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Controlled Li doping of Si nanowires by electrochemical insertion method
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Si nanowiresNWs) were doped with large amounts of Lions 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 Li

ions were investigated by high-resolution electron microscopy. The crystalline structure of the Si
NWs was destroyed gradually with the increasing of libn dose. When the [i 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
Li "-doped Si NWs are closely related to the doping dose.1999 American Institute of Physics.
[S0003-695(99)04842-7

The recent synthesis of Si nanowir@dWVs) (Ref. 1) has  ages. Si NW anodes for transmission electron microscopy
stimulated intensive interest in their physical properties andnvestigation were taken out from the cells after electro-
potential application because of their low dimensionality andchemical treatments and sealed in a glass tube containing
quantum-confinement effettiowever, controlled doping of anhydrous benzene in an argon-filled glove box. A high-
Si NWs is a prerequisite for the realization and efficiency ofresolution electron microscopfHREM) investigation was
many Si NW-based devices. The properties of these nan@onducted using a JEM 2010 microscope operating at 200
structured materials will be modified by doping large kV. Electron energy-loss spectroscopic analysis was carried
amounts of guest iors.Conventional doping techniques out by a Philips CM200 FEG microscope equipped with a
have some difficulties in doping Si NWs, especially for con-Gatan parallel electron-loss spectromdREELS.
trolled doping. Here, we present an electrochemical insertion  The morphological characteristics and microstructural
method to dope Si NWs with Liions, and the doping level aspects of Si NWs were reported in our previous wérks.
of the Si NWs can be controlled efficiently by this method. The selected area electron diffractit®AED) patterns of Si
In our work, four Si NW samples with different doping lev- Nws at different doping levels are shown in Fig. 1. The
els were used to study the structural evolution and photoluSAED pattern in Fig. (a) is taken from the undoped Si
minescence. NWs, and the sharp diffraction rings reveal tteSi struc-

Si NWs samples at different Li ions insertion/ ture. Figure b) is taken from Si NWs with a light doping
extraction levels were prepared by galvanostaticlylevel, which shows two different diffraction patterns. The
discharging/charging the typical two-electrode cell, which isgiffraction pattern in Fig. () (1) can be indexed with the
composed of a metal lithium foil as a counter electrode, ang.s; structure. In Fig. ) (2), the interplanar spacings of the
Si NWs as the other working electrode. Si NWs with differ- first, second, and third rings are 0.245, 0.212, and 0.151 nm,
ent doping levels were obtained by controlling the egpectively. These spacings are not consistent with the
discharging/charging of the Li/Si NW cells to different volt- yown Li—Si alloys which can be formed electrochemically
only at 415 °C or elevated temperat@revith the increasing
¥Electronic mail: gwzhou@image.blem.ac.cn dose of Li ions, only the weak diffraction pattern of the
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FIG. 1. SAED patterns of Si nanowires with different doping doses bfitns: (a) undoped Si NWs(b) lightly-doped;(c) heavily dopedfd) more heavily
doped; ande) Li* ions extracted from the state ).

c-Si structurg Fig. 1(c)] is found. At the more heavily doped ion-doped Si NWs whose diffraction pattern is shown in Fig.
state, the crystalline diffraction pattern disappears and difi(b) (2). The interplanar spacing of the image is 0.25 nm.
fuse diffraction halos are presented in Figd)] indicating  With increasing of the doping dose, the lattice expansion
that the crystalline structure is destroyed completely. Howbecomes more obvious and the outer amorphous region de-
ever, the crystalline diffraction pattern indexed with théi velops further towards the core of the Si NW&g. 3(b)].
structure[Fig. 1(e)] is visible again when the Liions are  The amorphous layer is about 5 nm, and many regions with
extracted from the Si NWs. a crystalline structure in the core of the Si NWs are de-
The bonding state and chemical composition of thestroyed completely. The spacing of the remaining crystalline
nanowires were determined by PEELS. The spot size of thgagions is about 0.32 nm. When the Si NWs are doped with
electron probe is about 5 nm in diameter and the spectrg high dose of Li ions, the crystalline structure is destroyed

were taken from a single nanowire. Figur@ds the PEELS  completely, and transformed into amorphous Li—Si nanow-
of undoped Si NWs. Figure(B) is the PEELS of Li ion- ires [Fig. 30)].

doped Si NWs, which indicates the presence of Li and Si.
The HREM images in Figs.(d), 3(b), 3(c), and 3d) are,

respectively, correspondent to the'Libn-doping state of the

Si NWs as indicated in Figs.(), 1(c), 1(d) and Xe). A

According to the above HREM investigation, it is found
that the lattice of the crystalline Si will be expanded due to
the insertion of Lt ions. With increasing the doping dose,

