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Decision letter and referee reports: first round

14th Sep 23

Dear Mr Refino,

Thank you for submitting your manuscript, "From micro to mighty: How does 3D silicon microbattery
achieve high applicability despite its small size?", to Communications Materials. It has now been
seen by 4 referees, whose comments are appended below. You will see that while they find your
work of interest, some important points are raised. We are interested in the possibility of publishing
your study in Communications Materials, but would like to consider your response to these concerns
in the form of a revised manuscript before we make a decision on publication.

In particular, both Reviewers 1 and 4 suggest adding a discussion/perspective on new developments
and the technological gap in current prototypes, in addition to what is needed for actual
implementation. Both Reviewers 1 and 3 suggest discussions about advantages and disadvantages of
certain components, such as the 3D architectures and cathode materials. Reviewer 4 requests to
discuss the electrochemistry of silicon, challenges, and opportunities in the introduction, as well as
points on LIPON and packaging.

We therefore invite you to revise and resubmit your manuscript, taking into account the points
raised.

We are committed to providing a fair and constructive peer-review process. Please don't hesitate to
contact us if you wish to discuss the revision in more detail.

When submitting your revised manuscript, please include the following:

-A response letter with a point-by-point reply to each of the referee comments and a description of
changes made. Please include the complete referee report in the response letter. Please note that
the response letter must be separate to the cover letter to the editors.

-A marked-up version of the manuscript with all changes to the text in a different colored font.
Please do not include tracked changes or comments. Please select the file type ‘Revised Manuscript -
Marked Up’ when uploading the manuscript file to our online system.

-A clean version of the manuscript. Please select the file type ‘Article File’.

-An updated Editorial Policy checklist, uploaded as a ‘Related Manuscript File’ type. This checklist is
to ensure your paper complies with all relevant editorial policies. If needed, please revise your
manuscript in response to these points. Please note that this form is a dynamic ‘smart pdf’ and must
therefore be downloaded and completed in Adobe Reader. Clicking this link will download a zip file
containing the pdf.

In the event that your manuscript is accepted we will provide detailed guidance on our journal
policies and formatting. You may however wish to ensure that the manuscript complies with our
house style at this stage. See our style and formatting guide
(https://www.nature.com/documents/commsj-phys-style-formatting-guide-accept.pdf) and
checklist (https://www.nature.com/documents/commsj-phys-style-formatting-checklist-article.pdf)


https://www.nature.com/documents/nr-editorial-policy-checklist.zip

for reference.

Data availability statements and data citations policy: All Communications Materials manuscripts
must include a section titled "Data Availability" at the end of the Methods section or main text (if no
Methods). More information on this policy, and a list of examples, is available at
http://www.nature.com/authors/policies/data/data-availability-statements-data-citations.pdf.

In particular, the Data availability statement should include:

- Accession codes for deposited data

- Other unique identifiers (such as DOIs and hyperlinks for any other datasets)

- At a minimum, a statement confirming that all relevant data are available from the authors

- If applicable, a statement regarding data available with restrictions

- If a dataset has a Digital Object Identifier (DOI) as its unique identifier, we strongly encourage
including this in the Reference list and citing the dataset in the Data Availability Statement.

DATA SOURCES: We strongly encourage authors to deposit all new data associated with the paper in
a persistent repository where they can be freely and enduringly accessed. We recommend
submitting the data to discipline-specific, community-recognized repositories, where possible and a
list of recommended repositories is provided at http://www.nature.com/sdata/policies/repositories.

If a community resource is unavailable, data can be submitted to generalist repositories such as
figshare or Dryad Digital Repository. Please provide a unique identifier for the data (for example a
DOl or a permanent URL) in the data availability statement, if possible. If the repository does not
provide identifiers, we encourage authors to supply the search terms that will return the data. For
data that have been obtained from publically available sources, please provide a URL and the
specific data product name in the data availability statement. Data with a DOI should be further
cited in the methods reference section.

Please refer to our data policies at http://www.nature.com/authors/policies/availability.html.

Please use the following link to submit your documents:
[link redacted]

** This url links to your confidential home page and associated information about manuscripts you
may have submitted or be reviewing for us. If you wish to forward this email to co-authors, please
delete the link to your homepage first **

We hope to receive your revised paper within three months; please let us know if you aren’t able to
submit it within this time so that we can discuss how best to proceed. If we don’t hear from you, and
the revision process takes significantly longer, we will close your file. In this event, we will still be
happy to reconsider your paper at a later date, as long as nothing similar has been accepted for
publication at Communications Materials or published elsewhere in the meantime.

Please do not hesitate to contact me if you have any questions or would like to discuss these
revisions further. We look forward to seeing the revised manuscript and thank you for the
opportunity to review your work.
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Dr Jet-Sing Lee
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Reviewers' comments:
Reviewer #1 (Remarks to the Author):

In the submitted work, the authors present an extensive review paper about 3D-micro-Lithium-lon

batteries (LIBs) with the aim to address topics like “basic principles”, “materials”, “manufacturing
methods” and “recent applications”.

