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ABSTRACT: Crystalline, three-dimensional (3D) structured
lithium iron phosphate (LiFePO4) thin films with additional
carbon are fabricated by a radio frequency (RF) magnetron-
sputtering process in a single step. The 3D structured thin
films are obtained at deposition temperatures of 600 °C and
deposition times longer than 60 min by using a conventional
sputtering setup. In contrast to glancing angle deposition
(GLAD) techniques, no tilting of the substrate is required.
Thin films are characterized by X-ray diffraction (XRD),
Raman spectrospcopy, scanning electron microscopy (SEM),
cyclic voltammetry (CV), and galvanostatic charging and
discharging. The structured LiFePO4 + C thin films consist of fibers that grow perpendicular to the substrate surface. The fibers
have diameters up to 500 nm and crystallize in the desired olivine structure. The 3D structured thin films have superior
electrochemical properties compared with dense two-dimensional (2D) LiFePO4 thin films and are, hence, very promising for
application in 3D microbatteries.

KEYWORDS: 3D microbattery, lithium iron phosphate, magnetron sputtering, nanostructured electrodes, lithium-ion battery,
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1. INTRODUCTION

LiFePO4 was introduced as a low-cost cathode material for
lithium-ion batteries by Padhi et al. in 1997. It is an
environmentally benign, nontoxic material with a flat discharge
plateau at 3.4 V vs Li, a high specific capacity of 170 mAh/g,
and superior safety properties.1,2 However, because of a low Li
diffusivity and a low electronic conductivity, only a limited
utilization can be achieved for pristine LiFePO4.

3

By coating LiFePO4 with carbon, a utilization close to the
theoretical value can be obtained.4,5 The carbon coating has
mainly three impacts: it enhances electronic conductivity,6

avoids formation of trivalent iron impurities,7 and reduces
particle sizes.8,9 In particular, a small particle size in the
nanometer scale is an important factor to achieve high specific
capacities.10

Nanostructured electrode materials are in general very
promising for application in lithium-ion batteries as discussed
in several reviews.11−15 They offer a short lithium-ion transport
distance and a high contact area to the electrolyte, which
increases the number of sites for the lithium-ion transfer.
Consequently, the rate capability can be enhanced and
polarization losses can be reduced. Furthermore, nano-
structured electrode materials have a high tolerance toward
volume expansions that occur during intercalation and
deintercalation processes.
Nanostructured materials can be fabricated by a variety of

methods. Solution-based methods like sol−gel, solvothermal,

microemulsion, or electrochemical deposition but also chemical
and physical vapor deposition (CVD/PVD) are used for the
fabrication of nanostructured materials.11,16 Among these
methods, techniques that allow the growth of nanostructured
electrodes directly on current collectors are very promising
because no electrode slurry has to be fabricated and casted.
Furthermore, the addition of electrode additives like binders is
not necessary, which increases the gravimetric capacity of the
battery. Electrodes that are directly grown on current collectors
are called “self-supported” electrodes.13

Self-supported electrodes can be obtained by PVD.17 For
obtaining 3D structured electrodes by PVD, in general, a special
technique called oblique or glancing angle deposition (OAD or
GLAD) has to be used.18−20 During GLAD the substrate is
inclined toward the deposition source, which is why the
material arrives at the substrate under an oblique angle. Because
of shadowing effects, micro- and nanostructured thin films are
obtained.21−23 Because of the oblique angle, however, lower
deposition rates compared to the ones of conventional
experimental setups are obtained.24

