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Vertical phase separation of the donor and the acceptor in organic bulk heterojunction solar cells is crucial to
improve the exciton dissociation and charge transport efficiencies. This is because whilst the exciton
diffusion length is limited, the organic film must be thick enough to absorb sufficient light. However, it is
still a challenge to control the phase separation of a binary blend in a bulk heterojunction device
architecture. Here we report the realization of vertical phase separation induced by in situ
photo-polymerization of the acrylate-based fulleride. The power conversion efficiency of the devices with
vertical phase separation increased by 20%. By optimising the device architecture, the power conversion
efficiency of the single junction device reached 8.47%. We believe that in situ photo-polymerization of
acrylate-based fulleride is a universal and controllable way to realise vertical phase separation in organic
blends.

s the exciton diffusion length is limited and there is a difference in the mobility of the charge carriers'™

through the organic film, an interpenetrating network structure of donor and acceptor materials is needed

to assist in exciton separation and charge carrier transport in organic heterojunction solar cells>®. This
requires the two materials to form a bicontinuous channel that can provide not only a large interface area between
the electron donor and electron acceptor materials for efficient exciton dissociation, but also continuous path-
ways for more effective charge transport to the corresponding electrodes. This results in a reduction of the charge
recombination and the space charge accumulation within the photoactive layer’. It is believed that space charge
accumulation decreases the photocurrent'**.

Conceptually, vertical phase separation (VPS) is where electron donor materials which allow hole transporta-
tion, gradually distribute towards the anode while the electron acceptor materials which allow electron trans-
portation, gradually distribute towards the cathode. In other words, the vertical composition of the donor and the
accepter materials can affect the transport of charges to their respective electrodes after they are generated at the
donor-acceptor interface of bulk heterojunction (BHJ)'*"". Therefore, the charge recombination can be reduced.
This would enhance the power conversion efficiency (PCE) and prevent degradation of the cell performance as
the illumination time increases.

VPS can be achieved using various processes such as solvent additives'®'®, thermal annealing*~**, vapour
annealing®, field induction®"** and stepwise deposition®. Although there are several approaches, it is still a
challenge to achieve a real VPS in a universal and controllable way.

When ultraviolet (UV) light propagates through most organic materials, strong absorption creates a gradient in
the UV intensity along the propagation direction®*°. In polymerizable monomers, the rate of polymerization
scales with the UV intensity along the propagation direction. In regions that have a stronger UV intensity, the
polymerizable monomers are consumed faster, which results in a concentration difference of the monomers. This
drives the diffusion of the monomers from the unpolymerized monomer-rich areas to the polymerized region.
Thus a polymer gradient is created, along with a counter gradient of unpolymerized monomers* .

In a bulk heterojunction structure, the conventional fullerene acceptors such as [6,6]-phenyl-C61 butyric acid
methyl ester (PC4oBM), and [6,6]-phenyl-C71 butyric acid methyl ester (PC,,BM) tend to form discontinuous
islands which are obstacles to electron transport. To avoid these discontinuous structures, we introduced an
acrylate group to the fullerene acceptor by hydrolysing the PCBM and the esterification of the corresponding
product with 4-hydroxybutyl acrylate (Fig. 1a). After the mixture of the acrylate-based fullerene and the donor
was subjected to the above-mentioned UV polymerization method, donor and acceptor concentration gradients
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Figure 1 | (a) Synthesis of PCs,BAAB. The synthesis of PC;oBAAB follows the same route. (b) Photo-polymerization of PC¢BAAB. (c) The conventional
BH]J structure and the related phase separation that was formed by solvent annealing or thermal annealing. (d) When ultraviolet (UV) light propagates
through the mixture, strong absorption creates a gradient of UV intensity along the propagation direction. The PCBAAB concentration gradient is
formed during photo-polymerization. Thus vertical phase separation via in situ polymerization of PCBAAB occurs. The vertical phase separation aids
charge transport and reduces charge accumulation. (e) The molecular structures of the donor materials.

form. Therefore, not only was the continuous acceptor structure
formed, but also VPS was obtained (as shown in Fig. 1b and 1d,
respectively).