Questions of the editor:
1) Do you think this Review is interesting and/or useful to other researchers working in the field?
Yes, the review is interesting for researchers in this field. Nevertheless, a major revision is needed.

2) Does the paper provide adequate critical discussion of the literature, or does it only summarize
previous research efforts?

Basically, the paper provides critical discussion of the cited scientific works. It is recommended to
carve out even more the application relevant differences, the advantages / disadvantages of the
described 3D-architectures (chapter 3) and 3D-LIB variants (chapter 3.1-3.5). Background: Is every
microbattery-design appropriate for every on-chip application (high energy demand-low energy
demand, expected/desired lifetime of maybe weeks or maybe years, operating at room temperature
or at elevated temperatures, etc.)

3) Do you think the paper is sufficiently forward-looking, and does it provide guidance for future
research?

The conclusion (chapter 4) outlines the possible future and possible future success of 3D-LIBs
primarily from the semiconductor manufacturing side. Important new developments related to
material science like room temperature solid state electrolytes (LLZO, LATP, LGPS, etc.[1]), new
liquid high voltage electrolytes [2-4], Ni-rich cathode materials (NMC 811, 955 or NiO2) [5, 6] and
their exciting impact on the energy density are not discussed. There are also new production
techniques like femtosecond laser ablation with the potential to lower per piece production costs
that are suggested to be mentioned.

4) Are there any parts of the paper that should be expanded, or parts that you think should be
removed? For example, is the balance between topics appropriate?

Chapter 2 covers beside the “concept of microbattery” also possible cathode materials and the
benefit of silicon as 3D-anode. The discussion of cathode materials focusses very much on the
production of these materials but less on their individual properties that are important if applied in
microbatteries (e.g. the high density of LCO enabling high volumetric charge densities, the tendency
of LiMn204 to rapidly age at elevated temperatures (Mn-dissolution), the low electric conductivity
and Li-diffusivity of undoped LFP and the need to add conductive agents, etc.). Important cathode
materials like NMC 622 or 811 are not discussed at all. It is suggested to fundamentally revise the



“cathode part” (line 192-283).

The key material “silicon” is discussed with regards to its geometrical ambience inside the battery. It
is suggested to cover crucial topics like the “ledge mechanism” [7] during lithiation and the
anisotropic dilatation of crystalline Si during Li-uptake [8, 9] as these effects have an impact on the
Si-material selection, the applied crystallographic orientation and ageing during cycling.

5) Are the figures and tables useful in communicating the author’s key points?

All figures, table 1 and 2 are useful and from appropriate quality. Table 3 benchmarking different
microbattery technologies needs a major revision because of obviously mixing up values like
“capacity retention” and “coulombic efficiency”. The quotation of specific- and areal capacity in the
same row makes a direct comparison unfortunately difficult. It is suggested to introduce two
dedicated rows. Please find attached further information under “detailed comments”.

Detailed comments:

Line 85: If intended so, a change to “...Si has a relatively low lithiation potential...” is suggested.

Line 139-142: The specific capacity (mAh/g) is always related to mass and therefore “gravimetric”. A
“specific volumetric capacity” is unfamiliar to the reviewer. If charge is related to certain volume
(mAh/cm3), it should be named “charge density” or “volumetric charge capacity”.

Line 142: The Sl unit symbol for cubic centimeter is “cm3”, to a lesser extent “cc”

Line 194, Table 1: How is the “energy density” of a cathode material measured?

Line 229: Due to the low specific capacity, NMC 111 seems rather unattractive for microbatteries.
The (additional) presentation of NMC 622 or 811 is suggested.

Line 300: The advantage of LiClO4 over LiPF6 is the absence of HF or HF-related electrolyte
components. LiCIO4 enables so the application of Na-, K-containing glass cell components (BS 3.3
glass) that are available in semiconductor manufacturing processes.

Line 510: The cited colleague from Eindhoven is spelled “Baggetto”.

Line 578, table 2, “dry etching”: Reference [100] is missing.

Line 893: Wrong units. Reference [104] published values of “136 uAh.cm-2"” and “181 uWh.cm-2”,
not “136 Ah.cm-2" and “181 Wh.cm-2".

Line 901-920: Introduced by a sentence about “Swiss-roll micro battery” (line 897), the text from line
901 to 920 is about a microbattery with vertical columns [76] that are discussed in chapter 3.2. It is
suggested to insert this text bock after removing redundancies at e.g. line 802.

Line 1025, table 3, row 3: The quotation of specific- and areal capacity in the same row makes a
direct comparison difficult. It is suggested to introduce two dedicated rows.

Line 1025, table 3, row 5: Cited values like “capacity retention” and “coulombic efficiency” are
obviously mixed up. Please check and revise.