In this article synthesis and characterization of self-supported
3D structured LiFePO4 electrodes with additional carbon
(LiFePO4 + C) by physical vapor deposition (PVD) are
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presented. For the first time, 3D structured LiFePO4 + C thin
films were successfully deposited by a simple RF magnetron
sputtering process using a conventional setup and a type-2
unbalanced magnetron as described by Kelly and Arnell.25 No
tilting of the substrate and, thus, no GLAD setup is necessary to
grow the structured LiFePO4 + C electrode.
Moreover, no template or catalyst is used for the fabrication,

which is why ready-to-use 3D structured LiFePO4 + C thin
films can be synthesized in a single step without any pre- or
postprocessing. In addition, the fabrication of 3D structures by
magnetron sputtering offers the advantages of avoiding any
toxic precursors and the ability to scale up the process to large
substrates.
The 3D LiFePO4 + C thin films were deposited on titanium

nitride (TiN)-coated titanium (Ti) foils. The resulting 3D thin
films exhibit superior electrochemical performances and are
very promising for application in 3D microbatteries.13,21,26−28

2. EXPERIMENTAL SECTION
2.1. LiFePO4 + C Thin-Film Preparation. TiN-coated Ti foils

were used as substrates. The fabrication of the TiN coating is reported
elsewhere.29 The substrates were cleaned with ethanol in an ultrasonic
bath for 15 min and by a sputter-etching process immediately before
the deposition of LiFePO4 + C. After sputter-etching, the substrates
were transferred to the sputtering chamber without breaking the
vacuum.
For the sputtering process, a commercial LiFePO4 target with 7 m%

carbon (EVOCHEM Advanced Materials GmbH, Germany) and a
diameter of 249 mm was used. The base pressure of the sputtering
chamber was kept at 10−8 mbar. Prior to each deposition the target
surface was cleaned by sputtering with a closed shutter for 10 min.
The LiFePO4 + C thin films were deposited by an unbalanced RF

magnetron sputtering process in pure Argon at a gas flow of 20 sccm.
During deposition the argon was kept at a pressure of 5 × 10−3 mbar
and a power of 600 W (1.2 W/cm2) was applied. The depositions were
conducted at room temperature, 400, 500, and 600 °C and lasted for
60, 120, and 240 min. After the depositions at elevated temperatures,
the samples were cooled down to room temperature with a cooling
rate of nominally 5 K/min.
The deposition rate was 3.1 ± 0.2 × 10−4 g/(cm2 h). It was

determined at room temperature (RT) by depositing LiFePO4 + C on
an area of 24 cm2 for 7.25 and 8.5 h. For this experiment, borosilicate
glass substrates, which were weighed before and after the deposition,
were used instead of TiN-coated Ti foils. The obtained weight gain
was divided by the area and the deposition time to estimate the
deposition rate. For the balancing, a M Power balance (Sartorius
Weighing Technology GmbH, Germany) with a readability of 0.1 mg
was used.
2.2. Characterization. The crystal structures of the thin films were

analyzed by a Bruker D4 Endeavor (Bruker AXS GmbH, Germany)
using Cu Kα radiation. Microstructure characterization was done by a
Zeiss Ultra 55 SEM (Carl Zeiss NTS GmbH, Germany). For the
Raman spectroscopy an argon ion laser with an excitation wavelength
of 488 nm (Coherent Ltd., U.S.A.), a Jobin iHR320 spectrometer
(HORIBA Scientific, U.S.A.), and a IDus 420 charge-coupled device
(CCD) camera (Andor Technology Ltd., U.K.) were used. The
electrochemical performance was measured versus metallic lithium
(Li) in a two-electrode setup using EL-cells (EL-cell GmbH,
Germany). LiPF6 (1 M) in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) in 1:1 volume ratio was used as
electrolyte. Cyclic voltammetry was performed between 2.8 and 4.0 V
at a scan rate of 1 mV/s. Galvanostatic charging and discharging were
also done between 2.8 and 4.0 V. For the electrochemical
characterization a Biologic VMP-300 multipotentiostat (BioLogic
Science Instruments, France) was used.