In this work, poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly][1-
(6-{4,8-bis[(2-ethylhexyl)oxy]-6-methylbenzo[1,2-b:4,5-b’]dithiophen-
2-yl}-3-fluoro-4-methylthieno|3,4-b]thiophen-2-yl)-1-octanone]
(PBDTTT-CF) were chosen as the donor materials, and the corres-
ponding acrylate-based [6,6]-phenyl C61 butyric acid 4-hydroxy-
butyl acrylate ester (PC4BAAB), [6,6]-phenyl C71 butyric acid
4-hydroxybutyl acrylate ester (PC,0BAAB) were chosen as acceptor
materials for the devices. By changing the incident direction of the
UV light, the direction of the donor and acceptor concentration
gradients can be reversed to get either conventional or inverted
devices. In conventional devices, the UV light is incident from the
upper side of the active layer. For the inverted devices, the irradiation
direction is reversed. The PCE of the devices with VPS, whether in
the conventional or inverted device architecture, were improved with
an enhancement of over 20% in comparison with the control devices
without VPS. By further optimizing the architecture of the devices
according to our earlier method”, the PCE of the single-junction
device reached 8.47%.

Results

In situ polymerization of PCBAAB. For photo-polymerization of
PCBAAB, the samples were irradiated using a weak UV light
(0.1 mW/cm?). The intensity of the UV light controlled the
polymerization speed to ensure that PCBAAB migrated through
the whole film during photo-polymerization. To test the photo-
polymerization of PCBAAB, the unpolymerized and polymerized
active layer were measured using Fourier transform infrared spec-
troscopy (FTIR). As shown in Fig. 2, for the PBDTTT-CF:PC;,BAAB
blend the peak at 1656 cm ™" is attributed to absorption of the double
bond of acrylate. Compared with the unpolymerized sample, the
double bond absorption peak of the polymerized sample is weak,
which confirms the in situ polymerization of PC,,BAAB.

VPS induced by in situ polymerization of PCBAAB. X-ray photo-
emission spectroscopy (XPS) was performed to investigate the com-
position of the active layer at the top surfaces. This was achieved by
inspecting the differences in XPS intensities of the carbon 1s and
sulfur 2p bands. For P3HT:PC4BAAB, the C 1s signal of the polyme-
rized sample was extremely strong compared with that of the unpoly-
merized sample whereas the S 2p peak of the polymerized sample was
weak, as shown in Fig. 3a. The fullerene PC4BAAB is carbon rich,

while only P3HT contains sulfur. Thus, the PC4,BAAB concentra-
tion at the top surface of the polymerized sample is higher than that
of the unpolymerized sample. Meanwhile, the top surface of the
unpolymerized sample is P3HT rich. This confirms that the
migration of the PCs,BAAB is in the opposite direction to the UV-
light propagation.

Transmittance electron microscopy (TEM) was used to investigate
the morphology of the donor/acceptor distribution. Figure 3b shows
the cross-section of the solar cell in the conventional device archi-
tecture using PBDTTT-CF:PC,,BAAB as the active layer. A sharp
contrast can be seen in the direction from the cathode to the anode. It
is dark near the cathode, while bright near the anode. Because sulfur
is a relatively heavy atom compared with carbon, it can strongly
scatter the electrons. The domain with a high concentration of sul-
fur-rich PBDTTT-CF was brighter than the domain with a high
concentration of carbon-rich PC;oBAAB in the TEM image. The
results of the corresponding energy dispersive X-ray spectroscopy
(EDS) are shown on the right panel of Fig. 3b. In the cross-section,
the carbon content showed a decreasing trend from the cathode to
the anode, while the sulfur content showed an increasing trend from
the cathode to the anode and then to the poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS) layer. The above
results confirm the vertical distribution of PC,BAAB and PBDTTT-
CF and that photo-polymerization induces the migration of
PC;,BAAB through the PBDTTT-CF layer to form the VPS.
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Figure 2 | FTIR spectra of the PBDTTT-CF:PC,,BAAB samples.
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Figure 3 | (a) XPS spectra of C 1s and S 2p of the unpolymerized and polymerized samples of PAHT:PC¢,BAAB. (b) Cross-sectional TEM image of a
device using the polymerized PBDTTT-CF:PC;,BAAB (left), with an energy dispersive EDS scan overlaid on a schematic of the device cross-section

(right).

