SLG were fabricated in the same batch. The average measurement
error is indicated next to the heading for elemental ratios.

Composition

Batch Cu/Ge[�0.05] Zn/(CuþGe)
[�0.003]

Sample naming

A 1.97 0.37 A1, A2, A3, A4, A5, A9, A10, A11, A12

B 2.02 0.38 B1, B2, B3

C 1.74 0.4 C

D 1.83 0.39 D
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deposition. Further, no signals from the absorber (Cu, Ge, or
S) were observed on any samples after ZTO deposition,

indicating that the buffer layers grown in this work are
completely covering the CZGS absorbers due to the conformal[33]

growth of ZTO. The thicknesses of the various ZTO films on
soda-lime glass are listed in Table 2. However, ZTO typically
grows thinner[22,34] on absorbers such as CZTS or CIGS than
on SLG, and this can also be expected for CZGS. Due to the
amorphous nature and small volume of ZTO interlayers, these
could not be detected using XRD measurement of the ZTO
coated CZGS.

2.3. CZGS Solar Cells with Different ZTO Deposition
Conditions

In this section, the effect of various ZTO layer thicknesses grown
at different ALD deposition temperatures (TALD¼ 90 to 120 �C)
on the CZGS devices is investigated. Each batch of CZGS pre-
cursors was sulfurized separately for each ZTO deposition tem-
perature. Figure 3 (J–V and EQE in Figures S7–S10, Supporting
Information) shows the solar cell parameters of CZGS solar cells
with varying ZTO deposition conditions. Table 3 summarizes the
J–V parameters of the best CZGS solar cells with ZTO layers.
Due to issues with partial or complete delamination of the
CZGS during KCN etching, the samples in Table 3, and
Figure 3 were made without etching, i.e., completely dry process-
ing of the full device. As seen in Figure 3, the VOC trend is
relatively flat and shows some scatter, especially for 750 cycles.
The highest VOC of up to 1.1 V is achieved for TALD of 100 �C and
1000 cycles corresponding to a thickness of around 33 nm (on
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Figure 2. a) Grazing incidence X-ray diffraction pattern of a ZTO coated CZGS absorber fabricated on TiN/Mo/SLG. The XRD peak positions are
consistent with the reference patterns of CZGS,[39] Mo,[40] and ZnS.[27] b) Tauc’s plot of CZGS indicates that the optical bandgap is around 2.2 eV.
c) Raman spectra of CZGS under excitation wavelength of 532, 633, and 785 nm laser.

Table 2. The naming of precursors, as well as the deposition conditions
and properties of ZTO deposited on soda-lime glass (SLG), are shown for
each deposition. The composition of the ZTO is measured by XRF
calibrated with RBS. The thickness of ZTO films is roughly estimated
from XRF measurements. Bandgap values are taken from previous
publications using the same deposition parameters and confirmed for
the 90 �C sample in this study (Figure S6, Supporting Information).

Deposition
temperature [�C]

Name No. of ALD
cycles [C]

Composition
(Sn/(SnþZn))

on SLG

Thickness
on SLG [nm]

Bandgap
[eV]

90 A1 1000 0.19 26 3.7a)

A2 750 0.14 17

100 A3 1000 0.23 33 3.6[22]

A4 750 0.21 23

A5 500 0.21 15

110 A6 1000 0.18 42

A7 750 0.20 30

A8 500 0.24 17

120 B1 1000 0.16 44 3.5[22]

B2 750 0.18 30

B3 500 0.16 18

a)From Tauc’s plot in Figure S6, Supporting Information.
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SLG). VOC of over 900mV is seen for all TALD and thickest ZTO
(1000 c), but the scatter for 90 �C is large. For 1000 and 750
cycles, the highest Jsc is seen at TALD 110 �C, but the most notice-
able result is the much higher Jsc of some devices at 110 and
120 �C. The fill factor (FF) shows some trend of increasing with
decreasing TALD for the thickest ZTO layers. Efficiencies are
around 0.5%–1% with the highest values of up to 1.5% with out-
lier devices at 110 �C having much higher Jsc. For further
improvement of CZGS/ZTO devices, the strongly suppressed
Jsc needs to be increased in order to not counteract the improved
VOC. The high JSC outlier samples indicate that some uncon-
trolled blocking of the current can occur. Also, the limited

influence on VOC from changes in ZTO bandgap energy, and
expected accompanied change in CBM position, should be noted.
This indicates that the CZGS/ZTO interface is not changed as
expected in this series.

