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TABLE OF CONTENTS : 

 

The fabrication of LiMn2O4 thin film as a positive electrode for 3D Li-ion micro-batteries 

was demonstrated by Atomic Layer Deposition method and in situ lithiation step. Four 

layers made by ALD (Al2O3 / Pt / LiMn2O4 / Li3PO4) were successively deposited on 

high performance 3D silicon scaffold. The 3D electrode operates at high potential (4.1 

V vs Li/Li+) and deliver a remarkable surface capacity (~ 180 µAh.cm-2) at low C-rate 

while maintaining more than 40 µAh.cm-2 at C/2. 
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ABSTRACT: Miniaturized electronics suffer from a lack of energy autonomy. In that 

context, the fabrication of lithium-ion solid-state micro-batteries with high performance 

is mandatory for powering the next generation of portable electronic devices. Here we 

demonstrate for the first time the fabrication of thin film positive electrode for 3D Li-ion 

micro-batteries made by Atomic Layer Deposition method and in situ lithiation step. 

The 3D electrodes based on spinel LiMn2O4 films operate at high working potential (4.1 

V vs Li/Li+) and are capable of delivering a remarkable surface capacity (~ 180 µAh.cm-

2) at low C-rate while maintaining more than 40 µAh.cm-2 at C/2 (time constant = 2 h). 

More specifically, the energy density (0.74 mWh.cm-2) is maximized owing to the high 

working potential. To perform the fabrication of high capacity electrode with high rate 

capability, the deposition process of conformal LiMn2O4 films (30 – 250 nm-thick) was 

optimized on high aspect ratio 3D scaffold and both the thickness of the electrode 

material and the 3D gain of the template were carefully tuned to maximize the electrode 

performance. Advanced characterization techniques such as Transmission Electron 

and X-ray Transmission Microscopies were proposed as perfect tools to study the 

conformal behavior of the deposited films and the interfaces between the current 

collectors, the electrode material and the solid electrolyte: no interdiffusion and 

segregation were observed. This work represents a major issue in the field of advanced 

fabrication of 3D lithiated electrode by ALD - without any prelithiation step by 

electrochemical technique - making it an attractive solution for the fabrication of 3D Li-

ion solid-state micro-batteries with semiconductor processing methods.  
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INTRODUCTION 

Since the last five years, numerous studies in the field of energy storage were carried 

out to address technological and scientific challenges allowing the development of all 

solid-state lithium metal and lithium ion batteries. Driven by the automotive applications 

and the portable electronics market, the roadmap consists in designing safer lithium 

based batteries with higher energy density where lithium metal anode and solid-state 

electrolyte are combined[1]. In the field of portable electronics devices, the Internet of 

Things (IoT) concept for health, environmental or industrial monitoring, transportation, 

wearable electronics, and smart buildings[2,3] is growing exponentially. Miniaturization 

of these intelligent systems opens the road to the next generation of IoT devices with 

sensing and communicating capabilities to exchange / share information between them 

and to interact with their external environment. All solid-state lithium based micro-

batteries composed of thin films materials with limited surface footprint and high 

storage capacity have to be used to get autonomous miniaturized sensors. 

Consequently, footprint surface of the energy storage unit is constrained, limiting the 

amount of active material and thus the energy performance. 

A promising way to improve the energy performance consists in designing a 

miniaturized 3D Li-based battery where the active materials are deposited by step-

conformal deposition methods widely used in the semiconductor industry on high 

specific surface 3D scaffold. Since the pioneered work[4] from J. Long and B. Dunn et 

al in 2004, numerous papers were published emphasizing the benefit of such 3D 

lithium based micro-battery. Several technological barriers have to be overcome to 

design highly efficient 3D lithium-ion all solid-state micro-battery:  
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i. Design a robust and efficient 3D template with a high area enhancement factor 

(AEF) 

ii. Deposition of thin films with different nature (metal, oxides) and functionalities 

(current collector, electrodes, electrolyte) by step-conformal deposition 

methods. 

iii. Design of a safe technology with solid-state electrolyte. 

iv. Collective fabrication of numerous 3D Li-ion solid-state micro-batteries on large-

scale substrate to favor the upscaling of the technology. 

More than 15 years after the 1st paper from J. Long and B. Dunn in 2004, it must be 

said that no 3D Li-ion solid state micro-batteries issues from fabrication methods widely 

developed in the semiconductor industry are commercially available. First point (i), 

silicon wafer processing methods seem to be the promising way to produce high aspect 

ratio and robust 3D scaffolds by top down etching technique that able to enhance the 

specific surface of thin film material [5–9]. For the last point (iv), single 3D Li-ion micro-

battery prototyping either with liquid electrolyte[10,11], powder based electrodes[12] or 

electrochemically prelithiated electrodes[9,13,14] is widely reported. The solution-

processing step has to be removed from the fabrication process to enhance the 

Technological Readiness Level (TRL) of the technology allowing to move from single 

prototyping to mass production micro-devices where cleanroom environment is 

mandatory.  

Concerning the points (ii) and (iii), Atomic Layer Deposition technique remains the best 

deposition methods to produce 3D Li-ion solid-state micro-batteries on large-scale 

wafer: thermal ALD, plasma-enhanced ALD (PE ALD) and spatial ALD (s-ALD) 

techniques are under development in the field of 3D Li-ion micro-batteries. From 

conformality point of view, thermal ALD is known to produce conformal films on 3D 
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scaffold while the growth rate stays at a low level (~ 1 Å per ALD cycle). PE ALD and 

s-ALD methods allows producing dense films with high growth rate but low conformal 

shape. In that context, current collectors[15,16] (Pt, TiN), positive electrode[17–20] (LiCoO2, 

LiFePO4, LiMn2O4…), solid electrolyte[6,21–24] (Li3PO4, LIPON, Li7La3Zr2O12…) and 

negative electrodes[5–7,13,25,26] (TiO2, V2O5, Nb2O5, Li4Ti5O12…) have already been 

investigated as efficient thin films for all solid-state 3D Li-ion micro-battery. 

Nevertheless, we have to keep in mind that the thickness of all the layers produced by 

ALD is limited, that is to say an average thickness of ~ 100 nm could be considered for 

further discussion. Three-dimensional Li-ion micro-battery is of course expected to 

produce higher energy density than the "simple" planar counterpart does. 

Unfortunately, up to now, none of the last results reported within the scientific 

community demonstrate higher energy[9,20] density than the Commercially Off The 

Shelf (hereafter COTS) planar Li-metal and Li-ion micro-batteries, taking into account 

the same cell voltage. Indeed, the thickness of the COTS micro-devices is 

approximately 5000 nm, allowing producing a surface capacity value close to 0.3 

mAh.cm-2, compared to the ~100 nm thick of ALD layers. Consequently, to reach, at 

least, the same energy density value, the Area Enhancement Factor (AEF) of the 3D 

scaffold has to be higher than 50 (50 x 100 nm = 5000 nm). As a result, a careful design 

of the AEF value and electrode thickness has to be achieved to propose a 

breakthrough in that field, i.e. that both AEF and electrode thickness have to be 

maximized.  

