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ABSTRACT 

Lithium metaphosphate (LiPO3) thin-film glassy solid-state electrolyte (GSSE) ribbons with 

thicknesses varying from 35 to 800 μm have been drawn for the first time through softening and 

drawing of a cast and annealed preform of LiPO3 glass. The short-range order structure and 

composition of the thin-film glasses were confirmed to be identical to the bulk glass LiPO3 using 

Raman spectroscopy. Electrochemical impedance spectroscopy (EIS) was used to investigate the 

Li ionic conductivity of the thin-film GSSE samples and was essentially the same as that of the 

bulk LiPO3 glass. A model of area specific resistance (ASR) as a function of film thickness and 

temperature was generated and compared to resistances determined through equivalent circuit 

fitting of EIS generated Nyquist plots. The generated model compared well to the experimentally 
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determined values. Li|GSSE|Li symmetric cell cycling was conducted on the 50 μm thick samples 

to determine the cycling behavior and the durability of the LiPO3 GSSE in contact with lithium 

metal (LM) under applied voltage and sustained current. Evidence of electrochemical stability of 

the LiPO3 thin-film GSSE against LM was observed in the symmetric cell cycling as nearly 

perfectly flat and ohmic behavior cycling plateaus were found over a range of current densities. 

Prior to shorting, a critical current density (CCD) of 65 μA/cm2 was obtained at 90°C with a D.C. 

Li ionic conductivity of 10-6.5 [Ω-cm]-1. While these current densities are low and consistent with 

the low D.C. conductivity of this particular GSSE, this is the first report of a thin-film GSSE drawn 

into thicknesses of that required for high performance all-solid-state lithium batteries (ASSLBs) 

and the observed proven stability and durability of this oxide GSSE is strong evidence that drawn 

thin-film GSSE materials, especially those with higher conductivities such as the well-studied 

sulfide glasses, are viable materials from which to create thin, easily-processable solid-state 

electrolytes (SSEs), and warrants further research. 

  



 3 

Introduction 

As electric vehicles and renewable energy sources become more prevalent in the world, novel 

energy storage materials are required to meet the increasing demand for safe, high energy density 

batteries1-3. Lithium ion batteries have emerged as the dominant battery to meet the needs of this 

growing trend and have been well studied since their commercialization in 19914-8. Prior to carbon 

anodes, lithium metal (LM) was utilized as the negative electrode, but it was quickly found prone 

to lithium dendrite formation, leading to the organic liquid electrolyte (OLE) catching fire9-11. The 

use of graphitic carbon anodes was found to avert the formation of lithium dendrites and allowed 

for increased safety at the expense of lower energy density12. 

All-solid-state lithium batteries (ASSLBs) utilizing solid-state electrolytes (SSEs) have been 

investigated for many years in the hope of enabling the use of high specific capacity LM anodes 

by eliminating the flammable OLE13. However, as they appear to have solved some of the 

problems with using LM anodes, they still present many challenges that have not yet been 

overcome. Of interest here in this work is the transition from small laboratory-scale production of 

test quantities of SSEs to the full large-scale manufacturing of quantities that are required at the 

gigawatt scale14.  

There are several requirements for SSE materials on the laboratory scale. SSEs should have high 

room temperature ionic conductivities approaching 10-3 [Ω-cm]-1, have extremely low electronic 

conductivity (< 10-9
 [Ω-cm]-1), electrochemical stability at low reducing potentials against LM and 

at high oxidizing potentials of +5 V against high voltage cathodes15-17. A high ionic conductivity 

is important to achieve low overpotentials on the SSE, and to allow for faster charge and discharge 

rates, while a low electronic conductivity is desirable to prevent parasitic loss of charge over time 

and dendrite formation18. The electrochemical stability window, 0 to +5 V vs Li/Li+, is important 
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to prevent side reactions from occurring at both the anode and cathode leading to cycle fatigue and 

lower coulombic efficiencies. As some SSEs are beginning to meet all of these requirements on 

the laboratory scale, it is now becoming important to look towards ultimate scale-up and 

commercialization processes that will be necessary for any SSE to meet gigawatt scale 

requirements. It is to this aspect of SSE development that this work is directed. 

