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4
Perovskite nanowire extrusion

The defect-tolerance of halide perovskite materials has led to efﬁcient optoelectronic devices based on thin-ﬁlm geometries with
unprecedented speed. Recently, ordered vertical arrays of perovskite
nanowires have been realized, which can beneﬁt from nanophotonic
design strategies allowing precise control over light propagation,
absorption, and emission. An anodized aluminum oxide template is
used to conﬁne the crystallization process, either in the solution or in
the vapor phase. This approach, however, results in an unavoidable
drawback: only nanowires embedded inside the AAO are obtainable,
since the AAO cannot be etched selectively. The requirement for a
support matrix originates from the intrinsic difﬁculty of controlling
precise placement, sizes, and shapes of free-standing nanostructures
during crystallization, especially in solution. Here we introduce a
method to fabricate free-standing solution-based vertical nanowires
with arbitrary dimensions. Our scheme also utilizes AAO, however,
in contrast to embedding the perovskite inside the matrix, we apply
a pressure gradient to extrude the solution from the free-standing
templates. The exit proﬁle of the template is subsequently translated
into the ﬁnal semiconductor geometry. The free-standing nanowires
are single crystalline and show a PLQY up to ∼29%. In principle,
this rapid method is not limited to nanowires but can be extended
to uniform and ordered high PLQY single crystalline perovskite
nanostructures of different shapes and sizes by fabricating additional
masking layers or using speciﬁcally shaped nanopore endings.
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4.1 Introduction
Solution-based halide perovskite materials have attracted tremendous attention
over the last ﬁve years. They show great potential for optoelectronic devices, such
as solar cells and light-emitting diodes among other applications [84, 262]. While
most research efforts have focused on thin-ﬁlm geometries, highly ordered nanostructure array geometries have attracted less attention, even though nanophotonic
design strategies could allow precise control over light propagation, absorption,
and emission[263–271]. For example, while several reports exist on the formation
of perovskite nanowires [45, 123, 127, 167, 170, 171, 178, 182, 272–278] , only a few of
them show highly ordered vertical array geometries, which are of prime importance
for large-scale device applications [182, 276–278].
Only recently, ordered vertical perovskite nanowire arrays inside anodized
aluminum oxide (AAO) templates have been realized [182, 276–278]. In these
studies, the AAO conﬁnes the crystallization process in either solution or vapor
phase and therefore completely determines the cross-section and length of the
ﬁnal nanostructures. Since the AAO cannot be removed selectively, because of the
sensitivity of perovskites to etchants, the nanowires remain embedded inside the
AAO and are not free-standing arrays. Also, the geometries achievable with this
approach are limited to what can be obtained in AAO.
In general, synthetic methods for making free-standing solution-based nanostructure arrays with arbitrary cross-sectional shapes and sizes are currently lacking.
This limitation can be explained by the intrinsic difﬁculty of controlling the precise
placement and form factors of free-standing nanostructures during crystallization
from solution.
In this chapter we introduce a method to fabricate nanostructure arrays with
arbitrary dimensions directly from solution. As proof of this concept, we show
the fabrication of vertical free-standing CH3 NH3 PbBr3 perovskite nanowires.
The scheme utilizes AAO templates to conﬁne the precursor solution into highly
ordered nanopores with narrow size distributions. In contrast to techniques that
embed the perovskite inside the AAO, the solution is extruded from the freestanding templates, driven by a small pressure gradient of 50-100 mbar versus atm.
At this stage the formation of the nanowire-shaped intermediate crystal phase
is initiated by more rapid evaporation of the solvent near the pore exits and the
conﬁnement of the solution. The pore exits therefore determine the dimensions
of the nanostructures. After annealing, highly uniform free-standing perovskite
nanowires with a wide variety of dimensions are obtained. Transmission electron
microscopy (TEM) diffraction shows single crystallinity along the nanowire length.
Photoluminescence quantum yield (PLQY) measurements on single nanowires
reach values of ∼29%, which are in line with values for the respective CH3 NH3 PbBr3
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thin-ﬁlms [44, 104, 279].
In principle, this novel method is not limited to nanowire arrays but could be extended to a large variety of highly uniform and ordered high PLQY single crystalline
perovskite nanostructures. Different shapes and sizes could be obtained by fabricating additional masking layers or using speciﬁcally shaped nanopore endings
[280]. The concept of the fabrication process is very similar to macroscopic proﬁle
extrusion in the plastics industry, however, for a nanoscale optoelectronic material.
The unprecedented simplicity and high speed make it therefore a highly promising
approach for the industrial fabrication of novel optoelectronic devices based on
high PLQY nanostructured arrays.