Among the listed technological challenges, the key issue is to design and synthesize 

a 3D positive electrode with lithiated material made from semiconductor production 

compatible deposition methods. Hence, the prelithiated step of transition metal oxide 

films such as V2O5 or MnO2 using solution processing route to produce LixV2O5 or 
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LixMnyOz films has to be avoided. In 2013, P. Notten and WMM. Kessels have 

reported[17] the plasma enhanced ALD process of amorphous LiCoO2 films using 

super-cycles configuration. A post annealing process at 700 °C was proposed to 

crystallize the right LiCoO2 phase. Nevertheless, it was demonstrated that only 65 % 

of the deposited film was electrochemically active. Among the existing positive 

electrode materials (LiCoO2, LiFePO4, LiMn2O4 and their derivatives), a promising 

candidate is the cubic-spinel based compound LiMn2O4 (LMO) which operate at 4.2 V 

vs Li/Li+ and offer a theoretical capacity of 148 mAh.g-1 (63 µAh.cm-2.µm-1 for a bulk 

density of 4.2 g.cm-3). However, the LMO material is known to operate in both 4V and 

3V regions. The “3V region” corresponds to a transition from a cubic to a tetragonal 

phase[27–29] (attributed to the Jahn-Teller distortion[30]) that indeed allows delivering a 

high capacity value (insertion of lithium ions into the tetrahedral sites of the spinel 

structure), but limits the cycling stability of the electrode. From stability point of view, it 

is thus mandatory to operate in the 4V region where the insertion of lithium ions is 

achieved into the octahedral sites of the spinel structure upon charge / discharge 

cycling.  

H. Fjellvag et al has demonstrated in 2014 the successful synthesis of LixMn2O4 

polycrystalline film (~ 86 nm-thick) by a thermal ALD process on planar substrate[19]. 

The faradic intercalation / des-intercalation processes occurring in the 4 and 3 volts-

region were successfully demonstrated during 10 charge / discharge cycles at high C-

rate (~ 3C) and during more than 600 cycles at ~ 12C with a good retention of the initial 

capacity value. No deposition of such LixMn2O4 films by ALD was shown on 3D scaffold 

in 2014. In 2021, B. Dunn et al have reported[20] the PE ALD of Li1+xMn2-xO4 films (20 

nm-thick) on SiGe nanowires. The capacity of the 3D electrode was close to 5 µAh.cm-

2 and good retention of the initial capacity value was shown during 100 charge / 
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discharge cycles at 5C. Nevertheless, the surface capacity value was not sufficient for 

powering miniaturized electronic devices. 

Here we demonstrate the fabrication of LiMn2O4 electrode for 3D Li-ion micro-battery 

combining a high-performance 3D scaffold based on silicon micro-tubes (AEF ~ 50- 

60) with the Atomic Layer Deposition of various thicknesses (100 - 250 nm) spinel 

LiMn2O4 films. The lithiation step was achieved in the ALD reactor using a supercycle 

approach. The step-conformal deposition of the electrode material was confirmed by 

combining two complementary approach at different scales, namely Transmission 

Electron Microscopy (TEM) and X-ray Transmission microscopy (TXM) experiments. 

Additionally, the formation of the spinel LiMn2O4 phase was confirmed by X-ray 

Diffraction analyses. A record areal capacity value close to 180 µAh.cm-2 is measured 

at C/20 for the 3D electrode (AEF = 60 / thickness of the LMO layer = 100 nm) 

validating the selected strategy in the field of this study while this 3D electrode delivers 

more than 40 µAh.cm-2 at C/2. From the rate capability and cycling stability points of 

view, we also show that the areal capacity of “thicker” 3D electrode (AEF = 45 / 

thickness of the LMO layer = 250 nm) stays close to 100 µAh.cm-2 for faster rate (C/2) 

with a good capacity retention during 50 cycles. To the best of our knowledge, the 

achieved areal capacity value is among the best reported values up to now for 3D 

lithiated electrodes made by ALD.  
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RESULTS AND DISCUSSION 

The key issue of this study consists in fabricating 3D LiMn2O4 electrodes able to deliver 

an areal capacity value higher than that of the planar counterpart. We have already 

discussed about the thickness of thin film electrode (~ 5000 nm) for planar Li based 

micro-batteries – made for instance by magnetron sputtering technique – vs the 

thickness of thin film made by ALD (~ 100 nm), mandatory technique compatible with 

semi-conductor industry, for 3D Li-ion micro-batteries. As a result, it is clear that 

surface area enhancement brought by the 3D scaffold should at least compensate the 

ratio between the thicknesses (here, AEF > 50). A rational design of the 3D electrodes 

has to be done to reach this goal and the proposed strategy is described in fig. 1a. 

The 1st part of this study consists in optimizing the synthesis process of LiMn2O4 film 

on planar substrate (step 1). Once the deposition parameters of the ALD process and 

the annealing conditions were clearly understood and optimized, the synthesis process 

was optimized on 3D scaffold (step 2). Finally, the last part of this study is focused on 

the optimization of the surface capacity value of 3D electrodes, that is to say both the 

AEF of the 3D scaffold and the thickness of the LMO film were maximized (step 3). 

The fig. 1b depicts the synthesis process of the LMO electrode on planar or 3D Si / 

Al2O3 / Pt substrates. To reach the formation of ternary LiMn2O4 electrodes, the in situ 

lithiation of metal oxide film (i.e. MnO2) was executed by combining two thermal Atomic 

Layer Deposition processes of binary elements in a supercycle configuration. In that 

case, the number of ALD cycles of LiOtBu / H2O (i.e. the thickness of the LiOH film) 

was tuned regarding the ones of Mn(thd)3 / O3 (i.e. the thickness of the MnO2 film) to 

control the composition of the ternary LiMn2O4 film. As a result, the MnO2 / LiOH dual 

layers were deposited on the top of the Si / Al2O3 / Pt substrate. In the frame of this 

study, the percentage of ALD cycles for the LiOH layer was close to ~ 5% of the number 



11 
 

of ALD cycles for the MnO2 film. An air-annealing process was performed at 700 °C to 

co-crystallize the MnO2 / LiOH bilayers into the spinel LiMn2O4 phase. Finally, the 

surface of the LiMn2O4 electrode was modified for the electrochemical characterization 

purpose as recently proposed by our group for sputtered LiNi0.5Mn1.5O4 films[31–34]: a 

Li3PO4 film (< 100 nm-thick) acting as a protective layer was deposited on the top of 

the electrode, to stabilize the solid / liquid interface during the electrochemical testing 

in organic electrolyte. Additionally, from morphological analysis point of view, it is 

mandatory to protect the stacked layers against the damage made by ion milling during 

the Focused Ion Beam preparation of lamellas for TEM analysis. Consequently, an 

additional Al2O3 layer, also made by ALD, was then deposited on the top of the stacked 

layers leading to rather complex Si / Al2O3 / Pt / LiMn2O4 / Li3PO4 / Al2O3 samples. The 

first mandatory step toward the successful deposition of LiMn2O4 films was dedicated 

to the Atomic Layer Deposition of MnO2 binary oxide film. The synthesis of Mn-O films 

by ALD was already reported in numerous papers[14,35] by thermal or plasma enhanced 

ALD methods. To achieve the synthesis of our manganese dioxide films by ALD on 3D 

template, we used a thermal ALD process based on Mn(Thd)3 as the precursor and 

ozone as the reactant. The growth rate of MnO2 film deposited on Si / Al2O3 / Pt 

substrate was first evaluated vs the temperature of the ALD reactor (120 – 240 °C) to 

find the optimal ALD temperature window (fig. 1c). To have a good stability of the 

growth rate (0.2 Å.cycle-1), we have to set the temperature of the ALD reactor close to 

~ 200 °C. This growth per cycle is similar to that of published by the groups of H. 

