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Lithium-ion batteries employing solid-state electrolytes (SSEs) are emerging as a safer and more compact

alternative to conventional batteries using liquid electrolytes, especially for miniaturized energy storage

systems. However, the industry-standard SSE, LiPON, imposes limitations due to its incompatibility with

high-temperature processing. In this study, we investigate Li4−xGe1−xPxO4 (LGPO), a LISICON-type oxide,

as a promising alternative thin-film SSE. LGPO thin films are fabricated using pulsed laser deposition

under four distinct deposition conditions, with in situ impedance spectroscopy enabling precise

conductivity measurements without ambient exposure. We systematically correlate deposition

temperature, background pressure, chemical composition, crystallinity, and morphology with ionic

transport properties. Polycrystalline LGPO films grown at high temperature (535 °C) and low oxygen

pressure (0.01 mbar) exhibited the highest room-temperature ionic conductivity (∼10−5 S cm−1),

exceeding that of LiPON by an order of magnitude, with an activation energy of 0.47 eV. In contrast,

amorphous films show significantly lower conductivity (∼5.2 × 10−8 S cm−1) and higher activation energy

(0.72 eV). The results reveal that crystallinity, chemical composition, and grain boundary density critically

affect ion transport, highlighting the importance of microstructural control. This work establishes LGPO

as a viable, high-performance oxide SSE compatible with high-temperature processing for next-

generation microbattery architectures.
1. Introduction

Lithium-ion batteries have revolutionized modern energy
storage, powering a wide range of applications from consumer
electronics to electric vehicles. Their high energy density, long
cycle life, and relatively low self-discharge rate have made them
the dominant rechargeable battery technology.1 However,
conventional Li-ion batteries rely on liquid electrolytes, which
pose safety risks due to ammability and leakage, as well as
limitations in operating voltage and stability.2 To overcome
these challenges, solid-state batteries (SSBs) have emerged as
a promising alternative, replacing liquid electrolytes with solid-
state electrolytes (SSEs). SSEs offer signicant advantages over
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of Chemistry 2025
conventional organic liquid electrolytes, including inherent
nonammability and, consequently, enhanced safety.3,4 Addi-
tionally, they exhibit high mechanical strength, which helps
suppress the formation of lithium dendrites, offers superior
thermal stability, a wider electrochemical stability window, and
the potential for formability and miniaturization.5–7 Despite
their considerable promise, SSEs exhibit several critical limita-
tions that impede widespread adoption. A primary obstacle is
the high interfacial resistance between solid electrolytes and
electrodes, stemming from poor physical contact leading to
increased cell impedance and performance degradation over
cycles.8 Additionally, chemical incompatibility can arise, as
SSEs oen react with lithium metal or high-voltage cathodes,
forming resistive interphases that further limit ion transport
efficiency.8 These challenges are compounded by the mechan-
ical brittleness of ceramic electrolytes, which are prone to
fracture under cycling-induced stress or volume changes in
electrodes, undermining long-term structural integrity.9

Thin-lm SSEs are a crucial component of thin-lm solid-
state batteries (TFSSBs), which are considered a promising
advancement for next-generation energy storage devices. The
reduced dimensions of TFSSBs, coupled with their high power
density and rapid charge/discharge rates enabled by the short
J. Mater. Chem. A
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diffusion pathways for Li ions, make them highly attractive.10–12

These batteries are particularly valuable for applications
requiring high charge/discharge rates, such as drones (during
takeoff or landing) and lasers (initial electrical stimulus), or in
scenarios where minimal volume is critical, such as wearable
sensors, biomedical implants, and active radio-frequency
identication (RFID) tags.13

Currently, lithium phosphorous oxynitride (LiPON) is widely
used as a thin-lm SSE due to its wide electrochemical stability
window, high electronic resistivity, and sufficiently high ionic
conductivity (∼10−6 S cm−1).14,15 However, its amorphous
nature limits its compatibility with high-temperature fabrica-
tion processes, as it risks crystallization and consequently
losing ionic conductivity during heterostructure formation in
TFSSBs. This constraint narrows the range of electrode–elec-
trolyte pairings as high temperature processing is required for
many electrode materials. Present TFSSBs utilizing LiPON oen
rely on lithium metal as the anode, resulting in air sensitivity
and complicating the fabrication process. These limitations of
LiPON demonstrate the need for alternative thin-lm SSEs with
sufficiently high ionic conductivity (>10−6 S cm−1), low elec-
tronic conductivity, stability during high-temperature process-
ing (>400 °C), and the ability to ensure long cycle life (1000
cycles) and reliable performance in TFSSBs.16