4.2 Fabrication of nanowires via AAO templates
Figure 4.1 shows the fabrication scheme. In the ﬁrst step the CH3 NH3 PbBr3 solution (3M in dimethyl sulfoxide, DMSO) is dropcast onto a free-standing AAO template (30-50 μm thick), which rests on an O-ring on top of a PDMS block. AAO is
a well-known template for nanostructuring and allows control over pore size and
shape from hundreds of nanometers down to around 5 nm on a wafer scale and
even in binary array geometries [280–285]. By selectively etching the supporting
aluminum substrate, free-standing AAO templates with double-sided pore access
can be obtained [286, 287]. To facilitate the ﬁlling of the AAO pores with the perovskite solution, a low-pressure region is formed in the sealed air compartment
between the AAO and the PDMS. We used a simple syringe connected via a plastic
tube to establish the pressure gradient of 50-100 mbar versus atm when pulling
the piston of the syringe. In general, any method to control the pressure can be
utilized. Driven by the pressure gradient across the membrane, the perovskite solution rapidly ﬁlls the AAO pores and extrudes out of the AAO template on the bottom
(inset in Figure 4.1a). The time of extrusion depends directly on the pressure gradient applied and the dsired length of ﬁnal nanowires. In the next step, the template
is carefully transferred onto glass spacers positioned on a hotplate and annealed at
120 °C to form the perovskite crystals (Figure 4.1b). Figure 4.1c shows schematically
the ﬁnal AAO template with the extruded free-standing nanowires. Finally, we drytransfer the single perovskite nanowires to different substrates (glass, silicon, TEM
grids) for subsequent characterization. We have used the same AAO templates
numerous times, simply by dissolving the residual perovskite inside the pores with
DMSO and rinsing in acetone and isopropanol followed by prolonged annealing.
Therefore, the requirements for a reusable substrate scheme, e.g. by embedding
the array nanostructures into a polymer layer followed by mechanical peel-off, are
easily met.
In order ot understand the mechanism of nanowire formation and determine if
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Figure 4.1: Perovskite nanowire extrusion scheme. a) CH3 NH3 PbBr3 solution
(3M in DMSO) is dropcast onto an AAO template placed on an O-ring on top of
a PDMS block. A low pressure region is formed in the sealed air compartment
between the AAO and the PDMS block with a glass syringe connected via plastic
tubing. After a short time the perovskite solution ﬁlls the AAO pores and extrudes
out of the AAO template on the bottom (inset). b) The template is carefully
transferred to a hot stage and annealed. c) The ﬁnal AAO template with extruded
free-standing nanowire arrays.