Fjellvag[35] and C. Detavernier [14]. From the X-ray diffraction analysis reported in fig. 

S1a, the as-deposited MnO2 seems to be amorphous: no Bragg peaks were observed 

on the diffractogram. By analogy to our recent results published on the synthesis of 

Li3PO4 film by ALD, to synthesize such lithium-based films we decided to follow the 
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same strategy, and we thus deposited a LiOH layer on the MnOx film[6,31]. Advanced 

Transmission Electron Microscopy (TEM) was achieved on the raw Si / Al2O3 / Pt / 

MnOx / LiOH / Al2O3 planar sample (fig. 1d-e), i.e. before the crystallisation process 

made by a thermal annealing at high temperature, in order to perform the structural 

and chemical characterisation of the layers and interfaces.  The high angle annular 

dark field scanning TEM (HAADF-STEM) image (fig. 1d, panel (i)) demonstrate the 

successful growth of Mn-O / LiOH films on platinum current collector. The interfaces 

are sharp and well defined. The surface of Pt layer exhibits flat regions and no “wavy” 

morphology was observed. As a result, the subsequent manganese oxide layer is 

uniform and consist of blocks of crystalline material with flat surface as well. EDX-

STEM elemental mapping of the sample confirms no interdifusion between the Pt and 

MnOx / LiOH dual layers after the ALD process (fig. 1d, panel (ii)). The electron 

diffraction (ED) patterns taking from the interface region and high resolution TEM 

(HRTEM) imaging (fig. 1e, panel (i-iii)) clearly demonstrate epitaxial growth of 

crystalline Mn2O3 perovskite-like structure (ICSD 2362254) manganese oxide layer on 

Pt (111) layer. For its part, the LiOH layer has an amorphous, or badly crystalline 

structure. In this respect, we cannot exclude some Li diffusion into Mn-O layer and then 

the progressive appearance of the LiMn2O4 phase, which has lattice parameters close 

to Mn2O3 perovskite-like structure. It should be noticed that the appearance of Mn2O3 

perovskite-like structure probably did not appear during the deposition process itself 

but most probably due to the high temperature (300 °C) of the ALD process for the 

protective Al2O3 layers before the FIB lamella preparation.  

To follow the crystallization process of the MnOx / LiOH layers into the spinel LiMn2O4 

phase, in situ High Temperature X-ray Diffraction analysis (2theta range = 16 - 31 °) 

was carried out on a 30 nm-thick sample from room temperature up to 800 °C under 
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air atmosphere (fig. S1b-c). As already pointed out in literature[32,33], the small Bragg 

peak occurring at 2 = 28.1°, observed whatever the temperature (fig. S1b), can be 

attributed to Li2MnO3 impurities phase (PDF file 01-081-1953). From RT to 300 °C, we 

did not observe additional peaks meaning that the film remains "X-ray amorphous". As 

soon as the annealing temperature is higher than 350 °C, we show a progressive 

increasing of the intensity of the Bragg peak at 2 = 18.5° which can be assigned to 

the (111) diffraction plane of the spinel LiMn2O4 phase (PDF file 00-035-0782). No 

other peaks were observed within the selected 2theta range. Nevertheless, when we 

increased the scanning range from 16 to 45° (fig. S1c), a set of additional peaks is 

observed, whatever the temperature, attributed to the absence of monochromator, i.e 

a high flux configuration chosen for fast thermodiffraction analyses. However, to 

confirm this hypothesis, after cooling back to the room temperature (RT), we performed 

XRD analysis of the film with a (2xGe220) monochromator in order to illustrate that the 

observed peaks did not come from the material itself but from the spectral 

contamination observed without monochromator (fig. S1d). 

A Si / Al2O3 / Pt / LiMn2O4 (~ 30 nm, annealed at 700 °C) / Li3PO4 (~ 5 nm) / Al2O3 

sample was analysed by TEM to check the interface (fig. 2). From the EDX-STEM 

chemical mapping (fig. 2a), we observed good chemical homogeneity of the deposited 

layers. More specifically, no interdiffusion between the stacked layers, segregation or 

inclusions were detected after the annealing process occurring at 700 °C during 2h. 

HRTEM analysis at the Pt / LiMn2O4 / Li3PO4 interfaces is shown in fig. 2b. The 

platinum layer exhibits columnar [111] oriented grains structure with a typical lateral 

size of the grains between 70 - 200 nm.  The surface is uneven with a characteristic 

roughness between 5 - 10 nm owing to the Volmer Weber island growth mode of the 

Pt layer[31]. From the fig. 2b, the following epitaxial relationship between the Pt current 
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collector and the LiMn2O4 electrode ((111) Pt // (111) LiMn2O4) can be figured out in 

agreement with in situ thermodiffraction analysis (fig. S1). LMO surface morphology 

(wavy surface) made difficulty to visualize very thin LPO layer (50 ALD cycles, ~ 3 nm-

thick) using EDX-STEM due to the projection nature of the TEM images. Nevertheless, 

HRTEM image of thin and flat area of Pt (111) / LiMn2O4 / Li3PO4 / Al2O3 interface 

allows us to image Li3PO4 layer showing slightly brighter contrast with respect to 

bottom LiMn2O4 and upper Al2O3 layers. As explained in ref[31], such nanometer-thick 

Li3PO4 layer (red inset) act as a good protective layer against manganese dissolution.  

The thermodiffraction analysis confirmed the formation of spinel LiMn2O4 material: the 

intensity of the Bragg peak at 2 = 18.5 ° progressively increases since the temperature 

was higher than 650 °C. Consequently, we studied the electrochemical performance 

of MnOx / LiOH films (four samples) with the annealing temperature (from 650 up to 

800 °C, during 2h). The spinel LMO material is known to report the best cycling stability 

when cycling between 3.7 and 4.3 V vs Li/Li+. Indeed, going to lower working potential 

(down to 2.4 V vs Li/Li+) allows an enhancement of the capacity value but at the cost 

of a structural degradation of the electrode and then a loss of the cycling stability. 

