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Micro-supercapacitor; Silicon nanowires (SiNWs) are grown by Chemical Vapor Deposition on highly doped silicon wafer
Energy; via localized gold catalysis with monitored length, diameter, density and doping level. This
Silicon nanowires; work highlights the influence of SiNWs morphological characteristics on their electrochemical
Dopl.ng; performances and analyses in details the key role of the doping level for exhibiting a typical
\SXE ¢ double layer capacitive behavior. The electrochemical performances of silicon and SiNWs

electrodes are evaluated in an organic electrolyte by electrochemical impedance spectroscopy
and cyclic voltammetry. Electrode capacitance has been improved up to 440 uF cm~2, i.e.
about 75 fold that of bulk and about 10 fold that of the one previously reported.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

On-chip energy micro-devices are attractive solutions for
powering various devices such as smartcards, RFID (Radio
Frequency IDentification) tag, MEMs (MicroElectroMechanical
systems), wireless sensors, etc. Currently, advanced recharge-
able micro-batteries made via well-controlled thin film tech-
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safety concerns associated with using metallic lithium [2].
To associate or replace them by micro-supercapacitors, should
overcome this cycle life and power issue [3]. Indeed, micro-
supercapacitors [4], also named micro-electrochemical capaci-
tors or micro-ultracapacitors, store less energy than micro-
batteries but have a more impressive cycle life and higher
power density [5]. Moreover, they exhibit volumetric energy
density ~ 100 times higher than that of conventional dielectric
capacitors.

For the last ten years, micro-supercapacitors have been
designed with various carbon based materials [6-13] or
pseudo-capacitive materials such as RuO, [14] or VN [15].
Such metal oxide electrodes are operated in aqueous based
electrolytes, thus symmetrical device voltage is limited to
less than 1.2 V. Most of the research efforts on micro-ECs
are dedicated to carbon-based electrodes in organic elec-
trolytes or ionic liquids [6-13]. However, they present some
difficulties to be directly integrated on silicon based
substrates commonly used in micro-electronic devices. This
on-chip integration should be easier with silicon based
electrodes. Recently, porous silicon nanowires (SiNWs) [16],
porous silicon coated with gold [17,18], SiC nanowires [19] or
SiNWs coated with NiO [20,21] or SiC [22] have been studied
as potential materials for supercapacitor electrodes. Si/SiC
core-shell nanowires-based electrodes show the most promis-
ing performances and cycling stability but the active material
is SiC, not silicon. Our pioneer work on the field [23-25] has
demonstrated that highly doped silicon nanowires based
electrodes show a promising cycling stability in an organic
electrolyte and a quasi-ideal capacitive behavior, i.e., the
energy is stored thanks to electrolyte ions accumulation at
the polarized electrode/electrolyte interface [23]. These
similarities with carbon enable to envision the use of silicon
based electrodes micro-supercapacitors with long lasting
cycle life. The counterpart of capacitive charge storage is
the surface limited capacitance. Indeed, the specific capaci-
tance is proportional to the developed surface of the silicon
electrode just like in carbon electrodes. We recently demon-
strated that growing silicon nanowires leads to a large
increase in the capacitance per surface of substrate com-
pared to flat silicon wafer [23-25].

As in our previous work, SiNWs have been grown by CVD
via a localized gold catalysis. SiNWs morphological and
doping characteristics can be accurately monitored by the
fine tuning of various growth parameters thanks to the
Vapor-Liquid-Solid (VLS) mechanism [26-27] and the use of
HCl during the growth [28-32]. SiNWs diameters and density
is monitored by the catalyst. The use of gold colloids
enables to get SiNWs with homogeneous diameters. In that
case, SiNWs density is monitored by the number of succes-
sive gold colloids deposition. SiNWs with small diameters
(<50 nm) from gold colloids catalyst can be obtained thanks
to the use of HCl gas [28,30-32]. The use of a gold thin film
enables to get denser SiNWs but with inhomogeneous
diameters. The thickness of the thin film and the growth
temperature enable to monitor the diameter range. SiNWs
length is monitored by the growth duration. SiNWs doping
type and level are monitored by the doping gas/silane ratio.
n-Doped NWs are obtained by using PH; gas and p-doped
NWs are obtained by using B,Hg gas. The use of HCl during
the growth enables to precisely monitor the SiNWs doping
level and to improve their morphology [29].

This work analyses in details the influence of the SiNWs
morphology (length, diameter, density) and doping level on
the electrodes electrochemical behavior and capacitance,
in correlation with SiNWs growth parameters (gold catalyst
deposition routes, growth temperature and time, CVD gas
composition).

Materials and methods

SiNWs growth by CVD

SiNWs are grown in a Chemical Vapor Deposition reactor
(CVD) via gold catalysis on highly doped n-Si (111) substrate
(doping level (i.e. the number of doping atoms per cm® of
materials) Ng=5x 108 cm~3). H, is used as carrier gas,
silane (SiH4) as silicon precursor, phosphine (PH3) as n-
doping gas, diborane (B;Hg) as p-doping gas and HCl as
additive gas. As shown in our previous work [28-32], the use
of HCLl in our process enables to reduce the gold surface
migration and improve the NWs morphology. Their rough-
ness decrease and their diameters are constants from the
bottom to the top, whatever the nanowires length. Gold
colloids with homogeneous diameters or gold thin film have
been used as catalyst. Only gold colloids lead to SiNWs with
homogeneous diameters. Thanks to the growth Vapor-Liquid-
Solid mechanism, SiNWs characteristics can be monitored:
their length by the growth duration, their density by their
number of gold colloids deposition, their doping type by the
doping gas nature and their doping level by the doping gas/
silane ratio. This ratio can vary from 10~ to 10~ 2 leading to
doping level from Ng~ 10"® to ~ 10%° cm~3 [29].

Prior to the growth, wafer surface are cleaned by
successive dipping in (i) Acetone, Isopropanol and Caro
(H2S04:H,0,, 3:1) to remove organics impurities, followed
by (ii) HF, 10% and NH4F solution to remove the native oxide
layer. Then, gold catalyst is deposited on the surface. Gold
colloids are deposited with HF, 10% from an aqueous gold
colloid solution (BritishBioCell). Gold thin film is evaporated
under UHV on the substrate. SiNWs density is estimated by
counting the number of gold colloids or dewetted gold
nanoparticles per cm? on several SEM pictures.

Several growths have been performed to get SiNWs with
several lengths, diameters, densities and doping levels.
Different SiNWs lengths are obtained by increasing the
growth time.

SiNWs with different doping level are grown at 600 °C
(for 50 nm and 100 nm gold colloids) or at 650 °C (for 200 nm
gold colloids and gold thin films), under 3 Torr total
pressure, with 100 sccm (standard cubic centimeters) of
HCl gas, 700 sccm of H, as carrier gas and various silane/
doping gas ratio [29]. For both temperatures, highly doped
SiNWs growth rate is about 500 nm min~".

Highly doped SiNWs are obtained by using 40 sccm
(standard cubic centimeters) of SiH4 and 80 sccm of doping
gas (0.2% PHs in Hy or 0.2% B,Hg in Hy).

SiNWs growth from small diameter gold colloids (5 nm,
10 nm, 20 nm) is performed at 500 °C, under 8 Torr total
pressure, with 60 sccm of SiH4, a 3 x 10~ phosphine/silane
ratio, 50 sccm of HCl gas, 700 sccm of H, as carrier gas for
20 min [29].
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