the nanowire shape formed before or after the ﬁnal annealing step, we carefully
break off the nanowires and transfer them to a different substrate before annealing.
Figure 4.2 shows the resulting structures which is an intermediate crystal phase
probably consisting of CH3 NH3 PbBr3 and DMSO formed in the nanowire shape
right at the extrusion stage. Such intermediates have been reported previously
[288–291]. The crystallization of the intermediate is likely due to preferential evaporation of the solvent from the pore exit and the solution conﬁnement inside the
AAO pores. The wires of the intermediate appear to have largely varying diameters.
We ascribe this fact to merging of multiple nanowire during the break-off process.
Figure 4.2b shows a part of the substrate which was still partly covered in DMSO.
Interestingly, the wire-like intermediates are clearly visible in the bottom part of the
image, even though they are embedded in DMSO. At the solvent front on the upper
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part in the image, cubic perovskite crystals can be seen. After a short annealing for
5 min at 120°C we ﬁnd the complete transformation of the wire-like intermediate
into cubic crystals, as can be seen in Figure 4.2c. As has been noted before, due
to the interaction with the substrate, the intermediate crystal structure rearranges
into cubic crystals during the ﬁnal perovskite formation. Therefore, the AAO template not only guide the shape of the intermediate into the nanowire form, but also
stabilizes the structure during the ﬁnal transformation from the intermediate phase
into the perovskite crystal.
Figure 4.3 shows extruded free-standing vertical perovskite nanowires covering a
wide area of the AAO surface. The length of the nanowires is dictated directly by
the time and magnitude of applied pressure gradient to the template. As shown in
the inset of Figure 4.3a nanowire are shorter when applying the pressure gradient
for a shorter time. While our current results serve as a proof-of-concept, further
optimization is necessary to improve the wire-to-pore ratio, diameter distribution
and nanowire length. In this study, two different types of AAO templates were used:
custom-made ordered templates with pore size of 250 nm (pitch 1 μm) (Figure 4.3a
and b) and commercially available semi-ordered templates with average pore sizes
of 200 nm (pitch 470 nm) (Figure 4.3c and d). The pitch-to-pore ratio serves as
a crucial parameter in realizing nanowire arrays; for ratios smaller than ∼4 the
extruded nanowires coalesce (see Section 4.6). In order to increase the initial ratio
the pore sizes of the semi-ordered templates were shrunk down by subsequent
atomic layer deposition of alumina (see supporting information). We observed an
increase in diameter compared to the AAO pore exit, which we attribute to a nonideal contact angle between the pore wall and the back surface of the template,

a)

b)

c)

Figure 4.2: Optical microscopy images of intermediate crystal phase. a) Darkﬁeld image of intermediate crystal phase in nanowire shape. b) Dark-ﬁeld image
of the wire-like intermediate broken off after extrusion through AAO template and
before annealing. A few perovskite crystals formed already at this stage. c) Darkﬁeld image after annealing of the same region than in b). As has been noted before,
the nanowire shape of the intermediate is unstable on a glass substrate, in contrast
to cubic crystals (compare upper parts of b) and c)). Scale bars are 10 μm, 20 μm
and 20 μm for a)-c), respectively.
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which leads to partial surface wetting around the pore instead of immediate extrusion. With increasing time of mechanical polishing to obtain a 90° angle, we
observed a decreasing discrepancy between pore exit and the ﬁnal nanowire diameter. The single nanowires were transfered to other substratets such as silica, TEM
grid and silicone for furthere characterization by sliding carefully the substrate on
top of the template (Figure 4.4). The thin wires were used for TEM studies, while
the thick nanowires fabricated from ordered AAO templates were used for PLQY
measurements, as described further. Figure 4.4a,b show a nanowire with a length
of ∼20 μm, originating from a template which was exposed for a longer time to the
pressure gradient. The SEM images demonstrate high geometric uniformity and
absence of any apparent surface disorder on the nanowires. Figure 4.3b and d show
optical dark-ﬁeld images taken from the vertical nanowire arrays fabricated with
ordered and semi-ordered AAO templates respectively. In Figure 4.4c an optical
dark-ﬁeld image of single nanowires is shown, which supports the high uniformity
of the wires by absence of strong optical variations along the length or in between
nanowires, e.g. due to changing optical resonances because of variations in diameter [292, 293].

4.3 Single crystallinity of perovskite nanowire
To obtain crystallographic information, we performed transmission electron
microscopy (TEM) diffraction on single perovskite nanowires and X-ray diffraction
(XRD) measurements on a whole template. Figure 4.5a shows a bright-ﬁeld image
of a wire with the green marked regions (I, II, III) indicating the locations of
selected-area diffraction measurements, as shown in Figure 4.5b-d, respectively.
The same diffraction spot pattern can be clearly seen along the length of the wire,
conﬁrming it is a single crystal. Furthermore, all the measured wires via TEM
diffraction showed a <100> growth direction for the cubic symmetry. The obtained
lattice constant of a=5.85(5) Å is in agreement with previously reported values
for CH3 NH3 PbBr3 perovskite (a=5.92 Å) [189, 233]. Besides the 0.5-1% difference
between the measured and the literature value of the lattice constant we observe
a set of symmetric diffraction spots not originating from the perfect cubic lattice,
but which can be explained by a slight tilt of the octahedra in the crystal structure
[294, 295]. Therefore, we attribute the difference in lattice constants to a deviation
from the perfect cubic crystal phase [295].
During electron beam exposure we observed degradation of the perovskite crystal,
as already noted by others [239]. The exposure resulted in a continuous conversion
to polycrystallinity, i.e. the evolution of diffraction rings from distinct spot patterns
with increasing exposure time which prevented perfect alignment to the zone axis.
Figure 4.6a-c show bright ﬁeld images of the same nanowire with marked regions
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Figure 4.3: Electron and optical microscopy images of extruded perovskite
nanowires. a) SEM image of vertical nanowire array made with ordered AAO
template. Inset shows shorter nanowires that have been obtained by exposing the
template for shorter times to the pressure gradient. b) Optical top view dark-ﬁeld
microscope image of the array in (a) under white light illumination. c) SEM image
of extruded nanowire arrays from semi-ordered arrays. d) Optical top view darkﬁeld microscope image of the array in (c).
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1 μm
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4 μm