2.4. Effect of CZGS Absorber Etching on Solar Cell Performance

Some samples could be fabricated including a KCN etch prior to
buffer layer deposition without absorber delamination, which are
described here. ZTO layers were deposited at 90 �C and 1599
cycles on etched CZGS absorbers and compared with non-etched
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Figure 3. The solar cell parameters of a CZGS solar cell with ZTO buffer layers employing different ALD deposition conditions. The number of deposition
cycles of ZTO are varied to optimize the thickness of the ZTO buffer layers. The device parameters are plotted in order of increasing deposition tempera-
ture from 90 to 120 �C within each group defined by the number of ALD cycles.

Table 3. Solar cell parameters of CZGS absorbers with different ZTO buffer layers. The EQE of sample B2 could not be obtained (see Figure S10,
Supporting Information). The Voc deficit (Eg/q-Voc) is based on the optical bandgap of 2.2 eV.

Sample name Solar cell parameters

JSC [mA cm�2] VOC (V) Eg/q�VOC [V] FF [%] η [%] JSC by EQE [mA cm�2]

A1 2.0 0.963 1.237 36 0.69 2.1

A2 1.8 0.842 1.358 38 0.58 1.7

A3 2.1 1.078 1.122 38 0.86 2.5

A4 2.2 0.957 1.243 36 0.76 2.3

A5 2.4 0.974 1.226 36 0.85 2.5

A6 3.2 0.917 1.283 45 1.32 2.9

A7 2.2 0.854 1.346 43 0.81 2.3

A8 2.1 0.88 1.320 35 0.65 2.0

B1 2.0 0.931 1.269 45 0.84 2.2

B2 2.0 0.989 1.211 40 0.79 –

B3 1.9 0.819 1.381 40 0.62 1.8
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samples with 1000 cycles. CZGS precursors sputter deposited and
sulfurized in the same batch were used in this study. To make
comparisons using absorbers from the same batch is expected
to be more important than comparing identical ZTO thicknesses.
Raman and PL spectra of ZTO coated non-etched and etched
CZGS absorber both showed typical CZGS vibrational modes with
excitation of 532 nm laser (shown in the Figure S11, Supporting
Information). Figure 4 shows the photovoltaic performance

parameters of solar cells with ZTO, with and without KCN etching
(JV curves are shown in Figure S12, Supporting Information). The
mean VOC is decreased with etching, but the clear difference is in
the short-circuit current that is strongly increased with etching to
around twice the value. KCN etching is expected to be useful to
remove secondary phases on the front surface, such as GeO2

(Figure S4, Supporting Information) or CuxS.
[35] It is possible that

the higher current after etching and high JSC for the non-etched

Figure 4. Solar cell parameters of devices fabricated on etched and non-etched CZGS absorber.

Figure 5. Solar cell device performance of CZGS absorber with different buffer layers. CZGS absorbers were etched prior to deposition of any buffer layers
and ZTO layers were deposited at 90 �C for 1599 cycles.
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samples at TALD 110 and 120 �C have similar explanation, such as
absence of blocking phases at the interface. GeO2 has larger
bandgap energy than SnO2, and since the removal of GeO2 in
KCN is supported by XPS investigations (Figure S4, Supporting
Information), this is a likely explanation. This would also explain
the results in Section 2.2, where ZTO deposition temperature did
not clearly influence VOC as expected. A dielectric interlayer
between CZGS and ZTO could dominate the interface properties
and device behavior. Such an interlayer could also reduce recom-
bination at the interface and this could explain the reduced Voc

with etching. However, further studies are required to more
clearly identify such an interlayer to understand the influence
of etching on CZGS and the strongly varying JSC.