Among the various inorganic materials considered for
SSEs—such as suldes, oxides, and halides—oxide-based elec-
trolytes stand out due to their superior thermal stability,
broader electrochemical stability windows suitable for high-
voltage cathodes, and lower sensitivity to moisture.17,18

However, oxides generally exhibit lower ionic conductivity
compared to their sulde and halide counterparts.17

Oxide-based SSEs can be categorized into several structural
families, including perovskite, garnet, lithium super ionic
conductor (LISICON), and sodium super ionic conductor
(NASICON) types.17,18 Each of these material groups has
demonstrated potential for use in SSEs. Examples of promising
oxide SSEs are the perovskite-based Li3xLa2/3−xTiO3 (LLTO), the
garnet-based Li7La3Zr2O12 (LLZO), the LISICON-based Li4−x-
Ge1−xPxO4 (LGPO), and the NASICON-based Li1+xAlxTi2−x(PO4)3
(LATP). Thin lms of LLTO have been deposited using pulsed
laser deposition (PLD), achieving an ionic conductivity of
∼10−6 S cm−1 at room temperature.14 Similarly, LLZO thin lms
prepared via sputtering have demonstrated an ionic conduc-
tivity of ∼10−4 S cm−1, while LGPO and LATP lms grown using
PLD exhibit an ionic conductivity of ∼10−6 S cm−1 and ∼5 ×

10−7 S cm−1 at room temperature, respectively.15,17,19 However,
the deposition temperatures required for LLTO, LLZO, and
LATP exceed 700–850 °C, which can induce interdiffusion of
elements in neighboring layers of the microbattery
structure.20–22 Additionally, the deposition of these materials is
challenging due to the tendency for insulating secondary pha-
ses to form, such as La2Ti2O7 and La2Zr2O7, respectively, further
complicating their processing.20–23 The LISICON family is
particularly notable for its structural exibility and the
tunability of ionic conductivity and activation energy through
cation and anion substitution.24 The LISICON structure is
derived from g-Li3PO4, with lithium and phosphorus occupying
J. Mater. Chem. A
half of the tetrahedral sites within a distorted hexagonal close-
packed framework. Subvalent cation substitution of phos-
phorus in Li3PO4 introduces charge imbalances that are
compensated by additional lithium ions occupying interstitial
octahedral sites. Alternatively, supervalent substitution of metal
cations (M) in oxides such as Li4MO4 (M = Si, Ge, Ti) results in
LISICON-type materials of the form Li4−yM1−xM0

xO4. In these
structures, three lithium ions contribute to the tetrahedral
framework, while the remaining ions (1 − y) occupy interstitial
sites, enhancing ionic mobility. Partial substitution of Ge4+ with
P5+ results in a solid solution of g-Li3PO4 and Li4GeO4 with the
formula Li4−xGe1−xPxO4 (LGPO). Previous studies on LGPO
pellets have investigated the effect of LGPO's chemical compo-
sition on its ionic conductivity, demonstrating that the aliova-
lent substitution of P5+ with Ge4+ enhances ionic conductivity by
4–5 orders of magnitude compared to its parent compounds.24,25

Furthermore, the activation energy decreases to approximately
0.5 eV, which has been attributed to a reduction in the forma-
tion energy of mobile charge carriers.24

Furthermore, Rabadanov et al.26 examined the activation
energies associated with various Li-ion hopping pathways
occurring through an interstitial mechanism, reporting values
spanning a wide range from approximately 0.01 eV to 0.7 eV.
Gilardi et al.19 further investigated Li-ion migration in defect-
free bulk LGPO (x = 0.66) using rst-principles molecular
dynamics (FPMD) and obtained an activation energy of 0.37 eV.
They attributed the lower value relative to the experimental
activation energy of 0.51 eV to differences in the time and length
scales probed by simulations, which capture atomic-level
dynamics, as well as to the absence of defects in the idealized
simulated structure. Consequently, the FPMD-derived activa-
tion energy may be regarded as a lower bound for migration
barriers (or upper bound for ionic conductivity) in LGPO.
Similarly, Materzanini et al.27 used Car–Parrinello molecular
dynamics based on density-functional theory to study ortho-
rhombic LGPO and reported an activation energy of 0.34 eV,
again reecting the behavior of a defect-free crystal that is
difficult to reproduce experimentally.