c)

5 μm

e)

Figure 4.4: Electron and optical microscopy images of single perovskite
nanowires. a) Higher magniﬁcation SEM images of single horizontal perovskite
nanowires with different wire lengths. b) Optical dark-ﬁeld microscope image of
single nanowires.
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Figure 4.5: TEM single nanowire diffraction. a) Bright-ﬁeld image of a single
perovskite nanowire. b-d) Diffraction images of the regions I-III marked in a),
respectively. The same diffraction spot pattern can be clearly seen along the length
of the wire, conﬁrming a single crystal phase. The obtained lattice constant for
the wire, a=5.85(5) Å, is in agreement with the literature value of CH3 NH3 PbBr3
perovskite (a=5.92 Å) [189]. The scale bars in a) and b)-d) are 2 μm and 2 nm-1,
respectively.

d-f for which the diffraction is shown , respectively. Figure 4.6g-i present bright
ﬁeld images of another nanowire and the formation of a granular contrast with
prolonged exposure. The granular contrast is likely due to the observed polycrystallinity, as shown in f. Noteworthy, the transformation from the single into the
polycrystalline structure is mostly initiated at the contact points with the Au TEM
grid which points towards a charge-assisted degradation mechanism.
The X-Ray diffraction (XRD) measurements conﬁrm the dominance of the <100>
growth direction over the whole template, as showin in Figure 4.7. When XRD is
conducted on assembles of nanowires extruded with ordered AAO, the (100) and
(200) crystal planes present the strongest diffraction peaks, in agreement with the
<100> growth direction of nanowires obtained from single wire TEM diffraction.
Other diffraction peaks might originate from residual perovskite microcrystals
formed on the AAO top surface during fabrication or slightly tilted nanowires.
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Figure 4.6: Electron beam-induced damage of perovskite nanowires. a-c) Bright
ﬁeld images of the same nanowire with marked regions d-f for which the diffraction
is shown in Figure 4.5 d-f ) The initially distinct diffraction spots change into
rings during electron beam exposure. g-i) The initially distinct diffraction spots
change into rings during electron beam exposure. h) the change originates from
contact points with the TEM grid, as shown in i, which indicates a charging related
degradation mechanism.

These results prove that highly uniform and single crystalline perovskite nanowires
can be obtained with this novel nanowire extrusion method.

4.4 Optical properties of nanowire
To study the electronic and optical properties we performed photoluminescence
quantum yield (PLQY) measurements .The PL spectrum in Figure 4.8a shows a
peak centered at 535 nm, which is in agreement with previous reports for thin
ﬁlms of CH3 NH3 PbBr3 [251]. To obtain spatially resolved PLQY measurements of
single nanowires, we used integrating sphere microscopy [296, 297]. This technique allows us to determine quantitatively the spatially resolved absorptance, by
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Figure 4.7: X-ray diffraction (XRD) pattern of perovskite nanowire array after
extrusion through AAO template.