Line 1025, table 3: The performance of cell in reference [76] that was cited several times as
reference cell is missing. It is suggested to add two lines:

- “High-power” design: Vertical pillars, capacity 3.1 mAh.cm-2, rate 181 mA.cm-1, 200 cycles at 17%
capacity retention, CE >99.9 %

- “High-energy” design: Vertical pillars, capacity 9.4 mAh.cm-2, rate 0.78 mA.cm-1, 100 cycles, CE
>99.5%

References:
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Metal Anode in Solid-State Batteries. Chemical Reviews 2020, 120, (15), 7745-7794.

[2] Liu, Q. Q.; Xiong, D. J.; Petibon, R.; Du, C. Y.; Dahn, J. R., Gas Evolution during Unwanted Lithium



Plating in Li-lon Cells with EC-Based or EC-Free Electrolytes. Journal of the Electrochemical Society
2016, 163, (14), A3010-A3015.
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Liu, X.; Wang, M.; Xu, L.; Lu, Y.; Min, Y.; Shpigel, N.; Aurbach, D., Operating Highly Stable LiCoO2
Cathodes up to 4.6 V by Using an Effective Integration of Surface Engineering and Electrolyte
Solutions Selection. Advanced Functional Materials 2022.

[5] Liu, Y.; Wu, H.; Wang, Y.; Li, K.; Yin, S.; Dahn, J. R., Impact of Shell Composition, Thickness and
Heating Temperature on the Performance of Nickel-Rich Cobalt-Free Core-Shell Materials. Journal of
The Electrochemical Society 2021, 167, (16), 160556.

[6] Liu, Y.; Harlow, J.; Dahn, J., Microstructural Observations of “Single Crystal” Positive Electrode
Materials Before and After Long Term Cycling by Cross-section Scanning Electron Microscopy.
Journal of The Electrochemical Society 2020, 167, (2).

[7] Liu, X. H.; Wang, J. W.; Huang, S.; Fan, F.; Huang, X.; Liu, Y.; Krylyuk, S.; Yoo, J.; Dayeh, S. A,;
Davydov, A. V.; Mao, S. X.; Picraux, S. T.; Zhang, S.; Li, J.; Zhu, T.; Huang, J. Y., In situ atomic-scale
imaging of electrochemical lithiation in silicon. Nat Nano 2012, 7, (11), 749-756.

[8] Lee, S. W.; McDowell, M. T.; Choi, J. W.; Cui, Y., Anomalous shape changes of silicon nanopillars
by electrochemical lithiation. Nano Lett 2011, 11, (7), 3034-9.

[9] Goldman, J. L.; Long, B. R.; Gewirth, A. A.; Nuzzo, R. G., Strain Anisotropies and Self-Limiting
Capacities in Single-Crystalline 3D Silicon Microstructures: Models for High Energy Density Lithium-
lon Battery Anodes. Advanced Functional Materials 2011, 21, (13), 2412-2422.

Reviewer #2 (Remarks to the Author):

1) Do you think this Review is interesting and/or useful to other researchers working in the field?
Yes

2) Does the paper provide adequate critical discussion of the literature, or does it only summarize
previous research efforts?

Yes

3) Do you think the paper is sufficiently forward-looking, and does it provide guidance for future
research?

Yes

4) Are there any parts of the paper that should be expanded, or parts that you think should be
removed? For example, is the balance between topics appropriate?

None

5) Are the figures and tables useful in communicating the author’s key points?

Yes



Reviewer #3 (Remarks to the Author):

In this review, the authors summarize the basic conception and the latest development of 3D silicon-
based Li ion microbatteries according to the specific configurations. The review organizes the
connections between the structure and performance of batteries, which is helpful for the future
development of 3D Si-based Li ion batteries. I'd like to recommend it after some revisions.

1. Some sentences contain abbreviation typos like PVdF in line 317 and 320 and some unnecessary
repeated full name like lithium-ion batteries in line 1030. The author should unify the expression.

2. In Section 2.1, many synthesis methods of cathode materials come along. More description about
the structures and advantages of different cathodes may be more focused on the core of the part.
Meanwhile, different anode materials like carbon or alloy material should also be included in this
section to complete and enrich the introduction of microbatteries. The following works (doi:
10.1002/adma.202006229; 10.1038/s41467-020-15045-x) are suggested to include to inspire the
readers.

3. The language and graphics of this manuscript need to be further polished.

4. In section 3, the author gave the title Recent emerging applications of 3D Si micro-LIB. However, in
this chapter, the author discusses more about the structure of the 3D Li ion microbattery. The
authors should give a more accurate title.

5. Some recent reviews on 3D microbatteries (such as doi:10.1002/adfm.201704880;
10.1021/accountsmr.1c00175) are suggested to be included in the paper.

Reviewer #4 (Remarks to the Author):

The review covers various key aspects of the latest developments in 3D silicon-based lithium-ion
microbatteries. It discusses their material compatibility, cell designs, fabrication methods, and
performance across various materials and architectures. Authors highlight the critical relationship
between device architecture and performance and provides comparisons between various
fabrication technologies. This review can be a good reference work, however, | have several
comments that may need to be addressed before recommending for publication.

