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Supplementary Notes

Supplementary Note 1: Performance of individual electrodes

To evaluate the performance of the individual electrodes, we fabricated LCO/Lipon/Li and
Si/Lipon/Li cells. Their voltage versus capacity curves is shown in Figure S1. The amorphous
LCO cathode exhibited a substantial capacity fade within the first five cycles of 21%
(Figure S1d), compared to 5% of the Si anode (Figure S1e). On the other hand, the multi-cell
battery showed a capacity fade of 26% within the first 5 cycles (Figure S1f). Therefore, we
conclude that the capacity fade of the amorphous LCO electrode is responsible for most of the
capacity fade observed in our multi-cell battery, which we attribute to the amorphous nature
of LCO. It should be noted that the stoichiometry of our amorphous LCO cathode is unknown.
Further studies are required to address the question of how cycling-related volume changes

affect the long-term performance of multi-cell batteries.

We note that additional capacity fading may come from the volume expansion of the Si anode,
especially during prolonged cycling. However, the cathode loading per cell (4 uAh-cm?) is
much lower than the anode loading (41 pAh-cm™). Therefore, we expect to observe a small

volume change in the order of 10 nm within the Si anode.

Figure S2 shows the individual electrodes' differential capacity (dQ/dV) profiles in a single-cell
configuration- with a Li-metal anode and the multi-cell battery, corresponding to the first five
cycles at C/10. The differential capacity profiles of the amorphous LCO cell demonstrate one
insertion and one desorption peak, which somewhat differ in position and shape from the
crystalline LCO due to its amorphous nature (Figure S2a). In addition, the fast capacity fade is
clearly visible. Si demonstrates two alloying and dealloying contributions: the alloying reaction
of a-Si->a-Li»oSi -> a-LizsSi and the dealloying reaction of a-LissSi -> a-Li2oSi -> a-Si
(Figure S2b).2 The differential capacity profile of the multi-cell battery features broad insertion
and desertion profiles indicative of amorphous LCO, superimposed with peaks that can be

assigned to the alloying and dealloying reactions of Si (Figure S2c).

The Bragg-Brentano XRD diffractograms presented in Figure S3a confirm the absence of any
crystalline phase in both as-deposited Si and LCO electrodes. Furthermore, grazing-incidence

XRD measurements of LCO (Figure S3b) and Si (Figure S3c) also show no evidence of the LCO



(003) and Si (111) peaks, further verifying that no crystalline phase is present for the LCO

cathode or the Si anode.

Supplementary Note 2: Pre-cycling of series-stacked thin-film battery

After fabrication of the series-stacked thin-film battery, each cell was individually pre-cycled
with a C-rate of C/5 (2 puA-cm) to charge to 4.25 V and with a C-rate of C/10 (1 pA-cm™) to
discharge back to 3.0 V. During pre-cycling of one cell, the open-circuit voltage of the other
cell was recorded. The pre-cycling of both cells is shown in Figure S4. It can be seen that cell 2
(top cell) changes its open-circuit voltage while cell 1 (bottom cell) is cycled (Figure S4a). This
crosstalk between the two cells may be due to the Lipon bridge connecting the top and bottom
cells (see Figure 2a in the main text). This crosstalk between the two cells is much less
pronounced when the cell that is in open-circuit is already precycled (Figure S4b). However,
in a future iteration of stacked thin-film batteries, such a Lipon bridge should be avoided. Since
cell 2 had a higher capacity in the initial charge/discharge cycle than cell 1, we charged the
voltage of cell 2 to 3.25 V before cycling both cells together. During the cycling of both cells,
the voltage was controlled only by cell 1, which was cycled between 3.0 and 4.2 V while the
current flowed through the whole stack. As a result, both cells are charged and discharged

simultaneously.

Supplementary Methods

Supplementary Method 1: Lumped 0D steady-state thermo-electric model

The performance potential of a multi-cell thin-film battery was calculated using a lumped 0D
steady-state thermo-electric model. The model calculates the specific energy and rate
capability of multi-cell thin-film batteries, considering the operating limits imposed by voltage
efficiency, critical current density, and thermal constraints. The model is agnostic regarding
whether the cells are stacked in series or parallel. The assumptions of the model include the
following:

i) steady-state (therefore no transient effects and no capacitances),

ii) OD, i.e., a lumped model,

iii) no cell casing,



iv) an anode-free configuration,

v) one 4 um thick Al substrate per battery,

vi) ten cells per battery,

vii) each cell consists of a 0.3 um thick Al current collector, a 0.1 um thick Cu current collector,
a 1 um thick Lipon solid electrolyte, and a variable thickness for the cathode,

