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The approach to synthesis of LiFePO4 using the atomic layer deposited method (ALD-method) is oﬀered
and basic laws of the process revealed. Inﬂuence of synthesis conditions, precursors’ nature and the sequence of
their introduction into the reactor upon the phase composition and morphology of the formed ﬁlms was studied.
The phase composition of the ﬁlm obtained with the use of ALD-method was investigated in details using a wide
series of physical and chemical methods.
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1. Introduction
One can hardly imagine modern life without
various gadgets and electro transport. They require
special power supply – high-energetic, easy, durable, safe, cheap and reliable [1]. Currently, these
requirements are most successfully fulﬁlled by Liion batteries (LIBs), moreover their electrochemical characteristics are continuously improved because of the intensive research of their properties
[2, 3]. Speciﬁc characteristics of LIBs are much better than those of lead-acid, nickel-cadmium, nickelmetal hydride batteries having been recently used.
They possess high speciﬁc electrochemical characteristics and are safe for environment in comparison with traditional chemical electrical supplies [4].
High values of density of LIBs energy cause their
wide application as self-contained electric sources to power all kinds of electronic equipment. They
are irreplaceable in transport, in cars, in industry,
in space vehicles, in military technology and in many other areas of modern life. High speciﬁc energy,
high security, favorable ratio of price/performance,
no memory effect makes LIBs very popular [5].
Electrochemical characteristics of LIBs strongly depend on structure and properties of active electrode
stuﬀs and electrolytes, especially on characteristics of cathodic stuﬀs. At present complex oxides
of transitive metals and lithium, such as LiCoO2,
LiMn2O4, and also bonds on the basis of polyanions
for example LiFePO4 are used as cathodic materials in batteries [6,7] . Lithiated iron phosphate LiFePO4 with the structure of olivine, oﬀered as a cathodic stuﬀ for batteries recharged lithium-ionic, is
rather perspective for accumulators of new genera-
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tion since theoretical container of this stuﬀ is high
(170 mA h/g) [8-9]. Besides, this stuﬀ is ecologically safe, thermally steady in completely charged state.
The low cost price of LiFePO4 is also important. The
analysis of publications has shown that in order to
achieve high eﬃciency of such cathodic stuﬀ it is
necessary to supervise or operate particle size, morphology and interaction between particles of crystal LiFePO4[ 10-12]. In spite of the fact that lithium
of iron phosphate researches have been proceeded
for a long time, the number of publications devoted to the problem of searching new approaches to
synthesis of nanosized particles LiFePO4, is rapidly growing [13-15]. It is mainly connected with the
tendencies of microminiaturisation of electronic devices, and as consequence of it, with working
out of essentially diﬀerent attitudes to getting thinﬁlm nanosized materials of new generation possessing set capacitor characteristics, dimensions and
morphology. For these purposes there have been
widely used such methods as chemical and plasma chemical gas phase deposition, vacuum deposition processes, including thermal vacuum spraying,
magnetron sputtering, vacuum arc deposition, ion
beam deposition, electron beam deposition [16,17].
However, all these methods are not suitable for nanoscale ﬁlms based on LiFePO4. Currently, to create
thin ﬁlm materials a new approach by using atomic
layer deposited method (ALD- method) is actively
developing. Herein, we studied the possibility of applying the ALD-method for nanoscale ﬁlms based
on LiFePO4, using the following precursors: (FeCl2),
((CH3O)3PO), tert-butylate lithium (LiOtBu) and
distilled water (H2O).
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2. Material and methods
2.1. Materials
Crystalline silicon Si (100) was chosen as a substrate. The silicon was cleaned three times with acetone, then washed with ethanol in order to remove
various fats and dirt. Then it was dried with compressed air.
Ferrocene (Fc), FeCl2 (98%, Sigma Aldrich), trimethylphosphate (((CH3O)3PO), TMPO) (97%, Sigma Aldrich), lithium t -butoxide (t-BuOLi) (97%,
Sigma Aldrich) and water ( H2O ) were used as precursors. Nitrogen acted as an inert gas to purge the
reactor of excess precursor and reaction products.
The layers were deposited by atomic layer deposition in a Beneq TFS 200 ALD reactor. The process temperature deposition was 300 ºC. One ALD
cycle for obtaining a ﬁlm forms the following combination: LiOtBu (1 sec pulse/10 s purge) + H2O
(1 sec pulse/10sec purge ) + FeCl2 (1 sec pulse/10 sec
purge) + Н2O (1 sec pulse/10 sec purge) + TMPO
(2 sec pulse /10 sec purge) + H2O (1 sec pulse/10 sec
purge). Thus, the amorphous ﬁlm can be obtained
by repeating the above ALD cycle. After synthesis
the amorphous ﬁlm was being annealed at 500 ºC
for one hour in argon atmosphere to obtain a crystalline structure.
Diﬀractograms (XRD) of the samples were recorded on an EMPYREAN PANalytical X-ray diffractometer with copper radiation (λ = 1.5418 Å)
at room temperature. To analyze the diffractograms, we used the PDF-2 database of the international diﬀraction data center. Film surface morphology was studied by means of scanning probing
microscope (SPM) SPM 9600 of the ﬁrm SHIMADZU. Elementary analysis of the samples of the obtained ﬁlms was carried out using the X-ray ﬂuorescence (automatic wave serial) ARL PERFORM’X
4200 spectrometer from THERMO Fisher SCIENTIFIC (Switzerland).
3. Results and discussion
The possibility of synthesis LiFePO4 using atomic layer deposited technology ( ALD-technology) is
caused by uniqueness atomic-layer deposition method, namely, the ability to form layers with a given ratio of elements in the ﬁlm. Since the process of synthesis with ALD-technology use is multiphase and
multistage, the choice of optimum conditions of synthesis has become non trivial problem. We have to
consider important set of parameters, which should
be treated simultaneously: temperature, the nature of
precursor, pulse and purge time, and also the nature
of a substrate and its superﬁcial activity in the conditions of atomic layer deposited synthesis.
On the basis of the special requirements applied to precursors, the following precursors have

