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Abstract
We study experimentally and with wave optics modelling the absorption of light in CsPbBr3
perovskite nanowire arrays fabricated into periodic pores of an anodized aluminum oxide matrix,
for nanowire diameters from 30 to 360 nm. First, we find that all the light that couples into the
array can be absorbed by the nanowires at sufficient nanowire length. This behavior is in strong
contrast to the expectation from a ray-optics description of light where, for normally incident
light, only the rays that hit the cross-section of the nanowires can be absorbed. In that case, the
absorption in the sample would be limited to the area fill factor of nanowires in the hexagonal
array, which ranges from 13% to 58% for the samples that we study. Second, we find that the
absorption saturates already at a nanowire length of 1000–2000 nm, making these perovskite
nanowires promising for absorption-based applications such as solar cells and photodetectors.
The absorption shows a strong diameter dependence, but for all diameters the transmission is less
than 24% already at a nanowire length of 500 nm. For some diameters, the absorption exceeds
that of a calculated thin film with 100% coverage. Our analysis indicates that the strong
absorption in these nanowires originates from light-trapping induced by the out-of-plane disorder
due to random axial position of each nanowire within its pore in the matrix.

Supplementary material for this article is available online

Keywords: absorption, light-trapping, perovskite nanowire array

1. Introduction

Semiconductors hold a central position as materials for
optoelectronics applications [1, 2], since they can be used for
absorbing incident photons, for example for solar cells and
photodetectors, and for emitting photons, for example for
light-emitting diodes (LEDs) and lasers. Silicon (Si) is the

semiconductor that dominates microelectronics industry and
solar cell industry. III–V semiconductors, like InP and GaAs,
and their ternary compounds like GaInP, on the other hand
offer tailored electrical and optical properties [3], but at a
premium price compared to Si. Recently, metal halide per-
ovskites (MHPs), such as CsPbBr3 and CH3NH3PbI3 [4],
have appeared as a new class of semiconductors that could
combine affordable manufacturing cost with tailorable optical
and electrical properties, suitable for example for high-effi-
ciency photovoltaics [5, 6] and LEDs [7].

Semiconductors are commonly developed in planar
structures. However, semiconductors in nanowire form have
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attracted recent interest for optoelectronic applications [8],
offering unique opportunities to tune electric and optical
properties. From previous studies on III–V semiconductor
and Si nanowire arrays, we know that the optical response of
nanowires cannot be properly analyzed with ray optics
[9–12]. In a ray-optics description, for light that is incident at
normal angle to the array, that is, parallel to the nanowire
axis, only the rays that impinge at the top of the nanowires
propagate into the nanowires. In this way, the amount of light
that can be absorbed by the nanowires is limited by their area
coverage. However, since the diameter of nanowires is
comparable to the wavelength of light, the wave-optical nat-
ure of light manifests itself. When light is described as an
electromagnetic wave, the wave has a spatial extent, such that
light cannot pass between the nanowires without interacting
with the nanowires. Importantly, light that would pass
between nanowires in a ray-optics description can actually
couple efficiently into the nanowires when the wave-proper-
ties of light are taken into account [13]. In this way, even a
relatively sparse nanowire array can absorb almost all the
above-bandgap incident light [14, 15]. Furthermore, the
reflection loss in a nanowire array can be substantially lower
than in a corresponding planar sample [14, 15]. Thus, in
nanowire form, semiconductors could offer further optimized
optical response compared to their thin-film counter-
part [11, 12].

MHP nanowires have appeared much more recently than
Si and III–V ones [16], and they have found interest for
optoelectronic applications [17, 18], such as flexible photo-
voltaics [19], tandem solar cells [20], photodetectors [21],
LEDs [22, 23] and x-ray detectors [24, 25]. In contrast to
planar technology, the nanowire-array geometry readily
allows for a curved surface, as for example in hemispherical
MHP-nanowire photodetectors for a biomimetic eye [26].
CsPbBr3 perovskite nanowires fabricated into an anodized
aluminum oxide (AAO) matrix have shown long-term stabi-
lity in photoluminescence (PL) [27] and x-ray [24] mea-
surements. Similarly, CsPbI3 perovskite nanowires in AAO
have been integrated into photodetectors, showing enhanced
phase stability, which was assigned to encapsulation by the
AAO [21], with a further demonstration of broadband
absorption performance and integration of 1024 pixels [28].
Perovskite nanowires have been also used as dual-mode
image sensor for standard and neuromorphic imaging [29]
and for laser-based hydrogen chloride gas sensing [30].

