










Thin-film morphology and deposition rate.— Figure 3a shows
the surface morphology of the Li4GeS4 thin-film produced by RF
Arþ sputtering. The thin-film surface is mirrorlike without any
defects or cracks. This suggests that the thin-film electrolytes are ho-
mogeneous and have a flat surface morphology. The smooth surface
enables the thin films to improve the contact adhesion and thereby
decrease the contact resistance between thin-film and the electrodes.

In order to examine the sputtering rate, one thin film was sput-
tered to a larger thickness, �1.3 mm, than the other thin films, � 0.4
mm, used for the Raman and ionic conductivity measurements. The
thin film was characterized in the cross-sectional direction by FE-
SEM as shown in Fig. 3b. The Ni adhesion layer (�120 nm) is used
to improve the adhesive between the Si wafer and the thin film. A
sputtering power and pressure of 50 W and � 4 Pa were used,
respectively, and the total thickness of the thin film after 4 h of sput-
tering was �1.3 mm which gives a sputtering rate of �5 nm/min.

XPS measurements of the thin films.— Table I gives the XPS
compositional analysis of the thin films grown in Ar atmosphere and
shows that residual carbon and oxygen are present on the surface of
the films. However, after Ar etching for 1 min at a 1 nm/min etching
rate, the carbon and oxygen contents became 0% and �3–5%,
respectively. This suggests that the contaminated thickness by car-
bon is only �0.25% of the total thickness of the thin film, �0.4 mm,
and further suggests that the thin films in this study are homogene-
ous through their thickness. Table I shows that all of the films show
a background oxygen contamination of �3–5%. This contamination
appears to increase lightly with the nominal Li2S content (n) in the
film and this suggests that the Li2S may well be the source of this
contamination. Indeed, similar XPS measurements, not reported
here, on the Li2S and GeS2 starting materials used to prepare the tar-
gets from which the film were grown, showed that the GeS2 was
completely free of any oxygen where as the Li2S showed slightly
measureable oxygen contamination. Table I shows that when this re-
sidual oxygen is ignored, all three films, n 1, 2, and 3 all show very
good agreement between the measured concentrations of the ele-
ments and their expected values. This is in agreement with the
Raman spectra as discussed above.

Ionic conductivities of the thin films.— In order to measure ionic
conductivity for the thin films, the thin films, � 0.4 mm, were grown
with the widths and thicknesses are shown in Table II. In the elec-
trode geometry given here, the electrical field applied from the im-
pedance analyzer would be across very thin cross-sectional area of
height �0.4 mm and width of �10 mm. The thickness (depth) that
the electrical field is applied over is 2 mm. This give a geometrical
cell constant, k¼ t/A, 0.2 cm/(0.4� 10�4 cm� 1 cm)¼ 5000 cm�1.
Such a geometry to create such a large cell constant was required
because with a typical conductivity of 10�3 S/cm, measuring
through the 0.4 mm thickness of the film over an area of 1 cm2,
would give a net impedance of only 0.04 X and this could not be dif-
ferentiated from the contact resistances in the measurements. A rep-
resentative plot of the ac ionic conductivity over the temperature
range from�25 to 100�C at 25�C increments for the Li2GeS3 thin-
film electrolyte is shown in Fig. 4. The impedance was remeasured
at room temperature after the temperature cycle to check if the im-
pedance data had changed as a quality check against the cell leaking
or the thin film changing in some other way. The red filled triangles
indicate the ionic conductivity at room temperature before heating
and the open circles indicates the ionic conductivity at room temper-
ature after cooling from 100�C. The agreement between the before
and after measurements suggests that the impedance data are very
reversible and thin films are very thermally stable and there was no
chemical change during the impedance measurements. The ionic

Figure 3. (Color online) Surface morphology (a) of the Li4GeS4 thin-film
and cross sectional view (b) of the thin film grown in Ar atmosphere by FE-
SEM.

Table I. The XPS compositional analysis of the thin films grown

in Ar atmosphere.

