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tions, from light-emitting diodes25 to lasers.26 The conformal

amorphous nanopatterns thus enable light management devices

produced with a time-efficient, low-cost and high-throughput

bottom-up process. Here we illustrate the broad potential of

our approach by devising conformal nanopatterns on highly non-

planar substrates such as inherently rough polycrystalline silicon

films and pyramid-textured silicon wafers. In both cases, we show

that the proposed bottom-up process enables a conformal struc-

turing of the entire surface while retaining the amorphous pattern

despite the topography of the substrate.

2 Results and discussion

Figure 1 illustrates the process for the conformal bottom-up

nanopatterning of non-planar surfaces. First, negatively surface-

charged polystyrene (PS) beads are self-assembled by electrostat-

ics onto a non-planar silicon substrate (Fig. 1a) pre-coated with

a positively charged triple-layer polymer film. The arrangement

of the beads results from the equilibrium between two coexist-

ing electrostatic interactions, the particle-particle repulsion and

particle-substrate attraction. The colloidal self-assembly effec-

tively leads to a conformal adsorption of the beads with a very

high tolerance to the surface roughness (Fig. 1b). A metal mask

(50 nm-thick aluminum film in this case) is then evaporated on

the PS spheres to create the etch mask upon spheres removal

(Fig 1c). Finally, the samples are etched (here with isotropic reac-

tive ion etching (RIE) with a mixture of O2 and SF6 gases), lead-

ing to a substrate with a conformal short-range ordered pattern of

nanoholes (Fig. 1d). More details on the process are given in the

Experimental section. Although here we focus on silicon surfaces

as described in more details in the following, this technique can

be widely tuned for different applications with various substrates.

The use of a charged polymer thin film allows screening the effect

of the surface charges of the native substrate. As a consequence,

such bottom-up patterning can be applied to virtually any surface

regardless of its material, charge and roughness. Furthermore,

this method can be used to produce nanodisks or nanoholes of

various shapes. For example, nanodisk features could be derived

from the process described in Fig. 1 by depositing a continuous

(metal) film prior to colloidal self-assembly. The beads are then

used as a selective etch mask of the metal film, thereby leaving,

after beads removal, only nanodisk features that in turn can be

used as a substrate etch mask and later removed. Finally, the

parameters of the short-range ordered pattern (features size and

inter-features distance) can be tuned through the parameters of

the colloidal self-assembly (size of PS spheres, ionic strength of

the solution) and of the etching process. In the case of nanoholes,

the profile can be designed depending on the type of the sub-

strate etch (isotropic or anisotropic). Using this method, confor-

mal nanopatterning was achieved on large-area samples (up to 25

cm2, see Figs. 4a and 5a) with very few defects. The processed
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Fig. 1 Conformal bottom-up nanopatterning of non-planar substrates.

(a,b) Adsorption of colloids from aqueous solution onto a rough or

micro-structured substrate of choice. (c) Etch mask deposition and

beads removal. (d) Etch of the target substrate and removal of the mask.

surface area is only limited in practice by the substrate handling.

It is noteworthy that in the case of planar substrates, we have

demonstrated that this patterning method could be upscaled to

substrates as large as 100 cm2.

Figure 2 illustrates the application of the conformal patterning

method to non-planar substrates with a high native roughness.

We have used 3 µm-thick polycrystalline silicon thin films grown

on alumina substrates by aluminium-induced crystallization. This

material is inherently rough and, as micrometer thin crystalline

silicon films, suffers from incomplete light absorption due to its

thickness. It thus requires advanced light management schemes

to enable efficient light absorption and therefore be integrated in

efficient solar cells.27 PolySi substrates, as polycrystalline materi-

als in general, exhibit a native roughness that can be up to the mi-

cron scale (Fig. 2a), which represents a real challenge for the sur-

face functionalization of the material. Nevertheless, as shown on

SEM images (Figs. 2b-c), the metal mask obtained after colloidal

self-assembly and metal evaporation exhibits a perfect conformity

to such rough surface, very efficiently adapting to the highly var-

ied relief, from the wrinkled valleys (Fig. 2b) to the steep slopes

(Fig. 2c). The short-range order of nanoholes arrangement in the

mask persists on the steep slopes, with a slight distortion of the

nanohole lateral size as the slope angle increases due to the di-

rectional metal evaporation.