In comparison with traditional semiconductor nanowires,
the nanophotonic properties of MHP nanowires have not been
studied extensively, even though many of the same intriguing
optical phenomena should be expected. For optoelectronic
applications with MHP nanowire arrays, dedicated studies of
their optical response are needed. Similarly, when using MHP
nanowire x-ray scintillators [31], the modified optical
response is important to understand due to the outcoupling
and re-absorption of x-ray-generated bandgap emission of
photons.

Here, we study experimentally and with optics modelling
the reflection, transmission, and absorption of incident light in
an array of CsPbBr3 nanowires in an AAO membrane

template for varying nanowire diameter, nanowire length, and
array period. We find that the absorption saturates already at a
nanowire length of 1000–2000 nm, making these CsPbBr3
nanowires promising for absorption-based applications such
as solar cells and photodetectors. The optical properties
depend, in addition to the nanowire length, on the nanowire
diameter and array period, which highlights the need for wave
optics simulations to understand such structures and devices.

2. Methods

2.1. Samples

The MHP nanowires are fabricated into pores that go through
a 50 μm thick AAO membrane. The pores of diameter D are
placed in a hexagonal pattern of period P. In the synthesis,
also the nanowire length L is controlled by changing the
precursor amount or concentration. The nanowire synthesis
starts at a random depth in each AAO pore, giving rise to
randomness in the nanowire position into the membrane, but
with a well-defined length for each nanowire (see figure 1(a)
for a schematic and figure 1(b) for a scanning electron
microscope (SEM) image). For details of the fabrications, see
[31]. To allow optics measurements on the thin and brittle
AAO membranes, each membrane is attached to a 0.10 mm
thick microscope coverslip (see figure 1(c)).

We study here six different combinations for the diameter
and period: (1) D = 30 nm and P = 65 nm; (2) D = 60 nm
and P = 100 nm; (3) D = 90 nm and P = 125 nm; (4)
D = 170 nm and P = 450 nm; (5) D = 250 nm and
P = 450 nm; and (6) D = 360 nm and P = 450 nm. The
standard deviation for D = 30, 60 90, 170, 250, and 360 nm is
estimated to 5, 10, 10, 20, 20, and 20 nm, respectively [27].
The standard deviation in pore position from the perfect
hexagonal array for P = 65, 100, 125, and 450 nm is esti-
mated to 5, 10, 10, and 20 nm, respectively [27]. For the
nanowire length, we consider for each combination of dia-
meter and period five different nominal values: L = 0,
0.5 μm, 1 μm, 2 μm, and 10 μm (for L > 0, deviation from
the nominal L is estimated to 20% relative and the standard
deviation in L is estimated to 30% relative—see supplemen-
tary material figure S1). Thus, we consider in total 30 dif-
ferent samples, with L = 0 corresponding to the empty AAO
matrices before nanowire synthesis.

2.2. Measurements

We have performed reflection (R), transmission (T) and
absorption (A) measurements. We measured at the middle of
each sample—the position might slightly vary between R, T,
and A measurements since a repositioning of sample and
illumination spot is performed between the measurements.

The R and T measurements are performed in an s 2 inch
integrating sphere, similarly as in [32]. The A measurements
are performed with the sample in the middle of a 6 inch
LabSphere integrating sphere. For all measurements, an
OceanOptics fiber spectrometer is used for recording the
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signal. For R and T measurements, a lamp with output cou-
pled to a fiber and colliminating lens at the end of the fiber
was used for the illumination, giving a spot size of approxi-
mately 3 mm in diameter. For A measurements, light from a
light bulb was let through a small opening in a screen and
focused onto the sample with a lens, giving a similar spot size
of approximately 3 mm in diameter. In this configuration, the
A measurements give considerably noisier spectra than the R
and T measurements.