Finally, before achieving the electrochemical analyses, it was important to stabilize the 

solid electrode / liquid electrolyte interface with a Li3PO4 protective layer as proposed 

by our group recently to avoid manganese dissolution [31]. The CV plots of the four 

samples (same thickness = 72 nm) are reported in fig. 3a at 2 mV.s-1. The CV plots at 

other scan rates are shown in fig. S2a-d. We observed two sets of redox peaks 

(oxidation peaks at ~ 4.05 and ~ 4.15 V vs Li/Li+ and reduction peaks at 4.1 and 4 V 

vs Li/Li+) which confirms the reversible intercalation / desintercalation processes of 

lithium ions in the spinel LMO films (fig. 3a). At 650 °C, the intensity of the peaks was 

very low, suggesting a poor-crystallized LMO phase. When the annealing temperature 
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raises 700 and 750 °C, the 4 redox peaks were well-defined suggesting better 

crystallized LMO films, crystallization being known to promote an improvement of the 

lithium ion kinetic within the films. Finally, at 800 °C, the intensity of the peaks is very 

low, suggesting a densification of the film. We extracted the surface capacity values of 

the four LMO films vs the scan rates from 0.1 to 15 mV.s-1 (fig. 3b). For 72 nm-thick 

LMO films, the highest capacity value obtained for planar films was close to 2.5 

µAh.cm-2 and the capacity remained constant whatever the scan rates for the LMO 

annealed at 700 °C. It is well known that peak current issued from CV experiments 

follows a power law (Ipeak = avb), where “Ipeak” represents the peak current (mA) and “v” 

the scan rate of the CV experiment (in mV.s−1). From the CVs, we plot the evolution of 

the b-value with the annealing temperature (fig. 3c). A b-value close to 0.7 ± 0.05 was 

extracted from these CV evidencing an intermediate behavior between a surface 

controlled-process (fast redox reaction at the surface) and a diffusion controlled-

process (faradic reaction in the bulk of material) in the 72 nm-thick LiMn2O4 film 

annealed in the 650 – 750 °C temperature range. The b-value decreases to 0.6 when 

considering an annealing post deposition process at 800 °C. Such decreasing of the 

b-value is also highlighted in fig. 3b where the surface capacity value decreases faster 

than the other samples as soon as the scan rate is higher than 1 mV.s-1 (green plots). 

Although the dense structure of the film as well as the absence of any conducting 

additive limit a little bit their power performance, those results confirm however the high 

rate capability of such LiMn2O4 films deposited by ALD and annealed in the 650 – 750 

°C temperature range. From these measurements, we showed that the kinetic of 

lithium ions was promoted, and could be attributed to several reasons or set of reasons: 

(i) the low thickness of the films, and 
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(ii) the modification of the electronic conductivity with the annealing treatment, 

and/or 

(iii) the film microstructure which could be more dense when annealed at 800 °C, 

in agreement with a better rate capability of LMO electrode annealed at 700 °C. 

Galvanostatic charge / discharge (GCD) cycling was achieved at 1C between 3.7 and 

4.25 V vs Li/Li+ to study the cycling stability of 72 nm-thick LMO film. A good stability 

of the capacity retention during 100 cycles is reported in fig. 3d. At C/10, the surface 

capacity of the 72 nm-thick LMO film is evaluated close to 3 µAh.cm-2. The 

corresponding gravimetric capacity (Qg) is ~ 110 mAh.g-1 taking into account a 

theoretical bulk density of 4.2 g.cm-3 and a film density of 90 % (LMO films made from 

an ALD process following by an annealing step at high temperature). Finally, at this 

step, to enhance the performance of LMO electrode, it is mandatory to maximize the 

thickness of the active material. Consequently, the thickness was progressively 

increased from 72 up to 200 nm by increasing the number of ALD (super)cycles (fig. 

S2e). The Galvanostatic Charge / Discharge cycles (between 3.7 and 4.25 V vs Li/Li+) 

of 200 nm-thick planar LMO films are depicted in fig. 3e with a C-rate varying from 

C/10 up to 1C. We observe two plateaux occurring at ~ 4 and ~ 4.15 V vs Li/Li+ 

respectively demonstrating the change of the oxidation state of the manganese 

elements upon lithium intercalation / desintercation in the spinel structure. The 

normalized discharge capacity value of the film moves from 45 down to 22 µAh.cm-

2.µm-1 when the C rate is modified from C/10 to 1C. For miniaturized electrochemical 

energy storage devices, it is mandatory to compare the surface capacity values of the 

electrode to have a real overview of the storage performance. Hence, we extracted 

the evolution of the surface capacity of both 72 nm-thick and 200 nm-thick films vs the 

C rate (fig. 3f). At low C rate (C/10), the areal capacity was enhanced by a 3.3 factor 
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while the thickness was increased from 72 to 200 nm: this thickness enhancement 

factor was only  2.2 at 1C suggesting that kinetic limitation occurred on thicker LMO 

film. Indeed, for 200 nm-thick film, only half of the surface capacity (~ 4.5 µAh.cm-2) 

value was measured at 1C as compared to the one (~ 9 µAh.cm-2) obtained at C/10. 

From combined thermodiffraction and electrochemical analyses, we have proposed to 

set the annealing temperature at 700 °C (during 2 h) to reach the formation of the 

expected spinel LiMn2O4 phase and we demonstrated the ability to deposit 200 nm-

thick film by ALD to maximize the surface capacity value of the planar electrode. 

Nevertheless, the main technological lock in that research field consists in the 

fabrication of 3D LMO electrodes that demonstrate a surface capacity value higher 

than the planar counterpart does, where more than 100 µAh.cm-2 is already 

demonstrated with "simple" sputtered planar electrodes made from V2O5, LiCoO2, 

LiMn2O4 or LiNi0.5Mn1.5O4 films [31,33,36,37]. To reach this goal, we achieved the 

deposition of LiMn2O4 films on 3D scaffolds that exhibited high AEF values. As 

described in the experimental section, a 3D silicon micro-tubes array was coated with 

Al2O3 / Pt layers made by ALD, Al2O3 acting a diffusion barrier, and Pt as the 3D current 

collector (for a detailed explanation of the substrate, please refer to ref[6]). LiMn2O4 film 

(~ 150 nm-thick) was then deposited following the synthesis process previously 

described (fig. 1). Two samples were afterward prepared using Focused Ion Bean 

etching technique to isolate a single 3D micro-tube coated with Al2O3 / Pt / LiMn2O4 

films that was finally analysed by synchrotron Transmission X-ray (TXM), Scanning 

Electron Microscopy (SEM) and TEM methods. The results are summarized in fig. 4. 

SEM / TEM imaging techniques were firstly applied to analyse the 3D electrode (fig. 

4a). Panel (i.) of the fig. 4a shows numerous square shape 3D micro-tubes (~ 55 µm-

depth, outer width = 6 µm, inner width = 3 µm, spacing = 3 µm) coated with the Al2O3 
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/ Pt / LiMn2O4 stacked layers. One single 3D micro-tube was isolated, mounted on a 

TEM copper grid and prepared by FIB method to study the interface and the possible 

interdiffusion between the stacked layers (panel (ii.)). TEM imaging is depicted in 

panel (iii.) where EDX-STEM elemental mapping (Si = yellow, Al = green, Pt = red and 

Mn = blue colours) show homogeneity and good chemical separation of all deposited 

layers. No diffusion between the layers, segregation nor inclusion were detected. The 

interfaces are chemically sharp and well defined at the nanoscale. 

