: . ~
x“ IEEE Photonics Journal y
. - An IEEE Photonics Society Publication ’

3 Open Access

Considering Symmetry Properties of InP
Nanowire/Light Incidence Systems to Gain
Broadband Absorption

Volume 9, Number 3, June 2017

Mahtab Aghaeipour
Mats-Erik Pistol
Hakan Pettersson

® H:
Normal Oblique _ﬂ;: v b-NWs
incidence incidence ° i
Y
Ot 2 ad 0.,
l ﬁ mc. PNWiine :
. L p N P 0,
B, o] ] |
i 1 ——
I Lb
u rate

DOI: 10.1109/JPHOT.2017.2690313
1943-0655 © 2017 |IEEE

%I%llEEE . ‘: IEEE
SOCIETY o



IEEE Photonics Journal Considering Symmetry Properties of InP Nanowire/Light

Considering Symmetry Properties of InP
Nanowire/Light Incidence Systems to
Gain Broadband Absorption

Mahtab Aghaeipour,’ Mats-Erik Pistol,’ and Hakan Pettersson'-?

Solid State Physics and NanoLund, Lund University, Lund 22100, Sweden
2Department of Mathematics, Physics and Electrical Engineering, Halmstad University,
Halmstad SE-301 18, Sweden

DOI:10.1109/JPHOT.2017.2690313
1943-0655 © 2017 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Manuscript received January 20, 2017; revised March 29, 2017; accepted March 29, 2017. Date
of publication April 12, 2017; date of current version April 25, 2017. This work was supported in
part by the NanoLund, the Swedish Research Council (VR); in part by the Swedish Foundation for
Strategic Research; and in part by the Knut and Alice Wallenberg Foundation. Corresponding author:
H. Pettersson (e-mail: hakan.pettersson@hh.se).

Abstract: Geometrically designed IllI-V nanowire arrays are promising candidates for dis-
ruptive optoelectronics due to the possibility of obtaining a strongly enhanced absorption
resulting from nanophotonic resonance effects. With normally incident light on such vertical
nanowire arrays, the absorption spectra exhibit peaks that originate from excitation of HE,
waveguide modes in the constituent nanowires. However, the absorption spectra typically
show dips between the absorption peaks. Conventionally, such weak absorption has been
counteracted by either making the nanowires longer or by decreasing the pitch of the array,
both alternatives effectively increasing the volume of absorbing material in the array. Here,
we first study two approaches for compensating the absorption dips by exciting additional
Mie resonances: 1) oblique light incidence on vertical InP nanowire arrays and 2) normal
light incidence on inclined InP nanowire arrays. We then show that branched nanowires
offer a novel route to achieve broadband absorption by taking advantage of simultaneous
excitations of Mie resonances in the branches and guided HE, modes in the stem. Finite
element method calculations show that the absorption efficiency is enhanced from 0.72 for
vertical nanowires to 0.78 for branched nanowires under normal light incidence. Our work
provides new insight for the development of novel efficient photovoltaics with high efficiency
and reduced active material volume.

Index Terms: Nanophotonics, nanowire arrays, absorption, guided modes, Mie resonances,
photovoltaics.

1. Introduction

Over the last two decades, there has been a dramatic increase in research activities related to
nanowires (NWs) due to their exciting prospects for implementation of novel high-performance tran-
sistors [1], LEDs [2], lasers [3], photodetectors [4], [5], and sensors [6] compatible with main-stream
silicon technology. The exact geometry of NWs plays a crucial role in many photonic applications,
e.g., photodetectors and solar cells, where strong absorption resonances can be obtained by proper
tailoring of NW diameter, length and pitch [7]-[11]. However, the absorption efficiency of NW-based
solar cells is still limited in the solar spectrum by insufficient absorption at wavelengths between
spectrally fairly separated resonance modes. Conventional approaches to circumvent this prob-
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lem typically aim at increasing the amount of absorbing material in the array, e.g., by decreasing
(increasing) the NW pitch (length). Here, we propose alternative strategies to enhance the absorp-
tion by breaking the symmetry of the NW array/light incidence system, fundamentally underlying
the resonance modes observed for vertical arrays in combination with normal incident light.