Sample, reference, and background measurements are
performed as in [32]. We have ascertained with the direct
absorption measurements with the L = 0 samples in the
middle of an integrating sphere that the absorption in the
AAO is negligible (see figure S3 in the supplementary
material).

3. Results and discussion

We show in figure 2 the R and T spectra for the D = 60 nm
and P = 100 nm samples, that is, five in total with L = 0, 0.5,
1, 2, and 10 μm. The spectra for all the 30 different (D, P, L)
samples are shown in the supplementary material (figures S4
and S5, as well as the much noisier A measurements in
figure S6).

CsPbBr3 is a semiconductor with bandgap at approxi-
mately 530 nm in wavelength at room temperature [33]. In
our measurements on the nanowire samples, that is, when
L > 0, starting from the bandgap wavelength, we see with
increasing wavelength (i) a rapid increase in transmission
(figure 2(a)), (ii) a rapid increase in reflection (figure 2(b)),

and a rapid drop in absorption toward zero-values
(figure 2(c)). In general, we will use saturation of T toward a
zero-value as a measure of when absorption saturates with
increasing L. Alternatively, we could study the convergence
of A toward a limiting value, but that limiting value depends
on the remaining reflectance of the sample, and that reflec-
tance is not known a priori.

For the AAO-only sample, that is, when L = 0, in
figure 2(a), we find that T shows a rather wavelength-inde-
pendent value of approximately 80%. For L = 500 nm, the
transmittance for wavelengths below the bandgap wavelength
drops to approximately 10%, and already for L = 1000 nm,
we have very close to zero-values for T in that wavelength
range. With increasing L, there is a clear red-shift of the edge
in the transmittance (and in figure 2(c), we see a similar shift
for absorption edge), which will be discussed further below.

For an overview of the optical properties in the absorp-
tion region of all the 30 samples considered, we have
extracted in figure 3(a) for them the average T for
475 < λ < 525 nm, that is, in the region just below the
bandgap wavelength [for completeness, we show the
corresponding A in figure 3(b)]. We show this dependence as
a function of L in figure 3, together with the calculated values
for bulk CsPbBr3. We find for all samples saturation of
transmission toward a zero value at a nanowire length L of
just 1000–2000 nm. Already at lengths of L = 500 nm all
diameters show less than 24% transmission, with some below
the calculated value for bulk CsPbBr3. Thus, these MHP
nanowires appear very promising for light-absorption appli-
cations. To investigate the dependence on D and P on the
absorption, due to the saturation with L, only the samples with

Figure 1. (a) Schematic of the 50 μm thick AAO membrane with a hexagonal array of pores with period P and diameter D. Here, in blue, we
indicate a single nanowire of length L at a random depth in each pore. (b) Side-view SEM image, after cleaving, of the top part of the sample
with D = 250 nm, P = 450 nm, and L = 10 μm. The scalebar is 10 μm. The inset shows a top-view SEM image of the sample (for top-view
SEM images of all the samples, see figure S2 in the supplementary material). (c) Photograph of the samples with D = 60 nm and
P = 100 nm. The samples are in order of L = 0, 0.5, 1, 2 and 10 μm from left to right. L = 0 corresponds to the reference AAO-only sample
that has no nanowires. Each sample is attached on an 18 × 18 mm microscope glass coverslip with small pieces of yellow tape.
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L = 500 nm give meaningful differences between the samples
(see table S1 in the supplementary information). We do not
find a clear dependence on neither D, P nor D/P, which calls
for future studies on a larger set of D and P values to elucidate
on how these parameters affect the absorption.

Importantly, the saturation of the transmission toward a
zero-value shows that all the light that couples into the MHP
sample can be absorbed by the nanowires. This behavior is in
strong contrast to the expectation from a ray description of
light where for normally incident light, only the rays that hit
the cross-section of the nanowires can be absorbed. In that
case, the absorption in the sample would be limited to the area
fill factor of nanowires in the hexagonal array (which ranges
from 13% to 58% for these samples).