Additionally, it has been reported that LGPO can be
successfully deposited as thin lms using PLD, with its thin-
lm conductivity aligning well with that of its bulk counter-
part.19 However, due to the limited crystallinity in deposited
lms, the impact of crystallinity on LGPO's ionic conductivity
has not been thoroughly explored. This relationship is also
difficult to investigate using pellets, as they do not exhibit well-
dened crystalline orientations. Understanding this correlation
is particularly important for technological applications, espe-
cially in micro Li ion batteries, where optimizing the
crystallinity-conductivity relationship is crucial. Therefore, this
study provides valuable insights into the role of crystallinity in
LGPO thin lms, bridging an important gap in the eld.

To understand the Li ion behavior in this member of the
LISICON family suitable for technological applications, this
study investigates the correlation between deposition condi-
tions, crystallinity and crystallographic properties, and the ion
mobility characteristics in the LGPO thin lms. In order to
achieve this, we have grown LGPO thin lms using PLD, varying
This journal is © The Royal Society of Chemistry 2025
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Table 1 Deposition conditions for the prepared LGPO samples

Deposition
temperature (°C)

Deposition
pressure (mbar)

High T, low P (HTLP) 535 0.01
Intermediate T, low P (ITLP) 350 0.01
Low T, low P (LTLP) 25 0.01
High T, high P (HTHP) 535 0.05
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the deposition temperature and background gas pressure.
Paying particular attention to possible degradation commonly
observed in Li-containing materials, the Li ion conductivity of
the lms was probed using in situ impedance spectroscopy,
which enabled analysis immediately aer growth in a controlled
atmosphere without air exposure. We observe that crystalline
and morphological features of the lm signicantly affect the
ionic conductivity. The observed conductivity values are the
largest to date in a thin lm system, and are in line with bulk
samples, exceeding the room temperature conductivity of
LiPON by one order of magnitude. Thus, such values align well
with existing solid state Li ion conducting materials, while
allowing the possibility of high temperature growth, which
facilitates the realization of oxide TFSSBs.
2. Experimental
2.1. LGPO powder and PLD target fabrication

To synthesize LGPO powder via a solid-state reaction, stoi-
chiometric amounts of lithium carbonate (Li2CO3) and germa-
nium oxide (GeO2) were mixed according to reaction (1):

2Li2CO3 + GeO2 / Li4GeO4 + 2CO2 (1)

The powders were thoroughly ground using an agate mortar
and pestle for 30 minutes. The resulting mixture was heated in
a tubular furnace at 800 °C for 8 hours in air, with a heating and
cooling rate of 5 °C min−1. Following this, stoichiometric
amounts of Li3PO4 were added to the synthesized Li4GeO4

powder based on reaction (2):

Li4GeO4 + 4Li3PO4 / 5Li3.2P0.8Ge0.2O4 (2)

This powder mixture was then subjected to heating at 900 °C
for 12 hours under a constant oxygen ow in a tubular furnace,
with a ramping rate of 5 °C min−1.

A common challenge when growing Li-containing lms via
pulsed laser deposition is the interaction of the ablated species
with the gaseous environment during their time of ight, which
leads to preferential compositional deciencies of the lighter
elements.32 To account for lithium loss during PLD, 5 mol%
excess Li2O was added to the synthesized LGPO powder. The
mixture was pressed into a dense pellet using a uniaxial
hydraulic press at 5 bar. The resulting pellet was sintered at
900 °C in air for 12 h with heating/cooling rate of 5 °C min−1.
The nal PLD target exhibited a relative density of 97± 2%. The
X-ray diffraction pattern of the target powder is provided in
Fig. S1.

LGPO thin lms were deposited using PLD. Prior to lm
deposition, two rectangular blocking electrodes for Li-ions (Au
or Pt, 100 nm thick) were sputtered/e-beam evaporated onto
MgO (100) substrates through a shadow mask, maintaining
a 1 mm gap between electrodes. The substrate was glued onto
the substrate holder using silver paint and mounted in
a vacuum chamber. A 248 nm KrF excimer laser (LAMBDA
PHYSIK LPX 300) operating at 10 Hz, spot size of 0.0108 cm2,
uence of 2.1 J cm−2, and oxygen as the background gas was
This journal is © The Royal Society of Chemistry 2025
used for deposition, with the target-substrate distance set to
6 cm. During deposition, Pt probes connected to the read-out
electronics were placed in contact with the blocking elec-
trodes to enable in situ impedance spectroscopy measurements.