Some requirements for scaling-up of laboratory technology are the cost, ease-of-manufacture, 

and the quality of SSE that can be obtained. The main processing methods for inorganic 

polycrystalline ceramic SSEs are tape casting, atomic layer deposition (ALD), chemical and 

physical vapor deposition (CVD and PVD), and melt processing14, 19-21. While tape casting and 

melt processing are very common ceramic processing techniques, ALD, CVD, PVD, and other 

film growth techniques are often relatively high cost and low throughput16, 22. Tape casting often 

requires burning out of binders and further densification and sintering of the ceramic particles, 

often at high temperatures for long periods of time22. Melt processing can be a challenging 

technique due to the high melting temperatures (>1000°C) of most oxide-based ceramic SSEs. It 

is important to note that the choice of material is often the single most limiting factor for the 

available processing options. 

While there are several types of SSEs, this work will focus on that of inorganic glasses. Glassy 

SSEs (GSSEs) have been shown to possess higher conductivities than their crystalline analogues23-

24. The intrinsic lack of grain boundaries in monolithic GSSEs and their highly tunable chemistries 

make them good candidates for use as SSEs25. Many GSSEs also possess modest melting 

temperatures (<900°C) and viscous flow behavior at low temperatures (<350°C), allowing for 

relatively easy processing26-27. While pure oxide GSSEs were the first to be investigated nearly 

100 years ago, their Li and Na ionic conductivities are rarely above 10-6 [Ω-cm]-1, several orders 
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of magnitude lower than desired28-29. Sulfide GSSEs have been shown to possess conductivities 

approaching 10-3 [Ω-cm]-1, but are often unstable in atmosphere or against LM30-33. Mixed oxy-

sulfide glasses have been shown to possess qualities of both the oxide and the sulfide, being both 

stable in air and against LM, while still possessing the high conductivities of the sulfide glass34-35. 

While these studies described above have been conducted on the compositional exploration of 

new SSEs, improving their processability into the thin films of ≈ 20 to 50 µm needed for cell 

performance is still under development36. While increasing cell energy density is one of the largest 

driving forces for decreasing the electrolyte thickness, low cell resistance is also necessary to be 

able to reduce loss across the electrolyte. In order to achieve the lowest possible SSE resistance, 

variables must be considered in addition to material selection, such as electrolyte geometry, which 

is often limited by the properties and available processing techniques of the material itself. 

Sample geometry is one way to further lower SSE resistance while keeping the electrolyte 

material constant. The resistance (R) of an electrolyte can be geometrically described through Eq. 

(1), where t is the sample thickness, A is the sample area, and σ is the conductivity of the material. 

  [Ω]tR
Aσ

=  Eq. (1) 

The area of the electrolyte is determined by the geometry of the desired application, while the 

thickness is generally determined by the processing of the material. As cell sizes are highly 

dependent on the application, it is often desirable to compare the area specific resistance (ASR) of 

a material, which is normalized to a unit area and described through a minor modification to Eq. 

(1), as shown in Eq. (2). 

 2 [Ω-cm ]tASR RA
σ

= =  Eq. (2) 
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The ASR allows for easier comparison of the resistance of cells as it considers the intrinsic 

conductivity and the thickness of the electrolyte separator. From Eq. (2), it can be seen that ASR 

decreases linearly with decreasing thickness and constant conductivity. Thus, decreasing the 

thickness of the electrolyte from ≈ 1 mm to 100 μm would decrease the resistance by an order of 

magnitude. At a conductivity of ≈ 10-3 [Ω-cm]-1, films < 100 μm are necessary to be competitive 

with organic liquid electrolytes14. 

