
 

Nanowire polymer transfer for enhanced solar cell
performance and lower cost
Citation for published version (APA):
Cavalli, A., Dijkstra, A., Haverkort, J. E. M., & Bakkers, E. P. A. M. (2018). Nanowire polymer transfer for
enhanced solar cell performance and lower cost. Nano-Structures and Nano-Objects, 16, 59-62.
https://doi.org/10.1016/j.nanoso.2018.03.014

Document license:
TAVERNE

DOI:
10.1016/j.nanoso.2018.03.014

Document status and date:
Published: 01/10/2018

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 08. Feb. 2024

https://doi.org/10.1016/j.nanoso.2018.03.014
https://doi.org/10.1016/j.nanoso.2018.03.014
https://research.tue.nl/en/publications/e221ccc2-d62a-4cd4-a760-b3fc80a78e78


Nano-Structures & Nano-Objects 16 (2018) 59–62

Contents lists available at ScienceDirect

Nano-Structures & Nano-Objects

journal homepage: www.elsevier.com/locate/nanoso

Nanowire polymer transfer for enhanced solar cell performance and
lower cost
Alessandro Cavalli a,*, Alain Dijkstra a, Jos E.M. Haverkort a, Erik P.A.M. Bakkers a,b

a Department of Applied Physics, Eindhoven University of Technology, The Netherlands
b Kavli Institute of Nanoscience, Delft University of Technology, The Netherlands

h i g h l i g h t s

• An easy approach to substrate reuse
for nanowire solar cells is demon-
strated.

• Lift-off of nanowires embedded in
a polymer layer is used to enable
reuse.

• By adding a mirror to the nanowires
in the polymer, photoluminescence
is enhanced.

• A path towards lower cost and
higher performance is simultane-
ously shown.
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a b s t r a c t

The diffusion of photovoltaic systems is deterred by the struggle in combining high efficiency and low
cost. Nanowire devices have been demonstrated to hold great promise to solve this predicament, but
the substrate cost is still an unavoidable obstacle. Repeated nanowire growth on a single substrate is
demonstrated by embedding InP nanowires in a polymer layer and removing them from the substrate.
Our approach promises cost reduction by using the substrate multiple times. In addition, it provides a
pathway to increase the open-circuit voltage by placing a mirror at the backside of the cell.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Solar cell market acceptance is limited by issues in overcoming
the necessity to combine low cost and high efficiency. Nanostruc-
tures can improve performance in several aspects of this topic
[1–3], and in particular nanowires are great candidates to
solve this problem [4], thanks to intrinsic higher performance
[5–7], extraordinary absorption-to-volume ratio [8,9] leading to
reduction of the amount of material consumed, and tolerance to

* Correspondence to: National Renewable Energy Laboratory, Golden, CO, USA.
E-mail address: alessandro.cavalli@nrel.gov (A. Cavalli).

lattice-mismatched structures [10–12]. InP nanowires, in partic-
ular, have demonstrated an exceptional potential for high effi-
ciency [13–16]. Since the cost of the substrate is still a core issue
though [17], a promising pathway to reduce the fabrication costs is
the reuse of the substrate by repeated growth on a single wafer. In
thin film growth, several techniques are used, such as epitaxial lift-
off (ELO), substrate spalling, and the employment of porous release
layers [18]. All thesemethods share one common trait: they all rely
on the presence of a thin (as much as possible) sacrificial layer,
either epitaxially grown or modified ex-situ, which is removed by
etching or bymechanical means, and thus result inmaterial waste.
Nanowires instead allow a more elegant solution, as they can be
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easily embedded in a polymer layer such as Polydimethylsiloxane
(PDMS). The layer of nanowires embedded into PDMS can sub-
sequently be mechanically removed by lift-off [19,20], allowing
a new nanowire growth on the same substrate. This approach
has been shown previously [21] for microwires. Due to their
larger dimensions, though, they are more easily removed from the
substrate. Furthermore, since the microwire/substrate surface is
much larger, tolerance to defects introduced by the lift-off and
cleaning procedure is higher. In addition, microwires were grown
by a metal-catalyzed vapor–liquid–solid (VLS) mechanism, which
results in additional processing complexity, since the catalyst has
to be redefined every time after wire removal. Selective area (SA)
growth of nanowires [22–24] is instead particularly suitable for
reuse, as after the substrate is cleaned from polymer residues
and the bases of the nanowires are removed, the growth mask is
promptly ready for another growth cycle. Moreover, embedding
the nanowires in a polymer allows the placement of a back-mirror,
which is known to increase the optical length of the absorber layer
in solar cells [25]. At the same time, the optical emission can be
expected to increase thanks to increased reflection of re-emitted
photons, leading to an increased implied solar cell performance [7].
Here, we show the reuse of the substrate for SA-grown nanowires
and an improvement of the optical performance of transferred
wires.