Absorption spectra of NWs display peaks at wavelengths where the incident light strongly excites
optical modes with high extinction coefficient (the imaginary part of the refractive index) [12]-[15].
To improve the absorption at a particular wavelength, two basic requirements thus have to be met:
the incident light must excite the mode at the target wavelength and the excited mode has to be
strongly absorbed in the NWs [15]. A lot of studies investigate tailoring of the absorption properties
of semiconductor NWs [13], [16]-[22] in terms of geometrical parameters, but still the absorption
spectra exhibit performance-limiting dips. Since these dips are related to the symmetry of the
NW array/light incidence system, in-depth studies of symmetry-breaking oblique excitation should
be carried out. Such oblique conditions can be realized for example by either normal incidence
excitation of inclined NWs [23]-[25] or by oblique excitation of vertically standing NWs [12], [26].
Recently, enhanced absorption was reported for both GaAs NWs [27] and InP NWs [28] when
increasing the oblique incidence angle up to 45°. Here we theoretically study absorption efficiency
of InP NWs under oblique conditions and calculate comparative absorption spectra for different
broken symmetry cases. In particular, we show that oblique incident light on vertical NW arrays
improves the integrated absorption efficiency compared to inclined NW arrays and normal incident
light. The oblique conditions, however, enhances the absorption of Mie resonances [26], [29] at
the expense of reduced excitation of guided modes [29]. The ultimate goal would be to obtain an
unselective absorption in a broad range of the solar spectrum. To realize this we propose to utilize
branched NWs (b-NWs) [30] comprising both a conventional NW stem and a connected branch,
offering simultaneous excitation of strong Mie resonances in the branches and guided modes in
the stems. Moreover, the b-NW arrays offer several advantages for high-efficiency photovoltaic
applications compared to conventional NW arrays due to a stepwise growth method [31] where
crystal structure, material system, and geometrical parameters can be changed in three directions
[30]. By comparing the calculated absorption efficiency in NWs under oblique conditions with b-
NWs we demonstrate a significant enhancement in absorption over a broad spectral range by taking
simultaneous advantage of exciting Mie resonances (in the branch) and guided modes (in the stem).
Due to preferred omnidirectional absorption in solar cells, b-NWs are promising building blocks for
high performance NW based solar cells. In this work we have investigated InP NWs, but we believe
that our conclusions are valid also for other direct bandgap semiconductor material systems.

2. Calculations

To calculate absorption spectra for NW arrays, we employed a finite element method (COMSOL
software package) and solved Maxwell’s equations using tabulated data for the refractive index of
InP [32]. We use a full-field electromagnetic wave solver in the Multiphysics module to find the
electric field distribution inside and outside the NWs under plane wave incidence. The calculations
are carried out for wavelengths ranging from 300 nm to 1000 nm, in 10 nm steps. We use perfectly
matched layer (PML) boundary conditions in the vertical z-direction and Floquet boundary conditions
in the x- and y-direction to construct an infinite periodic square array. We take the volume integral
of the power loss density over the NWs to calculate the absorption spectra. Here, we calculate the
absorption spectra for sparse square NW arrays. Since the optical absorption of sparse NW arrays
does not depend strongly on the lattice arrangement [33], we believe that the results are valid to a
good approximation for other arrangements, like, e.g., hexagonal arrays. Fig. 1 shows schematics of
the considered asymmetric NW array/light incidence systems. The NWs are assumed to be grown
on an InP substrate. The upper insets display the geometry of the transverse magnetic (TM) and the
transverse electric (TE) polarized light. The TM (TE) modes are characterized by a magnetic field
vector polarized perpendicular (parallel) to the plane of incidence, i.e., the x-z plane with ¢, = 0°.
Correspondingly, we define the orientation of the NWs by the azimuthal angle gnw. The geometrical
properties considered for the square arrays of the NWs are the diameter D, length L, branch diameter
Dy, branch length L, and distance P between the NWs, i.e., the array pitch. The polar angles 6.,
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Fig. 1. Schematics of the considered NW array/light incidence systems. The insets in the upper panel
show the spherical coordinate system together with defined H polarization vectors of the TM and TE
modes in the plane of incidence (x-z plane). gnw/ ¢inc defines the azimuthal orientation of NWs and the
light, respectively. (a) Inclined NWs (0w, enw = 0°) and normal incident light (Ginc = 0°, ¢inc = 0°).
(b) Vertical NWs (6nw = 0°, onw = 0°) and oblique incident light (Ginc, ¢inc = 0°). (c) b-NWs (0nw =
0°, 6, = 90°, onw = 0°) and oblique incident light (Oinc, ¢inc = 0°).

onw and 6y represent the angle between the oblique incident light and vertical NWs, the angle
between the substrate normal and the axis of inclined NWs and the angle between NW and branch,
respectively, as shown in Fig. 1. In the calculations, we set gonw = 0 due to the expected weak ¢-
dependence in the absorption properties of square NW arrays [34]. This assumption is corroborated
by calculations of absorption spectra for different values of pyw shown in the Appendix (see Fig. 9).