Aggregation of donor polymer through VPS. To investigate how
the vertical separation of PCsoBAAB affects the aggregation of the
P3HT, X-ray diffraction (XRD) measurements were performed on
P3HT:PC¢BAAB that was prepared in the standard way and
subsequently polymerized (Fig. 4). The peaks at 20 = 5.4° were
attributed to the P3HT (100) plane, which suggests a lattice
spacing of 1.64 nm. This corresponds to the interchain spacing in
the P3HT which is associated with the interdigitated alkyl chians®.
Although the positions of the P3HT peaks remained unchanged, the
peak of the polymerized sample was sharper and had a narrower full
width at half maximum. This indicates that the P3HT is more
crystalline in the polymerized sample. This is advantageous for
hole transport.

Solar cell performance. Figure 5 shows the current density vs.
voltage (J-V) characteristics of the solar cells under 100 mW/cm?
air-mass 1.5 global (AM 1.5G) illumination. Device characteristics
such as the short circuit current (Jsc), open circuit voltage (Voc), fill
factor (FF) and PCE are deduced from the J-V characteristics and are
summarised in Table 1. The devices based on the same active layer
have a similar Vo because the Vo of the devices is governed by the
energy difference between the lowest unoccupied molecular orbital
(LUMO) of the acceptor and the highest occupied molecular orbital
(HOMO) of the donor, which is not affected by the polymerization of
the fullerene acceptor. For the P3HT:PCsBAAB-based conventional
devices (see Fig. 5a), the unpolymerized device had a PCE of 2.80%
with a Jgc of 7.67 mA/cm?, a Vo of 0.57 V, and a FF of 63.9%. The
Jsc» FF and PCE of the polymerized devices improved to 9.34 mA/
cm?, 65.7% and 3.48%, respectively. This trend was also seen in the
devices with the inverted structure. The unpolymerized device had a

PCE 0f 2.73% with a Jgc of 7.58 mA/cm? a Vo 0f0.57 V and a FF of
63.2%. The polymerized device had a high PCE of 3.43% with Vo of
0.57 V,Jsc 0f 9.25 mA/cm? and FF of 65.5%. For the devices with the
low-bandgap and high efficiency copolymer PBDTTT-CF as the
donor, the polymerized devices also had a higher PCE, Jsc and FF,
as shown in Fig. 5c and g. The device with the conventional structure
based on PBDTTT-CF:PC,,BAAB had a PCE of 6.31% while the
polymerized device demonstrates a dramatic enhancement of

24.4% and reached 7.85%. For the device with the inverted
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Figure 4 | X-ray diffraction patterns of the PBHT:PC4BAAB sample
before (black) and after (red) UV photo-polymerization.
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Figure 5 \ Device J-V characteristics. Current density versus voltage curves (a, ¢, e, g) under simulated air-mass 1.5 global, AM 1.5G, radiation at
100 mW/cm? for the solar cells with either the conventional or inverted structure. The corresponding donor materials, acceptor materials and cell
structures are indicated. The related incident photon to converted current efficiency (IPCE) spectra of the solar cells are shown in the right column
(b, d, £, h).

structure, the situation is almost the same. To clarify the enhanced  polymer solar cells (PSCs) mentioned above. It can be concluded that
Jsc of the devices with VPS, we compared the incident photon to  for all the polymerized devices, the FF and Jsc increased, and so the
converted current efficiency spectra (IPCE, Fig. 5) of the deviceswith ~ PCE increased accordingly. These improvements are attributed to
and without VPS. The IPCE results agree well with the Jsc of the the VPS of the active layer.
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Table 1 | Performance parameters of the solar cells with unpolymerized and polymerized active layers

parameters of conventional devices

parameters of inverted devices

Voc (V) Jsc (mA/cm?) FF(%)  PCE(%) Voc(V) Jsc(mA/cm?) FF (%)  PCE (%)
P3HT:PCsoBAAB unpolymerized 0.57 7.67 63.9 2.80 0.57 7.58 63.2 2.73
polymerized 0.57 9.34 65.7 3.48 0.57 9.25 65.5 3.43
PBDTTT-CF:PC,oBAAB unpolymerized 0.76 13.17 62.6 6.31 0.76 12.57 62.2 5.98
polymerized 0.76 16.06 63.6 7.85 0.76 15.32 63.1 7.37