As mentioned previously, the geometric characteristics of the

hole pattern, namely the size of the holes and the pattern filling

fraction - ratio between the area covered by the holes and the to-

tal area - depend on the initial bead size. Fig. 2d displays SEM

images of patterns obtained with initial bead sizes of 270 (final

hole diameter = 550 nm), 410 (final hole diameter = 600 nm)

and 510 nm (final hole diameter = 800 nm) to illustrate the im-
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Fig. 2 Conformal bottom-up nanopatterning of inherently rough

polycrystalline thin-film silicon (polySi) substrates. (a) SEM image of a

native polySi substrate. (b,c) SEM images of a polySi surface with a

metal etch mask (nominal bead size = 270 nm) showing its conformity to

the rough surface. (d) Reflectance of nanopatterned polySi with nominal

bead sizes from 270 to 510 nm, compared to the native polySi surface

(black). Top-view SEM images of the corresponding nanopatterned

surfaces are shown to the right with a scale bar of 1 micron.

pact of the bead size on the pattern, all the other parameters of

the colloidal self-assembly and etch steps being the same. The

filling fraction of the beads pattern standardly obtained after col-

loidal self-assembly is 10 to 20 %. Lower filling fractions can be

reached either by using lower concentration of the colloidal solu-

tion, or larger beads and a plasma treatment to shrink the beads

to the desired hole size.28 Higher filling fractions of the pattern

are achieved by increasing the ionic strength of the colloidal so-

lution in order to screen the colloids surface charge and decrease

the interparticle repulsion.28 Additionally, the final filling frac-

tion of the pattern can be changed by tuning the parameters of

the etch process. As reported in a previous publication,29 we

have demonstrated that a filling fraction higher than 90 % could

be achieved by optimizing the dry etch time.

We probe the functionality of the produced pattern by com-

paring the optical reflection of the patterned substrates with a

native polySi surface. As displayed in Fig. 2d, for all nanohole

sizes, the conformal nanopattern induces a significant decrease

in the reflectance of the native polySi surface in the entire vis-

ible range. In particular, for the nominal bead size of 270 nm,

we demonstrate a drop in the integrated reflectance from 41.7 %

to 22.6 %. This drop in reflectance can be attributed to a bet-

ter light in-coupling (short wavelengths) and light-trapping (long

wavelengths) in the nanopatterned sample. At short wavelengths,

the conformal nanopattern effectively provides a gradient in the

refractive index from air to bulk silicon leading to a strong an-

tireflection effect. This effect becomes less efficient as the filling

fraction decreases (i.e. for larger beads), in agreement with a re-

cently published work,30 hence the lowest reflectance is achieved

for a bead size of 270 nm. At longer wavelengths, the nanopat-

tern enables the excitation of guided modes in the polySi film

thereby inducing an efficient light-trapping of photons that were

not trapped in a single pass. The amorphous nature of the pattern

leads to a higher number of guided modes than in the case of a

periodic pattern, which also means that the absorption will be less

dependent on the angle of incidence of the impinging photons22.

The patterning of polySi substrates using the proposed process

reveals two major advantages over previously developed strate-

gies. Firstly, as shown in Fig. 2b, due to the strong attractive elec-

trostatic interactions between the particles and the substrate, the

short-range order in the functional pattern is retained regardless

of the relief of the substrate. Second, the bottom-up conformal

nanopatterning compares favorably to the top-down nanoimprint

lithography (NIL) technique standardly used for periodic pattern-

ing, as illustrated in Fig. 3. The high tolerance of the bottom-up

patterning technique to the topography of the substrate enables

to pattern the entire surface (Fig. 3a).

In the next step we test the suitability of the conformal bottom-

up nanopatterning for optoelectronic devices on polycrystalline

silicon solar cells. Polycrystalline silicon is a thin-film photo-

voltaics material that is grown directly from vapor or liquid

phase on foreign substrates, thus offering a low-cost alternative

to monocrystalline silicon solar cells.31,32 Furthermore, achiev-

ing broadband efficient light absorption in thin semiconductor

films is a crucial task for the future of solar energy use, as one

of the routes to cost reduction is to design highly efficient ultra-

thin devices. We foresee that the light-management bottom-up

nanopatterns developed here are relevant to a wide range of pho-

tovoltaic materials, from ultrathin monocrystalline silicon films to

rough polycrystalline materials such as CuInGaSe2. The bottom-

up conformal nanopatterns thus propose a generic strategy to-

�����

�

�����

�

Fig. 3 Comparison of polySi surface patterned by bottom-up

nanopatterning (a) and nanoimprint lithography (b).
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Fig. 4 PolySi solar cells enhanced by conformal bottom-up nanopatterning (nominal bead size of 270 nm). (a) Photograph of the nanopatterned

polySi cells (1 x 1 cm). The initial size of the nanopatterned polySi wafer before dicing (5 x 5 cm) is shown with dashed lines. (b,c) Electrical

performances of a native polySi cell (black) and the best obtained nanopatterned polySi cell (red).

