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2
Nanofabrication techniques

We present the nanofabrication procedures used to make large-area
arrays of Si and TiO2 nanopillars on Si substrates. We use substrate-
conformal imprint lithography (SCIL) and reactive ion etching (RIE) to
fabricate Si nanopillars arrays on a Si wafer. A RIE recipe using CHF3,
SF6 and O2 gases is optimized to yield a smooth, anisotropic Si etch,
with a ∼1:3 selectivity with respect to SiO2. The TiO2 nanopillars are
obtained by means of evaporating TiO2 in a nanoimprinted resist hole
pattern, followed by lift-off of the resist.

2.1 Introduction

Nanofabrication refers to the realization of 1-, 2- or 3-dimensional structures
with length scales below 100 nm. Common nanofabrication techniques used in
research studies include electron bean lithography (EBL) and focused ion beam
(FIB) milling. Both techniques offer the possibility to fabricate arbitrary patterns
on a wafer surface. However, both processes are relatively slow and expensive.
They can thus be used to pattern small areas (typically a few mm2) but are not
usable for industrial scale production. Deep ultra-violet interference lithography
can be used to pattern large-area wafers. However, the resolution of this technique
is limited to the diffraction limit of light. Furthermore, only periodic or quasi-
periodic arrays can be fabricated. Nanoimprint lithography techniques offer the
possibility to fabricate arbitrary patterns on a large scale. These techniques are
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2 Nanofabrication techniques

based on the replication of a master pattern by means of a stamping process in
which a stamp with inverse pattern is brought in physical contact with a resist
material and used to mold the master pattern into the resist. Usually nanoimprint
lithography is based on either a rigid stamp, which offers better resolution but can
only be used on small flat substrates, or a soft stamp, which offers more flexibility
but poorer resolution. Recently, substrate-conformal imprint lithography (SCIL)
has shown to be capable to fabricate nanostructures with resolution below 10 nm,
over large-area substrates [74, 75]. In this chapter, we describe the use of SCIL to
fabricate dielectric nanoparticles on top of a Si wafer, for application to solar cell
devices.

2.2 SCIL for fabrication of dielectric nanoparticles

In SCIL, a master pattern is first made, usually on a Si wafer, by EBL or interference
lithography followed by reactive ion etching (RIE). Then, a poly-di-methyl-siloxane
(PDMS) stamp is molded from the master wafer. The stamp is composed of 2 lay-
ers of PDMS: a high-Young’s modulus layer (H-PDMS) holding the features, which
gives features with sharper corners and avoids adjacent features from collapsing or
sticking to each other; and a low-Young’s modulus PDMS layer, which is flexible and
hence allows conformal contact to the substrate. The flexible stamp can then be
applied either by a dedicated SCIL imprint mechanical tool or by hand onto a sol-
gel resist layer spin-coated on the sample. The sol-gel resist used contains silicon
oxide precursors, specifically tetramethylorthosilicate (TMOS, or Si(OCH3)4) and
methyltrimethoxysilane (MTMS, or C4H12O3Si). Several reactions take place during
the sol-gel formation and nanoimprint [74]. The net result of these reactions is the
formation of O-Si-O bonds, which form a porous SiO2 layer [74].