Four deposition conditions were investigated (two samples
for each deposition condition) for this study, where we modu-
lated the substrate temperature (T) and background gas pres-
sure (P). The grown samples were prepared at: (1) substrate
temperature of 535 °C and gas pressure of 0.01 mbar; (2)
substrate temperature of 535 °C and gas pressure of 0.05 mbar;
(3) substrate temperature of 350 °C and gas pressure of 0.01
mbar; and (4) substrate temperature of 25 °C and gas pressure
of 0.01 mbar. Hereaer, deposition pressures of 0.01 mbar and
0.05 mbar are referred to as low pressure and high pressure,
respectively. Likewise, samples grown at 535 °C, 350 °C, and RT
are referred to as high temperature, intermediate temperature,
and low temperature samples. A summary of the deposition
conditions is shown in Table 1.
2.2. Thin lm characterization

2.2.1. Crystal structure characterization
2.2.1.1. X-ray diffraction. The crystal structure of the LGPO

lms was analyzed using X-ray diffraction (XRD). Out-of-plane
u-2q scans were performed on a Bruker D8 Discover instru-
ment with monochromatic Cu Ka1 radiation. Data was collected
over a 2q range of 20–50° with a step size of 0.02°

2.2.1.2. Electron diffraction. Cross-section specimens for
Selected Area Electron Diffraction (SAED) studies were prepared
by a li-out technique using a Thermo Fischer Scientic (TFS)
Helios G4 UC DualBeam (FIB-SEM) instrument. SAED patterns
were collected using a TFS Themis Z (3.1) Scanning TEM (STEM)
operated at 300 kV. The microscope is equipped with a TFS
SuperX™ Energy dispersive X-ray (EDX) spectrometer as well as
with a Gatan Continuum 1065 ER Electron Energy Loss Spec-
trometer (EELS). The surface of MgO substrate has roughness of
∼5 nm. The LGPO lms is easily damaged and decomposed by
electron (and ion) beam.

2.2.2. Morphological characterization. The morphology of
the LGPO lms were examined using scanning electron
microscopy (SEM, Hitachi Regulus 8230) and He-ion beam
microscopy (HIM, Zeiss ORION NanoFab). Imaging with SEM
was conducted in secondary electronmode under vacuum using
an acceleration voltage of 2 kV, with a working distance of
approximately 3.5 mm. HIM imaging was performed with a 30
keV He+ beam at nominally 0.4 pA beam current at approxi-
mately 9.4 mm working distance. Secondary electron images
J. Mater. Chem. A
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were collected and in situ surface charge neutralisation was
performed via low-energy electron ooding during acquisition.

2.2.3. Compositional characterization. Elemental depth
proling was performed using heavy ion elastic recoil analysis
(HI-ERDA) at the Laboratory of Ion Beam Physics, ETH Zürich. A
time-of-ight and energy (ToF-E) spectrometer measures the
velocity and energy of the recoil ions produced by elastic colli-
sion with 13 Mev beam under a total scattering angle of 36°.28
2.3. In situ impedance spectroscopy

Impedance spectroscopy measurements were conducted using
a Biologic VMP 300 potentiostat and an Agilent E4980a LCR
meter. An AC potential was applied via 0.25 mm-thick Pt needle
probes in contact with the Au or Pt blocking electrodes. The in-
plane conductivity (i.e., parallel to the substrate surface) of the
lms was measured under a controlled oxygen atmosphere
(0.01 mbar) within the PLD chamber. Impedance data was
collected over the frequency range between 1 Hz to 2 MHz with
a voltage amplitude of 50 mV to 500 mV. Data was analyzed
using EC-Lab soware to extract the resistance of the lms. A
schematic of the in situ impedance spectroscopy setup is shown
in Fig. 1.
2.4. In situ chronoamperometry

In situ chronoamperometry measurements were carried out
using a VMP300 Biologic potentiostat under a controlled oxygen
atmosphere of 0.01 mbar. A series of step potentials was applied
to the HTLP lm in order to evaluate its electronic contribution.
The protocol consisted of applying 0 V, 0.5 V, 1.0 V, and 1.5 V,
each for a duration of 2 hours to ensure steady-state current
conditions. The electronic resistance of the lm was extracted
from the resulting steady-state current values using Ohm's law.
In addition, the Li+ transference number was calculated
according to eqn (3), where se and sl are the electronic and Li
ion contributions to the total conductivity, respectively.

TLiþ ¼ 1� se

sI

(3)
Fig. 1 Schematic image of the in situ impedance spectroscopy setup.

J. Mater. Chem. A
3. Results and discussion
3.1. LGPO thin lms structural, morphological, and
chemical characterization

Four sets of samples were used for this study: high temperature
and high pressure (HTHP), High temperature and low pressure
(HTLP), intermediate temperature and low pressure (ITLP), and
low temperature and low pressure (LTLP). Table 1 reports the
deposition parameters. To evaluate the ionic transport behavior
of the lms, in situ impedance spectroscopy was conducted for
HTLP and LTLP samples across a temperature range of 535–
130 °C and 150–400 °C, respectively.