wards nanophotonic light-trapping solutions for high-efficiency

thin-film solar cells, with spectral and angular properties tunable

with the nanohole size and the short-range order of the holes ar-

rangement. Here nanopattern-enhanced polySi surfaces, as the

ones described previously, are integrated into a photovoltaic de-

vice using an heterojunction structure with interdigitated con-

tacts (Fig. 4, for cell fabrication details see Experimental section).

Fig. 4a shows a photograph of nanopatterned polySi cells (1 x 1

cm) made by dicing the original nanopatterned polySi substrate

(5 x 5 cm, dashed lines). Fig. 4b displays the external quantum ef-

ficiency (EQE) measurements, i.e. the ratio of the number of car-

riers collected in the solar cell to the number of incident photons

as a function of the incident wavelength, on the best obtained cell.

As a consequence of the strongly reduced reflectance discussed

previously, the nanopatterned cell (red) exhibits a substantial in-

crease in the EQE compared to the reference cell (black), thereby

leading to an increase in the short-circuit current density from

9.74 for the reference cell to 17.2 mA/cm2 for the patterned cell.

The impressive gain in the optical performance of the cell is com-

promised to some extent in the present case by the open-circuit

voltage and fill factor losses (Fig. 4c). The reduced electrical per-

formances (see table in Fig. 4c) can be attributed to the material

damage due to dry etch and the non-conformal contacts deposi-

tion, leading to significant recombination and collection losses on

the front compared to the reference cell.33 Still, close to 50 %

increase in the conversion efficiency is observed from 3.06 % for

the reference cell to 4.46 % for the device with the conformal

nanopattern. We foresee that advances in electrical passivation of

the nanopatterned surfaces along with better contact engineering

would prevent the drop in the electrical performance and would

lead to further efficiency increase for the polySi cells with confor-

mal nanopatterns. Despite the fact that the bare pc-Si cells in this

study do not have the highest efficiency obtained in our labs27,

the relative increase in the short-circuit current density observed

in the case of the nanopatterned cells clearly demonstrates the

potential of our patterning technique.

To demonstrate the process conformity to sharp features, we

proceed with patterning a random pyramid-textured silicon sur-

face as displayed in Fig. 5. Etching (100)-oriented Si by an

anisotropic wet etchant (tetramethylammonium hydroxide) re-

sults in a random distribution of micron-sized pyramids with

steep 54.7◦ slopes. The pyramid-textured surface is then func-

tionalized with a bottom-up conformal nanopattern employing

a 50 nm-thick Al mask with 270 nm-diameter nanoholes and

isotropic RIE. As shown in Fig. 5a, the Al etch mask exhibits per-

fect topography-independent coverage of the surface, retaining

the short-range order as on a flat substrate. The use of a pyramid-

textured substrate highlights the true three-dimensional confor-

mity of the approach, as the nanohole-patterned mask accommo-

dates all the facets, and even the very tips, of the micro-pyramids

of the substrate (Fig. 5b). The dry etch and mask removal reveal

an intricate multiscale surface texture formed by the short-range

ordered pattern of sub-wavelength parabolic nanoholes, conform-

ing to the micron-sized pyramids (Fig. 5c). Random pyramid

texturing of silicon35 is conventionally implemented in solar cell

devices to increase the photon absorption probability compared

to a flat surface using the ray optics effect. It generally leads

to a drop in the reflectance (integrated from 300 to 1170 nm)

from 34 % for a flat silicon wafer substrate to 12 % after ran-

dom pyramid texturing.36 Here, the conformal nanopattern ef-

fectively provides a graded index effect leading to a further drop

in the integrated reflectance from 12 % to 8.9 %. In principle,

to push the reflectivity further down, the nanoholes aspect ra-

tio should be increased.37–39 In the context of light-trapping for

solar cells, recent work has proposed a similar approach based

on a modulated surface texture combining nanocones and micro-

pyramids in order to achieve broadband absorption.40 However,

in this approach, the geometry of the original microscale features

is significantly affected by the nanopatterning process, which can

be crucial in applications beyond photovoltaics. In a broader per-

spective, the very high tolerance of the fabricated nanopatterns to

the substrate relief, as illustrated in the case of random pyramid-
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Fig. 5 Conformal bottom-up nanopatterning of pyramid-textured silicon substrates. (a,b) SEM images of pyramid-textured substrates with a metal

etch mask. Inset in a: photograph of the nanopatterned substrate (5 x 5 cm). (c) Side view of a nanopatterned pyramid-textured substrate after dry

etch and mask removal. (d) Reflectance of a pristine pyramid-textured surface (black) and a surface with added conformal nanopattern (red, nominal

bead size of 270 nm).