General comments:

Since the focus of this review paper is Si anode based 3D microbatteries, it seems necessary to
discuss the electrochemistry of silicon, (i.e. ion insertion reaction mechanisms, crystalline vs.
Amorphous, etc.) challenges, and opportunities in the introduction section.

Authors took an effort to review the cathode materials in the introduction but do not really discuss.
It would be interesting to include a column in Table 3 and see where the community is at (and
possibly why). Without such discussion, the discussions involving cathode materials and synthesis
approach in the introduction seem unnecessary.

Several state-of-the-art inorganic solid electrolyte systems depend on high stack pressures,
sometimes exceeding 100 MPa, for optimal performance. However, it raises the question of whether
such pressures are viable for 3D electrode architectures, given their high-aspect-ratio structures and
the challenges associated with anisotropy.



The review mainly highlights inorganic solid electrolytes with a focus on LIPON-based chemistries.
They are reported to exhibit considerably lower ionic conductivities compared to more recent
systems. The adequacy of these conductivities for 3D microbatteries, where high ionic conductivity is
crucial for uniform lithiation/de-lithiation of 3D electrodes and achieving the high power densities
that make 3D microbatteries advantageous, needs consideration.

One of the biggest challenges for 3D micro batteries lies in their packaging. The discussion around
how to package a non-planar battery, particularly when it involves liquid or gel electrolytes (which is
the current state of the field) seems necessary. Addressing this challenge is a critical need within the
community and should be thoroughly discussed.

Based on this review, the community has developed a number of different ways to achieve 3D Si
micro-LIBs, particularly for the prototype demonstration. It would be good to get authors'
perspective on what the technological gap is between these prototypes and the actual need for
implementation.

Specific comments:
Ln 285 "For electrode making, those cathode materials will easily follow the usual fabrication
methods for 3D Si micro-LIBs."

What is the usual fabrication methods for 3D Si micro LIBs? Is this in reference to Section 3?
Examples included in Section 3, such as RF sputtering and ALD, are certainly not easy nor usual.
Ln 464 "the fabrication of a Si anode can be classified either as additive (bottom-up, see Figures 3a-

c) or subtractive (top-down, see Figures 3d-f) methods"

Figure 3 includes examples that do not include 3D Si anodes. It may mislead readers.

Ln 1055-1060,

The nanostructuring approach may bring some performance improvement but it necessitates careful
consideration.

Do we really need to further miniaturize our power sources? What are the power needs for
integrated electronics? Can nanostructured silicon effectively sustain 3D configurations?



Author Responses: first round

Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

Response letter

Reviewer #1:

In the submitted work, the authors present an extensive review paper about 3D-micro-Lithium-
Ion batteries (LIBs) with the aim to address topics like “basic principles”, “materials”,
“manufacturing methods” and “recent applications”.

Questions of the editor:

1) Do you think this Review is interesting and/or useful to other researchers working in the field?
Yes, the review is interesting for researchers in this field. Nevertheless, a major revision is
needed.

Authors’ response:
Thank you very much for your comments. We have revised the manuscript according to the
points given by the reviewers.

2) Does the paper provide adequate critical discussion of the literature, or does it only summarize
previous research efforts?
Basically, the paper provides critical discussion of the cited scientific works. It is recommended
E— to carve out even more the application relevant differences, the advantages / disadvantages of
the described 3D-architectures (chapter 3) and 3D-LIB variants (chapter 3.1-3.5). Background:
Is every microbattery-design appropriate for every on-chip application (high energy demand-low
energy demand, expected/desired lifetime of maybe weeks or maybe years, operating at room
temperature or at elevated temperatures, etc.)

Authors’ response:

Thank you very much for your recommendations. To accommodate the application relevant
differences, we have dedicated an extra chapter: Chapter 3.6 “Applicability of 3D Si micro-
LIBs”, and the following text has been added:




Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)




Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

3) Do you think the paper is sufficiently forward-looking, and does it provide guidance for future
research?

The conclusion (chapter 4) outlines the possible future and possible future success of 3D-LIBs
primarily from the semiconductor manufacturing side. Important new developments related to
material science like room temperature solid state electrolytes (LLZO, LATP, LGPS, etc.[1]),
new liquid high voltage electrolytes [2-4], Ni-rich cathode materials (NMC 811, 955 or NiO2)
[5, 6] and their exciting impact on the energy density are not discussed. There are also new
production techniques like femtosecond laser ablation with the potential to lower per piece
production costs that are suggested to be mentioned.

