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ABSTRACT: We present performance improved ternary bulk heterojunction
polymer solar cells by doping a small molecule, 2,4-bis[4-(N,N-diisobutylamino)-
2,6-dihydroxyphenyl] squaraine (DIB-SQ), into the common binary blend of
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM). The optimized power conversion efficiency (PCE) of P3HT:PC71BM-
based cells was improved from 3.05% to 3.72% by doping 1.2 wt % DIB-SQ as the
second electron donor, which corresponds to ∼22% PCE enhancement. The main
contributions of doping DIB-SQ material on the improved performance of PSCs
can be summarized as (i) harvesting more photons in the low-energy range, (ii)
increased exciton dissociation, energy transfer, and charge carrier transport in the
ternary blend films. The energy transfer process from P3HT to DIB-SQ is
demonstrated by time-resolved transient photoluminescence spectra through
monitoring the lifetime of 700 nm emission from neat P3HT, DIB-SQ and
blended P3HT:DIB-SQ solutions. The lifetime of 700 nm emission is increased from 0.9 ns for neat P3HT solution, to 4.9 ns for
neat DIB-SQ solution, to 6.2 ns for P3HT:DIB-SQ blend solution.
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■ INTRODUCTION

The fast growth of global energy demand and environment
pollution caused by the traditional energy resources requires
ideal alternatives to meet the needs of economic and social
development. Solar energy is one of the most potentially
renewable and clean energies. Polymer solar cells (PSCs), as
one promising energy conversion technology, have attracted
much attention, because of their unique properties of low cost,
easy fabrication, large scale, and mechanical flexibility.1,2 Based
on these excellent characteristics, the PSCs have many potential
applications, such as incorporation into wearable products,
embellishment of buildings, and the potential future space
application for optimizing the design of space solar power.3,4 In
past years, the power conversion efficiency (PCE) of binary
bulk heterojunction polymer solar cells (BHJ-PSCs) has been
improved to 10.6%, based on tandem configuration devices.5

The low-bandgap electron-donor materials have a broad light
absorption range, which is beneficial to harvesting more
photons from solar light.6−8 However, the intricate fabrication
process for high-performance PSCs with the low-bandgap
electron-donor material is a serious challenge for large-area
fabrication with high yield.9 It is well known that poly(3-
hexylthiophene) (P3HT) is one of the most popular polymers
with the relatively high charge-transport properties and

crystallinity. The better electron donor/acceptor blend system
of P3HT and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) has been commonly used in the past. It was reported
that the performance of PSCs, based on P3HT:PCBM, strongly
depends on the purity of the materials, the solvent, the solvent
additive, the interfacial buffer layer, device preparation
technology, and test conditions. The PCE values of more
than 4% for P3HT:PCBM cells were also reported, based on
elaborated design from device engineering, such as well-forming
interpenetrated network and morphology of active layer,
balance charge carriers, the smaller active area and interfacial
buffer layer.10−12 As we know, the PCE values of P3HT:PCBM
cells are lower than that of PSCs with low-bandgap materials as
donors, which is mainly due to the limited light harvesting
(22% of the total photons in solar light, because of its relatively
large bandgap) and the relative low open-circuit voltage
(Voc).

13,14 In order to expand the spectral absorption range of
organic active layers, different strategies have been used to
extend the spectral range sensitivity into the near-infrared
(NIR) region, for instance, tandem architecture and ternary
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bulk heterojunction cells.15−19 However, processing tandem
architecture cells is challenging, because of the complexity and
accurate control of several parameters, such as the thickness of
solution-processed organic active layers in each subcell and a
robust intermediate layer for efficient charge carriers collection
and recombination, as well as coupling of light absorption
complementary between subcells.20−22 The research on ternary
BHJ-PSCs would become a hot topic since incorporating NIR
sensitizers into donor/acceptor system can easily extend the
absorption spectral range and improve the photon harvesting.
Therefore, the improved performance of ternary BHJ-PSCs
were obtained by optimizing the NIR sensitizer doping
concentrations.23−26 Chen et al. reported that an additional
component is required to achieve optimal panchromatic
absorption, suitable energy-level offset, balanced electron and
hole mobility, and high light-harvesting efficiency.27 Ameri et al.
carried out a series of excellent researches on ternary BHJ-
PSCs, investigating the miscibility, morphology complexity,
charge transfer kinetics process, and carrier transport in ternary
organic active layers.28−30 The ternary blend films can improve
the photon harvesting, because of the complementary
absorption of each materials with different bandgap, resulting
in the improved short circuit current densities (Jsc) and PCE of
PSCs. Yang et al. reported ternary blend heterojunction solar
cells with potential breaking the theoretical efficiency limit by
doping additional singlet fission or up-conversion materials.31