3. RESULTS AND DISCUSSION
The XRD patterns of LiFePO4 + C thin films deposited at RT,
400, 500, and 600 °C for 240 min are shown in Figure 1. A

crystalline LiFePO4 structure can be observed at 500 and 600
°C. At 600 °C the LiFePO4 reflections peaks are more intense,
which indicates an enhanced crystal structure. All depicted thin
films are expected to have the same LiFePO4 mass because they
all have been deposited for the same period of time (240 min).
The thin film deposited at RT is amorphous, and only

reflection peaks from the Ti substrate and TiN are visible. At a
deposition temperature of 400 °C, the thin film exhibits two
reflection peaks at 2θ ≈ 45° and 2θ ≈ 65°. The reflection peak
at 2θ ≈ 45° is also observable at 500 °C, even though it has a
much lower intensity. Due to the much lower intensity, the
corresponding and weaker reflection peak at 2θ ≈ 65° is
probably superimposed by background radiation. The reflection
peaks at 2θ ≈ 45° and 2θ ≈ 65° can be assigned to metallic
iron. The formation of metallic iron in conjunction with the
deposition of LiFePO4 thin films has been reported a few
times.29−31 However, in those cases LiFePO4 was deposited
without carbon and the formation of iron was attributed to an
interdiffusion between the substrate and the deposited
LiFePO4. For the samples discussed in this article, a TiN
interlayer is used, which effectively blocks interdiffusion.29

Therefore, it is more likely that the formation of metallic iron
results from a reduction by the present carbon (carbothermal
reduction).
The occurrence of a carbothermal reduction is further

supported by lithium phosphate (Li3PO4) and iron phosphide
(Fe2P) impurity phases, which probably cause weak reflection
peaks in the pattern of the sample deposited at 500 °C. The
formation of Li3PO4 and Fe2P impurity phases is explained by a
carbothermal reduction of LiFePO4

32,33 as described by eq 1:34

+ → + + ↑ + ↑6LiFePO 8C 3Fe P 2Li PO 8CO P4 2 3 4 2
(1)

The weak Fe2P reflection peak is also detected in the XRD
pattern of the sample deposited at 600 °C, which indicates that
the carbothermal reduction of LiFePO4 also occurs at this
temperature. The reflection peaks of metallic iron are not
visible at 600 °C.
According to this observations, we assume that the products

of the carbothermal reduction depend on the structure of the

Figure 1. XRD patterns of LiFePO4 + C thin films deposited for 240
min at RT, 400, 500, and 600 °C. Below the measured XRD patterns,
LiFePO4 reference positions and intensity ratios are shown.
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LiFePO4 thin film. In the case of amorphous LiFePO4 thin
films (400 °C), the carbothermal reduction leads to the
formation of metallic iron, and in case of crystalline LiFePO4
thin films (600 °C), the carbothermal reduction leads to the
formation of Fe2P. At 500 °C the LiFePO4 thin film is partially
amorphous as well as crystalline, and thus, iron as well as Fe2P
develop.
Because of the fact that crystalline LiFePO4 thin films possess

superior electrochemical properties,35 the rest of the article
focuses on LiFePO4 + C thin films deposited at 500 and 600
°C. For further information on Raman spectra and SEM images
of thin films deposited at RT and 400 °C, see the Supporting
Information.
Raman spectra were measured to confirm the presence of

graphite in LiFePO4 + C thin films deposited at 500 and 600
°C and are shown in Figure 2. Both spectra exhibit peaks at

around 1370 and 1580 cm−1, which are characteristic for
graphite.36−38 The peaks at 1370 and at 1580 cm−1 can be
assigned to disordered graphite and to crystalline graphite,
respectively.39

In contrast to the spectrum of the sample deposited at 500
°C, a peak at 950 cm−1 is visible at 600 °C. This peak can be
assigned to a vibration of the PO4 group.