Authors’ response:

Thank you very much for your suggestions. To enhance the discussion of possible future success
of 3D micro-LIBs, we have included the suggested references and added the following paragraph
in Chapter 4 “Conclusions and outlook™:

Moreover, an explanation about cathode materials that potentially match to 3D Si micro-LIB
(including Ni-rich cathodes and LiNiO,) has been added into the part of cathode in Chapter 2.1
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Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

To mention about the femtosecond laser ablation as a potential fabrication technique for Si anode
in micro-LIBs, we have modified the following paragraph in Chapter 4 “Conclusions and
outlook™:




Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

4) Are there any parts of the paper that should be expanded, or parts that you think should be
removed? For example, is the balance between topics appropriate?

Chapter 2 covers beside the “concept of microbattery” also possible cathode materials and the
benefit of silicon as 3D-anode. The discussion of cathode materials focusses very much on the
production of these materials but less on their individual properties that are important if applied
in microbatteries (e.g. the high density of LCO enabling high volumetric charge densities, the
tendency of LiMn204 to rapidly age at elevated temperatures (Mn-dissolution), the low electric
conductivity and Li-diffusivity of undoped LFP and the need to add conductive agents, etc.).
Important cathode materials like NMC 622 or 811 are not discussed at all. It is suggested to
fundamentally revise the “cathode part” (line 192-283).

Authors’ response:
Thank you very much for your valuable comments. The part of cathode materials in Chapter 2.1
“Concept of microbattery” have been totally revised to focus not only on the production sides
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Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

Average potential

Material synthesis Average specific capacity

—Lco Safety
—LFP

——NCA

—— LMO variants
—— NCM variants
——LiNiO,

Average gravimetric energy density

Average cost




Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)




Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

The key material “silicon” is discussed with regards to its geometrical ambience inside the
battery. It is suggested to cover crucial topics like the “ledge mechanism” [7] during lithiation

(o0



Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

and the anisotropic dilatation of crystalline Si during Li-uptake [8, 9] as these effects have an
impact on the Si-material selection, the applied crystallographic orientation and ageing during
cycling.

Authors’ response:
Thank you very much for your suggestions. The following texts have been added into Chapter
2.1 “Concept of microbattery” along with the suggested references:




Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

in an amorphous phase have a larger critical radius for fracture compared to their crystalline
counterparts.

5) Are the figures and tables useful in communicating the author’s key points?

All figures, table 1 and 2 are useful and from appropriate quality. Table 3 benchmarking different
microbattery technologies needs a major revision because of obviously mixing up values like
“capacity retention” and “coulombic efficiency”. The quotation of specific- and areal capacity
in the same row makes a direct comparison unfortunately difficult. It is suggested to introduce
two dedicated rows. Please find attached further information under “detailed comments”.

Authors’ response:
Thank you very much for your comments. Table 3 has been revised accordingly as follows:

Table 3 Various structures of Si micro-LIBs and their performance. Comparison is made in terms of
their architecture, materials, and performance metrics (i.e., capacity, rate capability, and capacity

retention, Coulombic efficiency, and cycle).

Architecture Materials Capacity Rate Capacity Coulombic Cycle Ref.
capability  retention efficiency

Anode Electrolyte Cathode Avreal Specific
capacity capacity
Thin film a-Si LiPONB Li metal 40 pAh i 800 pA i 99.99% 1500 105
cm? cm?
Thin film a-Si LiPON VO-LiPO 15.7 uAh i - 49% £ 30 106
cm?
Thin film Poly-Si LiPON LiCoO2 : 3000 mAh 40 mA i £ 60 118
gt cm2
Interdigitated ~ Si/C- LP30/FEC Li metal i 466 mAh 2C 75% ; 65 124
structures graphite g!
Vertical c-Si SU-8 NCA 1.8 mAh b 0.66 mA i 92% 100 71
pillars cm? cm?
Vertical c-Si LiClOs NCA 9.4 mAh i 181 mA 83% 99.9% 200 70
pillars cm? cm?
Vertical c-Si LiClO4 Li metal i 1093 mAh - i 98.9% 5 134
pillars gt
Nanowires c- LiPFs Li metal 2mAhcm - 2 mA cm i ~100% 346 121
Si/PANI i 2
Nanowires c-Si LiClO4 Li metal 3000 pAh ) 35 pA 43% £ 20 91
cm? cm?
Coaxial a-Si LiPON LiCoO2 25 pAh i 27.6 A i ; 20 130
pillars cm? cm?
Coaxial c-Si LiPFg Li metal 400 pAh i 200 pA i ~100% 500 120
pillars ITiN/Sh cm? cm?
Swiss-roll Si-Ge LiPFg LiMn204 1053 pAh i 1.04 pA 67% 85% 50 93
structures cm? cm?
Mesoporous c-Si LiPFs Li metal i 480 mAh 500 pA 97% £ 70 135
gt cm?2
Macroporous  c¢-Si PVDF-HFP LiCoO2 226 pAh ] 400 pA 98% 99% 15 101
cm? cm?
Honeycombs  c- LiPFs LiCoO2 0.15 mAh ] 0.5 mA i ~100% 500 159
Si/TiN/Ge cm? cm?

Detailed comments:
Line 85: If intended so, a change to
suggested.