Figure 2.1(a) and 2.1(b) shows schematics of two different SCIL sequences used
to fabricate large-area arrays of dielectric nanoparticles. Figure 2.1(a) shows a
schematic of the procedure used to fabricate arrays of Si nanopillars on a Si(100)
wafer. A silica sol-gel resist is spin-coated on the Si wafer at 800 rpm for 45 s,
followed by a very short 1000 rpm spin to remove the thick liquid resist on the
edges. This procedure yields a total resist thickness of about 70 nm. A PDMS stamp
patterned with a square array of circular holes is then applied by hand on the wafer
to perform the SCIL. Due to capillarity forces the sol-gel resist easily fills the nano-
holes in the PDMS stamp. After a curing period of 20 min, the stamp is removed
and an array of sol-gel nanopillars is obtained. The height, diameter and spacing
of the nanopillars are fully controlled by the stamp design. For the experiments
described in this chapter, the sol-gel nanopillars have a height of 100 nm, diameter
of 250 nm and the inter-particle spacing of the square array is 450 nm. A residual
sol-gel layer of about 40 nm is left over in between the nanopillars and the Si wafer
after the nanoimprint. The sol-gel nanopillar array is then transferred to the Si
wafer by means of a double-step reactive ion etch (RIE) process. The first step is
a breakthrough etch of the residual sol-gel layer, performed by using a mixture of
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Figure 2.1: (a) Schematic of the nanoimprint fabrication procedure used to make
Si nanopillar arrays. (b) Schematic of the nanoimprint fabrication procedure used
for TiO2 nanopillar arrays. (c) Full 4-inch Si wafer nanopatterned with sol-gel
nanopillars. (d) SEM image of a hole pattern in a sol-gel layer after the nanoimprint
with SCIL (scale bar is 1.5 µm).

CHF3 and Ar gases. The second RIE step is the actual transfer etch into the Si wafer,
and is performed by using a mixture of SF6, CHF3 and O2, as will be discussed in
the following paragraph. After the RIE, the residual silica sol-gel mask is etched
away with a 1% HF solution in water.

Figure 2.1(b) shows a schematic of the procedure used to fabricate arrays of
TiO2 nanopillars on a Si(100) wafer. First, a PMMA (35k) resist layer is spin-coated
on the Si wafer at 1000 rpm for 45 sec, yielding a thickness of about 300 nm. This
thickness can be tuned by changing the spin-coating rotation speed; it should
be chosen as ∼3 times the desired height of the TiO2 nanoparticles. A low-bias
O2 plasma etch is then performed for 3s in order to make the PMMA surface
hydrophilic. Next, a sol-gel layer is spin-coated in a similar manner as described
for Fig. 2.1(a). The SCIL nanoimprint is performed using a PDMS stamp patterned
with a square array of nanopillars. In this case, a pattern of holes is obtained in
the sol-gel layer after curing and stamp removal. The pattern of holes is then
transferred to the PMMA by means of a double-step breakthrough RIE process,
including a CHF3/Ar etch of the residual sol-gel layer and an O2 etch of the PMMA
resist. The O2 etch is deliberately carried out for a long time (12 min), in order
to create an undercut profile in the resist to facilitate the lift-off process. A TiO2

layer is then deposited by means of electron beam (e-beam) evaporation and
subsequently lift-off is performed by dissolving the PMMA in acetone at 50◦C. This
leaves an array of TiO2 nanopillars on the Si surface.
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Figure 2.1(c) shows a photograph of a 4-inch wafer that is fully patterned with
sol-gel nanopillars by manually applying the PDMS stamp. The color effects are
caused by diffraction of light by the grating formed by the nanopillars. A few black
spots can be noticed on the surface, as a result of small air inclusions during the
SCIL nanoimprint. Figure 2.1(d) shows a scanning electron microscope (SEM) im-
age of an array of holes imprinted in sol-gel resist.

2.3 Si reactive ion etching

Reactive ion etching (RIE) is used to transfer the SiO2 sol-gel nanopattern into the
Si wafer. RIE of Si can be performed with various gases, including Cl2 or fluorine
compounds like SF6, CHF3 or XeF2. The latter is well known for yielding a smooth,
isotropic etch of Si, and is widely used for micro-fabrication of microelectrome-
chanical systems (MEMS) [76]. Using Cl2 also yields a very smooth Si etch, with
a high degree of anisotropy and selectivity with respect to SiO2 [77, 78]. In this
paragraph, we present a Si RIE recipe based on SF6 and CHF3 gases that combines
high anisotropy with a ∼1:3 etch selectivity with respect to SiO2. First, a standard
RIE recipe [79] was used to investigate the dependence on plasma pressure and
forward power. This recipe uses CHF3 (17 sccm), SF6 (20 sccm) and O2 (14 sccm).
The plasma pressure was varied between 20 and 100 mTorr; the forward power was
varied between 150 and 350 W. All samples were etched for 45 sec in an Oxford
Plasmalab 80+ plasma etcher.