been selected to carry out atomic layer deposited
process: ferrocene (Fc) and FeCl2 have been chosen
as source of Fe(II), triethyl phosphate ((CH3O)3PO)
for obtaining element РO43- and tert-butylate lithium (LiOtBu) were used as a source of element Li(I).
Water (H2O) was used to transfer salt of metals into oxides.
The use of ferrocene is really convenient (the
presence of target Fe(II), due to easy thermal decomposition of it and assumed simplicity of stoichiometry occurring during chemical reactions.
However, with all the positive moments, the use of
ferrocene as a precursor in atomic-layer-deposited
method is not possible, because at heating it sublimes and decomposes to form a mixture of products consisting not only of compounds of iron(II)
but iron (III) compounds of iron mixed-valence
and metallic iron [18-22]. Use of precursor FeCl2
has allowed receiving iron in the necessary oxidation state, namely FeО.
Optimum selection of interrelation Li:Fe:P
while obtaining LiFePO4 seems to be very important as both surplus and a lack of one of three elements can lead to getting secondary phases, and in
certain cases to their full domination [23]. The optimal ratio of Li:Fe:P is 1:1:1 judging by the basis of
literary data and the analysis of the phospho-olivines crystal structure [ 23].
The growth of the ﬁlm in ALD-process is due
to the chemisorption of the precursor with the substrate surface, i.e. the chemical interaction with the
substrate or active groups on its surface proceeds.
Therefore, in the case of the development of threecomponent systems, the reactivity of the precursors used is of particular importance with respect
to both the functional groups contained on the surface of the substrate and among themselves [24].
We have studied and optimized the reactions of
each precursor with water. To this purpose we made
a series of experiments - for each precursor (FeCl2,
(CH3O)3PO, LiOtBu) the reactions with water have
been made with the ALD-method at 300 °С, setting
time of pulse 200, 400, 600, 800, 1000 ms, and purge
time 2, 4, 6, 8, 10 sec, accordingly. Both ﬂow meters
have been set on standard values for this installation - 250 cm3/minutes. Investigation of samples by
means of scanning probing microscope (SPМ) has
shown that the increase of pulse and purge time has
negative inﬂuence on the growth and uniformity of
ﬁlm growth. It was found that the most equable ﬁlm
growth was scored at 200 ms, and purge time 2 sec
(Fig. 1-3). The analysis of SPM data showed that
t-butylate lithium has the highest speed of interaction with the silicon surface (Fig.1). The iron
chloride(II) has a lower rate of reactivity with hydroxyl groups on the surface of the substrate than
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Fig. 1. SPM images ﬁlm Li2O, obtained out of
precursors LiOtBu and H2O by ALD-method. Condition: precursors pulse time 200 ms and time of
purge 2 sec.

Fig. 3. SPM images ﬁlm POх, obtained out of
precursors CH3O)3PO and H2O by ALD-method.
Condition: precursors pulse time 200 ms and time
of purge 2 sec.