2. Results and discussion

2.1. Substrate reuse procedure

The procedure for repeated nanowire growth is presented in
Fig. 1a. After patterning a (111)A InP substrate with nanoim-
print [26,27], wurtzite InP nanowires are grown by the selective
area method in the openings in a SiNx mask [6]. Although these
specific nanowires are wurtzite, our conclusions apply to any kind
of nanowires. The nanowires are then embedded in PDMS and the
whole layer is removed from the substrate [19,28]. After lift-off, a
residue persists on the substrate, consisting of the remains of PDMS
and InP NW bases, which must be cleaned. In the case of selective
area InP growth, special care must be taken to avoid dissolution
of the SiN mask and to prevent etching the underlying InP (111)A
substrate that could result in uneven growth. Favorably, PDMS can
be etched at room temperature by a fluoride ion-based solution,
tetra-butyl-ammonium fluoride (TBAF) [29]. TBAF must be diluted
with a solvent that can dissolve the etched products, such as di-
methyl-formamide or N -methylpyrrolidinone (NMP): in our case,
the latter is used. This solution does not etch either SiN or InP, as
required. To remove the base parts of the nanowires, a solution
of HCl: H2O 1:1 was used, which is known to etch the [111]B
facet, as well as {100} and {110} facet families of cubic InP, but
etches the [111]A facets extremely slowly, effectively leaving them
untouched [30]. InP SA nanowires have {1120} lateral facets, cor-
responding to {110} facets in cubic notation, which are quickly
eliminated, so that the nanowires are removed but the [111]A top
surface of the substrate is preserved. At the same time, HCl does
not attack the SiNx mask, which remains intact. After the cleaning
procedure (see SI for more information), the substrate is ready for
another growth, in which the growth yield is unaffected by the
cycle (Fig. 1b). The whole procedure leaves the substrate and the
growth mask effectively untouched, so that its properties are un-
changed and regrowth can occur again. The cleaning process is very
gentle, but can be optimized further, for instance by introducing
a sacrificial resist layer at the bases of the nanowires to facilitate
lift-off, or by using a different polymer that is easier to remove and
clean.

Fig. 1. Regrowth cycle. (a) After patterning the substrate by nanoimprint, growth
takes place in the openings of the mask. Nanowires are then embedded in PDMS
and removed by mechanical lift-off. Nanowires embedded in PDMS can also be
processed towards flexible solar cells or other devices. After cleaning the substrate
from residues of the polymer and the nanowire bases, regrowth is possible again on
the same substrate. (b) SEM images of the sample after the first, second, and third
growth. First and second image are taken at a 30◦ tilt. In the third case, a top-view
SEM is shown to highlight the homogeneity and 100% yield of the sample. Scale-bars
are 500 nm, 500 nm, and 5 µm respectively.

