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Abstract Thin films of Sn were deposited on Pt/Si sub-

strates by sputtering technique and subjected to electro-

chemical lithiation studies. Electrochemical lithiation of Sn

resulted in the formation of Sn–Li alloys of different

compositions. Charging of Sn-coated Pt/Si electrodes was

terminated at different potentials and the electrodes were

examined for physicochemical properties. The scanning

electron microscopy and atomic force microscopy images

suggested that the Sn films expanded on lithiation.

Roughness of the film increased with an increase in the

quantity of Li present in Sn–Li alloy. Electrochemical

impedance data suggested that the kinetics of charging

became sluggish with an increase in the quantity of Li in

Sn–Li alloy.
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1 Introduction

All-solid-state thin film battery (TFB) has gained attention

because of the on-chip power requirement for microelec-

tronic mechanical systems, low-power CMOS-based inte-

grated circuits, radio frequency identification tags, etc. To

realize a TFB, coatings of multilayer thin films including

current collectors, cathode, electrolyte, anode and protective

layers are required. TFB using metallic lithium as the anode

layer has been reported because of its high theoretical spe-

cific capacity (3,860 mAh g-1) [1–5]. Additionally, it has a

high negative potential that leads to a high cell voltage.

However, the major drawbacks of TFB employing metallic

lithium as the anode are the following: (i) special evapora-

tion chamber inside an argon-filled glove box is needed for

Li coating by evaporation, (ii) moisture protection package

is needed before air exposure and (iii) because of low

melting point of Li, anode film cannot survive standard

solder reflow process during circuit assembly. To avoid

these problems, Sn layer was studied as an alternative anode

[6–8]. Sn has a high mass and volume capacities of

994 mAh g-1 and 7,254 mAh cm-3, respectively [9, 10].

Sn alloys with Li resulting in different compositions. The

maximum Li uptake is 4.4 atoms for an Sn atom, reaching

the composition of Li4.4Sn. During charging and discharg-

ing of Sn, basically alloying and de-alloying reactions occur

between Sn and Li. However, poor cycleability is associated

with Sn anode. The high capacity expected from Sn anode

accompanies considerable volume changes and unwanted

structural modifications during alloying and de-alloying

processes. The strain formed at the boundaries of the crys-

talline phases results in poor cyclic performance.

There are only a few reports concerning the effect of

lithiation of Sn thin film electrodes [11, 12]. In this study,

thin films of Sn are deposited on Si substrates by radio

frequency (RF) sputtering technique. A highly porous film

with nano features is obtained by this method that results in a

high surface area. Electrochemical lithiation is carried out to

different stages and the electrodes are examined by several

physicochemical techniques. Physical and chemical chan-

ges occurring as a result of lithiation are analyzed in detail.

The results suggest that the films become progressively
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pulverized resulting in increased roughness with an increase

in lithiation.

2 Experimental procedures

Sn thin films were prepared by RF sputtering from a Sn

target (99.99% purity of 3’’ diameter) at 5 9 10-3 mbar

pressure. The RF power used was 60 W with an Ar flow of

40 sccm and the depositions were carried out at room

temperature for 10 min. The thickness of Sn films is found

to be *2 lm. Thickness can be increased by increasing the

time of sputtering. But experiments were carried out with

films deposited for 10 min in this work. Pt-coated Si

strips of the required size for electrochemical studies

(0.8 9 2.0 cm) and for other characterization (1.0 9

1.0 cm) were used as substrates. The crystal phases and

microstructure of the thin film electrodes were character-

ized by X-ray diffraction (XRD) and scanning electron

microscopy (SEM) using a Bruker D-8 Advance diffrac-

tometer with Cu Ka radiation and a SIRION FE-SEM

microscope, respectively. The composition of the sample

was analyzed by energy dispersive spectroscope (EDX)

with an INCA300 EDS attached to SEM. The surface

chemical composition of Sn electrode was estimated using

X-ray photoelectron spectroscopy (XPS) (SPECS-Phoibos

100 MCD Energy Analyzer) using MgKa radiation

(1,253.6 eV). The quantification of Sn and Li at different

lithiation potential was determined by quantitative XPS

analysis using CASA XPS software. The surface mor-

phology and roughness changes during lithiation to dif-

ferent potentials were investigated with the help of a

Nanosurf Easy Scan2 atomic force microscope (AFM)

(Nanosurf AG, Switzerland) in air at room temperature by

contact mode.

The electrochemical studies of Sn thin film electrodes

were carried out with Sn thin film deposited Pt/Si as the

working electrode and Li foil as the counter-cum reference

electrode with Celgard 2300 membrane as the separator. A

concentration of 1-M LiAsF6 dissolved in a mixture of

ethylene carbonate and dimethyl carbonate (1:1 by vol.)

was used as the electrolyte. Cells were assembled in air-

tight glass containers in Ar-filled MBraun glove-box model

Unilab. Cells were galvanostatically charged and dis-

charged at 10 lA cm-2 using a Bio-Logic SA potentiostat/

galvanostat model VPM3 within the potential range of

0.2–1.2 V (vs. Li/Li?) at ambient temperature. Cyclic

voltammetry (CV) was performed between 0.2 and 3.0 V at

a scan rate of 0.5 mVs-1. Electrochemical impedance

spectra (EIS) were recorded at open-circuit potential over a

frequency range from 10 kHz to 10 mHz with ac amplitude

of 5 mV. All experiments were carried out at least twice to

check reproducibility of the results. Representative results

are only reported below.