Fig. 4b-c and fig. S3a report 3D segmentation results and the evolution of the average 

film thicknesses vs the depth of the 3D micro-tube to assess the conformality issues. 

The Pt metallic current collector and the LiMn2O4 layer are shown in red and blue 

colors, respectively. As a high-Z material, platinum creates metallic artefacts in X-ray 

reconstructions. These artefacts distort the thickness of Pt in a way that this thickness 

becomes ~ 2 times larger than the actual one and the Pt layer starts covering a part of 

the LiMn2O4 layer (see fig. S3a). Therefore, to prepare the plot reported in fig 4c 

showing the evolution of film thicknesses vs the etched depth of the Si micro-tube, we 

summed average thickness values by slices for Pt and LiMn2O4, followed by 

subtracting the real Pt thickness (30 nm for this sample, measured by SEM / TEM 

methods). The plot confirms the conformality of the LiMn2O4 film with an average 

thickness of 150 nm. 

Following this nice morphological result, the electrochemical characterization of the 3D 

LiMn2O4 electrodes was assessed by different electrochemical techniques and the 

performance were compared with the ones obtained for the planar LiMn2O4 electrodes 

(fig. 5 and fig. S3b-c). Three samples with various thicknesses and AEF values were 

tested in organic electrolyte: 

(i) A 100 nm-thick planar electrode (black curve) 
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(ii) A 3D electrode with a 100 nm-thick LiMn2O4 film deposited on a 3D scaffold. 

Regarding the geometric dimensions (outer diameter = 6 µm, inner diameter 

= 3 µm, etched depth = 100 µm, structure pitch = 3 µm) of the 3D scaffold, 

the AEF was close to ~ 50 (blue curve).  

(iii) A 3D electrode with 250 nm-thick LiMn2O4 film deposited on a 3D scaffold 

showing an AEF value ~ 60 (red curve).  

First, cyclic voltammetry at 0.2 mV.s-1 was applied to check the redox activity of the 

planar and 3D electrodes (fig. 5a-b): we observe a double redox peak at ~ 4.0 V 

associated with a two-step delithiation / lithiation process occurring in the spinel 

LiMn2O4 material. The CV plot of the planar electrode is reported in fig. 5a and 5b 

where a comparison is achieved between the three tested electrodes. In fig. 5b, we 

clearly observe a significant increase of the current due to both the improvement of the 

AEF values (from AEF = 1 up to 50 and 60) and the increase of the film thickness (from 

100 up to 250 nm). We clearly notice that the intensity of the black plot stays at a very 

low level, compared to that of 3D electrodes (blue and red plots). The surface capacity 

values were extracted from the CV measurements vs the scan rates (fig. 5c). While 

the planar electrode shows an areal capacity value between 1 and 2 µAh.cm-2, we 

measure an improvement of this value by a factor of ~ 56 for our 3D design (taking into 

account the same amount of active material (~ 100 nm)). From this measurement, we 

demonstrate a good matching between the theoretical AEF (calculating using the 

geometric dimension of the template) and the measured surface capacity. To enable 

our 3D ALD electrodes delivering a surface capacity value higher than the classical 2D 

sputtered ones (~ 100 Ah.cm-2), we can maximize both the AEF value and the 

thickness of the film. For that purpose, 250 nm-thick LMO film was deposited by 

thermal ALD on a 3D scaffold exhibiting an AEF value of 60. Consequently, the 
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capacity moves from ~ 1 µAh.cm-2 for the 100 nm thick planar electrode up to ~ 190 

µAh.cm-2 at 0.1 mV.s-1 showing a remarkable improvement of the performance due to 

the combined enhancement of the AEF and thickness values. Since galvanostatic 

cycling is a powerful electrochemical technique to assess the rate capability of the 3D 

electrodes, we decided to use it to validate our approach. The Galvanostatic discharge 

plots of the 100 nm-thick 3D electrode (AEF ~ 50) is depicted in fig. 5d and S3b-c. 

First, the negative potential was set to 2.6 V vs Li/Li+ and the 3D electrode was cycled 

at C/5. In that case, a high capacity value (275 µAh.cm-2) was reached (fig. S3b). 

Nevertheless, it is well known that at such potential, this high capacity value is 

accompanied by large structural change of the material leading to a poor cycling 

stability[29] of the LMO electrode. The voltage profile around “4V” corresponds to a solid 

solution evolution upon lithium insertion while the voltage profile at “~ 3V” corresponds 

to a two-phase reaction with a volume expansion of more than 5% (and a 16% change 

in the crystal axis (c/a) ratio). Then, to avoid this, the GCD plots were limited between 

3.7 and 4.25 V vs Li/Li+ and the 3D electrode was tested at various charge / discharge 

rates, from 1C down to C/20 depending on the used current densities (fig. 5d and 

S3c). At the lowest C-rate, the surface capacity was approximately ~ 190 µAh.cm-2 

which is ~ 40 fold higher than the value (~ 4.5 µAh.cm-2) of 3D LMO electrode reported 

recently by B. Dunn et al [20]. The surface capacity of the 100 nm-thick 3D electrode 

decreases to ~ 40 µAh.cm-2 at C/2, thus approaching the one measured by CV 

technique at 0.1 mV.s-1 (fig. 5c). Regarding the selected working electrochemical 

window (600 mV) and the scan rate (0.1 mV.s-1) of the CV, it took approximately 6000 

s for one discharge cycle thus approaching a C-rate of C/2. Finally, to validate the 

technological process taking into account the deposition of a solid electrolyte (Li3PO4 

thin film, ~ 90 nm-thick) on the top of the 3D LiMn2O4 electrode (~ 180 nm-thick), we 
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evaluated the conformal deposition of Al2O3 / Pt / LiMn2O4 / Li3PO4 stacked films by 

TXM technique (fig. 5e-f). We report the 3D segmentation results and the evolution of 

the LiMn2O4 and Li3PO4 thicknesses vs the depth of the 3D micro-tube to check the 

conformality issue. Apart from Pt (red) and LiMn2O4 (blue) layers, fig. 5e also 

demonstrates conformality of the 85 nm-thick Li3PO4 solid electrolyte as shown in 

green color with a perfect coverage of the template with the staked layers. Top view of 

fig. 5e reports a part of reconstructed X-ray image showing the stacked layers on the 

3D micro-tubes, deposited equally inside and outside the micro-tube, as expected from 

the ALD process. As above, the thickness plot for the LiMn2O4 layer was built with 

subtraction of the actual Pt thickness (20 nm). More specifically, the conformality of 

LiMn2O4 and Li3PO4 films made by ALD was confirmed with average thickness of ~ 

180 nm and ~ 85 nm, respectively. 