To evaluate the absorption characteristics of the NWs in the solar spectrum, we use the (normal-
ized) absorption efficiency », which is defined as

- (M)A ()£ dn

n= 920 Y
1)

(1)

where A is the photon wavelength, and A4 is the photon wavelength corresponding to the band
gap of InP. Here, A()) is the absorption of the NW array, that is, the fraction of incident light that is
absorbed in the NWs at wavelength A. [()) is the solar spectral irradiance assuming standard air
mass 1.5 (AM1.5) [35]. We chose the spectral range from 300 nm to 920 nm in the integration due
to the band gap of InP (1.344 eV, 920 nm), and the fact that / (1) is negligible for A< 300 nm.

3. Results and Discussions

An asymmetric system (6inc # 0° or Onw # 0°) is expected to exhibit polarized absorption charac-
teristics. We first investigate the absorption spectra resulting from normally incident light on inclined
NW arrays (Fig. 1(a)). To compare these results with the corresponding spectra of vertical NW ar-
rays (0nw = 0), we average the TM and TE absorption spectra and denote the resulting spectrum
the polarization-averaged spectrum.

Fig. 2 shows the calculated absorption spectra of inclined InP NWs as a function of 6yw and
diameter D for a given length L = 1100 nm and pitch P = 500 nm when the incident light is
normal (6inc = 0). We chose these geometrical parameters since they allow an analysis of the
Onw-dependence with no signs of absorption saturation that can be observed for longer NWs [21],
[36] or denser arrays (smaller pitch) of NWs [10] (see Fig. 10 in the appendix). Each panel includes
the absorption spectrum in green color of vertical NW arrays (6nw = 0) for comparison. When
increasing Onw, the results confirm an enhanced absorption in inclined NWs, compared to vertical
arrays, in the middle part of the spectrum at wavelengths in between resonant HE, modes (mis the
radial mode number). We point out that only HE,, modes lead to absorption peaks in vertical NW
arrays [16], [37] due to the symmetry requirements. As the diameter decreases from 200 nm (see
Fig. 2(a)) to 50 nm (see Fig. 2(d)), the absorption in general decreases and becomes increasingly
polarization dependent [23]. For inclined NWs with D = 50 nm and 6yw > 45°, the guided HE
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Fig. 2. Polarization-averaged absorption spectra of inclined InP NWs of varying D (200, 150, 100, and
50 nm) and constant L = 1100nm and P = 500 nm. The incident light is normal to the substrate. Each
panel includes the absorption spectrum of the corresponding vertical NW array 6w = O (green curve).
The normalized solar photon flux (orange curve) is shown in (a).
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Fig. 3. Normalized TM, TE, and polarization-averaged absorption efficiency of inclined InP NWs for
D = 200nm, L = 1100nm, and P = 500 nm versus inclination angle. The incident light is normal to
the substrate (6inc = 0°).Oyw = 0° corresponds to vertical NWs for which the absorption is independent
of polarization.

modes are limited to the short-wavelength regime and a significant contribution is instead obtained
from Mie resonances at longer wavelengths. Moreover, the TM absorption is considerably stronger
(not shown here) than both the TE absorption and the polarization-averaged absorption of vertical
NW arrays [4].

To stress the importance of the spectral range of the enhanced absorption, we plot the spectrum of
the normalized solar photon flux, I(A)hic (photons m~2 sec~') [35], in Fig. 2(a) (orange curve), where
his Planck’s constant, and c is the speed of light in vacuum. It is observed that the spectral region
of enhanced absorption matches the maximum photon flux from the sun particularly for inclined
NWs with D = 200 nm and 6yw = 30°, which in turn is important for photovoltaic applications.

Thus, inclined NWs improve the absorption efficiency compared to vertical NWs for a limited
range of inclination angles. To quantify this enhancement further, we employ Eq. (1) to calculate the
absorption efficiency, n, for inclined NW arrays versus inclination angle (see Fig. 3). The blue curve
shows that the absorption efficiency for in particular TM polarized light is significantly improved for
all angles. The polarization-averaged absorption efficiency (black curve) becomes maximum at an
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Fig. 4. Polarization-averaged absorption spectra versus pitch P for (a) inclined Oyw = 30° and
(b) vertical 6yw = 0° InP NWs with D = 200nm and L = 1100 nm. The incident light is normal to
the substrate (0inc = 0). The considered values of P are shown to the right of (b).
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Fig. 5. Polarization-averaged absorption spectra for (a) inclined and (b) vertical NWs with identical
dimensions (D = 200nm, L = 1100nm, and P = 500nm). The green curve shows the absorption
spectrum for vertical NWs with the same geometrical parameters for normal incident light.

angle of about 6yw = 30°, which roughly corresponds to the natural inclination angle (35.5°) of
InP NWs grown on (001) InP substrates. Fig. 3 furthermore shows that the absorption efficiency is
significantly improved for all angles 6yw < 45° compared to vertical NWs.