To better understand the optical response of these MHP
nanowires, we show the refractive index of the CsPbBr3
perovskite [34] in figure 4. We find that Re(n), the real part of

the refractive index, is in the range of 2.1–1.8 in this
450–800 nm wavelength range that we study. The imaginary
part Im(n) of the refractive index gives rise to an absorption
length L n4 Imabs

1( ) ( [ ( )] )/l p l l= - on the order of 200 nm
for the 475 < λ < 525 nm range in figure 3. Based on this
absorption length, which applies for bulk material, it is pro-
mising that we find absorption saturation already at a nano-
wire length of L = 1000 nm. For example for the D = 170 nm
and P = 450 nm sample, the area fill factor of nanowires in
the hexagonal array is 13%. If we would assume that the
absorption length scales with the same factor, we would thus
expect an absorption length on the order of 2000 nm. In other
words, these nanowires, where absorption saturates for a
nanowire length of 1000–2000 nm, absorb considerably
stronger than expected from such an assumption (for satur-
ation in absorption, we would expect to need 2–3 absorption
lengths of material thickness). Indeed, when we compare the
measured transmission in the nanowires with the modelled
transmission in the corresponding MHP thin-film of the same
thickness as the nanowire length (dashed–dotted line in
figure 3(a)), we find a rather similar drop toward a zero-value
with increasing nanowire length and film thickness. Here,

Figure 2. Measured (a) transmittance, (b) reflectance, and (c)
absorptance for the samples with D = 60 nm and P = 100 nm. Note
that in the absorptance measurements, the noise level is rather large
for wavelengths below 460 nm.

Figure 3. Average (a) transmittance and (b) absorptance for
475 < λ < 525 nm as a function of nanowire length L for the six sets
of samples of different D and P. The circle markers with sold lines
are from measurements and the square markers with dashed lines are
from modelling. In addition, we show in (a) modelled transmittance
and in (b) modelled absorptance of a thin-film of the MHP of
thickness equal to the stated nanowire length, with perfect anti-
reflection coatings on both front and rear interface (diamond
markers). The horizontal scale is set non-uniform in order to
emphasize the rapid variation at short nanowire lengths. The lines
connecting the markers are included to guide the eye.
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perfect anti-reflection coating was assumed at the top and
bottom of the thin-film, leading to A → 100% with increasing
L for the modelled thin-film in figure 2(c). For further com-
parison, we show modelled spectra in figure S8 in the sup-
plementary material for the perovskite thin-film, including
reflection losses, similarly as in [35, 36] for comparing planar
and nanostructured systems. By comparing these spectra for
the thin film with the measured spectra in figure 2 for the
perovskite nanowire sample with D = 60 nm and P = 100 nm
(and for all the samples in figures S4–S6 in the supplementary
material), we indeed see that the perovskite nanowire arrays
absorbs almost as strongly as the thin-film.

3.1. Modelled optical response

By using the refractive index for the MHP and AAO, we can
in principle model the optical response of the samples by
solving the Maxwell equations for the scattering of light [37].
However, the modelling of the optical response of our system
with out-of-plane disorder in the form of random vertical
placement of each nanowire in the 50 μm thick AAO matrix
is beyond our present computational resources.

To obtain related modelling results to compare with, we
have instead modelled the optical response of a simpler sys-
tem consisting of a perfectly ordered array of nanowires, that
is, without in-plane or out-of-plane disorder (see supple-
mentary material for technical details of the optics modelling).
Such ordered arrays of MHP nanowires can in principle be
fabricated [38], but the range of nanowire diameters and
lengths of interest for this study makes an experimental path
very demanding and beyond the scope of the present paper—
we turn instead to modelled results for comparison.

We note that the modelled D = 360 nm and P = 450 nm
sample and D = 90 nm and P = 125 nm sample show rather
similar D/P ratio of 0.80 versus 0.72 but the D = 360 nm and
P = 450 nm sample shows much faster convergence in

modelling toward T = 0 with increasing L (dashed lines in
figure 3, which are obtained from the modelled spectra in
supplementary material figure S10). This highlights the need
for wave-optics simulations for appropriate modelling of the
optical response of these MHP nanowires. In other words,
effective medium theories relying on just the D/P ratio for
describing the optical response of the sample are not suffi-
cient. Typically, weak absorption of normally incident light in
small-diameter semiconductor nanowires originates from the
electrostatic screening due to contrast in the refractive index
between the nanowire and the surrounding, while for larger-
diameter nanowires, nanophotonic resonances can set in to
enhance the absorption [11, 12].