13

...S1 has a relatively low lithiation potential...” is

Authors’ response:

10



Technische Universitat Braunschweig
Institute of Semiconductor Technology (IHT)
Laboratory for Emerging Nanometrology (LENA)

Thank you very much for your suggestion. The following changes have been made in the
manuscript:

Line 139-142: The specific capacity (mAh/g) is always related to mass and therefore
“gravimetric”. A “specific volumetric capacity” is unfamiliar to the reviewer. If charge is related
to certain volume (mAh/cm3), it should be named “charge density” or “volumetric charge
capacity”.

Authors’ response:
Thank you very much for your suggestion. The following changes have been made in the

manuscript:

Line 142: The SI unit symbol for cubic centimeter is “cm3”, to a lesser extent “cc”

Authors’ response:
Thank you very much for your suggestion. The following changes have been made in the
manuscript:

Line 194, Table 1: How is the “energy density” of a cathode material measured?

Authors’ response:

Thank you very much for your question. The gravimetric energy densities in Table 1 were
obtained from the references as they are. They were calculated from the potential and specific
capacity data. The following text has been added into the manuscript to give a clearer
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Line 229: Due to the low specific capacityy, NMC 111 seems rather unattractive for
microbatteries. The (additional) presentation of NMC 622 or 811 is suggested.

Authors’ response:
Thank you very much for your suggestion. The following texts have been added into the
manuscript:

Line 300: The advantage of LiClO4 over LiPF6 is the absence of HF or HF-related electrolyte
components. LiClO4 enables so the application of Na-, K-containing glass cell components (BS
3.3 glass) that are available in semiconductor manufacturing processes.

Authors’ response:

Thank you very much for your valuable suggestion, we have added the following text to
address your input:

—_
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LiClO4 enables the application of Na-, K-containing glass cell components (BS 3.3 glass) that
are available in semiconductor manufacturing processes. This compatibility offers a unique edge
in integrating battery technology with semiconductor manufacturing’®.

Line 510: The cited colleague from Eindhoven is spelled “Baggetto™.

Authors’ response:
Thank you very much for your correction. The following changes have been made in the
manuscript:

Baggetto et al. demonstrated the fabrication of a thin-film Si anode on a 3D substrate using
LPCVD'®,

Line 578, table 2, “dry etching”: Reference [100] is missing.

Authors’ response:

Thank you very much for your suggestion. The mentioned reference (Sternad, M., Forster, M. &
Wilkening, M. The microstructure matters: Breaking down the barriers with single crystalline
silicon as negative electrode in Li-ion batteries. Sci. Rep. 6, 2-9 (2016).) has been added into

Table 2, row “Dry etching”, as ref. 134:

Table 2 Fabrication methods of 3D Si micro-LIBs. Various fabrication methods including additive
and subtractive processes possess their own advantages and disadvantages.

Method Material Advantages Disadvantages Reference
Sputtering a-Si thin film  Wide variety of materials ~ High cost, low 105,106,130-132
and substrates efficiency, low
deposition rate, and
low conformity
E-beam a-Si thin film  Efficient process and High cost and low 93
evaporation possible deposition of conformity
materials with high
melting point
LPCVD Poly-Sithin ~ Conformal deposition, Limited material 118
film high purity, and high options based on the
deposition rate used precursors and
high toxicity
VLS growth c-Si Low cost and feasible Irregular 91
nanowires process of very small nanostructures and
nanostructures difficult-to-control
uniformity
3D printing Si/C Flexible design and Limited choice of ink 119,124
nanoparticle fabrication capability for ~ materials
— graphite uncommon 3D structures.
blend slurry
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Dry etching c-Si micro- Highly regular structure ~ High investment for 70’71’125’126»133’.
/nanopillar and well-established the equipment
arrays process in industrial scale
MACE c-Si High density of Irregular nanowires 121
nanowires nanowires, low and hazardous etching
production cost, and substance
simple process
Electrochemical Meso- Low production cost, fast ~ High surface 92,101,135
etching /macroporous  process, and well- roughness
c-Si controlled nanostructure
geometry

Line 893: Wrong units. Reference [ 104] published values of “136 uAh.cm-2” and “181 uWh.cm-
” not “136 Ah.cm-2” and “181 Wh.cm-2".

\9)

Authors’ response:
Thank you very much for your correction. The following changes have been made in the
manuscript:

Line 901-920: Introduced by a sentence about “Swiss-roll micro battery” (line 897), the text from
line 901 to 920 is about a microbattery with vertical columns [76] that are discussed in chapter
3.2. It is suggested to insert this text bock after removing redundancies at e.g. line 802.

Authors’ response:
Thank you very much for your comment. The text has been moved into Chapter 3.2 “Vertical
pillars” and modified accordingly:

—_
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Authors’ response:

Thank you very much for your suggestion. Table 3 has been revised accordingly as follows:
Table 3 Various structures of Si micro-LIBs and their performance. Comparison is made in terms of
their architecture, materials, and performance metrics (.., capacity, rate capability, and capacity
retention, Coulombic efficiency, and cycle).