using an integrating sphere to measure all non-absorbed light and a glass sample
holder on a piezo-stage to scan the sample across the laser beam. Additionally,
by placing ﬁlters in front of the integrating sphere and reﬂection photodetectors,
we can measure the photoluminescence quantitatively, as well. As a result, we can
calculate the spatially resolved PLQY, i.e. how many photons are emitted per absorbed photon (see Section 4.6.2 for more details). As can be seen in Figure 4.8b, the
PLQY has the highest value of 29.5% at the center of the nanowire while the average
along the whole length is ∼20%. The Average PLQY values were calculated from the
PLQYs along the nanowire axis, and error bars are standard deviation from average.
The PLQY experiment details is explained in Section 4.6.2. TEM measurements
in Section 4.3 conﬁrm the single-crystalline nature of these wires, while the PLQY
shows deviations from the average value along the nanowire length Figure 4.8b.
Given that the single-crystalline wire has no grain boundaries we suspect surface
recombination and defect recombination from slight variations in stoichiometry
or point defect density to be the main factors limiting the performance [104]. As
discussed in Chapter 3 the inhomogeneous vacancy distributions in perovskite single crystals lead to inhomogeneous PL [298]. Given the emission of single crystal
CH3 NH3 PbBr3 nanowire here (Figure 4.8) we attribute the non-uniform PLQY map
to the local variations in stochiometry.
To study the degradation behaviour of the nanowires in ambient conditions we
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Figure 4.8: PLQY measurements of a single perovskite nanowire. a) Nanowire
photoluminescence (PL) spectrum at the center of the nanowire with a peak
centered at 535 nm. b) PLQY map at 1000 suns illumination intensity. c) Relative
PLQY change from day 1. After 10 days the PLQY decays by ∼70% from its initial
value. The error bars are the standard deviation of the PLQY values along the
nanowire.

measured the PLQY maps over a period of 10 days (Figure 4.9). The average PLQY
decays within 10 days by ∼70% from the initial PLQY of fresh nanowire at day 1.
(Figure 4.8c)
The PLQY of the nanowire as a function of incident laser intensity (Suns) or generation rate was measured 3 days after fabrication (Figure 4.10) and shows a linear dependence with laser intensity (between 100 and 1000 suns), which can be
explained by monomolecular recombination ( Shockley-Read-Hall (SRH) or surface recombination)as the main limiting mechanism rather than radiative or Auger
recombination (for detailed explanation of recombination mechanism please see
Section 4.6.3 ) [297]. Therefore, we can extrapolate the PLQY down to 1 sun, which

Day 1
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Day 5

Day 7

Day 10

Day 4

25
20
15
10
5
0

Figure 4.9: PLQY intensity maps (in %) as a function of time at 1000 suns
intensity.

The scale bars are 2 μm
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results in a value of ∼1% for the measured wire, comparable to reported values of
3 for CH3 NH3 PbBr3 thin-ﬁlms with a 1:1 ratio (CH3 NH3 Br:PbBr2 ) [104]. Given that
the wire decayed from its PLQY value on day 1 we expect the PLQY at 1 sun to be
initially higher.
We have observed lower PLQY values for nanowires extruded from freshly prepared
solutions, while the higher values shown here come from extrusion of aged solutions. Such a variation suggests that the nanowire extrusion process has the same
strong dependence on the exact preparation conditions of the precursor solution
as has been observed in thin-ﬁlms. Thin-ﬁlm studies have concluded that preparation details including aging [299] and temperature [300] of the solution, solvent
and precursors [301], precursors ratio [233], and ambient conditions [223, 302], all
strongly inﬂuence the resulting material properties.

4.5 Conclusion and Outlook
In conclusion, solution-based nanostructure extrusion enables the fabrication of
free-standing perovskite nanowire arrays. Our crystallographic and optical measurements show single crystallinity along the lengths of the nanowires and PLQY
values of up to 29% for freshly made nanowires. This novel method can be general-
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Figure 4.10: PLQY of the nanowire discussed Figure 4.8 as the function of incident
laser intensity at day 3 after fabrication.
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ized from nanowire arrays to other nanostructured shapes by altering the extrusion
mask (Figure 4.11). Furthermore, provided the stability issues for perovskite based
systems are resolved, e.g. by embedding the material in a ﬂexible polymer encapsulation, the application extends potentially beyond research. The unprecedented
simplicity and high speed of this novel nanostructure extrusion technique might be
suitable for the industrial fabrication of nanostructured optoelectronic devices.