Figure 2.2 shows SEM images of Si nanopillars etched with the recipe above,
using a plasma pressure of 20 mTorr (a, b, c), 60 mTorr (d, e, f) and 100 mTorr (g,
h, i) and a forward power of 150 W (a, d, g), 250 W (b, e, h) and 350 W (c, f, i).
The initial SiO2 layer thickness was 100 nm. In each SEM image, the SiO2 layer
on top of the Si nanopillars was imaged as well, to allow estimation of the etch
selectivity. The first trend that can be noticed in Fig. 2.2 is that the highest SiO2/Si
selectivity is achieved at the lowest plasma pressure (panels a, b, c). The etch rate is
slowest for the lowest pressure. At low forward power, a minor reduction in the SiO2

mask thickness is observed for increasing plasma pressure. In order to compare the
anisotropic properties of the RIE, we define an anisotropy factor as: A = 1 - D/H,
where D is the absolute value of the difference between upper and lower diameter
of the nanopillar and H is the height. Comparing Fig. 2.2(c) with Fig. 2.2(i) shows
that, for a fixed forward power of 350 W, a plasma pressure of 20 mTorr etches ∼50
nm of Si, with A = 0.9; a plasma pressure of 100 mTorr etches ∼300 nm of Si with
A = 0.5. The lower anisotropy factor for the plasma with higher pressure can be
explained by the larger amount of inter-ion collisions in the plasma [80].

Second, we analyze the effect of the plasma forward power. Figure 2.2 shows
that increasing the forward power increases the etch rate. For example, at a plasma
pressure of 20 mTorr, a plasma etch with forward power of 150 W etches 30 nm of Si
(Fig. 2.2(a)); a forward power of 350 W leads to an etch depth of 70 nm (Fig. 2.2(c)).
This is explained by the higher energy of the ions that interact with the Si sur-
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Figure 2.2: Si nanopillars etched into a Si(100) wafer patterned with SiO2
nanocylinders using SCIL. The RIE is performed using CHF3 (17 sccm), SF6 (20
sccm) and O2 (14 sccm), at a plasma pressure of 20 mTorr (a, b, c), 60 mTorr (d,
e, f ) or 100 mTorr (g, h, i) and a forward power of 150 W (a, d, g), 250 W (b, e, h) and
350 W (c, f, i). The scale bar in all panels represents 100 nm.

face [81]. However, the SiO2 mask thickness is reduced from ∼95 nm (Fig. 2.2(a))
to ∼75 nm (Fig. 2.2(c)). The selectivity for a 150 and 350 W forward power is thus
∼1:6 and ∼1:3, respectively. From the analysis above, we conclude that low pressure
and low forward power are desirable to obtain an anisotropic and selective etch.

Next, we study the effect of the SF6 and O2 gas concentration. A fixed CHF3 flow
rate of 25 sccm was used for this etch test. It has been shown that the presence
of CHF3 in the plasma yields smoother etched surfaces [79]. On the other hand,
higher CHF3 concentrations reduce the etch selectivity with respect to the SiO2

mask. We found that a CHF3 flow rate of 25 sccm yields a smooth etched surface,
while maintaining good selectivity. We use a fixed pressure of 7 mTorr and forward
power of 150 W. All samples were etched for 4 min.