The VPS of the donor/acceptor network also improved the charge
collection efficiency under working conditions. Figure 6a shows the
J-V characteristics in a wide reverse bias range under AM 1.5G illu-
mination. The results are plotted using the net photocurrent, Jp;
(where Jp, = Jo — Jp and ] and Jp are the current density under
illumination and in the dark, respectively), and the dependence on
the effective applied voltage, Vg (Where Vi = Vo — V and V is the
applied voltage and V), is the voltage at which J,, = 0)*°. At a large
reverse voltage (Vg > 1.5 V), J,p, saturated for both devices, suggest-
ing that all of the photogenerated excitons are dissociated into free
carriers and all of the carriers are collected at the electrodes without
any bimolecular recombination*®*'. In this case, saturation current
density, Jsat, is only limited by the absorbed incident photo flux,
Nphoton- This means that the maximum obtainable exciton genera-
tion rates (Gax given by Jiar = €GpaxL where Lis the thickness of the
active layer) are essentially the same in both devices under AM 1.5G
illumination. At a slightly lower effective voltage range (0.4 V < Vg
< 1.5 V), Jon-Vesr characteristics for both devices approach satura-
tion and overlap with each other. Interestingly, in the low effective
voltage range (Vg < 0.4 V), Jon -V characteristics for the two
devices have large differences. Because the ratio of J,p/Js. is essen-
tially the product of the exciton dissociation efficiency and the charge
collection efficiency®, a decreased Jpu/Jsac SUggests either a reduced
exciton dissociation efficiency or a reduced charge collection effi-
ciency. A reduced charge collection efficiency would suggest that
bimolecular recombination begins to dominate. This usually leads
to lower FF*. The recombination in devices is manifested by the
deviation of the photocurrent from the square-root dependence on
the effective voltage, which is one of the signatures of recombination-
limited photocurrent in organic solar cells*. The superior Jp,-Ves
characteristics from the devices with VPS clearly identifies the effect
of vertical phase separation on reducing the bimolecular recombina-
tion at a low effective voltage, at which maximum power output
condition of PSCs usually appears.

The network with VPS was also found to prevent the build-up of
space charge under device working conditions. Figure 6b and ¢ show
the experimental power law dependence of the photocurrent on the
incident light intensity. A high effective voltage, Vs, of 2.2 V corre-
sponds to negative biases of —1.4 Vand —1.3 V for devices with and
without VPS, respectively. The power exponents are 0.93 and 0.88,
respectively, which is much higher than the 0.75 exponent for the
space-charge-limited scenario®*. This indicates that there was no
build-up of net space charges in either devices even at the highest
illumination intensity. This is because there is a high mobility of both
electrons and holes with balanced mobilities. However, at a low
effective voltage of 0.2 V, which corresponds to an external bias of
0.7 V for devices without VPS, the power exponent decreased to 0.84
(Fig. 5¢). This implies a build-up of space charge and subsequent
bimolecular recombination®. In contrast, the power exponent for
devices with vertical phase separation remained 0.93 at V¢ =
0.2 V, corresponding to an external bias of 0.6 V (Fig. 6b) which
indicates that there was no space charge build-up. The results clearly
show that VPS effectively prevents space charge build-up even under
low effective voltages, which is usually at the maximum power output
of PSCs.

It can be concluded that the VPS of the donor and the acceptor was
induced by UV photo-polymerization of the acceptor in BH]J struc-
ture, similar to the introduction of some solvent additives which
affect the morphology and the charge carrier transport and recom-
bination*’. This effectively reduced the build-up of space charge and
the subsequent bimolecular recombination, which improved the
charge collection ability, resulting in the enhanced FF and Jgc.

In addition, to confirm that there was a more continuous charge
transport channel which reduced the charge accumulation in the
devices fabricated using photo-polymerization, the P3HT:PC4,BAAB
device was illuminated continuously under simulated air-mass
1.5 global, AM 1.5G radiation at 100 mW/cm®. The corresponding
Jsc was obtained every 30 s. As shown in Fig. 7, the Jsc of the
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Figure 6 \ (a) Photocurrent density versus effective voltage (Jon-Ves) characteristics of a PBDTTT-CF:PC;,BAAB solar cell that has a conventional
device architecture with (black) and without (red) VPS structure under constant incident light intensity (AM 1.5G, 100 mW/cm?). The current

from device that has VPS with the conventional device architecture has a dependence on the intensity of the incident light. A double logarithmic plot of
the photocurrent density as a function of the incident light intensity for the PBDTTT-CF:PC;,BAAB solar cells with (b) and without (c) VPS

with different effective voltages is also shown.
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illumination time for P3HT:PC4,BAAB devices, fabricated without
(black) and with (red) UV induced photo-polymerization. Jsc is the
initial Isc.