textured substrates, prompts the conformal patterning of fully

three dimensional, micro- or macroscopic, objects with poten-

tially steep topography. In particular, it opens new possibilities for

the realization of biomimetic multifunctional landscapes,9 where

the conformal bottom-up nanopattern would confer an additional

functionality to the substrate from surface (adhesion, wetting) to

optical properties. We also mention here the increase of the ef-

fective surface area as a result of conformal nanopatterning. This

might be decisive for the potential heterogeneous nanocatalysis

applications of such patterned surfaces.

3 Conclusions

In conclusion, we have devised a class of conformal bottom-up

nanopatterns that bestow an additional functionality to largely

non-planar or 3D-structured surfaces. The nanopatterns are pro-

duced on macroscopic areas by affordable colloidal self-assembly-

based nanofabrication, suitable to structure a wide range of mate-

rials with (nano)features. Here we have focused on the enhanced

light-matter interaction in silicon substrates for applications to

photovoltaics. We have illustrated the high tolerance of these

patterns to surface roughness by fabricating them conformally on

3D micro-pyramids, boosting the antireflective properties of the

surface. As a proof-of-concept of applications to optoelectronic

devices, we have demonstrated the potential of bottom-up amor-

phous photonic nanostructures for light management in polycrys-

talline thin-film silicon photovoltaic devices by showing a sig-

nificant improvement of the short-circuit current density thanks

to patterning. In a broader context, the high conformity of the

bottom-up nanopatterns to the various surface reliefs opens new

perspectives towards the fabrication of functional multiscale sur-

faces. This work paves the way towards the nanopatterning of

virtually any nano-, micro- or macroscopic three-dimensional ob-

jects, including sharp stand-alone features and vertical sidewalls.

4 Experimental details

4.1 Self-assembly of polystyrene particles

For all the bottom-up nanopatterned samples presented in the

paper, a triple-polymer layer was adsorbed onto the substrate

prior to self-assembly: (i) PDDA (poly(diallyldimethylammonium

chloride), 0.2 wt %, Sigma Aldrich); (ii) PSS (poly(sodium 4-

styrenesulfonate), 2 wt %, Sigma Aldrich); (iii) ACH (aluminium

chloride hydroxide, 5 wt %, Summit Reheis). In between each ad-

sorption step, the sample was rinsed under deionized (DI) water

and dried under nitrogen flow. A solution of negatively-charged

polystyrene (PS) particles (sulfate latex, Life technologies, con-

centration 0.2 wt %) was then dropcast onto the sample and let to

adsorb for 2 minutes to reach saturation of the surface. The sam-

ple was rinsed under running DI water to wash away the excess

particles and dried under nitrogen flow. A heat treatment of the

PS particles was performed during rinsing to avoid aggregation

of the particles upon drying. After evaporation of an aluminum

mask (50 nm thickness), the PS beads were removed by a soft

wiping of the surface in acetone.

4.2 Dry plasma etching

After beads removal, the samples were etched with reactive ion

etching with a mixture of SF6 and O2 gases (100/30 sccm) at 100

mTorr pressure and a power of 100 W, leading to an arrangement

of subwavelength parabolic holes of about 600 nm in diameter

for a nominal bead size of 270 nm.

4.3 Nanoimprint lithography

The samples were pressed under a soft stamp with a hydraulic

press at 130◦C and 20 bar, after spinning a thermoplastic resist.

The resist was mr-I 7010R from Micro-resist technologies and the

soft stamp was Sylgard 184, a silicone elastomer from Dow Corn-

ing.

1–7 | 5

Page 5 of 7 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



4.4 Polycrystalline silicon solar cells

Polycrystalline silicon films were grown by aluminium-induced

crystallization on alumina substrates, as described in a previous

work.27,33 After nanopatterning with the bottom-up process de-

scribed previously, an heterojunction structure was made by de-

position of an amorphous silicon emitter followed by sputtering

of an indium tin oxide window layer. The cells were completed

by the deposition of interdigitated front contacts (silver for the

emitter and aluminum for the base) through photolithography,

electron beam evaporation and lift-off.
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