GSSEs are unique in their processability due to their viscoelastic behavior above the glass 

transition temperature (Tg). In much the same way as glass fibers are made, with different sized 

bulk glass preforms and an appropriately designed drawing apparatus, it is possible to cast and 

anneal a large quantity of glass, and then reheat this preform to just above the Tg and into the 

viscoelastic supercooled liquid state and draw out thin-film glass ribbons in a facile and repeatable 

manner. While twin-roller quenching can generate thin-film glasses as well, these films have small 

dimensions that are more similar to flakes than to full sheets and are generally pressed into powder 

compacts to be used37. 

Here we report the first study of a bulk drawn thin-film GSSE and its electrochemical behavior. 

Due to the similar viscosity behavior and relative ease of manufacture, lithium metaphosphate 

(LiPO3) was chosen as an analogous glassy material to use as a preliminary investigation into the 

performance and processing challenges of utilizing drawn thin-film glassy electrolyte materials in 

battery applications. While LiPO3 exhibits a low ionic conductivity at room temperature of 

94.1 10−× [Ω-cm]-1, it is an excellent model system for investigating the processing and 

electrochemical performance of other thin-film fast-ion-conducting glasses38-39. The ASR of thin 

films of LiPO3 was evaluated as a function of thickness and temperature and was shown to decrease 

linearly with decreasing thickness. This could be accurately modeled through conductivity 
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measurements of the bulk melt quenched glass. Symmetric cell testing demonstrated that the 50 

μm thin film was mechanically durable enough to withstand over 350 cycles at varying 

temperatures and current densities, with no degradation in cycling behavior prior to short-

circuiting. This study acts as a proof-of-concept to demonstrate that thin-film drawn glass is a 

viable processing method for future, thin, low-resistance solid electrolyte materials. 

Experimental Section 

Materials Synthesis 

Lithium carbonate (Li2CO3 99+% Acros Organics) and diammonium phosphate ((NH4)2HPO4 

99+% Acros Organics) were used as received for synthesis of LiPO3. Batches of 250 g were 

prepared by measuring stoichiometric amounts of the raw materials in a fume hood and milled 

together using a mortar and pestle. The powder was loaded into a porcelain crucible and heated at 

200°C for 10 hours to drive off H2O and NH3, followed by ramping to 800°C and holding for 3 

hours to drive off CO2 and form a homogenous melt. For small-scale batches, this liquid was then 

cast into small, 1-cm-wide bars of approximately 15 grams. Melt-quenched (MQ) samples were 

prepared through remelting of ≈ 7 g batches of these bars and quenching in preheated circular 

molds in a N2 glovebox (<5 ppm O2 and H2O), followed by annealing below the Tg at 290°C for 

three hours. A differential scanning calorimetry thermogram for LiPO3 is shown in Figure S1 to 

show the glass transition temperature. 

For the large preform, the liquid was created as above and cast onto a preheated brass plate, 

covered with a second preheated brass plate, and then annealed at 290°C overnight to form a 

rectangular preform approximately 10 cm by 25 cm by 1 cm. 40. After cooling, the preform was 

loaded into our custom-built thin film draw tower located inside of a N2 glove box (<0.1 ppm O2 

and H2O). A schematic of the draw-tower is shown in Figure 1. The preform is loaded into the 
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preform feeding system and is lowered into the upper zone of the furnace where the temperatures 

are highest such that only the tip of the glass preform is heated. The glass is then heated slowly to 

around 340-360°C where it softens, elongates, and then stretched into the tractor system below the 

furnace which then maintains a constant pulling speed. Several processing variables can be 

adjusted to achieve film thicknesses between 20 and 800 μm. These variables include the preform 

feed speed, the tractor speed, the furnace upper zone temperature, and the furnace lower zone 

temperature. The starting values for the preform feed speed and the tractor speed were 0.90 

mm/min and 100 mm/min, respectively. These values are adjusted up or down slightly depending 

on the behavior and thickness of the film being drawn. As all of these variables affect the film 

drawing, they must be simultaneously optimized to create optimum draw conditions.  