(63% error)
Thin films Li 1s C 1s O 1s Ge2p3 S2p Remarks

Li2GeS3 32 0 4 16 48 After 1 min Ar etching

33 0 0 17 50 Theoretical values

Li4GeS4 42 0 5 12 41 After 1 min Ar etching

44 – – 12 44 Theoretical values

Li6GeS5 45 0 3 11 41 After 1 min Ar etching

50 – – 8 42 Theoretical values

Table II. Width and thickness of the thin films.

Composition Width (60.01 mm) Thickness (60.05 micron)

Li2GeS3 thin film 2 mm 0.4

Li4GeS4 thin film 2 mm 0.4

Li6GeS5 thin film 2 mm 0.4
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conductivities of the Li2GeS3 thin film in Ar atmosphere at 25 and
at 100�C are 1.1� 10�4 S/cm and 2.9� 10�3 S/cm, respectively. As
the temperature increases from�25 to 100�C, the conductivity con-
tinually increased and was found to be stable over this temperature
range. The ac and dc ionic conductivities for Li4GeS4 and Li6GeS5

thin films over the temperature range from�25 to 100�C show the
same pattern and the data are available in supporting materials.

Figure 5 shows a representative Nyquist plot of the complex im-
pedance for the Li2GeS3 thin film grown in an Ar atmosphere over
the temperature range from 25 to 100�C at 25�C increments. The
frequency increases for each point from right to left starting at
0.1 Hz and finishing at 1 MHz. The spike at low frequencies repre-
sents polarization of the Liþ ions due to the use of Au blocking
electrodes. The dc resistance can be calculated from the intercept of
the semicircle as �Z00 goes to 0 as shown in Fig. 5. The dc ionic
conductivities were calculated from this effective dc the resistance
of the Li2GeS3, Li4GeS4, and Li6GeS5 thin films over the tempera-
ture range from�25 to 100�C at 25�C increments and are listed in
Table III. The ionic conductivity can be obtained by Eq. 1.

r0dc ¼
1

Z0dc

� t

A
[1]

where t¼ 0.2 cm, and A¼ 0.4 mm� 1 cm.
The ionic conductivities at 25�C of the Li2GeS3, Li4GeS4,

and Li6GeS5 thin films grown in Ar atmospheres were 1.1� 10�4

(S/cm), 7.5� 10�4 (S/cm), and 1.7� 10�3 (S/cm), respectively.
These values are 2 to 3 orders of magnitude higher than those of ox-
ide thin films (LiPON) which are used commercially in thin-film
batteries. As shown in Table III, the ionic conductivities at 25�C for
Li6GeS5 thin film was 1.7� 10�3 (S/cm) which is better than that of
Li2GeS3 and Li4GeS4 due to higher Li content in the Li6GeS5 thin

Figure 4. (Color online) The ionic conductivity over the temperature range
from�25 to 100�C at 25�C increments for Li2GeS3 thin films grown in Ar
atmosphere.

Figure 5. (Color online) Nyquist plot of the complex impedance for the
Li2GeS3 thin film grown in Ar atmosphere over the temperature range from
25 to 100�C at 25�C increments.

Table III. The ionic conductivities over the temperature range

from 225 to 100�C at 25�C increments for the Li2GeS3, Li4GeS4,

and Li6GeS5 thin films grown in Ar atmosphere.

Temp. Li2GeS3 (S/cm) Li4GeS4 (S/cm) Li6GeS5(S/cm)

�25�C 4.0 (60.05)� 10�6 4.6 (60.05)� 10�5 9.7 (60.05)� 10�5

0�C 2.5 (60.05)� 10�5 2.2 (60.05)� 10�4 4.8 (60.05)� 10�4

25�C 1.1 (60.05)� 10�4 7.5 (60.05)� 10�4 1.7 (60.05)� 10�3

50�C 3.8 (60.05)� 10�4 2.2 (60.05)� 10�3 5.0 (60.05)� 10�3

75�C 1.1 (60.05)� 10�3 5.8 (60.05)� 10�3 1.3 (60.05)� 10�2

100�C 2.9 (60.05)� 10�3 1.3 (60.05)� 10�2 3.0 (60.05)� 10�2

Figure 6. (Color online) The ionic conductivities of the Li2GeS3, Li4GeS4,
and Li6GeS5 thin films at 25�C.