unpolymerized device decreased quickly under illumination, while
that of the polymerized device decreased slowly. As mentioned
above, the conventional acceptor fullerene, PCBM, forms a discon-
tinuous island structure, resulting in a more discontinuous island
structure of the unpolymerized device. Therefore, more charge accu-
mulated and could not be transported to the electrodes, leading to a
decreased Jsc. The polymerized device, having a more continuous
structure induced by the photo-polymerization of the PCBAAB pre-
vented charge accumulation, and so the Jsc slowly decreased with
extended illumination. Therefore, VPS induced by the photo-poly-
merization of the fulleride is an effective method for forming a
continuous network that can decrease the charge accumulation.

To further verify the applicability of photo-polymerization
induced VPS of the donor and the acceptor to improve the device
performance, the donor polymer was covalently bound to the anode
via self-assembly to reduce the energy barrier. This improved the
carrier extraction ability as shown in our previous work®. The
PCE of the device with photo-polymerization induced VPS reached
8.47%. This is an enhancement of 34% compared with the device
with PEDOT:PSS buffer layer and without photo-polymerization
induced VPS. The device J-V characteristics are shown in Fig. 8.

Discussion

Although many methods to achieve VPS have been developed, there
is not a universal method which is applicable to any donor-acceptor
system. Here, we introduce the photo-polymerized acrylate group to
the fullerene acceptor, and used the relative migration of the donor
and the acceptor during polymerization to achieve real VPS. We
believe that this method is universal and controllable because the
fullerene is by far the most common acceptor. Also, the relative
migration of the donor and the acceptor were controlled by adjusting
the intensity of the UV light.

UV photo-polymerization of the fulleride acceptor formed a more
continuous structure of the acceptor as well as VPS of the donor and
the acceptor. The VPS in the BH]J device architecture effectively
reduces the build-up of space charge and subsequent bimolecular
recombination. This improves the charge collection ability of the
device, resulting in the improved FF and Jsc, which improved the
PCE. The more continuous network formed by UV photo-polymer-
ization aids charge carrier transport. This reduces the charge accu-
mulation in the device and so there is less degradation of the device

2]
-4 - vV, =077V
J, = 16.40 mA/cm’
-81 FF =67.07%
-10 PCE = 8.47%

02 00 02 04 06 08 10
Voltage (V)

guuEESEy
70 " " ",

L}

/
-
(

60- ~
50 .

40+
30

IPCE (%)

J‘.
J
20—_/

10

0
300

500 600 700

Wavelength (nm)

400

Figure 8 | J-V characteristics from a device. (a) The current density versus
voltage curves (under simulated air-mass 1.5 global, AM 1.5G, radiation at
100 mW/cm?) for the solar cells with the donor polymer covalently bound
to the anode as well as the photo-polymerization induced VPS structure.
(b) The related IPCE spectra of the solar cell.

performance as the illumination time increased compared with the
devices which did not have VPS. The UV polymerization of the
fulleride acceptor, regardless of whether the donor material is a poly-
mer or a small organic molecule, forms a more continuous structure
as well as VPS. This is a general method that provides a novel
approach to control the morphology of the active layer not only
for conventional, but also for inverted device architectures.

Methods

Materials. PCsoBM and PC;,BM were purchased from Solenne B V. P3HT was
purchased from Rieke Metals. PBDTTT-CF was purchased from 1-Material. All the
materials were used as received.

Synthesis and characterization. PC4BAAB was synthesised using the esterification
of 4-hydroxybutyl acrylate and [6,6]-phenyl-C61-butyric acid (PCg,BA). The
PCgoBA was prepared from the hydrolysis of PCsoBM*, using N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) as the coupling
agent and 4-(dimethylamino)pyridine (DMAP) as the catalyst. PC;oBAAB was
synthesised using the same procedure.

"H NMR spectra were recorded using Bruker DRX-500 spectrometers.