Fig. 4 depicts the influence of pitch P on the absorption spectra for 30° inclined NWs (see
Fig. 4(a)) and vertical NWs (see Fig. 4(b)), respectively. This 30° inclination angle was chosen based
on the observed maximum polarization-averaged absorption efficiency in Fig. 3 at Oyw ~ 30°. Fig. 4
shows that decreasing the pitch enhances the absorption at all wavelengths for both vertical and
inclined NWs downto P = 400 nm, below which the absorption drops and saturates. Positioning the
NWs too close together furthermore causes broadening and eventually disappearing absorption
resonances due to either coupling of the excited modes or saturation of the absorption for all
wavelengths (like in a bulk system). At P = 1500 nm, where the absorption spectrum can be
attributed to a single NW rather than to an array, the results still show an enhanced absorption for
inclined NWs. It should also be noted that inclined NWs exhibit enhanced absorption in the solar
spectrum for all pitches compared to the symmetric vertical NW/normal incidence system.

The results for inclined NWs (see the schematics in Fig. 1(a)) discussed above pose the in-
teresting question whether similar enhanced absorption is obtained for oblique incident light on
vertical NW arrays (see schematics in Fig. 1(b)). Fig. 5 shows that the absorption characteristics of
both asymmetric systems are enhanced in the middle part of the spectral range compared to the
symmetric system (Onw = 6inc = 0). Comparing the two asymmetric cases, it is evident that the
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Fig. 6. Normalized polarization-averaged absorption efficiency for varying inclination angle 6nw of
inclined InP NWs at normal incidence (black curve) and varying incidence angle 6, for vertical NWs
(red curve). The geometrical parameters of the NW arrays are identical (D = 200 nm, L = 1100 nm,
and P = 500 nm).
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Fig. 7. (a) Polarization-averaged absorption spectra for b-NWs and vertical NWs, with dimensions
L =1100nm, D, = 200nm, L, = 250nm, and P = 500 nm for normal incident light. (b)—(d) Photon
absorption profiles.

absorption peaks decrease more significantly with increasing angle 6nw for inclined NWs than with
6inc for oblique light incidence on vertical NWs, especially at longer wavelengths.

To gain more insight into the difference between the absorption characteristics of both asymmetric
systems, we calculated the polarization-averaged absorption efficiency using Eq. (1) (see Fig.
6). The results show an enhancement of the absorption efficiency for either asymmetric system
compared to the symmetric system, with either Oyw < 40° (with 6jnc = 0) or i < 40° (with Onw =
0). Moreover, the polarization-averaged absorption efficiency under oblique incidence conditions
is significantly improved compared to both vertical NWs and inclined NWs for 40° < Onwjinc < 55°.
Thus, breaking the symmetry of the NW array/incident light system is a way to achieve enhanced
absorption efficiency. However, both oblique excitation conditions offer, as mentioned above, an
enhanced absorption limited by the trade-off between excitation of Mie resonances at large 6inc/ Onw
and guided HE,, modes at i,/ Onw = O.

The results above indicate that strong simultaneous excitation of both Mie resonances and
guided modes is necessary to achieve a broadband absorption spectrum desired for photovoltaic
applications. The b-NWs (see the schematics in Fig. 1(c)) allows for realizing such a broadband
absorption spectrum under normal incident light. Fig. 7(a) shows a normal incidence absorption
spectrum of b-NWs with 6, = 90° expected for zinc-blende b-NWs (6, = 35.5° expected for wurtzite
polytypes) to compare with vertical NWs. The growth of b-NWs is a stepwise method [31]. The
branches can be grown in other materials and with different crystal structure and geometrical
parameters than the main stem. In literature is typically reported that branches grow perpendicular
to the stem, especially for wurtzite NWs [38], [39]. Another common case that can occur for

Vol. 9, No. 3, June 2017 4501310



IEEE Photonics Journal Considering Symmetry Properties of InP Nanowire/Light

Absorption (%)0 3

400 600 800 400 600 800
Wavelength (nm) Wavelength (nm)