3 Results and discussions

XRD pattern of the as deposited Sn film is shown in Fig. 1.

Peaks are found matching with JCPDF reference CAS

Number 04-0673 with tetragonal crystal structure. The

(101) and (200) peaks at 2h*32.3� and 30.8� are pre-

dominant. Relatively smaller (211) peak at 45.14� and

(220) at 44.1� are also observed. The sharp peaks indicate

that Sn film is well crystallized.

Typical SEM images of the as prepared Sn thin films are

shown in Fig. 2. It is seen that a highly porous Sn film is

formed under our experimental conditions of deposition.

‘‘Nano-beads’’ of size varying between 38 and 60 nm are

present inside the porous structure, which are expected to

provide a high surface area for the film (Fig. 2a inset).

Figure 2b presents the cross-sectional view of Sn thin film

on Si showing a thickness of *2 lm for the Sn layer.

Figure 3a shows the CV of Sn film showing a pair of

cathodic peaks at about 0.30 V and three anodic peaks in

the potential region between 0.60 and 0.90 V. This data

indicate that the RF-sputtered Sn film is electrochemically

active with multistep lithiation and delithiation processes.

The charge and discharge curves of Sn film electrode at a

current density of 10 lA cm-2 are shown in Fig. 3b. On

commencing charging, there is a sharp fall of potential to

about 0.70 V, and thereafter there is a gradual decrease in

potential. The charging is continued down to 0.10 V.

Several potential plateaus present on the charging curve

Fig. 1 XRD pattern of as deposited Sn thin film by RF-sputtering

technique
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suggest a multistage lithiation of Sn films. On discharging

the electrode also, the potential is constant at different

plateau regions suggesting multistep delithiation. There is

an increase in potential at about 0.85 V. The discharge

capacity obtained up to the potential limit of 1.2 V is

850 lAh cm-2. Charge–discharge cycling of Sn film

electrode was carried out for a few cycles and the data are

presented in Fig. 3c. The discharge capacity is high in the

850 lAh cm-2 range during the first six charge–discharge

cycles. The capacity starts decreasing thereafter and

reaches a value as 278 lAh cm-2 at the tenth cycle.

The reaction between Sn and Li, which is an alloying

and de-alloying type reaction, is written as:

xLiþ þx e� þ Sn$ LixSn 0 � x � 4:4ð Þ ð1Þ

There are seven phases known to be formed between Li

and Sn as Li2Sn5, LiSn, Li7Sn3, Li5Sn2, Li13Sn5, Li7Sn2

and Li22Sn5 [8, 13]. The thermodynamic and kinetic

properties of these Li–Sn phases were investigated [14, 15].

Large volume changes occur during phase changes of these

alloys. The phase that forms at the highest Li concentration

(Li4.4Sn) has a specific volume which is 283% of the

volume of pure Sn. Thus, Li–Sn electrodes swell or shrink

considerably when Li is added or removed. These volume

changes occurring with different lithium concentrations in

the particles result in pulverization of particles leading to a

loss of electrical contact. It is the cause for capacity loss

and poor cyclic performance.

During charging of the Sn thin film, Li? ions diffuse into

the porous Sn film, resulting in the formation of Li–Sn

alloys [16, 17]. For the purpose of this study, several Sn

films were charged up to 0.67, 0.55 and 0.42 V (marked as

asterisk symbol in Fig. 3b), and electrode properties were

studied by SEM, XRD, XPS and EIS. The charge capacity

values corresponding to these potentials are 154, 316 and

652 lAh cm-2, respectively. The electrodes were removed

from the cell, cleaned with acetone and dried before sub-

jecting to these studies.

The XRD patterns of an as deposited Sn film and the

electrodes charged up to the three potentials are shown in

Fig. 4. On lithiation, the crystallinity of the Sn film is

preserved but peak heights are altered. There is an increase

in (200) peak and decrease in (101) peak compared with

pure Sn film that is likely to be because of different stages

of alloy formation. Also (112), (400) and (321) peaks of

pure Sn film almost disappear for the Sn film lithiated up to

0.42 V. These observations throw light on formation of

different phases of alloys formed between Sn and Li.

To examine the morphological changes occurring as a

result of lithiation, SEM micrographs of the three samples

were recorded and presented in Fig. 5. It is seen that as the

lithiation progresses, cracks are formed because of

expansion of the Sn film. From the high-magnification

images (insets), it is seen that pulverization of Sn occurs on

lithiation. EDX analysis of the elemental composition is

shown along with the corresponding SEM image. It is seen

that the amount of Sn decreases on increasing lithiation.