The XRD patterns of the samples are shown in Fig. 2a. The
HTHP and ITLP samples exhibit a single out-of-plane crystal-
lographic orientation within the measured range, correspond-
ing to the (002) and (410) planes, respectively. In contrast, the
HTLP sample displays multiple out-of-plane reections, con-
rming its polycrystalline nature. The as-grown LTLP sample
shows no distinct diffraction peaks, indicating that it is
predominantly amorphous, with potential nanoscale crystal-
lites dispersed throughout the lm. Interestingly, the LTLP
sample, aer being heated to 400 °C during impedance
measurements, reveals two weak diffraction peaks, suggesting
a structural transition from an amorphous to a partially poly-
crystalline phase. In order to gain more insights about the local
crystal structure of the lms, selected area electron diffraction
(SAED) patterns of these samples have been collected and are
shown in Fig. 2b–e. Fig. 2b, corresponding to sample HTHP,
exhibits a pattern with sharp and well-dened spots corre-
sponding to a single crystallographic orientation. The d-spacing
is ∼5.0 Å which is in a good agreement with (002) crystal planes
in P-n-m-a space group (5.02 Å according to ICSD_250066).
Fig. 2c shows rings composed of discrete spots indicating the
presence of multiple orientated grains conrming the poly-
crystalline nature of the lm. The SAED pattern in Fig. 2d
displays multiple diffraction rings, conrming a polycrystalline
nature of the deposited thin lm. The presence of distinct
diffraction spots along the rings with well-dened symmetry
suggests that the crystallites are relatively well-dened out-of-
plane, albeit randomly oriented in-plane. The measured d-
spacing is 2.49 Å which is in agreement with that of the (410)
crystal plane (2.45 Å according to ICSD_250066). Therefore, this
sample is characterized as a textured polycrystalline lm. In
contrast, Fig. 2e presents a diffuse halo typical of an amorphous
material.

SEM and HIM micrographs of the three crystalline samples
(shown in Fig. 3) were analyzed using ImageJ soware to
determine their average grain sizes, with the results summa-
rized in Table 2. The analysis indicates that the HTLP and ITLP
samples possess similar average grain sizes, whereas the HTHP
samples exhibit smaller grains, approximately half the size of
those in the HTLP and ITLP samples.

The chemical composition of the four samples, determined
by heavy ion elastic recoil detection analysis (HI-ERDA),28 is also
presented in Table 2. The compositional analysis provides
insights into the lithium content and the degree of Ge4+
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) X-ray diffractograms of the LGPO films, Electron diffraction patterns of LGPO films (b) HTHP, (c) HTLP, (d) ITLP, (e) LTLP. Sharp indexed
spots forming squared pattern originate from MgO substrate. The spots pointed with yellow arrows originate from the LGPO films. For the LTLP
(e) only diffraction from the film is shown.
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substitution by P5+, i.e., the value of x. Table 2 reveals that the
HTLP and HTHP samples exhibit very similar chemical
compositions. Additionally, while the ITLP and LTLP samples
show the same level of Ge4+ substitution by P5+, they differ in
their lithium content. It is noteworthy that when comparing the
LTLP, ITLP, and HTLP samples, an increase in deposition
temperature correlates with an increase in lithium content. This
trend is consistent with previous reports on LGPO thin lms.19
3.2. LGPO thin lms electrical characterization

It is well known that Li content, degree of crystallinity, and
average grain size play a crucial role in determining the ionic
transport properties of a material. These factors will be further
correlated with impedance spectroscopy measurements to
assess their impact on ionic conductivity. The measured ionic
Fig. 3 The SEM micrograph of (a) HTLP, (b) HTHP, (c) ITLP samples, HIM

This journal is © The Royal Society of Chemistry 2025
conductivities of the samples at 400 °C, along with their
chemical composition and average grain size, are presented in
Table 2.

Among the tested samples, the highest lithium content is
observed in those deposited at high temperatures (HTLP and
HTHP), whereas the lowest lithium content is found in the
samples deposited at low temperature (LTLP). However, the
ionic conductivity trend does not directly correlate with lithium
content, suggesting that Li concentration alone cannot account
for the observed variations in conductivity. Therefore, other
structural or morphological factors must be considered.