Small molecular material (2,4-bis[4-(N,N-diisobutylamino)-
2,6-dihydroxyphenyl] squaraine, DIB-SQ) has shown tremen-
dous potential for ternary BHJ-PSCs, because of the high

intrinsic carrier mobility, high absorption coefficient, ease of
synthesis, and intense absorption in the NIR range.32−34 DIB-
SQ was incorporated into the system of P3HT and [6,6]-
phenyl-C71-butyric acid methyl ester (PC71BM) to compensate
the lower-energy-photon harvesting of P3HT. The highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of DIB-SQ are
positioned between the corresponding levels of P3HT and
PC71BM, respectively. The cascaded energy level structure of
P3HT:DIB-SQ:PC71BM can enhance the exciton dissociation
and charge carrier transport.35−37 As a result, the optimized
PCE of PSCs based on P3HT:PC71BM was improved to 3.72%
by doping 1.2 wt % DIB-SQ and performing a post-annealing
treatment, which was primarily attributed to extended
absorption spectrum of the active layer up to 800 nm and
enhanced exciton dissociation efficiency through cascade
energy structure.

■ EXPERIMENTAL SECTION
The polymer P3HT (purchased from Luminescence Technology
Corp.) and PC71BM (purchased from Luminescence Technology
Corp.) were dissolved in 1,2-dichlorobenzene and mixed appropriately
in a high-nitrogen glove box to obtain binary blend solutions (36 mg/
mL) with a weight ratio of 1:0.8. Small molecule DIB-SQ (purchased
from Luminescence Technology Corp.) solution was separately
prepared in 1,2-dichlorobenzene at a concentration of 10 mg/mL
and then mixed with the blend solutions of P3HT:PC71BM. The DIB-
SQ doping concentrations in P3HT:PC71BM were adjusted from 0.6
wt % to 3.6 wt %. More experimental details are described in the
Supporting Information. Figure 1 shows the chemical structures of

Figure 1. (a) Chemical structures of organic materials P3HT, PC71BM, and DIB-SQ; (b) schematic configuration of the fabricated PSCs.

Figure 2. (a) Normalized absorption spectra of the pristine P3HT, PC71BM, and DIB-SQ films; (b) absorption spectra of P3HT:DIB-SQ:PC71BM
films with various DIB-SQ doping concentrations from 0 to 3.6 wt %.
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used organic materials and the schematic configuration of the
fabricated PSCs.

■ RESULTS AND DISCUSSION

The absorption spectra of the neat PC71BM, P3HT, and DIB-
SQ films are shown in Figure 2a. The maximum absorption
peaks of P3HT and DIB-SQ films are located at 520 and 693
nm, respectively. Polymer P3HT has a relative strong
absorption peak at 520 nm and a shoulder absorption peak at
600 nm. Small molecule DIB-SQ has a strong absorption in the
region from 500 nm to 800 nm. Electron acceptor PC71BM has
a larger absorption range with two apparent absorption peaks,
at 375 and 480 nm. There is a great absorption spectral overlap
among P3HT, DIB-SQ, and PC71BM, resulting in the extended
absorption range of ternary blend films. The absorption spectra
of the ternary blend films with different DIB-SQ doping
concentrations are shown in Figure 2b. It is obvious that the
relative absorption intensity of the ternary films from 600 nm
to 750 nm is enhanced, along with the increase of DIB-SQ
doping concentrations. The absorption intensity between 300
nm and 600 nm from P3HT and PC71BM is kept constant
when the DIB-SQ doping concentrations are <1.2 wt %, which
indicates that the π−π stacking of P3HT is not disturbed by the
low DIB-SQ doping concentrations.29,38 However, an apparent
decrease in P3HT absorption intensity was observed when the
DIB-SQ doping concentration exceeded 1.2 wt %, which was
attributed to the relative decrease of P3HT content and the
distorted P3HT molecular arrangement, along with the increase
of DIB-SQ doping concentrations.39