In the modelling of the perfect array, we tend to find a
slower saturation of the absorption with increasing nanowire
length than in the measurements (dashed lines versus solid
lines in figure 3). That is, the experimental nanowire arrays
with random vertical position for each nanowire shows sub-
stantially stronger absorption than the modelled perfect
arrays. Only the D = 360 nm and P = 450 nm sample shows
similar absorption in measurements and modelling while all
the other samples show noticeably stronger absorption in
measurements. Especially surprising, compared to modelled
results, is that the D = 30 nm and P = 65 nm sample also
saturates in absorption measurements in the vicinity of a
1000 nm nanowire length; in the modelling, absorption-
saturation seems to require a nanowire length toward
10000 nm length. This difference between measurements and
modelling indicates that additional light-trapping occurs in
the measured samples to boost the absorption compared to in
the modelling of the perfectly ordered array.

3.2. Indication of light-trapping

Light-trapping by scattering of light inside a sample to boost
absorption is a broad research topic [39, 40]. For such light-
trapping, some sort of structuring beyond the fully planar
thin-film system is needed. Previous studies have typically
considered either (i) grating assisted light-trapping [39],
where periodically ordered scatterers such as grating lines or
dots/pores scatter light into well-defined directions inside the
sample or (ii) in-plane randomness in nanostructure position
[41] to scatter light into a broad distribution of angles inside
the sample. In both types of light-trapping, the scattering of
light into large angles inside the structure causes a much
larger path-length for the light inside the sample to enhance
absorption, especially since light propagating at sufficiently
large angle inside the sample is prevented, due to total
internal reflection, from escaping the sample. In our case, we
believe that the strongest light-trapping effect is induced by
the out-of-plane (axial) randomness in the nanowire positions
within the 50 μm thick AAO matrix.

For completeness: we do find some signs of both grating-
assisted light-trapping and light-trapping induced by in-plane
randomness, that is, due to minor variation in the pore dia-
meter and deviation of pore position from the perfect hex-
agonal array. Such effects are seen clearly in the AAO-only
samples, that is, L = 0, for the largest P = 450 nm and

Figure 4. Real and imaginary part of the refractive index, n, for
CsPbBr3, extracted from [34]. The inset shows the absorption length

L n
abs

4 Im 1
⎡⎣ ⎤⎦

( )= p
l

-
for CsPbBr3 from the extracted values for nIm( ).
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D = 360 nm. Modelling of the AAO-only array with
P = 450 nm and D = 360 nm, without any disorder or var-
iation in the size or position between the pores, shows a
reflectance that starts at 25% at the shortest wavelength
considered, but drops to low values of ≈4% at λ ≈ 520 nm,
and stays at that level up to the longest λ = 800 nm con-
sidered (figure 5). The high reflectance at λ < 520 nm, and
the sudden drop to much lower values at a distinct wave-
length, indicates grating-assisted light-trapping [39]. Also the
measured reflectance starts at a high value, of approximately
30%, at λ = 450 nm. However, in strong contrast to the
modelled reflectance of the perfectly ordered array, the
measured reflectance stays at a high value throughout the
measurement range, dropping toward 20% at λ = 800 nm
(figure 5). Thus, for λ > 520 nm, the measurements yield a
much higher reflectance than the modelling. This discrepancy
indicates light-trapping into the fabricated membrane for
λ > 520 nm due to the variation in pore size and position that
is not included in the modelling—light-trapping in the
absence of absorption, as in the AAO-only samples, is known
to lead to increased reflectance [32].