Figure 2.3 shows SEM images of Si nanopillars etched with the recipe described
above, using an SF6 flow rate of 15 (panels a, c) and 25 sccm (b, d), with no O2 (a,
b) and with an O2 flow rate of 10 sccm (c, d). As can be seen, an increase in SF6

concentration yields a deeper etch; comparing panels (a) and (c) with panels (b)
and (d) shows that the Si nanopillar height increases from ∼95 nm to ∼175 nm. It
can also be noted that for lower SF6 concentration, the SiO2 mask is completely
consumed during the etch, whereas for higher SF6 concentration, a 10-nm-thick
SiO2 layer is still present on top of the nanoparticles (see inset of Fig. 2.3(d)). This is
explained by the fact that at low SF6 concentration, the contribution of CHF3 in the
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Figure 2.3: Si nanopillars etched into a Si(100) wafer with the RIE, using a CHF3
flow rate of 25 sccm, an SF6 flow rate of 15 (a, c) and 25 sccm (b, d), with no O2
(a, b) and with an O2 flow rate of 10 sccm (c, d). A plasma pressure of 7 mTorr and
forward power of 150 W were used and the etch time was 4 min. The scale bar in
all panels represents 200 nm. The inset in (d) is a high-resolution SEM image of a
single nanopillar, showing the residual SiO2 mask on the top part.

etch process is dominant, yielding a faster etch of SiO2 with respect to Si. The faster
etch of the SiO2 mask for lower SF6 concentration explains why the nanoparticle
height is smaller.

Finally, we analyze the effect of O2 on the Si etch. Comparing Fig. 2.3(a,b)
with Fig. 2.3(c,d) shows that the presence of O2 in the plasma yields nanoparticles
with larger diameter. In particular, when no O2 is present, the Si nanoparticles are
significantly smaller than the mask size (250 nm). In contrast, for an O2 flow rate
of 10 sccm, the nanopillar size is close to the mask size. This can be explained by
the fact the presence of O2 in the plasma creates a passivation layer on the vertical
etched Si surfaces which prevents the plasma from etching along the horizontal
directions [82]. Overall, the recipe used for Fig. 2.3(d) gives the best anisotropy,
selectivity and smoothness to fabricate cylindrical Si pillars on a Si(100) wafer. The
recipe is summarized in the table below.

The recipe in table 2.1 was used to etch 250 nm wide, 150 nm high Si nanocylin-
der arrays on (100) Si wafers, in order to study the antireflection and light trapping
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2.4 Conclusion

Parameter Value
CHF3 flow 25 sccm

SF6 flow 25 sccm
O2 flow 10 sccm

Forward Power 150 W
Pressure 7 mTorr

Resulting etch rate 45 nm/s

Table 2.1: RIE parameters used for fabricating Si nanocylinders on (100) Si wafers.

properties (see Chapters 6 and 8). Figure 2.4 shows an SEM image of the etched
structure after the removal of the SiO2 mask in diluted HF.

Figure 2.4: SEM image of a Si nanopillar array etched with RIE, using the recipe
reported in table 1. The scale bar is 500 nm. Inset: single Si nanopillar, showing the
slightly tapered shape. Scale bar is 200 nm.

The Si nanoparticle surface appears smooth, with roughness below 5 nm. The
particle shape is a slightly tapered cylinder (see inset), with upper diameter of ∼240
nm and lower diameter of ∼270 nm. The particle height is 150 nm. From nu-
merical simulations, it was found that the deviation of the actual shape from an
optimal cylindrical shape does not significantly change the optical properties of
the nanoparticles that will be reported further on in this thesis.

2.4 Conclusion

We have used substrate-conformal imprint lithography to fabricate large-area ar-
rays of Si and TiO2 nanopillars on Si substrates. The TiO2 nanopillars are obtained
by means of evaporating TiO2 in a nanoimprinted resist hole pattern, followed by
lift-off of the resist. The Si nanopillars are obtained by transferring a nanoimprinted
pattern of pillars into a Si wafer, by means of RIE etching. A RIE recipe using CHF3,
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2 Nanofabrication techniques

SF6 and O2 gases was optimized to yield a smooth, anisotropic Si etch, with a ∼1:3
selectivity with respect to SiO2. The effect of gas concentrations and plasma pres-
sure and forward power on the Si etch were systematically studied.
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