A series of binary BHJ-PSCs with P3HT:PC71BM as active
layer (control cell) and ternary BHJ-PSCs with different DIB-
SQ doping concentrations as the second electron donor were
fabricated under the same conditions. The current density−
voltage (J−V) characteristics of ternary BHJ-PSCs without
annealing treatment under 100 mW/cm2 illuminations intensity
were measured and are shown in Figure 3a. According to the J−
V curves, the key photovoltaic parameters of ternary BHJ-PSCs
with different DIB-SQ doping concentrations are summarized
in Table 1. It is apparent that the performances of PSCs are

increased by doping DIB-SQ as the second electron donor,
which is beneficial from more photon harvesting in the low-
energy range, according to absorption spectral variation of
ternary blend films.
The Jsc value of ternary BHJ-PSC was increased from 5.6

mA/cm2 to 7.8 mA/cm2 by doping 1.2 wt % DIB-SQ due to the

Figure 3. (a) J−V characteristics of BHJ-PSCs with various DIB-SQ doping concentrations under 100 mW/cm2 illumination intensity; (b)
corresponding J−V characteristics in darkness; (c) EQE spectra of BHJ-PSCs with different DIB-SQ doping concentrations; (d) J−V characteristics
of ternary BHJ-PSCs with pre-annealing or post-annealing treatment.

Table 1. Key Photovoltaic Parameters of Ternary BHJ-PSCs
with Different DIB-SQ Doping Concentrations

PCE [%]

DIB-SQ in P3HT:PC71BM
[ wt %]

Jsc
[mA/cm2]

Voc
[V]

FF
[%] best averagea

0 5.6 0.61 62 2.10 1.97
0.6 7.4 0.61 58 2.60 2.42
1.2 7.8 0.61 56 2.66 2.56
2.4 7.4 0.62 55 2.51 2.36
3.6 6.8 0.62 57 2.40 2.23

aAverage PCE: more than 45 cell samples were evaluated.
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extended absorption spectral range of the ternary blend films.
Meanwhile, fill factor (FF) was decreased to 56% from 62% and
the Voc was kept at 0.61 V. When the DIB-SQ doping
concentration was <1.2 wt %, the gain in Jsc can compensate for
the loss in FF, resulting in an increase in PCE. The optimized
PCE of PSCs without annealing treatment was ∼2.66% when
the tradeoff between the enhancement of the Jsc and the
reduction of the FF was reached. The Jsc value of the cells was
slightly decreased when the DIB-SQ doping concentration was
more than 1.2 wt %, which should be attributed to the
disrupted interpenetrated network between P3HT and
PC71BM and the relative decrease of P3HT:PC71BM content
under the high DIB-SQ doping concentration systems. The
PCE values of ternary BHJ-PSCs show an apparent decreasing
trend, along with the DIB-SQ doping concentration more than
1.2 wt %. All ternary BHJ-PSCs have the lower dark current
density than the control cells under the reverse bias, as shown
in Figure 3b. This indicates that small molecule DIB-SQ can
effectively restrain the leakage current under reverse bias, which
may provide effective charge carriers transport in the ternary
blend layers with appropriate doping concentration, resulting in
the increase in Jsc, compared to that of the control cells. Cha et
al. also reported the similar phenomenon based on small
molecule doped in P3HT:PCBM system.40 Figure 3c shows the
EQE spectra of PSCs with different DIB-SQ doping
concentrations. The EQE spectra of ternary BHJ-PSCs with
DIB-SQ 1.2 wt % doping concentration are increased by ∼10%
in the region from 400 nm to 600 nm, compared with the
control cells. The EQE enhancement of ternary BHJ-PSCs
should be attributed to the additional exciton dissociation and
charge carriers collection induced by the introduction of DIB-
SQ.34 The EQEs of ternary BHJ-PSCs in the range from 600
nm to 750 nm are enhanced, along with the increase of DIB-SQ
doping concentrations. However, the EQEs of ternary BHJ-
PSCs in the range from 350 nm to 600 nm are increased and
then decreased, which is similar to the absorption spectral
variation trend of ternary films with changing DIB-SQ doping
concentrations, as shown in Figure 2b. The property of self-
organized structure of polymer P3HT can be enhanced by
annealing treatment, resulting in the increased performance of
P3HT-based cells.41 In order to further confirm the effect of
DIB-SQ doping on the performance of PSCs, the performance
of control cells and ternary BHJ-PSCs with 1.2 wt % DIB-SQ
doping concentration were investigated under the condition of
pre-annealing treatment or post-annealing treatment at 90 °C
for 10 min. The J−V characteristics of PSCs with pre-annealing
or post-annealing treatment are depicted in Figure 3d.
According to the J−V characteristics of PSCs with annealing
treatment, the photovoltaic parameters of all PSCs are
summarized in Table 2. All the annealed PSCs show better