 

Figure 1. Side view schematic of the draw tower, showing the preform loaded into the preform 
feeder, the hot upper zone, the lower temperature lower zone and the tractors that create tension 
on the film to consistently pull ribbons. 
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Large ribbons (approximately 10 cm by 50 cm) were generated through the drawing process as 

seen in Figure 2a. Consistent with the report by O’Kiely et al.41, the glass ribbons exhibit a degree 

of edge thickening; however, they do show a large steady-state central region with minimal 

changes in thickness, as shown in Figure 2c. The glass sheets were cut into samples with areas of 

< 1 cm2 for further testing, avoiding using any of the thickened edges. A sample piece of film used 

in a symmetric cell is shown in Figure 2b. Pieces of film that were too small for use in cells and 

the removed thick edges were collected and remelted or used as cullet in new batches. Several 

different preforms were drawn under different pulling conditions in order to generate the films 

tested in this study. 

  

Figure 2. (a) Image of a sheet of LiPO3 film approximately 10 cm in width in the process of being 
drawn. The dotted white lines are shown to highlight the edge of the glass sheet. (b) An image of 
a 45 μm thin film for use in symmetric cells, the small ruler in the corner shows a total length of 1 
cm. (c) Diagram of a width cross-section of a drawn thin-film glass sheet showing the usable area 
and the recyclable thick edge pieces. 
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Raman Spectroscopy 

 In order to confirm the composition, samples were removed from the glove box and tested 

quickly to prevent reaction of the glass with the humidity in the air. Spectra were collected using 

an inVia 488 nm Renishaw Coherent Laser Raman Spectrometer which was calibrated to an 

internal standard silicon reference centered at 520 ± 0.5 cm-1. Samples were tested under a 20x 

objective lens, with a spot size of ≈ (50 μm)2, from 100 cm-1 to 2000 cm-1 with 20 accumulations 

at 12.5 mW power. The Raman spectra so collected are presented in Figure S2, with peak 

assignments listed in the Supplemental Information. 

Ionic Conductivity 

 MQ cast disk samples of 15 mm diameter were prepared for conductivity testing by dry 

polishing to ≈ 1 μm followed by gold sputtering 10 mm diameter electrodes using an Anatech 

Hummer VI Sputtering System. Samples were packed into a custom airtight sample holder. Thin 

film cells were prepared in symmetric cell LM | LiPO3 | LM CR2032 coin cells with electrode 

areas under 1 cm2. No polishing was needed for the thin-film cells due to the naturally smooth 

surface of the film. Ionic conductivity was measured using a Novocontrol 2 Dielectric 

Spectrometer with a cryostat enabling temperature measurements between -100°C and 300°C. 

Electrochemical impedance spectroscopy (EIS) measurements of the MQ glass disks were taken 

from -45°C to 200°C between the frequency range of 7 MHz to 0.1 Hz. Typical EIS Nyquist plots 

are presented in Figure 3a for MQ bulk LiPO3 GSSE. 

Symmetric cells of thin-film LiPO3 GSSE were tested in the same frequency range to determine 

the ionic conductivity as a function of temperature from -45°C to 120°C. The Nyquist plots were 

fitted using the equivalent circuit model shown in Figure 3b. Fitted resistance values were used to 

determine ionic conductivity using Eq. (3), where ( )Tσ is the temperature dependent ionic 



 11 

conductivity, t is the electrolyte thickness, ( )bulkR T is the temperature dependent resistance, and A 

is the area. Thickness was measured by averaging at least five different measurements with a 

micrometer. The activation energy ( )aE∆ was determined using the modified Arrhenius function 

shown in Eq. (4), where σ0 is the pre-exponential factor, T is the absolute temperature, and R is the 

ideal gas constant.  