For the three smallest-P samples, we see in measure-
ments a flat R at a low level of around 10% for L = 0
(figure 5), in good agreement with the values found from
modelling of the perfectly ordered AAO-only samples
(figure 5). This agreement indicates that in-plane randomness
is not enough for light-trapping for those AAO-only samples.
However, we did find above a much stronger measured
absorption in the corresponding MHP nanowire samples, as
compared to modelling of the perfectly ordered nanowire
array. This stronger absorption in measurements indicates that
out-of-plane light-trapping induced by nanowires at varying
depth contributes to absorption strongly. Importantly, also
these samples with the smallest P considered show with
increasing L a peak of up to R ≈ 50% at λ = 550 nm, that is,
just beyond the bandgap wavelength, and this R decreases

toward long wavelengths (figure 2(b)). Such a strong peak in
R is one sign for light-trapping in nanowire arrays [32].

Finally, we see a possible sign of light-trapping through
the red-shift of the absorption edge with increasing nanowire
length in figure 2, as well as in Figures S3-S5 in the sup-
plementary material. Importantly, in these measurements, the
slope in these curves appear to stay constant around the
bandgap but red-shift with increasing length, with a shift of
approximately 10 nm when L increases from 500 to
10 000 nm. In strong contrast, in the modelled absorption
curves (figure s11 in the supplementary material), the cut-off
wavelength for absorption occurs at a well-defined wave-
length (around 558 nm) and the slope in the absorption curve
becomes steeper and steeper with increasing L. For com-
pleteness—we need to state that we have no reason to believe
that the underlying refractive index of the MHPs would
change with increasing L in such a way which would cause a
red-shifting absorption edge. Instead, we assign the red-shift
in the measurements to light-trapping effects beyond those
present in the modelling of the perfect array.

3.3. Comparison to absorption and light-trapping in nanowire
arrays of other semiconductor materials

We have previously studied III–V semiconductor nanowire
arrays, such as InP and GaAs nanowires. In such cases, the
refractive index of the semiconductor is in the vicinity of 3.5,
thus much higher than the ≈2 of the currently studied
CsPbBr3 (see figure 4). Importantly, the III–V semi-
conductors then give a large refractive index contrast to the
surrounding, up to 3.5/1 when surrounded by air, in which
case the optical response becomes strongly diameter-depen-
dent [11, 42]. Then, dielectric screening is a strong effect at
small diameter to suppresses absorption, while nanophotonic
resonances boost absorption at a suitably chosen, larger,
diameter [11]. Simultaneously, fine-tuning of in-plane light-
trapping in ordered III–V nanowire arrays is possible [43].

In contrast, we find a much smaller contrast for the
current CsPbBr3 nanowires embedded in the AAO, with
approximately a refractive index of 1.75 for the AAO [44].
Therefore, we do not expect as strong dielectric screening,
nanophotonic resonances, or in-plane light-trapping in the
present case. Free-standing MHP nanowires can be grown
using various techniques [16, 38, 45], which increases the
contrast from the current 2.0/1.75 to 2.0/1.0. However, a
study of free-standing nanowires with varying diameter,
period, and length is beyond the scope of the present study.
Nevertheless, our results highlight the need for wave optics
modelling of MHP nanowires to understand their optical
properties.

The effect of disorder compared to a perfectly ordered
array has been studied in vertical Si nanowire arrays [46, 47]
and InP nanowire arrays [48, 49]. However, in those cases,
the focus has been on lateral disorder in aperiodic arrays that
are still placed in a single plane. In contrast, we study here a
case with pre-dominantly out-of-plane disorder.

Figure 5. Measured (solid lines) and modelled (dashed lines)
reflectance of the AAO samples without MHP nanowires, that is,
these samples are with L = 0.
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4. Conclusions

We studied the absorption of light in CsPbBr3 perovskite
nanowires that show out-of-plane disorder with random axial
position of each nanowire within each pore of an AAO
matrix. We find much stronger absorption in the measure-
ments of the disordered array compared to optics modelling of
a perfectly periodic array with all the nanowires in the same
plane. Therefore, the strong absorption in the measurements is
assigned to light-trapping induced by the out-of-plane dis-
order. To further elucidate the effect of out-of-plane disorder,
we highlight the need for future experimental studies on MHP
nanowires, all placed in the same plane, as well as numeri-
cally very demanding modelling studies of MHP nanowire
arrays with out-of-plane disorder.
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