PCE values, compared to that of PSCs without annealing
treatment. For the control cells, the PCE of PSCs with pre-
annealing treatment is increased from 2.1% to 3.05% with Jsc =
8.7 mA/cm2 and FF = 57%. The PCE of the control cells is
increased from 2.1% to 2.86% by post-annealing treatment,
which is lower than that of PSCs with pre-annealing treatment.
It may be due to LiF molecular diffusion into active layer during
annealing treatment. Li et al. also reported that post-annealing
treatment on PSCs with LiF/Al as the cathode may result in the
decreased PCE, because of the destroyed morphology of the
active layer.42 The PCE values of ternary BHJ-PSCs with an
optimized DIB-SQ doping concentration of 1.2 wt % are
significantly enhanced by pre-annealing or post-annealing
treatment. The PSCs with post-annealing treatment achieves
the highest PCE value of 3.72% with Jsc = 9.7 mA/cm2 and FF
= 66%. Compared with the optimized control cells (PCE =
3.05%), the PCE values of ternary PSCs with post-annealing
treatment achieve ∼22% efficiency improvement. Figure S1 in
the Supporting Information shows the typical J−V character-
istic curves of PSCs with a DIB-SQ doping concentration of 1.2
wt %, where the averaged PCE values of PSCs are calculated
based on the experimental results of 40 cells. Furthermore, the
FF of ternary PSCs reaches values as high as 66%; as far as we
know, this is the relative high value for the ternary PSCs to
date. According to our previous results, the cells with DIB-
SQ:PC71BM as the active layer and Li/Al as the cathode show
better performance after a post-annealing treatment.43 The
PCE improvement of ternary PSCs with post-annealing
treatment is attributed to the increased charge carrier transport
in the active layer, which can be demonstrated from J−V curves
under 100 mW/cm2 illumination intensity.
In order to further understand the possible kinetic processes

of energy transfer and charge carriers transport in ternary blend
films, the energy level diagram of used materials is shown in
Figure 4a. The HOMO and LUMO levels of DIB-SQ molecule
are properly located between the corresponding levels of P3HT
and PC71BM, respectively.29,43 Such a cascade energy schematic
of P3HT:DIB-SQ:PC71BM matrix provides a feasibility of
exciton dissociation and charge carriers transfer at both
interfaces of P3HT/PC71BM and DIB-SQ/PC71BM. The PL
spectra of neat P3HT, DIB-SQ, and P3HT:DIB-SQ blend
solutions under the excitation of 490 nm light are shown in
Figure 4b. The PL emission peak of neat P3HT is located at
585 nm and that of neat DIB-SQ is located at 700 nm, with a
narrow emission range from 675 nm to 775 nm. Interestingly,
the relative PL emission intensity of P3HT gradually decreases
and the DIB-SQ emission intensity continuously increases,
along with the increase of DIB-SQ doping concentrations,
implying an energy transfer from P3HT to DIB-SQ molecule.
To further confirm the energy transfer from P3HT to DIB-SQ
molecule, time-resolved transient photoluminescence (TRTPL)
spectra of neat P3HT, DIB-SQ, and blend P3HT:DIB-SQ
solutions were probed at 700 nm under the excitation of 460-
nm pulse NanoLED source as shown in Figure 4c. The
emission peak at 700 nm should mainly originate from DIB-SQ
molecular emission, according to their PL spectra shown in
Figure 4b. The lifetimes of 700 nm emission are ∼0.9 ns and
4.9 ns for the neat P3HT solution and neat DIB-SQ solution,
respectively. The lifetime of 700 nm emission is increased to
6.2 ns for the blend P3HT:DIB-SQ solution; the increased
lifetime of 700 nm emission indicates that the energy transfer
process from P3HT to DIB-SQ molecules has occurred.44 It is
known that for energy transfer between different materials to