viii) a battery width of 8 cm and an unlimited length, which is loosely based on the geometry
of the BYD blade battery,

ix) a fixed voltage plateau at 3.7 V for both LCO and NMC811,

X) a capacity of 140 mAh-gfor LCO and 170 mAh-g™for NMC811,

xi) a limiting resistivity of 10'000 Q-m for LCO and 3.3 Q-m for NMC811,* and

xii) thermal conductivities of 239, 386, 3.7, 2, 7, and 1.7 W-m1-K* for Al, Cu, LCO, NMC811,
Lipon, and Si, respectively, and

xii) no effects of temperature on the behavior of the battery, such as changed conductivities.
The electrical model includes ten monolithically stacked cells on an Al substrate and lumps the
electrochemical behavior of the cells into a constant voltage source in series with resistances

representing the ionic and electronic conductivity of the different material layers. The voltage

is calculated as

V =Vocv = Viess = Vocv * v (1)

were 1y is the voltage efficiency and V|, the voltage loss, which is a function of the current

I times the sum of all the internal resistances

Viess =1 - ZiR;. (2)

The internal resistance R; of each layer is calculated as

Ri =p;i - d; (3)

where p; is the electronic or ionic resistivity of the layer and d is the layer thickness. For the

current collectors, we use electronic resistivity, and for the electrolyte, we use ionic



resistance. Since ion and electron resistance plays a role in the cathode and the proportions
depend on the state of charge, we assume the worst case, i.e., the greatest of the two
resistances.

The power output of the battery is defined as:
P=V-I=Woev—1 Reer) 1 (4)

The maximum power hence occurs at V = 0.5 - V¢, as shown in Figure S9.

dP
E:VOCV_Z'I'Rcell:OZ;’I'Rcell:V;)cv/Z (5)

Thermal behavior is modeled by Joule heating and 1D steady-state heat conduction along the
width of the battery, as schematically shown in Figure 3a in the main text. Here we assume
heat generation within the battery and that that the temperature is independent of time. The

1D steady-state heat-diffusion equation is defined as

d?T(x)
dx?

+%=o (6)

where T (K) is the temperature at position x in m within the cell, g (W-cm3) is the volumetric
rate of internal heat generation, and k (W-m™-K) is the thermal conductivity of the material.

This second-order differential equation can be solved as
T=——-x*+Ax+B (7)

with 4 and B being integration constants. Equation 7 represents a boundary value problem.
To solve equation 7 analytically, we need two boundary conditions. We use the following
boundary conditions: i) dT /dx = 0 at x = 0, i.e., zero heat flux through the center of the cell
due to symmetry, and ii) T =T, at x = L/2, the temperature at the edge of the battery

corresponds to the temperature of the cooling system, where L is the width of the battery.



2
The first boundary condition yields A = 0, and the second one yields B = T, + %. Inserting

the two boundary conditions in equation 7, we get
T =Ty +-((L/2)* - x?). (8)

Hence, the maximum temperature at x = 0 is equal to

mM=n+%Gf (9)

The heat generated in the battery is given by

IZ'Rce
q=—_"= (10)

dcell

with I (mA-cm?) being the product of C-rate 1 (h!) and areal capacity C (mAh-cm?).

Substituting into equation 9 gives

_ (n'C)Z'Rcell E 2
AT = deerrr2°k (2) ) (11)

The difference between the temperature at the center of the cell and the temperature at the
cooling channels is hence proportional to L squared, as shown in Figure S8a. The C-rate can

further be described by reformulating equation 11 to

_i AT -dgep-2-k
T Reen (12)

with the average in-plane thermal conductivity of the battery given by

K = Zidiki (13)
Xid;

As a result, the temperature is at a maximum at the center of the battery and decays

towards the cooling channels, as shown in Figure S8b.



The operating limits imposed by voltage efficiency, critical current density, and thermal
constraints for LCO and NMC811 are shown in Figure S11. It can be seen that depending on

the cathode thickness, different effects can limit the maximum achievable C-rate of a battery.