4.6 Supplementary Information
4.6.1 Experimental details
Preparation of Methylammonium Lead Bromide solution
The solution was prepared at room temperature and in ambient conditions.
CH3 NH3 PbBr3 was synthesized and recrystallized using a previously reported
protocol [204]. The precursor PbBr2 (Sigma-Aldrich, purity≥ 98%) was mixed with
CH3 NH3 Br in a 1:1 molar ratio with DMSO (Sigma-Aldrich, anhydrous, purity≥
99.5%) to obtain the 3M solution. The fresh solutions are heated up to 60 °C and
1
stirred with a magnetic stirrer for 1 h. The solution could be used for the extrusion
2
right away resulting in nanowires with PLQY < 5%, but was typically aged for 10-20
days at ambient conditions to allow for PLQY values of up to ∼30%. Prior to use the
solution was heated to 70°C while stirring.
Preparation of AAO templates
Two types of AAO templates were used for this study. The commercially available
free-standing AAO templates were purchased from InRedox with pore size of 200
nm and pitch of 470 nm. Atomic layer deposition of 50 nm Al2 O3 was performed
on these templates to narrow down the pore diameter to about 100 nm. This way,
a)

b)

ȝP

c)

ȝP

ȝP

Figure 4.11: Various nanostructures fabricated with extrusion method, using a
mask on top of the AAO template to change the shape of exit proﬁle.
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the spacing between two neighboring pores increased to avoid coalescence of individual nanowires into bundles. The ﬁnal nanowire diameter is strongly inﬂuenced
by the shape of the pore exit. Therefore, we mechanically polished the templates
with polishing paper (4000, 6000 and 8000 grit) followed by a 10s HF (1%) etch and
rinse in deionized to remove residual Al2 O3 clogging the pores, with the side effect
of slightly increasing the average pore diameter by about 20 nm. After the H2 O
rinse, the templates were annealed for 2-3h at 250°C in air on clean glass slides.
The ﬁnal AAO templates had pore sizes of about 120 nm and provided nanowires
with diameters of about 160 nm. This process unavoidably clogs some of the pores.
Therefore custom-made ordered AAO templates were prepared. Speciﬁcally, Al foil
was cut into 1.5 cm by 2.5 cm pieces and cleaned in acetone, isopropyl alcohol and
deionized water with sonication, respectively. The foils were then electrochemically polished in a 1:3 (v:v) mixture of perchloric acid and ethanol for 150 s at 12.5
V and 10°C. The polished Al foils were then imprinted by 5 mm by 5 mm homemade silicon master (hexagonally ordered pillar array with height of 200 nm and
pitches of 866 nm and 1000 nm) with a pressure of ∼2×104 N.cm−2 to initiate the
perfectly ordered AAO growth. Thereafter, Al chips were anodized with a homebuilt anodization setup with voltage equal to pitch (nm)/ 2.5, and the anodization
solution was made by mixture of 4 w.t% citric acid, ethylene glycol and 0.1 w.t%
sulfuric acid with a ratio of 115: 115: 10 (v: v: v). The anodization was continued for
36 h to give an AAO thickness of ∼40 μm. After that the AAO ﬁlm was delaminated
from the remaining aluminum by immersing the sample in over saturated HgCl2 .
After aluminum was completely etched away, the sample was rinsed by acetone
and then baked at 80°C. Then the bottom side of the freestanding AAO ﬁlm was
opened by ion milling with 85° tilted angle at 750 V for 2 h.
Pressure gradient and nanowire extrusion
To facilitate the ﬁlling and extrusion of the AAO pores by the perovskite solution, a
pressure gradient of 50-100 mbar was applied across a 1 cm2 AAO template, using
an O-ring, a PDMS block and a syringe. A 5 ml syringe was connected via a plastic
tube and hole in the PDMS block. Then the solution was dropcast onto the AAO
top surface and the syringe was slowly pulled outwards at a rate of about 0.5 ml/s to
maintain a pressure gradient. The extrusion took about 30s. While this procedure is
suitable for a simple lab setup, a more controlled environment can be easily created
with standard vacuum techniques. Due to the pressure gradient with the ambient,
the perovskite solution slowly ﬁlls the whole AAO template until it reaches the AAO
pore exit on the back. Subsequently, the templates were carefully transferred to
glass spacers on a hot stage and annealed at 120°C for 10-90 min, depending on
the amount of residual perovskite solution on the AAO top surface. We note that
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the perovskite crystal structure is rapidly formed during the ﬁrst few minutes of
annealing, due to the evaporation of DMSO from the nanowire intermediate, and
most of the annealing time is required to remove enough solvent from the template
to avoid complication during the subsequent handling. To transfer the nanowires
to different substrates (glass, silicon, TEM grid) for subsequent characterization,
the wires were broken off by sliding the respective substrate over the AAO template.
TEM diffraction
The TEM diffraction measurements were done on a 300 keV TEM (FEI 80-300 Titan)
at the Center for Advanced Materials Characterization in Oregon (CAMCOR). The
selected-area diffraction aperture was 40 μm. A Au TEM grid was used to avoid
chemical reactions of the perovskite nanowires with the grid.