Table 2. Key Photovoltaic Parameters of BHJ-PSCs with
Pre-Annealing or Post-Annealing Treatment

PCE [%]

DIB-SQ in P3HT:PC71BM
[ wt %]

Jsc
[mA/cm2]

Voc
[V]

FF
[%] best averagea

0 + pre-annealed 8.7 0.57 57 3.05 2.90
0 + post-annealed 8.4 0.57 56 2.86 2.69
1.2 + pre-annealed 9.3 0.59 62 3.39 3.21
1.2 + post-annealed 9.7 0.58 66 3.72 3.60

aAverage PCE: more than 40 solar cell samples were evaluated.
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occur, a large spectral overlap should exist between one
material PL spectra and the other material absorption spectra.45

The inset of Figure 4c shows a great spectral overlap between
absorption spectrum of DIB-SQ and PL spectrum of P3HT.
The Förster resonance energy transfer (FRET) from P3HT to
DIB-SQ molecule provides a potential route for improving
exciton dissociation efficiency.34,46 In order to further study the
exciton kinetic process at the P3HT:DIB-SQ interface, three
types of cells were fabricated, based on P3HT, DIB-SQ, and
P3HT:DIB-SQ as the active layers (without doping PC71BM),
respectively. The J−V curves of cells were measured under 100
mW/cm2 illumination intensity and are shown in Figure 4d.
The Jsc values of cells without PC71BM are ∼3 orders of
magnitude smaller than those of PSCs with PC71BM.
Meanwhile, there is no significant change of Jsc for the cells
with neat P3HT, DIB-SQ, and binary blend P3HT:DIB-SQ as
the active layers. The fairly weak photovoltaic performance of
PSCs based P3HT:DIB-SQ as the active layer indicates that the
exciton cannot be effectively dissociated into a free charge
carrier at the P3HT/DIB-SQ interface. According to the PL
spectra of P3HT:DIB-SQ with different DIB-SQ doping
concentrations and the photovoltaic performance of
P3HT:DIB-SQ based PSCs, the exciton generated on P3HT
would like to transfer their energy to DIS-SQ, rather than
dissociate into free charge carriers at the P3HT/DIB-SQ
interface.
Based on the above experimental results and analysis, the

kinetic processes in ternary BHJ-PSCs can be described as
follows: (i) the exciton formed on P3HT may be directly

dissociated into free charge carriers at the P3HT/PC71BM
interface, or be transferred to DIB-SQ and then dissociated into
free charge carriers at the DIB-SQ/PC71BM interface; (ii) the
exciton generated on DIB-SQ molecules by harvesting low-
energy incident photons, and then dissociated into free charge
carriers at the DIB-SQ/PC71BM interface, (iii) electron
acceptor PC71BM molecules can also generate excitons by
harvesting relatively high-energy incident photons, and the
excitons on PC71BM molecules can be effectively dissociated
into free charge carriers at the P3HT/PC71BM interface or at
the DIB-SQ/PC71BM interface, which are reflected by the EQE
spectra of ternary BHJ-PSCs. All the ternary BHJ-PSCs show
relatively high EQE values in the shorter wavelength range,
which corresponds to the absorption of PC71BM (as shown in
Figure 2b).
Attempts to further clarify the effect of DIB-SQ doping

concentrations on the performance of ternary BHJ-PSCs, as
well as the morphology of binary and ternary blend films, were
investigated by atomic force microscopy (AFM) and are shown
in Figure 5. The root-mean-square (RMS) of roughness value is
a statistical average data from several points. The RMS
roughness of the P3HT:PC71BM control film is ∼3.4 nm.
The film of P3HT:PC71BM with 1.2 wt % DIB-SQ has a
smoother surface, with an RMS roughness of ∼2.0 nm, which
may be beneficial to exciton transfer from P3HT to DIB-SQ or
exciton dissociation at donor/acceptor interfaces.47 Further-
more, the good nanomorphology of the active layer film also
has a positive influence on charge carrier transport and
collection at the electrodes, which has been illustrated in the

