
HAL Id: hal-00994777
https://hal.science/hal-00994777v1

Submitted on 12 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Phononic engineering of silicon using ”dots on the fly”
e-beam lithography and plasma etching

Valeria Lacatena, Maciej Haras, J.F. Robillard, Stéphane Monfray, Thomas
Skotnicki, Emmanuel Dubois

To cite this version:
Valeria Lacatena, Maciej Haras, J.F. Robillard, Stéphane Monfray, Thomas Skotnicki, et al.. Phononic
engineering of silicon using ”dots on the fly” e-beam lithography and plasma etching. Microelectronic
Engineering, 2014, 121, pp.131-134. �10.1016/j.mee.2014.04.034�. �hal-00994777�

https://hal.science/hal-00994777v1
https://hal.archives-ouvertes.fr


Phononic engineering of silicon using ‘‘dots on the fly’’ e-beam
lithography and plasma etching
V. Lacatena a,b,⇑, M. Haras a,b, J.-F. Robillard b, S. Monfray a, T. Skotnicki a, E. Dubois b

a STMicroelectronics, 850, rue Jean Monnet, F-38926 Crolles, France
b IEMN UMR CNRS 8520, Institut d’Electronique, de Microélectronique et de Nanotechnologie, Avenue Poincaré, F-59652 Villeneuve d’Ascq, France

a b s t r a c t
Keywords:
Phononics
E-beam Lithography
Plasma etching
Thermoelectricity
Nowadays, the interest in reducing the lattice thermal conductivity (kL), without affecting the electrical
one (ke), represents one of the main objectives for researchers in thermoelectricity. In semiconductors,
lattice vibrations contribute about 95% to thermal conductivity. Because phonons and electrons transport
operates over markedly different length scales, the power factor (S2r), and consequently the ZT factor of
merit, can be significantly improved through the reduction of kL without sacrifying the electrical conduc-
tivity (r) and the Seebeck coefficient (S).

In this work, we focus on the realization of an efficient e-beam lithography patterning methodology for
phononic crystals to investigate thermal conductivity reduction in novel integrated thin film converters.
The adopted ‘‘dots on the fly’’ lithography strategy, combined with an appropriate anisotropic plasma
etching technique, permits the fabrication of phononic crystal patterns with minimal dimensions, easy
layout and writing speeds 3 orders of magnitude larger of those obtained by conventional techniques.
1. Introduction

Over the last years a considerable amount of phononic engi-
neered patterning methodologies have been developed as a conse-
quence of the growing interest towards nanofabrication and
development of solid state thermoelectric converters.

The progresses in nanotechnology are presenting exciting possi-
bilities to reduce thermal losses and pattern the active medium in
such a way that the phonons spectral distribution and propagation
can be tailored.

Phononic crystals (PCs) are the elastic counterpart of the
so-called photonic crystals. Following the same line of reasoning,
phonons are collective vibrations propagating in a periodic lattice.
Engineering PCs is possible to artificially control and induce disper-
sion properties as frequency band gap, negative refraction or wave
guiding [1–3]. These features are the result of Bragg reflection on
the artificial lattice.

In such periodic materials, the operating frequency scales as the
inverse of the lattice constant (or pitch) a, manifesting the so-called
‘‘Zone-folding effect’’. Furthermore, phononic band gaps width is
controlled by the geometric ratio of constituting materials or filling
fraction, the contrast between the physical characteristics of the
inclusions and the matrix, as well as their geometry and shape.
Recently, it was advocated that PCs with nanometer scale
pitches could efficiently modulate the natural phonon density of
states up to the thermal range and thus lead to a reduction of ther-
mal conductivity k [4–7]. The kL (lattice thermal conductivity) gen-
eral expression, derived from the Boltzmann transport equation
within the single relaxation time approximation, indicates the
principal contributions to the heat transport: density of states
g(E) (integrated over the whole energy spectrum), phonon group
velocity vg, specific heat cph and phonon relaxation time s [8].

kL ¼
Z 1

0
dE � gðEÞ � cph � v2

g � s

There exist several theoretical approaches to treat and solve the
previous equation considering different approximations. The most
interesting one is the Callaway model [9], which adopts the
Debye’s approximation, neglecting the phonon dispersion and
not differentiating longitudinal and transversal polarization. The
model was successively corrected by Holland [10], who considered
a different behavior for the two polarization contributions,
included phonon dispersions and corrected the relaxation time
expressions.

Patterning PCs represents the most interesting approach to
reduce kL and to increase ZT = S2rT/j for globally enhancing the
thermoelectric conversion efficiency g.