Figure S10 shows the specific energy potential of multi-cell thin-film batteries for different
cathode and substrate thicknesses as a function of a number of stacked cells. The highest
increase in specific energy is achieved within the first 10 cells. Stacking more cells on top of
each other has only a limited effect on the specific energy potential. It can also be seen that
when a thicker substrate is used, a larger number of cells must be stacked to compensate for

the substrate's weight and achieve the same specific energy.
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Supplementary Figure S1. Charge-discharge curves and discharge capacity of (a) and (d)
LCO/Lipon/Li cell, (b) and (e) Si/Lipon/Li cell, and (c) and (f) multi-cell battery, respectively.
The C-rates are calculated assuming a capacity of 70 mAh-g! for LCO and 4.2 Ah-g* for Si,

resulting in a current density of 10, 49, and 10 pA-cm for the LCO cell, the Si cell, and the cell
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Supplementary Figure S2. Differential capacity profiles of (a) LCO/Lipon/Li cell, (b) Si/Lipon/Li
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Supplementary Figure S3. (a) Bragg-Brentano XRD diffractograms of as-deposited 300 nm
thick Si and LCO on alkaline alumino-borosilicate glass substrates (Corning EXG). (b) Grazing-
incidence XRD (GI-XRD) of as-deposited 300 nm thick LCO at an incident angle of 1° in the two
theta angle range of 18.5° to 19.5°. (c) GI-XRD of as-deposited 300 nm thick Si at an incident

angle of 1.5° in the two theta angle range of 28° to 29°.
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Supplementary Figure S4. Pre-cycling of (a) the bottom cell (cell 1) and (b) the top cell (cell
2). The initial charging was performed at C/5 (2 pA-cm), and the initial discharging at C/10
(1 pA-cm). The initial discharge capacity of the top cell (70 mA-g?) is higher compared to the

initial discharge capacity of the bottom cell (61 mA-g™).
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Supplementary Figure S5. Charge—discharge curves of a series-stacked thin-film battery
measured at (a) C/10 (2 pA-cm2), (b) C/5 (2 pA-cm2), (c) C/2 (5 pA-cm™2), (d) 1C (10 pA-cm™2),
and (e) 2C (20 pA-cm?), and (f) C/5 (2 pA-cm™). At high C-rates, the voltage difference
between cells 1 and 2 becomes greater. The energies of the corresponding charge-discharge

curves correspond to the second energy at each C-rate shown in Figure 2e in the main text.
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Supplementary Figure S6. (a) Discharge energy and (b) coulombic efficiency during long-term
cycling of a series-stacked thin-film battery over 300 cycles at a current density of 4.2 pA-cm™
(C-rate of ~ C/2). While the battery's energy fades quickly, we show that the battery can
operate for hundreds of cycles without failure. The decline in energy seen here and in
Figure 2e has been previously observed in single cells using amorphous LCO,? so we expect

the energy drop to be reduced using a different cathode material.
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Supplementary Figure S7. Discharge capacity of three individual batteries along with their

coulombic efficiencies. (a,c,e) Discharge capacity and (b,d,f) their respective coulombic

efficiency

(1 uA-cm2)to 2 C (20 pA-cm2?). The battery shown in a and b corresponds to the battery shown
in Figure 2e in the main text. The average capacity across all three batteries at 1 pA-cm™ (C/10)

is 42 + 17 mAh-g! with an average charge and discharge voltage of 7.17 and 6.56 V,
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series-stacked thin-film batteries, measured at C-rates ranging C/10
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Supplementary Figure S8. (a) Temperature difference as a function of C-rate. (b) The
temperature profile within a battery shows that the temperature is highest in the center of

the cell and decreases towards the cooling channels on the side.
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Supplementary Figure S9. Maximum power as a function of C-rate. The maximum power

occurs at a voltage efficiency of 0.5.
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Supplementary Figure $10. The specific energy potential of multi-cell thin-film batteries for

different cathode and substrate thicknesses as a function of a number of stacked cells.
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Supplementary Figure S11. Operating limits imposed by voltage efficiency, critical current

density, and thermal constraints for (a) LCO and (b) NMC811.
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Supplementary Figure S12. Ragone plots of (a) the specific (gravimetric) energy and power
and (b) the volumetric energy and power densities of three individual series-stacked thin-film
batteries shown in Figure S7. The blue data points include only the electrode, the green data
points exclude the current collectors and substrate, and the red data points exclude the
substrate. The calculated energy densities are based only on the cell's active area and neglect
the substrate. Al, LCO, Lipon, Si, and Cu densities are assumed to be 2.7, 4.79, 2.3, 2.33, and
8.96 g-cm3, respectively. The mass of each layer of a cell is 2.4 ug for Al, 4.3 pg for LCO, 5.5 ug
for Lipon, 0.3 ug for Si, and 2.7 pg for Cu. The total mass of the battery is 30.6 pg.
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