2.5. Buffer layer comparison on CZGS absorber

Figure 5 shows the performance comparison of CZGS solar cells
with CdS and ZTO buffer layers grown at an ALD deposition tem-
perature of 90 �C for 1599 cycles. In both cases, KCN etching was
employed. Due to issues with partial or complete delamination
during the KCN etching process, as also reported previously,[11]

only a few devices with CdS buffer layer could be made. This
is also the most likely reason for the wide spread in device perfor-
mance over the samples. The FF is reduced with ZTO buffer com-
pared with CdS buffer on these CZGS absorbers, however,
Figure 4 shows higher FF for etched CZGS/ZTO devices. The
Jsc varies between samples, but is higher when replacing the
CdS layer with ZTO buffer layer on etched CZGS absorbers.
The average VOC is marginally increased when the ZTO buffer
layer is used, but the peak VOC is higher for ZTO; however,
the overall device performance remains similar.

As compared with CdS, the ZTO bandgap is larger with a
higher CBM level for low deposition temperature, as shown
in Figure 1.[21,34] Ericson et al.[34] showed that an optimized band
alignment (small spike-like) can yield higher VOC with ZTO
buffer layer on CZTS due to reduced interface recombina-
tion.[16,34] The band alignment between CZGS and high bandgap
ZTO, on the other hand, most likely remains cliff-like in this
study. Still, significant VOC improvement is seen, but further
increase in CBM could possibly give additional improvements.
In addition to the interface recombination, the device properties
are affected by bulk recombination and possibly current-
reducing secondary phases such as GeO2 and ZnS.

3. Conclusion

Cu2ZnGeS4 absorbers with a wide optical bandgap (2.2 eV) were
used to make thin-film solar cells with different buffer layers. A
VOC greater than 900mV was measured on best devices after
substituting CdS with ZTO deposited on KCN etched CZGS,
compared with below 600mV for CdS. A record VOC of 1.1 V
of non-etched CZGS absorbers was obtained for devices with
an ALD temperature of 100 �C, but the VOC was relatively con-
stant for all ZTO deposition temperatures, contrary to expecta-
tions. The JSC of CZGS solar cell increased with etching of
the absorber prior to deposition of the ZTO buffer layer, which
could likely be attributed to the removal of oxide phases. Such an
oxide interlayer could also be the explanation for the small

variation in device performance with ZTO deposition tempera-
ture. ZTO appears compatible with CZGS and further studies
on lower bandgap CZGTS, for which a suitable CBO to ZTO
is expected, would be interesting. For large bandgap CZGS, fur-
ther studies of surface etching combined with another buffer
layer with even higher CBM is recommended.

4. Experimental Section

CZGS Fabrication: In this study, clean 1mm soda-lime glass (SLG) was
coated with 350 nm Mo by DC (direct current) sputtering in 0.8 Pa Ar
atmosphere. An adhesive TiN interlayer was reactively sputter deposited
on the Mo-coated SLG (Von Ardenne sputter system) at deposition pres-
sure 0.8 Pa of Ar:N2 mixture in the ratio of 20:45 sccm. The sputtering
(Kurt J. Lesker sputter system) of 7.62 cm diameter CuS (DC,
1.4W cm�2), Ge (DC, 0.59W cm�2), and ZnS (radio frequency [RF],
3.51W cm�2) targets was used to deposit CZGS layers onto TiN/Mo/
SLG substrates in 0.7 Pa Ar atmosphere. The base pressure of each of
the sputter systems was below 3� 10�5 Pa. CZGS precursor composition
was measured by XRF, calibrated by RBS (Table 1). The temperature of the
substrate holder was maintained at 250 �C with a rotation of 0.33 Hz -
during sputter-deposition. CZGS precursors were air exposed while trans-
ferring them to vacuum storage or tube furnace.

The precursors were sulfurized just before deposition of the buffer
layers. CZGS precursors were loaded in a pyrolytic-coated graphite box
(GB) with a hole of 3 mm diameter in the lid to allow air removal. GB
containing 110mg sulfur was introduced into a preheated tube furnace
and sulfurized under stable pressure of 47 kPa Ar. The temperature of
the substrate holder increased up to 581 �C over a 13min. dwell time.
Additional information about the baseline annealing is available in the fol-
lowing reference.[11]

During initial trials, CZGS absorbers were potassium cyanide (KCN)
etched to remove secondary and water-soluble phases, leading to partial
or complete delamination, despite using adhesive TiN interlayer. As a
result, only a few CZGS solar cells were fabricated with ZTO and CdS buffer
layers after KCN etching. However, due to the partial or complete delami-
nation of CZGS, no etching was done in the main ZTO buffer deposition
series. The temperature and thickness of the ZTO layers were varied to
investigate their impact on the solar cell performance.