From the SAED patterns (Fig. 2), it is evident that while the
HTLP and ITLP samples are both polycrystalline, the ITLP
samples exhibit a textured out-of-plane orientation. Despite
their similar grain sizes, the ITLP samples exhibit an ionic
conductivity that is 40 times lower than that of the HTLP
micrographs of (d) HTLP, (e) HTHP, (f) ITLP samples.
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Table 2 LGPO samples' chemical compositions, average grain size, and ionic conductivities at 400 °C

Sample Chemical composition Average grain size (nm) s (S cm−1) at 400 °C Ea (eV)

HTLP Li3.08 Ge0.52 P0.47 O4 193 � 15.3 0.24 � 0.0018 0.47
ITLP Li2.96 Ge0.72 P0.32 O4 179 � 32.3 0.0056 � 0.0024 —
LTLP Li2.44 Ge0.72 P0.41 O4 Amorphous 0.021 � 0.0012 0.72
HTHP Li3.08 Ge0.56 P0.48 O4 84.0 � 13.0 Open circuit —
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samples. This strong discrepancy suggests that crystallinity and
texture signicantly inuence in-plane ionic transport. This
assumption is further supported by the HTHP samples for
which the SAED pattern shows a well-dened crystal orientation
out-of-plane. Although the HTHP samples show a very similar Li
content compared to HTLP and ITLP, the ionic conductivity of
the HTHP samples is orders of magnitude lower and below the
measurement capability of the Biologic VMP 300 potentiostat.

In addition, the impact of the average grain size on the ionic
conductivity can be observed by comparing the two out-of-plane
textured lms, HTHP and ITLP. The average grain size of the
HTHP samples is almost half of the ITHP samples which leads
to higher grain boundary contribution to the total electrical
resistance in the HTHP samples. Since the total ionic conduc-
tivity of ITLP samples is orders of magnitude higher than that of
HTHP samples, we conclude that the grain boundary regions
can dramatically affect the electrical properties of LGPO.

Now that the inuence of crystallinity and morphology on
the ionic conductivity of LGPO thin lms has been established,
we turn to evaluating the activation energy for ion conduction in
both polycrystalline and amorphous LGPO lms. For the HTLP
samples, temperature-dependent resistance measurements
were carried out between 535 °C and 350 °C, beginning at the
deposition temperature (535 °C) and decreasing stepwise. A
similar measurement sequence was performed for the LTLP
samples over the range of 150 °C to 400 °C, starting from room
Fig. 4 The Nyquist plots of the LGPO sample grown at high temperatur
(LTLP).

J. Mater. Chem. A
temperature and increasing stepwise. At each temperature step,
the sample was equilibrated for 30 minutes prior to measure-
ment. For the LTLP and ITLP samples, resistance measure-
ments were obtained only at approximately 400 °C. At this
temperature, the HTHP samples exhibited electrical resistance
values that were too high to be reliably measured.

Fig. 4 presents the Nyquist plots of the HTLP and LTLP lms
measured at various temperatures. The equivalent circuit model
used to t the HTLP data (inset of Fig. 4(a)) includes: (1) a series
resistor (Rexternal circuit) representing the resistance of the
external circuit and the contact resistance at the ion-blocking
electrodes; (2) a parallel combination of a resistor and
a constant phase element (QGrain+GB/RGrain+GB) corresponding to
the combined contributions of the grain interiors and grain
boundaries within the LGPO lm; and (3) a constant phase
element (Qelectrodes) accounting for charge polarization at the
electrode–electrolyte interfaces.

For the LTLP samples, the equivalent circuit (inset of
Fig. 4(b)) excludes the grain boundary contribution, as the
amorphous structure of the lm lacks distinct grains. The only
exception is the measurement at 400 °C, where, as previously
discussed, the lm undergoes crystallization, and the grain
boundary contribution becomes present.

Due to the low thickness of the lms (100 to 250 nm), the
stray capacitance from the MgO substrate (∼500 mm thick)
e and low pressure (HTLP), and (b) low temperature and low pressure

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The Arrhenius plot of HTLP sample obtained with in situ
impedance spectroscopy setup, LGPO thin films deposited at 500 °C
and RT measured by Gilardi et al.19 and LGPO pellets measured by Muy
et al.24 and Song et al.31 The black vertical bar shows the room-
temperature conductivity range reported for LiPON.30

Fig. 6 Ionic and electronic conductivities comparison for HTLP
sample at various temperatures.
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dominates, preventing a distinction between bulk and grain
boundary contributions.29

The Arrhenius plot for the LGPO thin lms is depicted in
Fig. 5. The ionic conductivity measurement for the ITLP and
HTHP samples is only shown at 400 °C as this was the lowest
temperature possible to reliably measure the conductivities of
these samples with the electronics available for these
measurements. The extracted activation energy (Ea) of the HTLP
sample is 0.47 eV, and its extrapolated room-temperature ionic
conductivity (sRT) is ∼10−5 S cm−1.

