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Controlled Li doping of Si nanowires by electrochemical insertion method
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Si nanowires~NWs! were doped with large amounts of Li1 ions by an electrochemical insertion
method at room temperature. Si NWs with different doping levels were obtained by controlling the
discharging/charging of Li/Si NWs cell. The microstructures of Si NWs with different doses of Li1

ions were investigated by high-resolution electron microscopy. The crystalline structure of the Si
NWs was destroyed gradually with the increasing of Li1 ion dose. When the Li1 ions were
extracted from the amorphous Li-doped Si NWs by the same electrochemical method, local ordering
of atoms occurred and recrystallization was observed. The photoluminescence peak and intensity of
Li1-doped Si NWs are closely related to the doping dose. ©1999 American Institute of Physics.
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The recent synthesis of Si nanowires~NWs! ~Ref. 1! has
stimulated intensive interest in their physical properties a
potential application because of their low dimensionality a
quantum-confinement effect.2 However, controlled doping o
Si NWs is a prerequisite for the realization and efficiency
many Si NW-based devices. The properties of these na
structured materials will be modified by doping larg
amounts of guest ions.3 Conventional doping technique
have some difficulties in doping Si NWs, especially for co
trolled doping. Here, we present an electrochemical inser
method to dope Si NWs with Li1 ions, and the doping leve
of the Si NWs can be controlled efficiently by this metho
In our work, four Si NW samples with different doping lev
els were used to study the structural evolution and phot
minescence.

Si NWs samples at different Li1 ions insertion/
extraction levels were prepared by galvanostati
discharging/charging the typical two-electrode cell, which
composed of a metal lithium foil as a counter electrode, a
Si NWs as the other working electrode. Si NWs with diffe
ent doping levels were obtained by controlling t
discharging/charging of the Li/Si NW cells to different vol
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ages. Si NW anodes for transmission electron microsc
investigation were taken out from the cells after elect
chemical treatments and sealed in a glass tube contai
anhydrous benzene in an argon-filled glove box. A hig
resolution electron microscopy~HREM! investigation was
conducted using a JEM 2010 microscope operating at
kV. Electron energy-loss spectroscopic analysis was car
out by a Philips CM200 FEG microscope equipped with
Gatan parallel electron-loss spectrometer~PEELS!.

The morphological characteristics and microstructu
aspects of Si NWs were reported in our previous works4,5

The selected area electron diffraction~SAED! patterns of Si
NWs at different doping levels are shown in Fig. 1. T
SAED pattern in Fig. 1~a! is taken from the undoped S
NWs, and the sharp diffraction rings reveal thec-Si struc-
ture. Figure 1~b! is taken from Si NWs with a light doping
level, which shows two different diffraction patterns. Th
diffraction pattern in Fig. 1~b! ~1! can be indexed with the
c-Si structure. In Fig. 1~b! ~2!, the interplanar spacings of th
first, second, and third rings are 0.245, 0.212, and 0.151
respectively. These spacings are not consistent with
known Li–Si alloys which can be formed electrochemica
only at 415 °C or elevated temperature.6 With the increasing
dose of Li1 ions, only the weak diffraction pattern of th
7 © 1999 American Institute of Physics
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FIG. 1. SAED patterns of Si nanowires with different doping doses of Li1 ions: ~a! undoped Si NWs;~b! lightly-doped;~c! heavily doped;~d! more heavily
doped; and~e! Li1 ions extracted from the state of~d!.
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c-Si structure@Fig. 1~c!# is found. At the more heavily dope
state, the crystalline diffraction pattern disappears and
fuse diffraction halos are presented in Fig. 1~d!, indicating
that the crystalline structure is destroyed completely. Ho
ever, the crystalline diffraction pattern indexed with thec-Si
structure@Fig. 1~e!# is visible again when the Li1 ions are
extracted from the Si NWs.

The bonding state and chemical composition of
nanowires were determined by PEELS. The spot size of
electron probe is about 5 nm in diameter and the spe
were taken from a single nanowire. Figure 2~a! is the PEELS
of undoped Si NWs. Figure 2~b! is the PEELS of Li1 ion-
doped Si NWs, which indicates the presence of Li and S

The HREM images in Figs. 3~a!, 3~b!, 3~c!, and 3~d! are,
respectively, correspondent to the Li1 ion-doping state of the
Si NWs as indicated in Figs. 1~b!, 1~c!, 1~d! and 1~e!. A
crystalline core and an amorphous outer layer with thickn
of 3 nm can be seen in Fig. 3~a!. The interplanar spacing i
0.31 nm in the core of the nanowire, which corresponds
the $111% plane. However, the spacing of 0.32 nm is al
visible at some regions. Furthermore, the amorphous laye
the outer part of the doped Si NWs is also thicker than t
occurring as the surface layer in the undoped nanowires4 and
some completely amorphous regions are also visible as
dexed by the black arrows. This nonuniform lattice expa
sion and destruction of the crystalline structure of the
NWs indicate a heterogeneous distribution of Li1 ions. The
HREM image in the inset of Fig. 3~a! is taken from the Li1