ZTO Growth: The ZnxSn1–xOy films were deposited using thermal ALD
at temperatures of 90, 100, 110, and 120 �C in a Microchemistry F120 vis-
cous flow reactor using N2 carrier gas (99.9999%). The Zn precursor
Zn(C2H5)2 (diethyl-zinc, DEZ, and AkzoNobel TCO grade) was effused
into the reactor. The Sn precursor Sn(N(CH3)2)4 (tetrakisdimethyla-
mino-tin, TDMASn, SAFC research grade) was heated to 40 �C to achieve
enough vapor pressure by sublimation to effuse into the reactor. Finally,
the O precursor H2O (deionized water, 18MΩcm) was effused into the
chamber. To create the ternary ZTO compound, subcycles of SnOx,
and ZnO were alternated in a 1 to 1 ratio. The SnOx subcycle was
TDMASn/purge/H2O/purge using pulse times of 0.4/0.8/0.4/0.8 s
respectively, while the ZnO subcycle was DEZn/purge/H2O/purge using
pulse times of 0.4/0.8/0.4/0.8 s respectively. These pulse times leads to
reaction dynamics that reaches saturation or close to saturation at the
deposition temperatures of 90, 100, 110, and 120 �C.

The ALD reactor was conditioned with Zn and Sn precursors after sta-
bilization at the required temperature. ZTO buffer layers were deposited
on CZGS absorbers while keeping the same dosage of Zn and Sn precur-
sors inside the ALD reactor; however, the composition of the prepared
ZTO could be affected by the reaction temperature. In the ZTO series,
the thickness was varied by using between 500 and 1599 cycles, as well
as deposition temperature between 90 �C and 120 �C. At 90 �C, CZGS
solar cells with 500 c ZTO could not be prepared due to a faulty composi-
tion of ZTO layer in the ALD batch. ALD deposition was not reproduced
due to shortage of CZGS samples from the same sputter run.
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The fabrication of devices was completed by sequential sputter depo-
sition of 80 nm i-ZnO and 170 nm Al:ZnO on the buffer coated absorbers.
The samples were mechanically scribed into 0.05 cm2 solar cells.[11,36]

The JV measurements were performed in dark and illuminated
conditions using a Newport ABA solar simulator, and the external
quantum efficiency (EQE) was determined using a homebuilt setup.
The light intensity in the J–V setup was calibrated to match the calculated
current density of the CZGS solar cell in the EQE setup.

The phase crystallinity and purity of the sample were determined using
X-ray diffraction with the aid of GIXRD (grazing incidence X-ray diffrac-
tion). Cu Kα1 radiation (1.54056 Å) was used with a grazing incidence
angle of 1.0� to measure the X-ray diffraction pattern of ZTO coated
CZGS (XRD, Siemens D5000) in parallel beam geometry. Raman and
photoluminescence (Renishaw inVia confocal Raman microscope
equipped with an InGaAs and Si CCD detector) spectra of the ZTO-coated
absorber were measured at room temperature under excitation of a
532 nm laser.

The X-ray photoelectron (Quantum 2000 ESCA microscope, Physical
Electronics) spectra of the ZTO coated absorbers were measured using
monochromatic Al Kα radiation (1486.7 eV) and the measured spot size
was 200 μm. The samples were air exposed while transferring into the
UHV system. The metallic composition of absorber films was determined
using X-ray fluorescence (XRF, PANalytical Epsilon 5) calibrated with
Rutherford backscattering spectroscopy (RBS). Cross-section images were
captured using a scanning electron microscope (SEM, Zeiss Leo 1530)
equipped with an in-lens detector. The cross-section morphology was
observed with a low-energy beam incident on the sample (5 kV, 175 nA
beam current, and 30 μm aperture size).
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