Architecture Materials Capacity Rate Capacity  Coulombic  Cycle  Ref.
capability  retention efficiency
Anode Electrolyte Cathode - -_
capacity capacity
Thin film a-Si LiPONB Li metal 40 pAh | 800 pA 99.99% 1500 105
cm? cm?
Thin film a-Si LiPON VO-LiPO 15.7 pAh I 49% - 30 106
cm?
Thin film Poly-Si LiPON LiCoO2 i B000mAR 40 mA - 60 18
g cm2
Interdigitated ~ Si/C- LP30/FEC Li metal i 466 mAh  2C 75% - 65 124
structures graphite g
Vertical c-Si Su-8 NCA 1.8 mAh [} 0.66 mA 92% 100 71
pillars cm? cm2
Vertical c-Si LiCIOs4 NCA 9.4 mAh i 181 mA 83% 99.9% 200 70
pillars cm? cm?
Vertical c-Si LiClOs Li metal I 1093 mAh 98.9% 5 134
pillars g
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Nanowires c- LiPFs Li metal 2mAhcm - 2mAcm - ~100% 346 121
Si/PANI i 2
Nanowires c-Si LiClO4 Li metal 3000 pAh 1 35 pA 43% - 20 91
cm? cm?
Coaxial a-Si LiPON LiCoO2 25 pAh 1 27.6 uA - - 20 130
pillars cm? cm?
Coaxial c-Si LiPFg Li metal 400 pAh 1 200 pA - ~100% 500 120
pillars ITiN/Sh cm? cm?
Swiss-roll Si-Ge LiPFs LiMn204 1053 pAh i 1.04 pA 67% 85% 50 93
structures cm? cm?
Mesoporous c-Si LiPFs Li metal i 2480 mAh 500 pA 97% - 70 135
g-1 cm?2
Macroporous  ¢-Si PVDF-HFP LiCoO2 226 pAh i 400 pA 98% 99% 15 101
cm? cm?
Honeycombs  c- LiPFs LiCoO2 0.15 mAh i 0.5 mA - ~100% 500 159
Si/TiN/Ge cm? cm?

Line 1025, table 3, row 5: Cited values like “capacity retention” and “coulombic efficiency” are
obviously mixed up. Please check and revise.

Authors’ response:
Thank you very much for your comments. Table 3 has been revised accordingly as follows:

Table 3 Various structures of Si micro-LIBs and their performance. Comparison is made in terms of
their architecture, materials, and performance metrics (i.e., capacity, rate capability, and capacity

retention, Coulombic efficiency, and cycle).

Architecture Materials Capacity Rate Capacity Coulombic Cycle Ref.
capability  retention  efficiency

Anode Electrolyte Cathode Areal Specific
capacity capacity
Thin film a-Si LiPONB Li metal 40 pAh - 800 pA i 99.99% 1500 105
cm? cm?
Thin film a-Si LiPON VO-LiPO 15.7 uAh - - 49% | 30 106
cm?
Thin film Poly-Si LiPON LiCoO2 - 000 mAh 40 mA i £ 60 118
gt cm?
Interdigitated ~ Si/C- LP30/FEC Li metal - 466 mAh 2C 75% £ 65 124
structures graphite gt
Vertical c-Si SU-8 NCA 1.8 mAh - 0.66 mA i 92% 100 71
pillars cm? cm?
Vertical c-Si LiClOs NCA 9.4 mAh - 181 mA 83% 99.9% 200 70
pillars cm? cm?
Vertical c-Si LiClO4 Li metal - 1093 mAh - i 98.9% 5 134
pillars gt
Nanowires c- LiPFg Li metal 2mAhcm - 2 mA cm i ~100% 346 121
Si/PANI 2 2
Nanowires c-Si LiClO4 Li metal 3000 pAh - 35 uA 43% £ 20 91
cm? cm?
Coaxial a-Si LiPON LiCoO2 25 pAh - 27.6 pA £ £ 20 130
pillars cm? cm?
Coaxial c-Si LiPFs Li metal 400 uAh - 200 pA i ~100% 500 120
pillars ITiN/Sh cm? cm?
Swiss-roll Si-Ge LiPFe LiMn204 1053 pAh - 1.04 pA 67% 85% 50 93
structures cm? cm?
Mesoporous c-Si LiPFs Li metal - 2430 mAh 500 pA 97% £ 70 135
gt cm?
Macroporous ~ ¢-Si PVDF-HFP LiCoO2 226 pAh - 400 pA 98% 99% 15 101
cm? cm?
Honeycombs  c- LiPFs LiCoO2 0.15 mAh - 0.5 mA i ~100% 500 159
Si/TiN/Ge cm? cm?
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Line 1025, table 3: The performance of cell in reference [76] that was cited several times as
reference cell is missing. It is suggested to add two lines:

- “High-power” design: Vertical pillars, capacity 3.1 mAh.cm-2, rate 181 mA.cm-1, 200 cycles
at 17% capacity retention, CE >99.9 %

- “High-energy” design: Vertical pillars, capacity 9.4 mAh.cm-2, rate 0.78 mA.cm-1, 100 cycles,
CE >99.5 %

Authors’ response:

Thank you very much for your suggestion. The respective data have been added into Table 3. To
unify the style of data presentation, we combine both “high-power” and “high-energy” designs
by providing the highest capacity of 9.4 mAh cm™ (from high-energy design) and highest rate
capability of 181 mA cm™ (from high-power design) into one line to show the possible values
that can be achieved by the corresponding 3D design.