 1( )  [ -cm]
( )bulk

tT
R T A

σ −= Ω  Eq. (3) 

 10( ) exp  [ -cm]aET
T RT
σσ −∆ = Ω 

 
 Eq. (4) 

 

Electrochemical Characterization 

 Time dependent EIS and galvanostatic cycling were conducted using a Biologic VMP-300 

potentiostat. Cells were fabricated inside an Ar glovebox (<0.1 ppm O2 and H2O) using Li | LiPO3 

| Li inside of CR2032 type coin cells with electrode areas less than 1 cm2. EIS scans were collected 

every 30 minutes for approximately 24 hours from 7 MHz to 0.1 Hz with a 0.5 V sinus amplitude. 

Following the EIS scans, low current density cycling was conducted at room temperature (≈ 20°C), 

60°C, and 90°C. The critical current density (CCD) was determined through step increasing the 

current at the end of a cycle until either the cell shorted, or the voltage limit of the potentiostat was 

reached (± 10 V).  
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Results and Discussion 

Ionic Conductivity - Modeling Resistance as a Function of Thickness 

The Nyquist plots determined through EIS were analyzed and fitted using the circuit shown in 

Figure 3b. A few examples of the Nyquist plots are shown in Figure 3a and the temperature 

dependent D.C. ionic conductivity is shown in Figure 3b. The extracted bulk resistance values 

were used to determine the temperature dependent conductivity, which follows an Arrhenius 

relation. The room temperature ionic conductivity was determined to be 1.8∙10-9 ± 0.3∙10-9 [Ω-cm]-

1. This is close to the literature values of 2.5∙10-9 [Ω-cm]-1 reported by Wang et al. for Li0.92PO2.96
42 

and 2.4∙10-9 [Ω-cm]-1 reported by Martin and Angell for LiPO3
43. Linear fitting (R2 = 0.9998) of 

the Arrhenius function shows that the activation energy for conduction was determined to be 71.5 

± 0.2 kJ/mol which agrees well with the literature value of 70.9 kJ/mol44. 
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Figure 3. (a) Nyquist plot showing real and imaginary impedance for four temperatures of a bulk 

MQ 1.96 mm thick sample with 13 mm diameter gold sputtered electrodes. (b) Arrhenius plot 

showing the temperature dependent DC ionic conductivity of bulk MQ LiPO3 GSSE, error bars 

are smaller than the symbol size. 

Ionic Conductivity of Thin-film Cells 

Symmetric cells of thin-film LiPO3 GSSE were fabricated using LM foil electrodes. EIS scans 

were conducted at room temperature for ≈ 12 hours prior to conducting temperature-dependent 
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scans to determine the D.C. ionic conductivity. This hold period at room temperature is utilized to 

allow the interface between the lithium and the LiPO3 GSSE to stabilize and to form more intimate 

contact. Time dependent Nyquist plots are shown in Figure 4a for a 90 μm thick sample, with 

equivalent circuit fitted resistance values shown in Figure 4b. The interfacial resistance tends to 

decrease over time before stabilizing. Based on reports from Wang et al.45 and LePage et al.46, it 

is believed that voids between the glass and the LM increase the interfacial impedance of the glass, 

and creep of the LM can help to fill these voids. Due to the low pressure that is used to apply the 

LM to the thin film, it is believed that voids are present during the initial formation of the cell, 

leading to a high interfacial impedance. As the LM creeps into these voids, the interfacial 

resistance decreases substantially. Following the first EIS scans at room temperature to reduce the 

voids, the cells were moved into the cryostat for temperature dependent EIS. 
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Figure 4. (a) Nyquist plot for LM | LiPO3 | LM symmetric cell with electrolyte thickness of 90 

μm after fabrication and scanned every thirty minutes for 12 hours. (b) Equivalent circuit fitted 

resistance values for the Nyquist plots shown in (a), showing a decreasing interfacial resistance 

with time with a relatively stable bulk impedance. 

Modeling Resistance as a Function of Thickness and Temperature 

The conductivity data determined above was used to develop the model in Figure 5b showing 

the ASR as a function of the thickness and temperature through a modified combination of Eqs. 