36−38 This observation
further underpins an enhanced crystal structure compared with
the LiFePO4 + C thin film deposited at 500 °C.
The morphology of the samples deposited at 500 and 600 °C

is characterized by SEM. Secondary electron images of the
surface are shown in Figure 3a−d. The morphology of the
resulting thin film strongly depends on the deposition
temperature. At 500 °C a single crack and a waved surface
are visible at lower magnification (Figure 3a). To some extent,
the waved structure can be traced back to scratches (indexed by
red arrows) in the Ti substrate. At higher magnification (Figure
3b) a dense structure and slightly waved surface of the thin film
becomes apparent.
At a deposition temperature of 600 °C, the morphology of

the thin film has completely changed. At lower magnification
(Figure 3c), bright and dark areas are visible that indicate a
rough surface. The higher magnification (Figure 3d) reveals the
detailed structure of the thin film. The bright areas can be
assigned to tips of fibers, which have grown perpendicular to
the surface of the substrate. The dark areas correspond to the
space between the fibers. The fibers have a diameter up to
∼500 nm that decreases with increasing height. Because of
multiple tips, it seems as if the fibers consist of multiple single

fibers that have merged together during the growth process.
Due to the fiber structure the total surface area of the thin film
has increased compared with dense 2D thin films.
CV measurements were conducted to prove the electro-

chemical activity of the thin films and are shown in Figure 4.

Thin films deposited at RT and 400 °C do not exhibit the
typical redox couple of LiFePO4 at ∼3.5 V, which can be
explained by the amorphous structure of the LiFePO4 thin film
resulting in a low electrochemical activity.35

Thin films deposited at 500 and 600 °C with a crystalline
LiFePO4 structure exhibit the desired redox couple of LiFePO4
at ∼3.5 V. However, the redox couple of the sample deposited
at 600 °C has much higher peak currents, which indicates a
much higher capacity and, hence, a much better electrochemical
performance.
The much higher extractable capacity for the thin film

deposited at 600 °C is confirmed by galvanostatic charging and
discharging at a current density of ∼10 μA/cm2 (0.05 C). The
resulting charge and discharge curves are shown in Figure 5.
The samples deposited at 500 and 600 °C have capacities per
area of around 20 and 120 μAh/cm2, respectively. This is nearly
a 6-fold increase in capacity at constant electrode masses. The

Figure 2. Raman spectra of LiFePO4 + C thin films deposited at 500
and 600 °C for 240 min.

Figure 3. SEM surface images of the samples deposited for 240 min at
500 °C (a, b) and at 600 °C (c, d). On the left side (a, c) images at
lower magnification are shown, and on the right side (b, d) images at
higher magnification are shown. The red arrows indicate scratches
originating from the Ti foil.

Figure 4. CV results of the thin films deposited for 240 min at RT,
400, 500, and 600 °C.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b07090
ACS Appl. Mater. Interfaces 2015, 7, 22594−22600

22596

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07090/suppl_file/am5b07090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07090/suppl_file/am5b07090_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b07090


increase can be explained by the enhanced crystallinity and the
higher specific surface area for the thin film deposited at 600
°C.
The LiFePO4 + C thin film deposited at 600 °C has a very

high capacity per area compared with dense LiFePO4 thin films.
A capacity per area of ∼10 μAh/cm2 was reported for a dense,
320 nm thick LiFePO4 thin film.40 Even a 1.5 μm thick
LiFePO4 thin film only achieved a capacity density of ∼38
μAh/(cm2 μm), which is equal to capacity per area of ∼60
μAh/cm2.41

The cycling behavior at different C-rates of the thin film
deposited at 600 °C is shown in Figure 6. The sample possesses

a stable discharge capacity over at least 45 cycles. However, in
comparison with a 3D structured LiFePO4 electrode made by a
more complex template method,42 the rate capability is still
improvable. By increasing the C-rate from 0.1 to 0.4 C, the
extractable discharge capacity decreases from ∼110 to ∼70
μAh/cm2, which is equal to a capacity loss of ∼40%.
3.1. Characterization of Samples Deposited for 60

and 120 min. Thin films have been deposited for 60 and 120
min at 600 °C to characterize the influence of the deposition
time on the resulting morphology and electrochemical
performance. The XRD patterns and Raman spectra of thin
films deposited for 60 and 120 min are shown in Figure 7a and

b, respectively. Beside LiFePO4 reflection peaks, both XRD
patterns exhibit Fe2P and Li3PO4 impurity phases that can be
related to the carbothermal reduction of LiFePO4 (see eq 1).
The less intense reflection peaks of the thin film deposited for
60 min can be explained by a lower LiFePO4 mass due to the
shorter deposition time.
The Raman spectra of the thin films deposited for 60 and