FIG. 2. PEELS taken from undoped Si NWs~a! and Li1-doped Si NWs~b!.
In curve~b!, the absorption peaks at 55 and 99 eV correspond to the LK
edge and Si–L2 , –L3 edge, respectively, which confirms the presence
lithium in Li1-doped Si NWs.
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ion-doped Si NWs whose diffraction pattern is shown in F
1~b! ~2!. The interplanar spacing of the image is 0.25 n
With increasing of the doping dose, the lattice expans
becomes more obvious and the outer amorphous region
velops further towards the core of the Si NWs@Fig. 3~b!#.
The amorphous layer is about 5 nm, and many regions w
a crystalline structure in the core of the Si NWs are d
stroyed completely. The spacing of the remaining crystall
regions is about 0.32 nm. When the Si NWs are doped w
a high dose of Li1 ions, the crystalline structure is destroye
completely, and transformed into amorphous Li–Si nano
ires @Fig. 3~c!#.

According to the above HREM investigation, it is foun
that the lattice of the crystalline Si will be expanded due
the insertion of Li1 ions. With increasing the doping dos
the Si–Si bonds are broken and at last, the crystalline nan
ires transform into the amorphous phase. On the other h
the kinetic metastable phase of Li–Si may be formed in
light doping state, and this metastable phase will disapp
with the increasing of doping dose. When the Li1 ions are
extracted from the heavily doped Li–Si nanowires, the sho
range ordered structure with lattice distortion will be form
again in some regions of the nanowires, as shown in F
3~d!.

Note that large amounts of Li1 ions can be doped into
the Si NWs. The diffusion mechanism of Li1 ions is one
such as interstitial diffusion because their small atom rad
allows an easy propagation of Li1 ions via interstitial sites in
the Si NWs, even at relatively low temperature. The drivi
force for the diffusing comes from the electric potential gr
dient between the lithium foil and Si NWs, and concentrati
gradient of Li1 ions. According to the experimental cond
tions, the magnitude of the electrical field is at least 10 0
V/cm near the surface of the Si NW electrode, which leads
the mobility of the Li1 ions. The HREM observation indi
cates that the doping diffusion is not highly uniform. Durin
the electrochemical reaction process, electric-field inhom
geneities will lead to Li1 ion current inhomogeneities, whic
in turn result in a nonuniform Li1 ion distribution. Further-
more, the inhomogeneous concentration of Li1 ions will also
cause the nonuniform diffusion of lithium ions.

Studies of random crystallization of pure amorphous s
con indicate that crystallization does not occur below
temperature of about 625 °C.7 However, the ordered struc
ture in the amorphous Li1-doped Si NWs is formed at room
temperature in the present study. Figure 4 shows the
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charge and charge curves of the Li/Si NW cell at the fi
cycle. During the discharging process, the voltage of the
NW electrode approaches the voltage of metal Li w
gradual increasing of the Li1 ions. During the charging pro
cess, the voltage of the Si NW electrode versus meta
electrode raises up with the gradual extraction of Li1 ions.
According to this discharging/charging curve, the Si NW
have a reversible capacity of more than 1700 mAh/G
which is five times higher than that of current carbonace
material in commercial lithium ion batteries~,370 mAh/g
C!. It is generally admitted that the energy stored in t
crystalline or amorphous structure results from the lo
bond distortions.8 The insertion of Li1 ions into Si NWs will
lead to a distorted angular bond distribution. With the
creasing of doping dose, the bond distortion becomes m
obvious and at last destroys the silicon structure. After

FIG. 3. HREM images of Si NWs at four different doping states.~a!, ~b!,
~c!, and ~d! show the microstructural characteristics of the doping state
~b!, ~c!, ~d!, and~e! shown in Fig. 1.
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Li1 ions are extracted from the Si NWs by the same meth
some distorted angular bonds will be restored, the disto
and interrupted Si–Si bonds will rebond. So, the local
dered structure is formed in Li1-doped Si NWs.

Photoluminescence~PL! measurements of Si NWs a
different doping states were performed at room temperat
A light emission center around 583 nm was observed in
undoped Si NW sample. This peak was shifted to 548
and its intensity was raised~about four times than that of th
undoped Si NWs! at the light-doping state. The PL peak wa
shifted to 540 nm and the intensity was reduced at
heavily doping state. After the Li ions were extracted fro
the Si NWs, the PL peak was redshifted to 590 nm. T
result shows that the PL peak and intensity of Li1-doped Si
NWs are closely related to the doping dose. It is thus c
jectured that the band gap of Li1-doped Si NWs is correlated
with the doping dose. It has been shown that extent of the
valence band depends on the number of uninterrupted S
bonds.9 Therefore, Si NWs with different band-gap stru
tures can be obtained by controlling the doping level.

An effective method was presented to dope Si NWs w
a controlled doping level. The properties of Si NWs will b
modified by controlling the voltage of chemical reaction
cause different doping levels. By analogy of this metho
other elements can also be incorporated into Si NWs.
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FIG. 4. Discharge~Li insertion! and charge~Li extraction! curves of a cell
~2! Li/LiPF6 in EC1DEC(1:1)/Si NWs~1! at a constant current densit
of 0.05 mA/cm2. The voltage change of the cell is determined by the amo
of Li in the Si NWs.