Finally, a 3D electrode made from 250 nm-thick LMO film deposited by ALD on a 3D 

scaffold showing an AEF close to 45 was studied by galvanostatic cycling to assess 

the cycling stability issue of the electrode (fig. 6). The fig. 6a reports the evolution of 

the surface capacity value vs the number of cycles at C/2. The inset shows also the 

GCD plots confirmed the two redox plateaus occurring at ~ 4 and 4.1 V vs Li/Li+. It is 

demonstrated that, at C/2, the capacity increases during the first 20 cycles. In that 

case, the electrolyte ions may progressively penetrate within the entire volume of the 

thin film during the first 20 cycles. Then, the capacity stays stable close to 0.1 mAh.cm-

2 during 50 charge / discharge cycles thus validating the stability issue of the 3D 

electrode. Nevertheless, we observe that the coulombic efficiency (CE) of the 3D LMO 

electrode is close to ~ 95 % (CE = 100 / 105). From ref[32,38], it is expected that the CE 

of high potential electrode made from thin film deposition methods and tested in 

organic electrolyte is relatively poor all the more as the film is very thin due to the 
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presence of the solid electrolyte interface (SEI) layer. The amount of active material 

(LMO) is in the same order of magnitude than the one of the SEI layer. Consequently, 

the SEI will have a strong influence on the CE value if the thin film electrode is tested 

in liquid electrolyte. In that case, CE is driven by the following relationship: CE = 

Qdischarge / (Qcharge + QSEI). Around 4 V vs Li/Li+, the contribution of QSEI was evaluated 

close to 5 µAh.cm-2. For 250 nm-thick LMO thin films exhibiting ~ 100 µAh.cm-2 surface 

capacity, such “extra” capacity is not negligible and CE = 100 / (100 + 5) = 95 %. 

Consequently, the CE is degraded due to SEI contribution and CE is demonstrated to 

be thickness-dependent for thin film electrodes tested in liquid electrolyte. A 

benchmark of the performance reached by the 3D LiMn2O4 electrodes made by ALD 

technique is shown in fig. 6b. Two 3D electrodes were considered: 

i. This work 1: 3D LiMn2O4 electrode (AEF = 50, thickness = 100 nm, C rate = 

C/20). 

ii. This work 2: 3D LiMn2O4 electrode (AEF = 45, thickness = 250 nm, C rate = 

C/2). 

The plot depicts the surface capacity values vs the film thickness of the most common 

positives electrodes (V2O5, LiFePO4, LiCoO2, LiMn2O4, LiNixMnyCozO2 and 

LiNi0.5Mn1.5O4, from lower to upper working potential) reported in the literature and 

made from various thin film deposition technique widely used in the field of planar and 

3D Li-ion micro-batteries. The selected thin films were synthetized using mass 

production compatible deposition techniques such as Atomic Layer Deposition (ALD), 

Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD, including 

Pulsed Laser Deposition (PLD) and Magnetron Sputtering). A vertical line was plotted 

in the graph close to 250 nm which represent the rough upper limit of what can be 
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deposited using the ALD method. One can note that the other deposition techniques 

could not be used for 3D Li-ion micro-batteries owing to their non-conformal issue[39]. 

The surface capacity of the 100 nm-thick LMO film reported here (this work 1) is close 

to 180 µAh.cm-2 when measured at C/20. The performance at other C-rates was 

already discussed previously (fig. 5). Such value is between one and two order of 

magnitude higher than the capacities reported by all the 3D electrodes made from ALD 

deposition technique[17,19,20] confirming we made a fine tradeoff between the design of 

efficient 3D scaffold and the thickness of the active materials. This capacity represents 

one of the best value typically reached by many electrodes’ material (V2O5, LiCoO2 

and LiNi1.5Ni0.5O4) but with larger quantities of active material (i.e. with thicker layer). 

Only one point (red star in fig. 6b) shows higher surface capacity value that “this work 

1” sample in the benchmark. Indeed, 7.4 µm-thick sputtered LiNi0.5Mn1.5O4 film made 

by our group recently [31] for planar Li-ion micro-batteries was able to deliver ~ 400 

µAh.cm-2 but it is well know that magnetron sputtering technique could not be used to 

coat 3D template due to non-conformal issue [39]. More specifically, we also show that 

sputtered thick LiNi0.5Mn1.5O4 film suffer from mechanical issue due to the stress 

occurring within the 7.4 µm-thick electrode [31]. The capacity of “this work 1” sample is 

at the same level of magnitude than the capacity reported by S. Navone et al. with a 

2.5 µm-thick V2O5 electrode [40]. More specifically, the energy density (0.74 mWh cm-

2) of such LMO films, operating at 4.1 V vs Li/Li+ , is maximized owing to the high 

working potential of this material as compared to 0.63 mWh cm-2 obtained with 2.5 µm-

thick V2O5 electrodes, operating at 3.5 V vs Li/Li+. The high surface capacity of the 

LMO electrodes combined with high working potential around 4.1V vs Li/Li+ make it 

one of the most suitable material for high energy density application. Thicker 3D LMO 

electrode was also prepared by ALD technique (this work 2) and tested at high C-rate 
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(here, at C/2). A good capacity value of 0.1 mAh.cm-2 was reached at such C-rate 

validating the rate capability of the electrode when the thickness of active material is 

kept below 250 nm. 
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CONCLUSION 

In summary, a technological breakthrough in the field of 3D solid state Li-ion micro-

battery was demonstrated in this study consisting in the fabrication of high performance 

3D lithiated electrode on functional current collector (Si / Al2O3 / Pt) by Atomic Layer 

Deposition technique in a supercycle configuration. The lithiation of the electrode was 

achieved in the ALD reactor (in situ lithiation). The conformality issue of spinel LiMn2O4 

films with various thicknesses (30 – 250 nm) was confirmed by advanced TEM and 

TXM experiments. Concomitantly, the interface between the current collector and the 

LiMn2O4 electrode as well as the one between the electrode and the Li3PO4 electrolyte 

were studied. No interdiffusion between the stacked layers, segregation or inclusions 

were detected validating the overall technological process. A record areal capacity 

value (never reached for lithiated films made by ALD) close to 180 µAh.cm-2 was 

measured at C/20 for the 3D electrode (AEF = 60 / thickness of the LMO layer = 100 

nm). We also showed that the areal capacity of “thicker” 3D electrode (AEF = 45 / 

thickness of the LMO layer = 250 nm) stays close to 100 µAh.cm-2 for faster rate (C/2) 

with a good capacity retention during 50 cycles. This work clearly paves the way 

towards the fabrication of 3D Li-ion all-solid-state micro-battery with fabrication 

methods compatible with mass production. 
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METHODS 

Fabrication of the 3D scaffolds. 3D silicon microstructures were fabricated by Deep 

Reactive Ion Etching (DRIE) as already reported in previous papers[5,6]. First, the 

pattern (micro-tubes) was defined by photolithography method using a SPR220 

photoresist. The structure pitch, the outer and inner diameters of the micro-tubes 

pattern are 9 µm, 6 µm and 3 µm, respectively. The patterned photoresist was used as 

a mask in the etching process of the [100] oriented silicon substrate. The silicon wafer 

is micromachined to fabricate the silicon micro-tubes using the Bosch dry etching 

process. High aspect ratio silicon micro-tubes are then obtained and the etched depth 

is tuned with the number of Bosch cycles. 