The typical room-temperature ionic conductivity reported for
LiPON, the benchmark SSE for thin-lm batteries, ranges from
7.46× 10−7 S cm−1 to 4.9× 10−6 S cm−1 (the black bar shown in
Fig. 5).30 In comparison, our polycrystalline LGPO sample
exhibits approximately an order of magnitude higher conduc-
tivity, highlighting its potential as a promising alternative to
LiPON for use in TFSSBs.

Moreover, looking at the plot of the LTLP samples, we see
a continuous line from 150 °C to 360 °C, but towards 400 °C, we
see a drop in the conductivity of the samples. This is the sign
that in this temperature range (360 °C to 400 °C), crystallization
of the lms initiates and the ion conduction mechanism alters.
When the temperature is reduced back to 150 °C aer crystal-
lization, the conductivity remains lower than that of the original
amorphous phase. The activation energy (Ea) extracted for the
LTLP sample in the 150 °C to 360 °C range is 0.72 eV, with an
extrapolated room-temperature ionic conductivity of approxi-
mately 5.2 × 10−8 S cm−1.

The chemical composition of the HTLP lms shown in Table
2, is Li3.08Ge0.52P0.47O4, which corresponds to x z 0.5 (in
Li4−xGe1−xPxO4). The Ea and sRT values of HTLP samples are
consistent with previous studies on LGPO pellets. For instance,
Rodger et al.25 have reported a room-temperature conductivity
This journal is © The Royal Society of Chemistry 2025
of∼10−5 S cm−1 for LGPO pellets with x= 0.5, while Song et al.31

have obtained 3.8 × 10−6 S cm−1 with Ea = 0.5 eV for x = 0.66.
Prior studies on LGPO pellets with Ge content between 0.4

and 0.6 have reported a maximum sRT= 1× 10−5 S cm−1 and Ea
= 0.5–0.6 eV.24 These ndings support the hypothesis that
a higher Ge4+ content ((1− x) relative to that of P5+ (x)) increases
the unit cell volume, facilitating Li-ion migration via larger
interstitial sites. However, at higher Ge4+ contents (1 − x > 0.6),
an increase in activation energy occurs due to the inductive
effect, wherein Ge4+ (less positively charged than P5+) reduces
electron withdrawal from oxygen, resulting in higher effective
charges on oxygen and therefore stronger electrostatic interac-
tions with Li+ ions.24 Consequently, while the pre-exponential
factor (s0) in eqn (4) increases with Ge content, the net RT
conductivity remains relatively unchanged. This can in fact
explain the higher activation energy of the LTLP samples as its
chemical composition is Li2.44Ge0.72P0.41O4 meaning that its Ge
content is beyond 0.6 (x z 0.3).

sT ¼ s0 exp

��Ea

KT

�
(4)

Furthermore, Gilardi et al.19 have investigated LGPO pellets
and thin lms, reporting Ea = 0.53 eV and sRT = ∼10−6 S cm−1

for LGPO pellet with x = 0.8. The polycrystalline thin lms in
this study (grown at 500 °C) with chemical composition of
Li2.7±0.3Ge0.49P0.5O3.7±0.3 (x z 0.5) exhibited sRT = ∼3 ×

10−6 S cm−1 and Ea= 0.51 eV. The activation energy value is very
in line with the HTLP samples (0.46 eV) which has chemical
composition of Li3.08Ge0.52P0.47O4 (x z 0.5). Although, the
room-temperature conductivity of HTLP samples is an order of
magnitude higher due to higher Li content and better crystal
structures. Moreover, Gilardi et al.19 reported amorphous thin
lms with and Ea = 0.58 eV and sRT = ∼3 × 10−7 S cm−1 which
have chemical composition of Li1.58±0.4Ge0.45P0.55O3.27±0.5 (x z
0.5). Our LTLP samples with chemical composition of Li2.44-
Ge0.72P0.41O4 (x z 0.3) shows Ea = 0.72 eV and sRT = ∼5.2 ×
J. Mater. Chem. A
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Table 3 Ionic conductivity, electronic conductivity, and Li trans-
ference number of HTLP sample at various temperatures

Temperature (°C) sI (S cm−1) se (S cm−1) Li transference number

535 0.729 7.19 × 10−4 0.999
450 0.381 2.44 × 10−5 1.000
370 0.165 2.46 × 10−6 1.000
290 0.0552 1.81 × 10−7 1.000
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10−8 S cm−1. The discrepancy between LTLP samples and
Gilardi et al.19 amorphous samples activation energy and room-
temperature conductivity is due to the difference in their
chemical compositions.