(a) (b)

Fig. 8. (a) Polarization-averaged absorption spectra of the branches of b-NWs as a function of (a) the
branch diameter Dy, for a given length L, = 250 nm and (b) the branch length L, for a given diameter
Dp = 200 nm for normal incident light. The pitch is constant (P = 500 nm). The color bar shows the
optical absorption intensity.

zincblende NWs is that branches grow in symmetry-related <111 directions at an angle of 109° to
the stem. Here we have chosen to focus on the common realistic case of perpendicular branches.
The geometrical parameters for the InP b-NW arrays were chosenas L = 1100nm, L, = 250nm,
Dy = 200nm and P = 500 nm. Adding a horizontal branch to the vertical NW (stem) excites Mie
resonances in the branch at normal incidence and improves the absorption spectra significantly at
the dips observed for vertical NWs without branches. Fig. 7(b)—(d) show the corresponding photon
absorption profiles of TM and TE polarized light for the b-NW arrays, and of vertical NWs at a
wavelength of 640 nm where the absorption spectrum of vertical NWs shows a dip (see the green
trace in Fig. 7(a)). The simulations furthermore reveal the importance of optimizing the position of
the branch along the stem (here 500 nm) to maximize the absorption in the b-NWs. Calculations
show that for normal incident light, the absorption efficiency has enhanced from 0.72 for vertical
NWs to 0.78 for the b-NWs.

To investigate the effect of the geometrical parameters of the branch on excited modes, we
calculate the absorption in the branches of b-NWs at normal light incidence. Fig. 8 shows the
polarization-averaged absorption spectra of the branch, excluding the absorption in the stem, as a
function of diameter D}, (see Fig. 8(a)) and length L (see Fig. 8(b)) for a given pitch P = 500 nm.
Increasing the geometrical dimensions of the branches show that strong Mie resonances appear in
the middle range of the absorption spectrum where the absorption spectra of vertical NWs exhibit
dips. Consequently, we expect well-designed b-NWs to display strong optical resonances in a broad
spectral range due to simultaneous excitation and absorption of guided optical modes in the NW
stems and Mie modes in the branches (see Fig. 7(a)).

4. Conclusion

In summary, we have theoretically investigated the absorption efficiency of asymmetric NW ar-
ray/light incidence systems. Our results show the importance of taking into account symmetry
properties when optimizing the absorption efficiency in light-harvesting NW devices. Compared
to vertical NWs and normal light incidence, the absorption efficiency improves for both studied
systems of inclined NWs and oblique light incidence due to enhanced absorption at wavelengths
between the peaks caused by the HE, modes in vertical NW arrays at normal incidence. Fur-
thermore, we show that a broadband absorption spectrum is achievable for b-NWs due to strong
simultaneous excitation of both Mie resonances and HE;,, modes. The observed enhancement is
significant in the part of the solar spectrum that exhibits high irradiance, which opens up promising
routes to enhance the efficiency of solar cells by engineering the symmetry properties. In this work
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Fig. 9. Polarization-averaged absorption spectra under normal light excitation (6inc = 0°, ginc = 0°) of
inclined NWs as a function of pnw. The geometrical parameters of the NW arrays are D = 200 nm,
L = 1100nm, and P = 500 nm.
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Fig. 10. Normalized polarization-averaged absorption efficiency versus Onw and 6, for two different
pitches (P = 400 and 500 nm). The black and red curves show the absorption efficiency for inclined
InP NWs (gnw = 0°) as a function of yw for normal incident light. The blue and green curves show
the absorption efficiency versus 6inc (¢inc = 0°) for vertical NWs (Onw = 0°, onw = 0°). The diameter
and length of the NWs are kept constant for all arrays (D = 200nm, L = 1100 nm).

we considered InP NWs, but due to the generality of the models we expect the results to be valid
also for other direct bandgap semiconductor systems.

Appendix

Fig. 9 shows polarization-averaged absorption spectra of inclined (fyw = 30°) InP NWs ver-
sus azimuthal angle ¢nw. Varying gonw corresponds to rotating the NWs around the z axis (see
schematics in Fig. 1). The results show that the absorption of light is nearly independent of pnw.

When P = 400nm, i.e., a smaller pitch than the P = 500 nm chosen in the main text, the
absorption efficiency n increases (see Fig. 10). We assign this trend to an increasing amount of
absorbing InP material in the NW array. However, due to absorption saturation, as also seen in Fig.
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4, the peak in the absorption efficiency versus polar angle is less clear for P = 400 nm compared
to P =500 nm.
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