Deposition of thin film electrodes. An Al2O3 layer, acting as diffusion barrier[32,33]  

(thickness = 85 nm) was deposited on a [100] oriented silicon wafer (diameter = 7.6 

cm) by Atomic Layer Deposition (ALD) from a PicoSun R200 advanced reactor. Then 

a current collector of platinum was deposited from a Beneq TFS 200 ALD reactor. The 

thickness of the Pt layer (30 and 60 nm-thick) was tuned regarding the used 

characterization technique allowing maximizing or limiting the amount of Pt materials. 

The LiMn2O4 (LMO) electrode (from 72 to 250 nm) and the Li3PO4 layer are deposited 

on the current collector by ALD using the same R200 advanced reactor under 0.5 

mbar. Argon gas is used as gas carrier and for the purges. In the frame of this study 

the LiMn2O4 deposition for lithium-ion micro-batteries applications was optimised. First, 

a MnOx layer was grown with a total of 2000 ALD cycles for the first two sets of 

experiments and 1100 ALD cycles for the lithium incorporation study. MnOx was grown 

using Tris(2,2,6,6-tetramethylheptan-3,5-dionato) manganese precursor (hereafter 

Mn(thd)3) from STREM Chemicals (claimed purity 99 %) and O3 (as the oxidizer) 

precursors by using an ozone AC series generator model AC-Bench 2025 from In USA 



32 
 

Inc. with a mixture of 99.5 % of O2 and 0.5 % of N2. Then a lithium incorporation among 

the MnO2 was performed by ALD by employing lithium tert-butoxide (LiOtBu) and de-

ionized water. The reactor temperature for the MnOx growth was maintained between 

120 °C and 240 °C when Mn(thd)3 was at 190 °C. The chamber was heated at 225 °C 

during the lithium incorporation while the LiOtBu temperature was set at 185 °C. The 

as-grown thin films are found to be amorphous. The as deposited stacked layers were 

afterwards annealed between 600 and 800 °C in a Bernstead International F600 

Furnace under air with a heating/cooling ramp (dwell) of 5 °C.min -1 and a temperature 

plateau from 10 min to 4 hours. Li3PO4 thin films were grown in the Picosun R200-

Advanced ALD reactor under an argon pressure around 2 mbar. Argon was used as 

the carrier and purging gas. Lithium tert-butoxide (LiOtBu) and trimethyl phosphate 

(TMPO) precursors were used respectively as lithium and phosphate sources. The 

LiOtBu precursor was purchased from Strem Chemicals (claimed purity 98 %) while 

TMPO precursor was purchased from Sigma-Aldrich (claimed purity 99 %). The 

adapted sublimation temperature was 185 °C and 85 °C respectively. The number of 

ALD cycles was tuned to reach the desired thickness. LiOtBu and TMPO were pulsed 

into the chamber alternatively with pulse duration of 4 s and 8 s for a LiOtBu and TMPO 

respectively. The duration of purge was set to 10 s. 

Morphological and chemical analyses of the thin films. The thickness and 

microstructure of the films were determined using a scanning electron microscope 

(SEM ZEISS supra 55-VP). A Rigaku SMARTLAB multipurpose six-axis diffractometer 

(9 kW rotating anode) using Cu-Kα radiation (λ = 1.5418 Å) is used to identify the 

crystallographic orientation and structure identification of the films. Focused Ion Beam 

(FIB) cross-sectional lamellae are prepared using a FEI STRATA DB 235 microscope. 

Milling steps was performed at 30 kV with current decreasing from 20 nA to 30 pA while 
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lamella thickness decreasing from 6 µm down to 100 nm, followed by a final step at 5 

kV and 30 pA to minimize amorphization. Lamella transfer from sample to TEM grid is 

obtained by Kleindiek micromanipulator and FIB platinum deposition. The crystal 

structure of the films, interfaces and possible defect structure were study by means of 

transmission electron microscopy (TEM) and electron diffraction (ED) studies. In order 

to get the chemical information on homogeneity of the multilayer system, high angle 

annular dark field scanning TEM (HAADF-STEM) and simultaneously acquired EDX 

mapping were performed. TEM was performed on double aberration corrected JEM 

ARM200F cold FEG microscope operated at 200 kV and equipped with large solid 

angle CENTURIO EDX detector, Orius CCD camera and Gatan Quantum GIF. To 

estimate deposition thickness by using X-ray imaging, we conducted a nano-CT 

experiment at sector 32-ID of the Advanced Photon Source. The sector is equipped 

with the Transmission X-ray Microscope (TXM) demonstrating up to 10 nm resolution 

levels in 3D volume reconstructions[39]. Nano-CT measurements were performed for 

two samples: Si microtube with Al2O3 (90 nm) / Pt (30 nm) / LiMn2O4  (150 nm), and Si 

microtube with Al2O3 (90 nm) / Pt (20 nm) / LiMn2O4 (180 nm) / Li3PO4 (85 nm). X-ray 

projections were acquired in absorption mode at 8 keV in the interlaced scanning mode 

with 1.6 s exposure and 0.4 s sample stabilization time per projection. The size of each 

projection is 2448 x 2048 pixels, where the pixel size after magnification is 5.2 nm. In 

total, each scan contained 2200 projections and took ~ 80 minutes. The reconstruction 

procedure is supplemented by iterative correction for sample nano-drifts occurring 

during the scans[41]. Reconstructed volumes for each sample have sizes 12.7 µm x 

12.7 µm x 10.6 µm. These volumes were cropped to the ROI containing the sample 

and segmented by using machine learning segmentation with Unet available through 

ORS Dragonfly package.  
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Electrochemical characterizations. Cyclic voltammetry (CV) at different scan rates 

(from 0.1 up to 20 mVs-1) and Galvanostatic Charge and Discharge Plots at different 

C-rate (from C/20 up to 3C) were investigated on a VMP3 potentiostat/galvanostat 

equipment using a homemade Teflon like flat cell. The Si / Al2O3 / Pt / LiMn2O4 / Li3PO4 

stacked layers were used as the working electrode while pure lithium metal sheet from 

Sigma Aldrich (claimed purity 99.9 %) was considered as both reference and counter 

electrodes. The electrolyte (1 mL), comprising 1 M LiClO4, dissolved in ethylene 

carbonate (EC) and diethylene carbonate (DEC) in a 1:1 ratio, was poured into the flat-

cell cavity. The tested area (circular shape) of the sample was limited to 0.4 cm2. The 

flat cells under test were placed in a glove box with controlled atmosphere (O2 and H2O 

quantities: less than 1 ppm).  