120 min exhibit the characteristic D-band and G-band, which
can be assigned to disordered and crystalline graphite,
respectively. In both spectra a peak at 950 cm−1 is visible
that can be assigned to the PO4 group and that indicates an
enhanced crystallinity. Consequently, the XRD patterns as well
as the Raman spectra resemble the ones for the thin film
deposited at 600 °C for 240 min.
SEM images of the samples deposited for 60 and 120 min at

600 °C are shown in Figure 8. The images reveal that the 3D
structure does not directly start to grow from the beginning of
the deposition. After a deposition time of 60 min, the surface of
the sample is still flat. At lower magnification (Figure 8a), some
globular structures are visible at the surface (indexed by
arrows). At higher magnification (Figure 8b), a slightly
structured surface and some small cracks are apparent.
However, no fibers can be observed and, thus, the specific
surface area of this sample is not significantly increased.
On the other hand, the thin film deposited for 120 min

possesses a 3D structure. At lower magnification (Figure 8c),
brighter and darker areas are visible. At higher magnification
(Figure 8d), the brighter areas can be attributed to the tips of
the fibers while the darker areas can be attributed to the space
between the fibers. Compared with the fibers grown for 240
min in Figure 3d, the fibers are less merged and have, thus, an
average diameter of <500 nm.
The galvonstatic charge and discharge curves of the samples

deposited at 600 °C for 60 and 120 min are shown in Figure 9.
The samples were charged and discharged at a current density
of 13 μA/cm2, which is equal to a C-rate of 0.3 C (60 min) and
0.15 C (120 min).
The sample deposited for 120 min offers a nearly 20 times

higher capacity per area than the sample deposited for 60 min.
Because the XRD and Raman results have shown that both thin
films have a comparable crystal structure and contain graphite,
the increase in capacity is mainly attributed to the emergence of
the fiber structure and the related increase in surface area.
The extractable capacity per area as a function of the

deposition time is shown in Figure 10. The theoretical capacity
is displayed by a dashed line and estimated by the mass
deposition rate (0.3 mg/(cm2 h), see Experimental Section)
multiplied with the specific capacity of LiFePO4 (170 mAh/g).
Taking into account that up to 7 mass% are inactive carbon, a
capacity deposition rate of ∼50 μAh/(cm2 h) is obtained.
The flat thin film has only a very low utilization of ∼5%. Such

a low utilization has been reported several times for LiFePO4
thin films and is mainly attributed to the low ionic conductivity
of LiFePO4.

29,43,44

For the 3D structured thin film the capacity per area
increases. Related to the theoretical capacity of the entire thin
film, a utilization of ∼50% (≈85 mAh/g) is achieved for the
thin films (120 and 240 min). The utilization only of the 3D
structured part can be estimated by shifting the inset of the
theoretical capacity by 1 h (depicted by the solid black line). By
this, we neglect the contribution of the 2D thin film, which
grows during the first hour of deposition, to the total capacity.
By comparing the capacity per area with the values given by the

Figure 5. Galvanostatic charging and discharging at a current density
of 10 μA/cm2 for the samples deposited at 500 and 600 °C for 240
min.

Figure 6. Discharge capacity as a function of the cycle number at
different C-rates for the sample deposited at 600 °C for 240 min. The
sample was charged and discharged between 2.8 and 4.0 V.
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black solid line, the thin films deposited for 120 and 240 min
achieve a utilization of ∼95% (≈160 mAh/g at 0.15 C) and
80% (≈135 mAh/g at 0.05 C), respectively. The higher
utilization at a higher C-rate for the thin film deposited for 120
min can be explained by the smaller fiber diameter and, thus,
shorter diffusion length.