PCgBAAB. 'H NMR (CDCls, 500 MHz): 5 1.86-1.87 (d, 4H), 2.18-2.24 (m, 2H),
2.52-2.55 (m, 2H), 2.90-2.95 (m, 2H), 4.24-4.26 (d, 2H), 4.32-4.34 (d, 2H), 5.83-5.86
(d, 1H), 6.09-6.18 (m, 1H), 6.40-6.45 (d, 1H), 7.48-7.50 (m, 1H), 7.55-7.58 (m, 2H,),
7.93-7.96 (m, 2H).

PC,,BAAB. 'H NMR (CDCl,, 500 MHz): § 1.85-1.86 (d, 4H), 2.17-2.23 (m, 2H),
2.51-2.54 (m, 2H), 2.88-2.94 (m, 2H), 4.22-4.25 (d, 2H), 4.31-4.33 (d, 2H), 5.81-5.83
(d, 1H), 6.07-6.18 (m, 1H), 6.39-6.44 (d, 1H), 7.48-7.51 (m, 1H), 7.56-7.58 (m, 2H),
7.94-7.96 (m, 2H).
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Device fabrication and characterization. Unless otherwise specified, all processes
were performed in the air. The conventional photovoltaic cells were fabricated by
spin-casting the active bulk heterojunction layer onto a 30 nm layer of PEDOT:PSS
(H. C. Stark Baytron) on liquid-crystal-display glass patterned with 120 nm of
indium tin oxide (ITO). All solutions were prepared by dissolving the corresponding
donor and acceptor into dichlorobenzene. For P3HT:PC4,BAAB, a ratio of 1: 1 w/w
was used with a total polymer concentration of 20 mg/mL. For the other systems, a
ratio of 1:1.5 w/w was used with a total polymer concentration of 10 mg/mL. The
solutions also had a 3% volume ratio of the additive 1,8-diiodooctane. For the
P3HT:PC4BAAB blend, the active layer was 150 nm thick, while for the other
system, the thickness was 100 nm. LiF (0.5 nm) and Al (100 nm) were deposited
through a shadow mask by thermal evaporation under a vacuum pressure of ~5 X
10* Pa. The device had a diameter of 2 mm. To form the polymerized films, the spin-
cast samples were transferred to a covered glass petri dish and irradiated with 365 nm
UV light at an intensity of 0.1 mW/cm? under N, for 40 min.

The active layers of the inverted photovoltaic cells were the same as the conven-
tional ones. The difference was that the ITO glass was modified with 80% ethoxylated
polyethylenimine, to reduce the work function®. In addition, 15 nm of MoOj; as an
anode buffer layer and 150 nm of Ag as the anode were deposited under a vacuum
pressure of ~5 X 107* Pa.

Current density-voltage (J-V) curves were measured using a Keithley 2611 power
source meter under AM 1.5G illumination (100 mW/cm?®) using a 300 W Newport-
Oriel AM 1.5G light source. All measurements were carried out in air. The devices
were not encapsulated.

FTIR spectra were obtained by using a Bruker Vector 22 at4 cm™' resolution with
64 scans performed at ambient temperature. Samples were prepared by immersing
the film on PEDOT:PSS coated ITO substrates in deionised water and picking up the
floating active layer with 200 mesh Cu grids. The active layers were tableted with KBr
after drying. The XPS measurements were performed on an AXIS-Ultra instrument
from Kratos Analytical using monochromatic Al Ko radiation (225 W, 15 mA,

15 kV) and low-energy electron flooding for charge compenzation. To compensate
for surface charge effects, binding energies were calibrated using the hydrocarbon C
1s peak at 284.80 eV. The data were converted into VAMAS file format and imported
into the CasaXPS software package for analysis. The X-ray measurements were car-
ried out on a Bruker D8 Advance powder diffractometer equipped with a Cu anode
(AKo; = 0.154056 nm). A Focused Ion Beam (FIB) system (FEI Nova 200 Nanolab)
was used to prepare cross-sections of the device by in situ lift-out. The cutting was
performed using 30 kV Ga™ ions. A JEOL 2010 FEG analytical electron microscope
operated at 200 kV was used to obtain transmission electron microscope images.
Energy-dispersive X-ray spectroscopy (EDS) spectra were obtained from the TEM
samples.
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