Fig. 2. SPM images ﬁlm FeО, obtained out of
precursors FeCl2 and H2O ALD-method. Condition: precursors pulse time 200 ms and time of
purge 2 sec.

t-butylate lithium (Fig.2), and the interaction of trimethyl phosphate with the hydroxyl groups on the
surface of the substrate is going on extremely slow
(Fig.3).
Thus, on the basis of the received data the following scheme of LiFePO4 synthesis with ALDmethod use was suggested (Fig. 4).
After the experiment in order to evaluate the
ratio of the elements (mass fraction) in the ﬁlm we
conducted x-ray ﬂuorescence analysis of the obtained ﬁlms the results of which are shown in Table 1.
Analysis of data obtained has shown that per
cent ratio of the elements Fe:P does not correspond
to the calculated theoretical value (theoretical ratio of Fe: P in LiFePO4 is equal to 1,75). Practical ratio is 5.35. Such a high ratio indicates the possibility
of formation of LiFePO4 in addition to other ironcontaining compounds. This assumption was conﬁrmed by the study of the ﬁlm obtained using the
method of XRF analysis (see below). In our opin-

Fig. 4. Scheme of application of atomic layer of amorphous LiFePO4 at 300 °C with the use of precursors of
iron chloride(II) (FeCl2), trimethyl phosphate, ((CH3O)3PO), water (H2O) and tert-butylate lithium (LiOtBu).
Conditions: a) sequential pulse of LiOtBu and H2O leading to formation of Li2O layer (red) b) sequential pulse
FeCl2 and H2O, leading to the growth of the FeO layer (green); c) serial pulse (CH3O)3PO and H2O that leads
to the deposition of layer POx (blue). One ALD cycle for the growth of amorphous LiFePO4 consists of stages (a) - (c). Settings pulse/purge of each precursor - 200 ms. pulse/2 sec. purge.
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Table 1
X-ray ﬂuorescence analysis
Element

Mass fraction, %

Fe

69, 60

Px

12, 83

Si

0, 442

Table 2
The results of x-ray ﬂuorescence
analysis after optimizing the supply
of the precursor to TMPO
Time pulse TMPO, sec

Ratio Fe:P

1,0

5,35

1,2

5,19

1,4

4,67

1,6

4,34

1,8

3,65

2,0

3,21

2,2

3,23

2,4

3,25

ion, it descends owing to low FeO monomolecular
layer. Concentration of phosphorus in the ﬁlm can
be raised in several ways, in particular by time prolongation in TMPO precursor delivering into reaction camera. The results of some experiments are
given in table 2.
The table 2 shows that the variation of the conditions of the precursor purge time reduced the ratio of Fe:P in the ﬁlm to the value of 3.2. Further optimization of the parameters leads to a decrease in
the ratio Fe:P which conﬁrms the assumption of a
low reactivity of the TMPO.
The ﬁlm obtained in the conditions of the process of atomic layer deposition is X-ray amorphous,
that is, to further identification of the obtained
phases, it is necessary to transform the amorphous
state onto crystalline structure. For this, the substrates were annealed at 500 °C since according to
literature data at the temperatures above 500 °C the
structural type olivine is transformed into other
particular phases. After annealing the sample was
investigated with the method of XRD. The resulting
diﬀraction pattern is shown in Fig. 5(a).
Analysis of the obtained diﬀraction pattern in
comparison with the reference diffractogramme

Fig. 5. Experimental (a) and calculated for
LiFe5O8, Li3PO4, Fe1,987O3, LiFePO4 XRD pattern

Fig. 6. Diagramme of a percentage ratio of
phases in crystalline structure of the ﬁlm.

shows the formation of four phases: LiFe5O8, LiPO4, Fe1,987O3, LiFePO4. According to semiquanti3
tative analysis with the calculation method of corundum numbers the percentage of the target phase
LiFePO4 was 13 % (Fig.6).
In our opinion, the formation of phase Li3PO4
in the conditions of annealing is possible with its
low value of standard enthalpy of formation ΔHf0 =
2982,09 kJ • mol-1 [25] which makes the stated phase
to be the most energetically favourable amorphous
ﬁlm at annealing. Phase LiFe5O8 has structural type
spinel and is formed at interaction (fusion) Fe2O3 with
Li2O, the named process is described in work [26].
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Fe2O3 is formed owing to the process of FeO disproportionation before the formation of Fe2O3 and Fe
in the following reaction:
4FeO 200 - 565 °C Fe3O4 + Fe.
A detailed mechanism for the formation of secondary phases as well as ways to suppress their
growth at the present time is investigated in detail.
4. Conclusions
Thus, the process of obtaining LiFePO4 ﬁlm using the atomic-layer-deposited method has been
studied thoroughly. The inﬂuence of the precursors nature upon the composition and morphology of the ﬁlm formed is determined. It is shown
that the choice of the precursor introduction sequence strongly inﬂuences the formation of a ﬁlm
of a ﬁnal given composition. The reactivity of precursors with respect to the substrate was studied it
was found that lithium tert-butylate had the maximum reactivity, then iron (II) chloride, and trimethyl phosphate demonstrated the lowest reactivity.
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