Figure 10 shows that a high utilization and, thus, specific
capacity of the 3D structured part of the LiFePO4 thin film can
be achieved. In comparison with the published specific
capacities of plane LiFePO4 thin films made by magnetron
sputtering,45−47 these specific capacities are among the highest.
However, there are still challenges remaining. The 3D structure
should evolve right from the beginning of the deposition to
increase the overall utilization. In addition, fibers with a small
diameter are promising for high rate capabilities, which is why a
merging of fibers with prolonged deposition time should be
avoided.

3.2. Formation of 3D Structure. The formation of a 3D
structured LiFePO4 + C thin film by conventional magnetron
sputtering at high deposition temperatures is unexpected.
According to structure zone models (SZM) proposed by
Movchan and Demchishin and further developed by Thornton,
porous thin films can be obtained at low deposition
temperatures. By increasing the deposition temperature, denser
thin film structures are expected due to higher surface
diffusion.48−50

Exceptions from this behavior were reported for metals like
nickel, gold, silver, and aluminum.51 Jankowski and Hayes
observed that these metals form porous thin films at elevated
temperatures of ∼0.5Tmelt (substrate temperature normalized to
the absolute melting point Tmelt of the deposited material) and
at pressures between 5 and 15 mTorr (≈6.5 × 10−3 to 2 × 10−2

mbar). The formation of the porous metal structures was

Figure 7. XRD patterns (a) and Raman spectra (b) of the thin films deposited at 600 °C for 60 and 120 min.

Figure 8. SEM images of the samples deposited at 600 °C for 60 min
(a, b) and 120 min (c, d). On the left side (a, c) images at lower
magnification are shown, and on the right side (b, d) images at higher
magnification are shown.

Figure 9. Galvanostatic charging and discharging of the samples
deposited at 600 °C for 60 and 120 min between 2.8 and 4.0 V at a
current density of ∼13 μA/cm2.

Figure 10. Capacity per area as a function of the deposition time. The
theoretical capacity as a function of the deposition time is depicted by
the dashed line. See text for further information.
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related to a high surface diffusion and the onset of
recrystallization processes leading to grain growth oblique to
the substrate surface. Accordingly, Jankowski and Hayes
suggested to add a further zone (Zone S) to the SZM for
metals. A similar behavior was also observed for zinc.52

Another exception was reported for boron.53 Well-aligned
amorphous boron nanowire arrays were obtained at deposition
temperatures of 800 °C by a simple RF magnetron sputtering
process. At lower deposition temperatures a continuous film
was obtained. In this case the growth of the nanowires was
explained by a vapor-cluster-solid mechanism.54

In summary, reports on the formation of 3D structures at
elevated temperatures by a simple magnetron sputtering
process can be found. However, to our knowledge such 3D
structures were only observed for pure elements like metals or
boron (containing only a small amount of oxygen) and not for
compounds like LiFePO4. Different mechanisms are used to
explain the formation of porous metal structures and boron
nanowires. Because the deposition temperature of the LiFePO4
+ C thin films is rather high (∼0.7Tmelt, Tmelt of LiFePO4 is
∼1000 °C55), recrystallization processes, like those expected for
the formation of porous metals, could play a role. However,
further experiments are needed to clarify the growth process of
the self-organized 3D structured LiFePO4 + C thin films in
detail.

4. CONCLUSION
3D structured LiFePO4 + C thin films have been fabricated by a
simple magnetron sputtering process in a single step without
any pre- or postprocessing. The 3D structures are obtained at
elevated temperatures (600 °C) and prolonged deposition
times (>60 min). The 3D structured LiFePO4 + C thin films
consist of fibers with a diameter of up to 500 nm that grow
perpendicular to the substrate surface. The 3D LiFePO4 + C
thin films have the desired crystal structure and show superior
electrochemical properties compared with 2D thin films.
Therefore, they are very promising for application in 3D
microbatteries.
A reduction of the fiber diameter and an onset of the fiber

growth right from the beginning of the deposition are desired
to further increase the electrochemical performance. A detailed
understanding of the growth mechanism is important to
achieve these goals. This needs further experiments and will be
the topic of an upcoming paper.
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