Silicon is considered as an attractive material for its advanta-
geously high Seebeck coefficient (thermoelectric power is about
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Fig. 1. Thermal conductivity measurements of periodically patterned silicon
membranes as a function of the total surface porosity. Results of Yu et al. [12],
Tang et al. [13] and Hopkins et al. [14].

Fig. 2. Comparison between the conventional e-beam writing technique and the
‘‘dots on the fly’’ (BSS = beam step size). For the conventional methodology the pitch
is dictated by the distance between the squares designed in the layout (2 nm). Once
the electron beam impinges with a high dose, the resist enclosures are featured as
in the bottom image. For the ‘‘dots on the fly’’ the square designed is of dimensions
of hundreds of microns, but the BSS is increased up to the pitch dimensionality.
400 lV/K for highly doped p-Si [11]) and tunable electrical conduc-
tivity, dependent on doping. The necessity of using a low cost,
CMOS compatible and environmentally harmless material to act
as active medium for phonons, makes silicon a good candidate
for the scope.

Recent experiments conducted by Yu et al. [12], Tang et al. [13]
and Hopkins et al. [14] have demonstrated a drastic reduction of k
down to 1/100th of the Si bulk value (149 W m�1 K�1) in various
free-standing periodic nanomesh structures (Fig. 1). A further
reduction by one order of magnitude of the thermal conductivity
k could be possible by exploiting all the typical effects of phononic
engineering (anisotropy, group velocity reduction, phononic band
gap), driving to a sensible increase of the silicon thermoelectric
efficiency.

The patterning of a phononic crystals structure is the main chal-
lenge of the fabrication process. The dimension of the repetition
period a (the so-called lattice constant) is established by two
parameters: phonon wavelength (k � 2 nm) and its mean free path
(K � 100 nm). To guarantee an efficient reduction of the k coeffi-
cient, through the scattering of the acoustic phonons by the peri-
odic array of inclusions, the crystal constant a should be
comprised between these two values. Indeed, phonons that
account for most of the thermal conductivity have a wavelength
in 1–100 nm range. Thus, the lattice constant a is fixed by phonon
parameters to values in the range of tenths of nanometers.

In the next sections, the nanofabrication methodology is first
described and followed by experimental results before the final
conclusive section.
2. Nanofabrication methodology

The main variables to tune during the fabrication process are
the lithographic electron-beam (e-beam) impinging dose, the resist
minimum resolution and etching parameters (concentration and
pressure of reactive gas in the chamber as well as power and time).

The selected resist for PCs patterning is ZEP 520, which assures
high resolution and sensitivity, high stability in time and good
plasma etch resistance [15].

Even if limited by proximity effects and low throughput, e-beam
lithography permits to reach the desired resolutions for dense and
small-pitch patterns. To overcome these problems two strategies
have been adopted to open identical arrays of cylindrical holes
on the silicon surface (Fig. 2). We report here the results related
to both and their comparison.

The first methodology relies on overdosing square patterns
sized as a minimal (2 � 2 nm) beam step size (BSS) of the e-beam
equipment Vistec EBPG 5000+. The charge dose ranges from 50000
lC/cm2 to 150000 lC/cm2 using a current of 300 pA. The electron
beam size is estimated to 10 nm according to the aperture of
400 lm. The respective dimensions of the BBS, pitch and beam size
are sketched on Fig. 2. The resulting exposed area features circular
patterns of diameter directly related to the electron impinging
dose.

The second approach, sometimes referred to as ‘‘dots-on-the
fly’’ (DOTF), relies on increasing the BSS up to the desired pitch,
using higher currents (10 nA) and lowering the electron dose
(10–80 lC/cm2) in order to obtain regularly spaced pixels. The
electron beam size is almost the same (12 nm) for this current. Fol-
lowing this approach entail a sensible increase of the writing speed
as discussed in the following section.

The features transfer, through the 80 nm-thick film of ZEP 520
(positive resist by ZEON Corp.), is realized by Cl2 physical plasma
anisotropic etching (30 sccm, 30 W, 5 mTorr, Plasmalab System
100, Oxford Instruments). The resist is cleaned with a 20 min dou-
ble bath of PG Remover (MicroChem Corp.), preceded by 10 min of
UV light exposition.
3. Results and discussion

Fig. 3 summarizes, for each strategy, the diameter of the
obtained cylindrical holes and the respective optimal electron
doses as a function of the pitch a, comparing the experimental
results with the simulated ones.

An analytical model has been developed to justify the results,
confirm the experimental trends and estimate the enclosures opti-
mal diameters. Beam shape, electrons diffusion and pattern period-
icity were taken into account to correctly simulate the proximity
effects. The electron beam is assimilated to a Gaussian distribution.
The model provides useful guidelines to predict holes diameter
depending on the parameters previously cited. In such a way it is
possible to perform an a posteriori analysis starting from the
desired characteristics.