  



35 
 

LIST OF THE FIGURES AND FIGURE CAPTIONS 

 

Fig. 1 | Overview of the proposed strategy used for designing 3D electrodes with 

high surface capacity and high rate capability. a. Description of the three main 

steps used in the frame of this study to deposit LiMn2O4 thin films on planar and 3D 

substrates. b. Atomic Layer Deposition process of the planar and 3D electrodes at ~ 

200 °C: in that case, amorphous MnOx / LiOH films was deposited on Si / Al2O3 / Pt 

substrate and an air-annealed post deposition step at ~ 700 °C was performed to reach 

the formation of LiMn2O4 phase. c. Growth rate the MnOx film vs the deposition 
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temperature of the ALD reactor. d. TEM analyses of the Si / Al2O3 / Pt / MnOx / LiOH / 

Al2O3 sample. Panel (i) - Low magnification cross section High-angle annular dark-field 

HAADF-STEM (upper panel) and Bright Field (BF) TEM images. Panel (ii) -  STEM-

EDX elemental mapping of Al K(green), Mn K(blue), Pt M ( red) and overlaid colour 

image. e. Panel (i) - BF HRTEM image of Pt / Mn2O3  interface and corresponding FT 

pattern evidenced the epitaxial growth. The Pt and Mn2O3 cells are marked in FT 

pattern with large and small white frames respectively. Panel (ii) Magnified BF HRTEM 

image of thin area of Pt / Mn2O3 interface and corresponding ED pattern. The Pt and 

Mn2O3 cells are marked in FT pattern with large and small white frames respectively.  

Panel (iii) - BF HRTEM image of LiOH layer deposited on Mn2O3. The magnified LiOH 

image of interfaces (left corner- white frame) is given as insert. White arrows depicted 

LiOH layer. Inserted FT pattern (right corner) confirmed cubic Mn2O3 structure issued 

from the deposition of the capping Al2O3 layer at 300 °C while the LiOH film stays 

amorphous.  
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Fig. 2 | TEM analysis of the Si / Al2O3 / Pt / LiMn2O4 (LMO) / Li3PO4 (LPO) stacked 

layers on planar Si wafer. A top Al2O3 layer was deposited after the synthesis 

process to protect the sample during the FIB lamella preparation. (a) Low 

magnification cross section HAADF-STEM image of the annealed sample and 

simultaneously acquired STEM-EDX elemental mapping of Al K(green), Mn K(blue), 
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Pt M (red) and overlaid colour image. (b) Bright field HRTEM image of Pt (111) / LMO 

/ LPO / Al2O3 interfaces. Magnified Pt / LMO (left corner- white frame) and LMO / LPO 

/ Al2O3 (right corner – red frame) are given as inset. Noticed the epitaxial growth of 

LMO on Pt, the parallel <111> planes are marked. The white contrast Li3PO4 layer with 

thickness around 3 nm is marked with white arrows and confirms the presence of 

nanometer-thick coating layer on the top of the LiMn2O4 made by ALD.   
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Fig. 3 | Electrochemical performance of the planar LiMn2O4 electrode. a. CV plots 

of a 72 nm-thick LiMn2O4 thin film deposited on Pt coated-planar Si wafer at 2 mV.s-1 

for different post deposition annealing temperatures. b. Evolution of the surface 

capacities vs the scan rates and the temperature of the annealing process. c. Evolution 

of the b-coefficient vs the annealing temperature. d. Cycling stability of the 72 nm-thick 

LMO electrode at 1C during 100 charge / discharge cycles. e. Galvanostatic Charge 

and Discharge plots at different C-rates of 200 nm-thick LMO planar film made by ALD 

and annealed at 700 °C. f. Evolution of the surface capacities of 72 and 200 nm-thick 

LMO films at different C-rates from C/10 to 1C.  
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Fig. 4 | Chemical and microstructural analyses of the stacked layers on 3D 

scaffolds. a. Scanning and Transmission Electron Microscope analyses of the 3D 

electrodes with STEM-EDX  elemental mapping overlaid colored image (panel III). b. 

Transmission X-Ray Microscope analysis of a 3D Si micro-tube coated with Al2O3 / Pt 

/ LiMn2O4 films. c. Evolution of the LiMn2O4 thickness vs the depth of the silicon micro-

tubes. 
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Fig. 5 | Electrochemical performance of the 3D LiMn2O4 electrode. Three 

electrodes were compared: a 100 nm-thick LiMn2O4 film deposited on a planar Si / 

Al2O3 / Pt substrate, a 100 nm-thick LiMn2O4 film deposited on a 3D Si / Al2O3 / Pt 

scaffold (AEF = 50) and finally, a 250 nm-thick LiMn2O4 film deposited on a 3D Si / 

Al2O3 / Pt scaffold (AEF = 60). a-b. CV plots of planar (fig. a) and 3D (fig. b) electrodes 

at 0.2 mV.s-1 between 3.7 and 4.3 V vs Li/Li+. c. Evolution of the surface capacity vs 

the scan rates. d. Galvanostatic Discharge plot of a 3D LMO electrode (100 nm-thick / 

AEF = 50) at different C-rates. e. Focus on a 3D electrode (180 nm-thick LiMn2O4 film) 

coated with Li3PO4 film (80 nm-thick) deposited by ALD: 3D visualization of segmented 

layers for Pt current collector (red), LiMn2O4 electrode (blue), Li3PO4 solid electrolyte 

(green) recovered from X-ray Transmission Microscope measurements. A top view of 

the 3D electrode showing the stacked layers is depicted. f. Evolution of the film 

thickness vs the depth of the 3D micro-tube. 
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Fig. 6 | Cycling stability and benchmarking of the 3D LiMn2O4 electrode. a. Cycling 

stability of the 3D electrode during 50 cycles at C/2. The GCD curve at C/2 is plotted 

in the inset of the figure (30th cycle). b. Performance of the 3D LMO electrodes (this 

work 1: AEF = 50 , thickness = 100 nm, C rate = C/20 and this work 2: AEF = 45 , 

thickness = 250 nm, C rate = C/2) made by Atomic Layer Deposition regarding state-

of-the-art values of thin film electrodes deposited by magnetron sputtering, pulsed 

laser deposition (PLD), chemical vapor deposition (CVD) and ALD methods. 
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Fig. S1 | Structural analyses of LiMn2O4 electrode by XRD method. a. 

Characterization of the as-deposited MnO2 film on Si / Al2O3 / Pt current collector. b-c. 

In situ thermal X-ray diffraction analyses of the Si / Al2O3 / Pt / LiMn2O4 stacked layers: 

from room temperature up to 800 °C under air atmosphere (5 °C.min -1 / dwell = 2 h). 

d. Comparison between the diffractogram measured at 800 °C (without any 

monochromator) and the one measured after cooling back to RT (with a 

monochromator) to highlight the artefact peaks issued from the XRD configuration (no 

monochromator was used during the thermodiffraction analysis). 
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Fig. S2 | a-d. CV plots of the 72 m-thick planar LMO electrodes (3.7– 4.3 V vs Li/Li+) 

at various scan rates and annealing temperatures. e. SEM cross section imaging of 

200 nm-thick LMO film deposited by ALD on Si / Al2O3 / Pt substrate and annealed at 

700 °C. 
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Fig. S3 | a. Part (top view) of reconstructed X-ray image showing the Al2O3 / Pt / 

LiMn2O4 stacked layers. b. GCD plot of the 3D electrode measured at C/5 between 2.5 

and 4.2 V vs Li/Li+. c. Evolution of the surface capacities measured between 3.7 and 

4.2 V vs Li/Li+ at different C-rates. 
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