4.6.2 Integrating spehere microscopy
Integrating sphere microscopy on single nanowires presents an ideal tool to study
the inﬂuence of novel surface treatments and compositional variations on the electronic and optical performance of nanostructures, because it excludes inhomogeneity at the array level [296, 297]
In this study and also in Chapter 5 we measured the PLQY in a home-built integrating sphere microscopy setup, as depicted in Figure 4.12. The detail of the setup
and measurement procedures are explained elsewhere [296]. In the IS microscopy
all the light interacted with the sample can be measured quantitatively, and the
absorptance of the sample is measured via the following equation:
A = 1−

Rs I S s
−
Rr I S r

(4.1)

where A is absorptance, Rs and ISs are the signals detected by reﬂection photodetector and IS photodetector respectively, when the beam probes the sample and Rr
and ISr are the signals for reﬂection and transmission (IS) reference measurements
respectively.
To distinguish between absorption and photoluminescence in the PLQY experiment we used short- and long pass ﬁlters with a cut off wavelength of 500 nm (Thorlabs FELH500 and FESH500) to measure the absorption and emission respectively.
The ﬁlters were placed in front of the photodetectors as shown in Figure 4.12 and
the scanning of the nanowire was repeated twice with each ﬁlters. The PL is then is
then calculated from following equation:
PL =

Rs I S s
+
Rr I S r

(4.2)
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Figure 4.12: Optical setup

Reference measurements were performed here with the long pass ﬁlters in front
of the photodetectors, where as reference measurements for absorption were done
with the of shortpass ﬁlters. PLQYs were obtained by dividing the scanned map of
emitted photons by the maximum number of absorbed photons, represented by
following equation:
P LQY =

PL
A

(4.3)

4.6.3 Intensity-dependent PLQY
In Figure 4.10 we showed that PLQY linearly increases with increasing the generated carriers in perovskite nanowires. The generation rate (G) is equal to total
recombination rate in equilibrium. Three mechanisms contribute to the recombination dynamics of charge carrier in semiconductor [67]: (i) Monomolecular or
trap-assisted recombination which involves one carrier (hole or electron) being
trapped in the localized energy states within the bandgap. These localized states
or deep-level traps are created by either impurities and lattice defects (ShockleyRead-Hall (SRH) process) or dangling bonds at the surface (surface states). (ii) Bimolecular recombination which associates with the band-to-band recombination
of electrons and holes and emission of photons. Thus this mechanism is known as
radiative recombination. (iii) Many-body process or Auger recombination in which
an electron and hole recombine and give their energy to a third particle (electron
or hole). Therefore G is:
G = R = An + B n 2 +C n 3
(4.4)
Where n is charge carrier density, A is the monomolecular recombination rate co-
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efﬁcient, B is the radiative recombination rate, and C is the Auger coefﬁcient. According to Equation (4.3), PLQY can be rewritten as:
P LQY =

B n2
An + B n 2 +C n 3

(4.5)

If monomolecular recombination is dominant, we can simplify the above equation
as:
B n2 B
P LQY =
= n
(4.6)
An
A
Thus, linear relationship of PLQY with excitation intensity or generated carrier density reveals the dominance of monomolecular recombination, including SRH process and surface recombination.
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