Fig. 3. Diameter of the cylindrical holes as a function of the pitch a for the ‘‘dots on the fly’’ (left) and the conventional methodology (right). The experimental points are
compared with the simulated trend.

Fig. 4. The ‘‘dots on the fly’’ trends for diameter versus pitch are plotted. The lower
curve represents the diameter opened for each pitch by the lowest possible efficient
dose. The upper one is plotted for the higher dose (64 lC/cm2) tested, sufficient to
open all the pitches.
In order to have a better insight in the electrons spread in the
resist and to individuate an optimal waist parameter, a Monte Carlo
simulation with Sceleton™ (Synopsis�) has been performed. The
obtained value of 15 nm is consistent with the results for the min-
imal resolution achievable with the used ZEP resist. Its effect is
cumulated differently depending on the methodology investigated,
considering the specific machine beam step size (BSS) and the elec-
tron-beam impinging dose. The dose accumulation effect is
neglected after a distance of 5 neighbors (5 lattice constants a).
Fig. 5. SEM pictures of the phononic patterns obtained with the ‘‘dots-on-the-fly’’ st
25.4 ± 1.3 nm.
A good agreement is reached between the experimental results
and the simulated ones, demonstrating the correct modeling of the
key parameters determining the holes diameter.

Fig. 3 presents the fittings obtained from experimental data
points, corresponding to different doses. It can be observed that,
for the conventional method, lower doses over the enlightened
area are required to open smaller pitches (38 and 44 nm) to avoid
the influence of massive proximity effects, which expose inten-
sively the resist, causing breaks in the patterns or extremely high
porosity.

The main advantage presented by DOTF relies on the sensible
increase of the surface writing speed to values 3 orders of magni-
tude larger when compared to the average speeds for the elder
method (from 10�5 cm2/min up to 10�2 cm2/min). Such a decrease
in writing time is mainly given to the suppression of the electron
beam blanking time for the DOTF methodology, entailing a consid-
erable hardware time reduction. The higher current used also con-
tributes to a further reduction of the writing time. Indeed, the dose
per pattern only depends on the resist intrinsic contrast curve and
is thus equal for both approaches. Using a higher current results in a
decrease of the writing time. However, in this case, the gain from
current is at best of a factor 33 (10 nA vs. 300 pA) while the total dif-
ference between the two methods is of three orders of magnitude.

The potentialities of the DOTF technique have been investigated
to explore resolution limits and optimal doses for different pitches.

In Fig. 4, the diameters of holes are plotted as a function of
pitches for two different doses: an arbitrary medium-high dose
(64 lC/cm2) and the minimal required dose over the impinging
area to open the trenches (which varies depending on the pitch
desired). The collected data enlighten the presence of a region in
between the experimental curves where the patterns are precisely
opened.
rategy: (a) pitch 44 nm, diameter 13.8 ± 0.9 nm and (b) pitch 125 nm, diameter



The top curve represents a lower limit for the zone where the
proximity effects hinder the fabrication of regular patterns, result-
ing in values for the porosity tending to the unity. Alternatively,
the region below the bottom curve imply values of porosity close
to zero, associated to electron doses not sufficient to succeed in
opening the features. The resist minimal resolution is reached for
feature sizes of about 14 nm, as predicted by Sceleton™
simulations.

Nanomesh uniform patterns were fabricated on h100i Silicon
wafer for pitches ranging from 44 nm up to hundreds of nanome-
ters, demonstrating the efficiency of the adopted method (Fig. 5).

4. Conclusions

A robust fabrication process has been developed to pattern sil-
icon phononic crystal structures with the ‘‘dots on the fly’’ tech-
nique. An easy layout, a writing time consistently reduced by 3
orders of magnitude with respect to the conventional lithography
strategies, an anisotropic Cl2 etching recipe are decisive advantages
of this methodology, contributing to the realization of periodic pat-
terns with pitches down to 40 nm, comparable to the actual state
of the art. Therefore, pattern sizes down to 13.8 ± 0.9 nm with a
44 nm pitch and 19.1 ± 1 nm with a 38 nm pitch can be achieved
with ‘‘dots-on-the fly’’ and conventional layout respectively, but
considering a consistent difference in writing speed.
The use of silicon guarantees compatibility with CMOS technol-
ogies and enables the integration of PCs nanopatterned structures
in thin film thermoelectric energy converter. Furthermore, the pre-
sented process avoids metallic hard masks deposition and thus
preserves surface from contamination.
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