Figure 7. (Color online) The comparison of Arrhenius plots of ionic con-
ductivities between the thin films and LiPON.21
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film compared to the Li2GeS3 and Li4GeS4 thin films. As the tem-
perature increases from�25 to 100�C with 25�C increments, the
ionic conductivities for all four thin films continuously increase.
This means that thin films are very stable over the temperature range
compared to a liquid electrolyte.20

In order to compare how much different of the ionic conductiv-
ities for three thin films, the ionic conductivities at 25�C are shown
in Fig. 6. The Arrhenius temperature plots for the Li2GeS3, Li4GeS4,
and Li6GeS5 thin films are shown and compared to that of LiPON in
Fig. 7 and the ionic conductivities of the lithium thio-germanate thin
films are at least two orders of magnitude higher than that of LiPON
at 25�C and the maximum ionic conductivities of the Li6GeS5 thin
films show lithium ion conductivities approximately three orders
higher magnitude than that of LiPON.21

The dc ionic conductivities of all thin films, n¼ 1, 2, and 3 in the
nLi2SþGeS2 system, at 25�C and their activation energies are
shown in Fig. 8. The filled and open circles represent the ionic con-
ductivities and activation energies, respectively, for the thin films in
Fig. 8. In order to compare ionic conductivities between thin films
and bulk glasses (published reference data),22 the ionic conductiv-
ities of the bulk glasses, 35, 40, 45, and 50 mol % of the Li2S
content in xLi2Sþ (1�x)GeS2 system, are also plotted in Fig. 8. The
filled and open triangles indicate the ionic conductivities of the bulk
glasses and their activation energies, respectively. The ionic conduc-
tivities of the Li2GeS3 thin film, 50 mol % Li2S content, are higher
than that of bulk glass. It is possible that although thin films and
bulk glasses are amorphous structures, the bulk glasses are produced
with a slower cooling rate than the thin films. This large difference
in cooling rate will produce glasses with higher fictive temperature
for the thin films which will have higher conductivity. The thin films
show that as Li2S content increases, the ionic conductivities increase
up to n¼ 3 (75 mol % Li2S). This behavior continues the trend of
the bulk sulfide glasses where the conductivity increases with 35 to
50 mol % Li2S. The maximum in the lithium ion conductivity
results in a minimum in the activation energy and this appears to
occur near n¼ 3.

Conclusions

An RF magnetron sputtering system has been constructed and
coupled to a nitrogen filled glove box so that moisture and oxygen
sensitive films can be deposited without contamination. Li2GeS3,

Li4GeS4, and Li6GeS5 thin-film electrolytes have been deposited
from corresponding targets with 50 W power and �3.3 Pa pressure
in Ar atmospheres.

The sputtering condition was optimized and the samples were
handled with care at every processing step to minimize contamina-
tion by moisture and air. The surface morphology of the thin films
showed mirrorlike surface and was very smooth without any defects
or cracks. In addition, the Raman spectra show that the thin films
are consistent with the target materials. The XPS compositional data
of the thin films show slight oxygen contamination but the slight ox-
ygen contents do not affect to the thin-film properties significantly.
The ionic conductivities of the thin films at 25�C appear to be the
highest so far reported for Liþ ion conductivity glasses and thin
amorphous films and are 2–3 orders of magnitude higher than those
of commercial LiPON thin-film electrolytes. In addition, as the tem-
perature increases from�25 to 100�C with 25�C increments, the
ionic conductivity continuously increases. This means that the thin
films materials are stable over wide temperature ranges, so lithium
ion batteries based on these sulfide materials should be very stable
over wide temperature ranges and are therefore very promising for
use in new thin-film lithium batteries. Further extensive investiga-
tions of solid state batteries fabricated from these films, however,
are needed before this thin-film electrolyte is put to practical use.
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