The amounts of Li and oxygen increase from 0.67 to

0.42 V. F(K) and As (L) components are from electrolyte.

Because Li cannot be detected by EDX, increase in oxygen

amount is attributed to the presence of reactive Li on Sn

surface forming lithium oxides as the lithiation progresses.

The XPS spectra recorded on Sn samples charged to

the three lithiation potentials are shown in Fig. 6a–f.

The values of binding energy, full-width half-maximum

(FWHM) and atomic ratios of Sn 3d5/2 and Li 1s are com-

piled in Table 1. Sn 3d5/2 peak is deconvoluted into two

components; peak around 484.6 eV matching to metallic Sn

(Sn�) component and at 486.8 eV is because of oxidized Sn

(SnIV) [18]. The oxide component dominates in intensity in

Sn 3d5/2 peak. The Li 1s peak between 55 and 57 eV results

from a mixture of lithiated compounds formed in the sur-

face layer mainly consists of LiF and Li2CO3 components at

56 and 55.5 V, respectively (cannot be distinguished in the

spectra because binding energies are close). When the

Fig. 2 a SEM surface micrographs of Sn thin film on Si, inset shown

is magnified image. b Cross-sectional view of Sn on silicon substrate
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potential decreases lithiation of Sn film increases and hence

atomic percentage of Sn3d5/2 decreases to a low value of

1.7%, whereas Li 1s increases to 98.3%.

AFM 3D images of the as deposited Sn film and lithiated

Sn films are shown in Fig. 7. It is seen that the topography

of the films changes as lithiation progresses. The film

attains increased roughness, which is reflected in the values

of roughness factor (Rq). The value of Rq is 19 nm for the

as deposited Sn film and it increases to 179 nm when the

film is charged up to 0.67 V. Rq further increases to

206 nm for 0.55 V charged film and then to 315 nm for

0.42 V charged film. The progressive increase in Rq is

attributed to the increase in volume of Sn layer because of

formation of Li-rich Sn–Li alloy. Li? ions diffuse into the

Sn film resulting in local expansion at these surface sites.

With an increase in the quantity of Li? diffusing into Sn

film, there is an increase in the roughness of the Sn surface.

AC impedance spectra of Sn film and lithiated Sn films

recorded in the non-aqueous electrolyte are presented in

Fig. 8. Although the impedance spectrum belongs to the

cell consisting of Li and Sn electrodes, the changes in the

spectra are considered to reflect the changes in electro-

chemical properties of Sn electrode. This is because the

electrochemical reaction of Li electrode is fast and the cell

properties are controlled by the Sn electrode. Each Nyquist

Fig. 3 a First three cyclic voltammograms recorded at 0.5 mV s-1 of a RF-sputtered Sn thin film. b Charge/discharge capacity obtained for a

current density of 10 lAh cm-2. c Specific capacity obtained as a function of cycle number

Fig. 4 XRD patterns obtained from Sn thin film lithiated to three

different potentials along with as deposited Sn film for comparison
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Fig. 5 SEM surface micrographs and corresponding EDX analysis of Sn thin film electrode at three different lithiation potentials, at 0.67 (a, b),

0.55 (c, d) and 0.42 V (e, f) (insets shown are magnified images)
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Fig. 6 XPS spectra of Sn thin film at three different lithiation potentials showing Sn 3d5/2 and Li 1s at 0.67 (a, b), 0.55 (c, d), and 0.42 V (e, f).
Separate electrodes were employed, each being charged to the required potential

Table 1 Binding energy, full-width at half-maximum (FWHM) and relative atomic percentage (%) of Sn 3d5/2 and Li 1s on lithiation of Sn thin

film

Lithiation potential (V) Sn 3d5/2 Li 1s

B.E. (eV) FWHM (eV) Atomic % B.E. (eV) FWHM (eV) Atomic %

SnIV SnIV Sn3d5/2 Li 1s

Sn� Sn�

0.67 486.8 1.9

484.6 2 30.7 55.5 1.5 69.3

0.55 486.7 1.9

484.4 2 27.3 55.6 1.6 72.7

0.42 486.8 2.4

484 2.2 1.7 55.7 1.8 98.3
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impedance spectrum consists of a high-frequency intercept

on x-axis, a semicircle followed by a linear tail at low

frequency. The diameter of the semicircle provides charge

transfer resistance (Rct) of the process of lithiation of Sn

film. It is found that the values of Rct are 45, 66, 74 and

112 X, respectively for the 0.67, 0.55 and 0.42 V charged

Sn films. These data indicate that the lithiation process

becomes more and more sluggish as the quantity of Li

increases in the Li–Sn alloy films.

4 Conclusions

Physicochemical changes responsible for reduced capacity

retention of Sn thin film anode were investigated in detail.

Thin films of Sn were deposited on Pt/Si substrate by RF-

sputtering method, and they were subjected to the elec-

trochemical lithiation. The electrodes charged to different

potentials were examined by several physicochemical

methods. It was found that the increased quantity of Li in

Li–Sn alloy films reflected in increasing roughness factor,

which resulted in film fractures and pulverization. Increase

in Rct values obtained from EIS studies indicated a sluggish

lithiation process with increased potential.
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