Song et al.31 and Rabadanov et al.26 have discussed the Li-ion
migration mechanism in orthorhombic LGPO. An interstitial
migration pathway has been proposed in which Li ions move
predominantly along the b-axis of the crystal. In this structure,
four types of Li sites exist: Li(1) (tetrahedral), Li(2) (octahedral),
and the extrastoichiometric Li(3) and Li(4) sites located in
additional octahedral cavities. The Li(1) and Li(2) sites are fully
occupied, whereas the Li(3) and Li(4) sites are only partially
occupied, enabling Li+ migration through these interstitial
positions.

Notably, according to the Rabadanov's et al.26 report, the
dominant hopping pathway in the LTLP sample proceeds
through Li(1)–Li(2) sites, with an activation energy of 0.7 eV,
which is in excellent agreement with the value we obtained (0.72
eV). In contrast, the HTLP sample, which exhibits a lower acti-
vation energy of 0.47 eV, likely involves a combination of
multiple hopping pathways, including Li(3)–Li(3), Li(4)–Li(4),
and Li(2)–Li(4)–Li(4)–Li(1), with reported activation energies of
0.6 eV, 0.4 eV, and 0.35 eV, respectively. Fig. 6 compares the
ionic and electronic conductivities of the HTLP sample at four
different temperatures. As shown, the ionic conductivity is
several orders of magnitude higher than the corresponding
electronic conductivity at every temperature. This difference
becomes even more pronounced at lower temperatures.

By tting an Arrhenius relation to the electronic conductivity
data, the room-temperature electronic conductivity of the
polycrystalline LGPO sample is determined to be 6.7 ×

10−14 S cm−1.
Table 3 summarizes the values for ionic and electronic

conductivities as well as calculated Li transference numbers at
different temperatures. Fig. S2 displays the current–time plots
for electronic conductivity measurements.
4. Conclusions

In this study, we have systematically investigated the ionic
conductivity of LGPO thin lms grown via PLD under varying
deposition conditions. The primary objective was to assess the
inuence of deposition parameters on the crystallinity,
morphology and ionic transport properties of the lms. In situ
impedance spectroscopy was employed for precise conductivity
characterization, minimizing external contamination effects.
J. Mater. Chem. A
Our ndings indicate that the ionic conductivity and acti-
vation energy values obtained using the in situ setup are in
strong agreement with previous studies on LGPO. However, the
higher precision of our measurements—achieved by preventing
air exposure which could lead to the formation of more an
oxidized surface layer and/or to a relevant content of Li
carbonate at the electrolyte–electrode interface—may account
for the small discrepancies observed when compared to earlier
reports on LGPO thin lms.19 This highlights the importance of
environmental control in accurately evaluating the electro-
chemical properties of thin-lm solid electrolytes.

Furthermore, the impact of Li content, crystallinity, and
grain size on the ionic conductivity of LGPO lms was analyzed.
Interestingly, while the high temperature (535 °C) and low
pressure (0.01 mbar) and intermediate temperature (350 °C)
and low pressure (0.01 mbar) samples exhibited similar Li
content and grain sizes, their ionic conductivities differed by
a factor of 40. This signicant variation suggests that a textured
crystalline orientation leads to increased grain boundary resis-
tance, thereby reducing in-plane ionic transport.

This hypothesis is further reinforced by the behavior of the
high temperature (535 °C) and high pressure (0.05 mbar)
sample, which also exhibits textured crystallinity and an even
smaller grain size, yet has a similar Li content. Despite this, it
demonstrated no measurable in-plane conductivity at 400 °C.
These ndings conrm that both crystallographic texture and
grain boundary density play a critical role in determining the
ionic transport properties of LGPO thin lms.

The ionic conductivity values obtained for polycrystalline
LGPO lms demonstrate that LGPO is a versatile solid-state
electrolyte. Its high room-temperature ionic conductivity
(∼10−5 S cm−1) highlights its potential as a compelling alter-
native to the widely used LiPON (∼10−6 S cm−1) in micro-scale
solid-state batteries, enabling high-temperature fabrication
processes and broadening the design space for next-generation
microbattery architectures. On the other hand, amorphous
LGPO with high activation energy (0.72 eV) and very low room-
temperature conductivity (∼5.2 × 10−8 S cm−1) is not an alter-
native for thin lm batteries. However, optimization of the
chemical composition has been shown to improve the room-
temperature ionic conductivity of amorphous LGPO, suggest-
ing potential for future enhancement.19
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