2.2. Enhanced photoluminescence

Using this procedure, the repeated reuse of expensive sub-
strates is enabled. In addition, the development of flexible
nanowire solar cells with a highly reflecting back mirror is fa-
cilitated with this approach [31]. The simplest way to obtain a
flexible nanowire solar cell is to lay a transparent conductive oxide
on the front side of the device facing the sun, and to deposit a
reflective electrical contact on the backside, which will addition-
ally act as a back-mirror. The first advantage of a back-mirror is
an effective doubling of the absorption length for solar photons,
which allows making the nanowires half as long for the same
photocurrent generation. The second advantage is an enhanced
luminescent emission at the front side of the cell, which results
in a positive impact on the open circuit voltage of a solar cell.
In the presence of a substrate, downward emitted photons can
be reabsorbed by the underlying bulk substrate, in which they
non-radiatively recombine or are re-emitted in a random direction
(Fig. 2a). The reflectivity at the NW/substrate interface is in fact
almost negligible as can be estimated using the complex Fresnel
equations (see SI). Effectively most of the photons that travel
from the wires into the substrate will be lost thus, because both
the internal and external radiative efficiency of the substrate are
much lower than that of the nanowires, due to both the lower
crystal quality of the semiconductor substrate, and the geometry
of the system that reduces escape probability [7]. If a (Ag) mirror
is positioned below the nanowires instead of the substrate, most
of the photons resulting from radiative recombination within the
nanowires are reflected back, as the calculated NW/Ag reflectance
is ∼95%. In this configuration, the solid angle of the emission is
halved, as no photons escape from the backside, resulting in an
increase of the front-side external radiative emission efficiency. As
the radiative emission wavelength is very close to the bandgap, re-
absorption within the nanowires is rather low, while in the case of
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the substrate nearly all emitted light is lost because the wafer is
very thick compared to the nanowires and the band gap energy of
the cubic substrate is lower than that of thewurtzite nanowires [6].
To experimentally prove this enhancement, two samples grown
under identical conditions were fabricated: a first sample in which
the nanowires are embedded in PDMSand are still on the substrate,
and a second sample in which the nanowires/PDMS layer is lifted-
off, and a 300 nm thick Ag mirror is deposited on the back by
evaporation. The nanowires are 4 µm long and have a diameter
of 180 nm. These dimensions have been chosen on purpose to
exclude any effect of the absorptance on this test (discussed later),
and allow a straightforward explanation of this phenomenon. The
photoluminescence (PL) is measured by using a 100x objective
focusing a 532 nm laser to a spot with a diameter of approximately
2 µm. In Fig. 2b the PL intensity of the two samples is then
compared. A clear increase in the measured front-side emitted
PL is observed. The back-mirror increases the collected emission
by 60% at the front-side as compared to the sample without a
back-mirror, which corresponds to an enhancement in the Voc of
∼12mV. This increase also guarantees that the high optical quality
of the nanowires is maintained by the procedure. As presented
before inmore detail [31], the front-side emission,measured as the
intensity of photoluminescence, is in fact directly correlated with
the open circuit voltage of a solar cell by the relation

Voc = Voc,ultimate −

⏐⏐⏐⏐kBTq ln
(

ηextεsun

εemission

)⏐⏐⏐⏐
in which εsun is the solid angle of the sunlight falling on the solar
cell (εsun = 6.85 10−5) and εemission is the solid angle of the light
being emitted from the solar cell [32]. The solid angle of the emitted
light is 4π for the nanowires embedded in PDMS without a back-
mirror, while it is 2π for the sample with a back-mirror. As can be
seen from the equation, the open circuit voltage increases when
all emission in the backward direction is reflected back to the
top. As demonstrated by several groups, such an enhancement in
the optical emission is directly correlated to an increase in per-
formance [33,34]. While we do not demonstrate experimentally
this increase, the published literature strongly supports our con-
clusion. Furthermore, no degradation of photoluminescence has
been observed after a complete regrowth cycle. Finally, to exclude
any influence of the mirror on the absorption of the incoming
illumination, the absorptance has been measured. According to
simulation data [9], all light is expected to be absorbed in both
samples since theNW length and diameter are∼ 4µmand 180 nm
respectively. No observable effect of the silver mirror can be thus
expected on the absorptance. This is verified by using an integrat-
ing spherewith awhite light source. The reflectance is collected by
the integrating sphere and ismeasured by a spectrometer, allowing
to calculate the absorptance. In accordance with the simulations,
the measured absorptance is very high in the visible range, and
very similar between the two samples (inset of Fig. 2), with a value
of ∼ 95% at 532 nm, which is the wavelength of the laser used for
the PL measurements. As intended thus, while no influence of the
back-mirror is expected on the absorptance, its effect on photon
emission is clear.

3. Conclusion

To conclude, a procedure has been developed to enable re-
peated nanowire growth on a single substrate. By reusing the sub-
strate, its influence on the total cost of the device is reduced. The
nanowires are embedded in a PDMS layer and detached from the
substrate: after cleaning, the substrate is ready for another growth
and embedding cycle. We demonstrated a high yield for nanowire
regrowth by repeating the complete cycle twice. Removing the
nanowires from the substrate also allows adding a back mirror,

Fig. 2. Influence on the optical properties of the nanowire sample with either
a mirror or the substrate placed at the backside of the nanowires. (a) Effect of
the presence of the substrate on the front side emission. The emission should be
doubled, in a lossless cell. (b) Integrated photoluminescence intensity of nanowires
embedded in PDMS on the native growth substrate, and after polymer lift-off with
a 300 nm Ag mirror on the backside, as a function of incident laser intensity. Inset:
Absorptance of nanowires embedded in PDMS on the native growth substrate, and
after polymer lift-off.

which not only doubles the effective absorption length, but in
addition allows increasing the open-circuit voltage. This process
results thus in three advantages: it allows substrate reuse, opens
a route towards nanowire-based flexible photovoltaic devices, and
enhances the performance of solar cell devices.
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