Figure 4. (a) Energy level diagram of P3HT:DIB-SQ:PC71BM cells (curved arrows indicate the possible pathways of charge carrier transport in the
ternary blend, and the lightning bolts indicate the potential energy transfer pathway); (b) PL spectra of neat P3HT, neat DIB-SQ, and blend
P3HT:DIB-SQ solutions with various DIB-SQ doping concentrations excited by 490-nm light; (c) TRTPL spectra of neat P3HT, DIB-SQ, and
blend P3HT:DIB-SQ solutions (the inset shows emission spectrum of P3HT and absorption spectrum of DIB-SQ); and (d) J−V characteristics of
PSCs without PC71BM under an illumination intensity of 100 mW/cm2.
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EQE spectra. The smoother surface of ternary blend films with
1.2 wt % DIB-SQ indicates that molecular aggregation can be
restrained at lower DIB-SQ doping concentrations. The
roughness of ternary blend films with 3.6 wt % DIB-SQ is
increased to be ∼4.1 nm, the decreased PCE may be related to
the rougher active layer surface due to DIB-SQ molecular
aggregation.39 Compared with the AFM phase image of
P3HT:PC71BM films as shown in Figure 5d, the phase images
of P3HT:PC71BM:DIB-SQ films with different DIB-SQ doping
concentrations show an apparent change. More and more
islands were formed on the surface of the films, along with the
increase in DIB-SQ doping concentration, as seen from Figures
5e and 5f. Compared with the phase images of P3HT:PC71BM
and P3HT:PC71BM:DIB-SQ films, the islands on the films
should be DIB-SQ aggregation, because the number of islands
increases more and more as the DIB-SQ doping concentration
increases. The greater aggregation of DIB-SQ on the film
surface results in a performance decrease of PSCs when the
DIB-SQ doping concentrations are more than 1.2 wt %.
However, the AFM investigation on molecular distribution in
films is only limited on the surface; the bulk information about
the ternary blend films is very important to understand the
comprehensive role of doping on the performance of PSCs.
Recently, Viterisi et al. reported a simple method to determine
the molecular packing in crystalline domains of bulk
heterojunction films by a set of X-ray diffraction (XRD)
analyses.48 The effect of DIB-SQ on the molecular arrangement
in the blend films may play a key role in determining charge
carrier transport and influencing the performance of PSCs. The
greater amount of information on the inside of bulk
heterojunction layer, not just on the film surface, should be
more important for understanding the role of doping, solvent

additive, and annealing treatment on the performance of PSCs.
According to the experimental results, the ternary blend system
may provide an effective and simple method to improve the
performance of PSCs. The main role of DIB-SQ should be
attributed to photon harvesting and assisted exciton dissocia-
tion through the energy transfer process. How to investigate the
effect of doping on molecular arrangement in the films is an
important and difficult issue for further understanding the intra-
mechanism of performance improvement of PSCs with
appropriate doping concentration of low bandgap material as
the second electron donor.

■ CONCLUSIONS

In conclusion, the performance of ternary bulk heterojunction
polymer solar cells (BHJ-PSCs) with appropriate low-bandgap
material doping concentrations shows an apparent increase,
compared with that of binary blend BHJ-PSCs. The optimized
power conversion efficiency (PCE) of P3HT:PC71BM-based
cells was improved from 3.05% to 3.72% by doping 1.2 wt %
2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squar-
aine (DIB-SQ) as the second electron donor material and an
annealing treatment. The performance improvement of ternary
BHJ-PSCs should be attributed to the extended absorption
spectra to the longer wavelength and enhanced exciton
dissociation efficiency through energy transfer from P3HT to
DIB-SQ process. The performance of ternary BHJ-PSCs can be
increased by adopting ternary blend films, which has a far-
reaching impact on the industrialization of PSCs, because of the
effortless fabrication process.

Figure 5. AFM morphology images of (a) P3HT:PC71BM film, (b) P3HT:PC71BM with a 1.2 wt % DIB-SQ doping concentration film, and (c)
P3HT:PC71BM film with a DIB-SQ doping concentration of 3.6 wt %. Corresponding AFM phase images (panels d−f) are shown below each
respective morphology image.
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