(3) and (4), shown in Eq. (5). Consistent with the Raman spectra showing no structural changes, it 

was assumed that no conductivity changes would occur during the drawing process and, thus, the 

resistance decreases linearly with decreasing electrolyte thickness. Thus, in decreasing the 

electrolyte thickness from 1 mm to 50 μm, the total resistance decreases 20-fold to 5% of the 
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original value, assuming no change in conductivity occurs during the film drawing process. The 

thickness values in the plot were chosen for comparison to the experimental thicknesses used to 

confirm the model. Film thicknesses ranging from 50 μm up to 610 μm were drawn and assembled 

into symmetric cells. EIS was conducted and resistance values were fitted using the same 

equivalent circuit diagram shown in Figure 3b. These experimental resistance values were 

normalized to ASR, with three thicknesses shown in Figure 5b. Plots of the ASR model and 

experimental results for thickness values between these three can be found in Figures S3 and S4. 

Comparison between the real and expected curves show that the real resistance behavior follows 

closely to the expected behavior, and further analysis of the data shows that the conductivity is not 

affected largely by film thickness, shown in the Arrhenius plot in Figure 5a. The conductivity of 

each thickness of thin film tested was calculated and shown at room temperature in Figure S5. 

Variations in conductivity may mostly be attributed to imperfect electrode contact leading to 

decreased contact area between the electrolyte and the LM. The validity of the model is assessed 

in Figure 5c, where the ratio, ( )Tδ , of the logarithm of the real ASR of each thickness at various 

temperatures is compared to the logarithm of the expected ASR through Eq. (6). 

 2
model

0

( ) R( ) =  [Ω-cm ]
( ) exp a

t tASR T T A
ET

T RT
σσ

= =
−∆ 

 
 

 Eq. (5) 

 mod( ) log( ( )) / log( ( ))actual elT ASR T ASR Tδ =  Eq. (6) 
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Figure 5. (a) Arrhenius plot of conductivity for a range of film thicknesses as a function of 

temperature compared to that of bulk MQ LiPO3. (b) Symmetric cell measured ASR as a function 

of temperature for three different thicknesses of drawn thin films. (c) δ(T) ratio of measured ASR 

over the modeled ASR for validation of the model. 

Calculated values of ( )Tδ close to 1.0 show the experimental results are in good agreement with 

values generated from the temperature-dependent ASR model. As Figure 5c shows, the values of 

( )Tδ are centered near 1.0, with some minor fluctuations attributed to the actual contact area of 
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the lithium foil electrodes being different from the nominal area utilized for the calculation from 

resistance to ASR. 

Symmetric Cell Cycling  

Low current density, < 50 µA/cm2, cycling was conducted on samples of thin films in the range 

of about 50 μm. After the coin cells were fabricated, EIS scans were conducted for four hours to 

characterize change in interfacial impedance. Following this four-hour period, galvanostatic 

cycling was conducted at room temperature, 60°C and 90°C. Due to the low conductivity of the 

LiPO3 GSSE, low current densities were utilized to prevent the potentiostat from reaching its 

voltage limit (±10 V). Figure 6 shows the cycling profile at room temperature for 20 cycles with 

15-minute charge/discharge cycles followed by 80 cycles with 2-hour charge/discharge cycles at 

constant current density of 0.1 μA/cm2. The voltage required to produce the same current lowered 

over time, indicating a decrease in interfacial resistance. It is important to note that the wavelike 

behavior of the overpotential present from 100 hours on was due to small temperature fluctuations 

in the lab aggravated by the relatively high activation energy of this poor ion conductor. Due to 

the Arrhenius behavior of the conductivity and the high activation energy, small temperature 

changes lead to large changes in voltage to generate the same current.  
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Figure 6. Galvanostatic cycling at 100 nA/cm2 for 100 cycles for a 50 μm thick electrolyte with 

an area of ≈ 0.18 cm2. Overall lowering of potential indicates that the interfacial layer is decreasing 

in resistance over time. Varying overpotentials after 200 hours are attributed to conductivity 

changes due to varying lab temperatures and a high activation energy. 