X , i the Si—Si bonds are broken and at last, the crystalline nanow-
crystalline core and an amorphous oluter layer with th'Cknesﬁes transform into the amorphous phase. On the other hand,
of 3 nm can be seen in Fig(d). Th? mterplanar SPacCiNg IS 40 inetic metastable phase of Li—Si may be formed in the

0.31 nm in the core of the nanowire, which corresponds tcfight doping state, and this metastable phase will disappear

the. {111 plane. quever, the spacing of 0.32 nm is alsov¥ith the increasing of doping dose. When thée lions are
visible at some regions. Furthermore, the amorphous layer a

the outer part of the doped Si NWs is also thicker than tha{axtracted from the heawly_doped_ L'_.S' nanowires, the short-
. . . range ordered structure with lattice distortion will be formed
occurring as the surface layer in the undoped nanofvired

. . . again in some regions of the nanowires, as shown in Fig.
some completely amorphous regions are also visible as Iné?d) 9 9

dexed by the black arrows. This nonuniform lattice expan- N hat | f tii be doped i
sion and destruction of the crystalline structure of the Si ote that large amounts of Lilons can be doped into

NWs indicate a heterogeneous distribution of lions. The the Si NWs. T,h,e di_ffusipn mechanism pf*l_iions Is one .
HREM image in the inset of Fig.(d) is taken from the Lt such as interstitial diffusion because their small atom radius

allows an easy propagation of Lions via interstitial sites in
the Si NWs, even at relatively low temperature. The driving
force for the diffusing comes from the electric potential gra-
dient between the lithium foil and Si NWs, and concentration
gradient of Li" ions. According to the experimental condi-
tions, the magnitude of the electrical field is at least 10 000
V/cm near the surface of the Si NW electrode, which leads to
the mobility of the Li* ions. The HREM observation indi-
cates that the doping diffusion is not highly uniform. During
the electrochemical reaction process, electric-field inhomo-
geneities will lead to LT ion current inhomogeneities, which
in turn result in a nonuniform Li ion distribution. Further-
ol more, the inhomogeneous concentration of ldns will also

: pos 200 cause the nonuniform diffusion of lithium ions.

Energy Loss (eV) Studies of random crystallization of pure amorphous sili-
FIG. 2. PEELS taken from undoped Si N and Li*-doped Si NW4®) con indicate that crystalliz?tion does not occur below the
In ciJr\}e(b), the absorption peaks at 55 and 99 eV correspond to thK- Li— temperature of about 6_25 °CHOW§V6I’, t,he ordered struc-
edge and Sik,, —L, edge, respectively, which confirms the presence of ture in the amorphous Lidoped Si NWs is formed at room
lithium in Li*-doped Si NWs. temperature in the present study. Figure 4 shows the dis-
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FIG. 4. DischargédLi insertion) and chargdLi extraction curves of a cell

(=) Li/LiPFg in EC+DEC(1:1)/Si NWg+) at a constant current density
of 0.05 mA/cn?t. The voltage change of the cell is determined by the amount
of Li in the Si NWs.

Li " ions are extracted from the Si NWs by the same method,
some distorted angular bonds will be restored, the distorted
and interrupted Si—Si bonds will rebond. So, the local or-
dered structure is formed in Lidoped Si NWs.

PhotoluminescencéPL) measurements of Si NWs at
different doping states were performed at room temperature.
A light emission center around 583 nm was observed in the
undoped Si NW sample. This peak was shifted to 548 nm
and its intensity was raisg@bout four times than that of the
undoped Si NWkat the light-doping state. The PL peak was
shifted to 540 nm and the intensity was reduced at the
heavily doping state. After the Li ions were extracted from
the Si NWs, the PL peak was redshifted to 590 nm. This
result shows that the PL peak and intensity of doped Si
NWs are closely related to the doping dose. It is thus con-
jectured that the band gap ofl-doped Si NWs is correlated
with the doping dose. It has been shown that extent of the Si
valence band depends on the number of uninterrupted Si—Si
bonds® Therefore, Si NWs with different band-gap struc-
tures can be obtained by controlling the doping level.

An effective method was presented to dope Si NWs with
a controlled doping level. The properties of Si NWs will be
FIG. 3. HREM images of Si NWs at four different doping stats, (b) modified by controlling the voltage of chemical reaction to

(), and (d) show the microstructural characteristics of the doping state ofc@use different doping |eve|_5- By analOQ_y of t_his method,
(b), (0), (d), and(e) shown in Fig. 1. other elements can also be incorporated into Si NWs.
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