Following cycling at room temperature, the cell was moved into an oven heated to 60°C and 

step increased current density testing was conducted. The cell was wrapped in insulation and left 

for 24 hours to allow the interior of the cell to reach 60°C. Current densities ranging from 1 to 5 

μA/cm2 were tested with 20 charge/discharge cycles of each value. As can be seen in Figure 7a, 

the cycling behavior for all of these current densities was very consistent, with no fluctuations in 

the overpotential. Following this, the temperature of the oven was increased to 90°C and the cell 

was left to equilibrate for another 24 hours, and the same test was conducted. As shown in Figure 

7b, the cycling behavior at 90°C is nearly identical to that of the 60°C, but with a lower driving 

potential due to the increased conductivity of the thin-film LiPO3 GSSE. A step-wise increased 

current density test was conducted to determine the CCD of the cell as fabricated with 6 cycles per 

current density and a constant amount of charge being transported during each cycle at the varying 

current densities. The cycling behavior seen in Figure 7c of the cell during the CCD test was once 
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again consistent and indicative of very little resistance change in the cell during cycling. Current 

densities up to 15 μA/cm2 were tested and exhibited very stable cycling for each. The cell shorted 

at a current density of approximately 65 μA/cm2, as shown in Figure 7d. The cell short circuit may 

be attributed to lithium dendrite growth through a defect in the GSSE surface leading to crack 

propagation and eventual mechanical fracture of the thin-film material after more than 350 cycles. 

The surface of the thin-film glass may retain some surface imperfections due to chill-marks present 

in the preform from quenching on a brass plate. Further, any bubbles in the preform will remain in 

the glass film during the drawing process. While neither of these are present in large quantities in 

the film, they are present in small proportions and may have served as the initiation site of the 

failure of the glass. It is believed that further improvement in reduction of defects, and more 

conformal lithium coating through techniques such as lithium evaporation would lead to a higher 

CCD than that reported here. 
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Figure 7. Step-increased current density testing of a 50 μm thin-film symmetric cell (a) at 60°C, 

(b) 90°C. CCD testing of a 50 μm thin film at 90°C with constant capacity (c) up to 15 μA/cm2, 

(d) up to 65 μA/cm2. 

Conclusion 

 In this study, we report the first drawn thin-film GSSE. While exhibiting a lower 

conductivity, LiPO3 oxide GSSE was used in our first attempt to draw glassy thin films due to its 

stability and ease-of-handling. In this report, we examined the conductivity, electrochemical, and 

cycling behaviors of drawn thin-film LiPO3 GSSEs. Our work here shows that drawn thin-film 

GSSEs are a viable and easily scalable method of producing thin-film SSEs for use in high energy 

density LM secondary batteries. Thin glassy films of LiPO3 can be easily drawn to thicknesses of 
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less than 50 μm. We examined a range of thicknesses from 50 μm for thin-film LiPO3 up to 610 

μm and found that the D.C Li ion conductivity of the thin films over this wide range of thicknesses 

agreed extremely well with our measurements of the bulk MQ LiPO3 GSSE from -50 to + 275oC. 

Our value of the RT conductivity for both films and bulk MQ GSSE further agreed well with 

reported literature values. For a 50 μm thin-film LiPO3 GSSE with a conductivity of 10-6.5 [Ω-cm]-

1 at 90oC, it demonstrated stable and reversible cycling with no lithium dendrite penetration at 

current densities less than about 65 μA/cm2. Stable cycling at room temperature and elevated 

temperatures were demonstrated for greater than 350 total cycles and over 800 hours. Drawn thin-

film GSSEs represent an entirely new synthesis and processing technique for thin ionically 

conductive SSEs and further study is required to investigate this technique for more highly 

conductive glass chemistries. 
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