Table 3 Various structures of Si micro-LIBs and their performance. Comparison is made in terms of
their architecture, materials, and performance metrics (i.e., capacity, rate capability, and capacity

retention, Coulombic efficiency, and cycle).

Architecture Materials Capacity Rate Capacity  Coulombic  Cycle  Ref.
capability  retention  efficiency

Anode Electrolyte Cathode Avreal Specific
capacity capacity
Thin film a-Si LiPONB Li metal 40 pAh - 800 pA - 99.99% 1500 105
cm? cm?
Thin film a-Si LiPON VO-LiPO 15.7 pAh - - 49% - 30 106
cm?
Thin film Poly-Si LiPON LiCoO2 - 3000 mAh 40 mA - - 60 118
gt cm2
Interdigitated ~ Si/C- LP30/FEC Li metal - 466 mAh 2C 75% - 65 124
structures graphite gt
Vertical c-Si SU-8 NCA 1.8 mAh - 0.66 mA - 92% 100 71
pillars cm? cm?
Vertical c-Si LiClO4 NCA 9.4 mAh i 181 mA 83% 99.9% 200 70
pillars cm? cm?
Vertical c-Si LiClOs Li metal - 1093 mAh - - 98.9% 5 134
pillars gt
Nanowires c- LiPFs Li metal 2mAhcm - 2mAcm - ~100% 346 121
Si/PANI 2 2
Nanowires c-Si LiClO4 Li metal 3000 pAh - 35 uA 43% - 20 91
cm? cm?
Coaxial a-Si LiPON LiCoO2 25 pAh - 27.6 pA - - 20 130
pillars cm? cm?
Coaxial c-Si LiPFg Li metal 400 pAh - 200 pA - ~100% 500 120
pillars ITiN/Sh cm? cm?
Swiss-roll Si-Ge LiPFs LiMn204 1053 pAh - 1.04 pA 67% 85% 50 93
structures cm? cm?
Mesoporous c-Si LiPFs Li metal - 480 mAh 500 pA 97% - 70 135
gt cm?
Macroporous  c¢-Si PVDF-HFP LiCoO2 226 pAh - 400 pA 98% 99% 15 101
cm? cm?
Honeycombs  c- LiPFs LiCoO2 0.15 mAh - 0.5 mA - ~100% 500 159
Si/TiN/Ge cm? cm?

References:
[1] Krauskopf, T.; Richter, F. H.; Zeier, W. G.; Janek, J., Physicochemical Concepts of the
Lithium Metal Anode in Solid-State Batteries. Chemical Reviews 2020, 120, (15), 7745-7794.
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[2] Liu, Q. Q.; Xiong, D. J.; Petibon, R.; Du, C. Y.; Dahn, J. R., Gas Evolution during Unwanted
Lithium Plating in Li-Ion Cells with EC-Based or EC-Free Electrolytes. Journal of the
Electrochemical Society 2016, 163, (14), A3010-A3015.

[3] Petibon, R.; Harlow, J.; Le, D. B.; Dahn, J. R., The use of ethyl acetate and methyl propanoate
in combination with vinylene carbonate as ethylene carbonate-free solvent blends for electrolytes
in Li-ion batteries. Electrochimica Acta 2015, 154, (0), 227-234.

[4] Fan, T.; Kai, W.; Harika, V. K.; Liu, C.; Nimkar, A.; Leifer, N.; Maiti, S.; Grinblat, J.; Tsubery,
M. N.; Liu, X.; Wang, M.; Xu, L.; Lu, Y.; Min, Y.; Shpigel, N.; Aurbach, D., Operating Highly
Stable LiCoO2 Cathodes up to 4.6 V by Using an Effective Integration of Surface Engineering
and Electrolyte Solutions Selection. Advanced Functional Materials 2022.

[5] Liu, Y.; Wu, H.; Wang, Y.; Li, K.; Yin, S.; Dahn, J. R., Impact of Shell Composition,
Thickness and Heating Temperature on the Performance of Nickel-Rich Cobalt-Free Core-Shell
Materials. Journal of The Electrochemical Society 2021, 167, (16), 160556.

[6] Liu, Y.; Harlow, J.; Dahn, J., Microstructural Observations of “Single Crystal” Positive
Electrode Materials Before and After Long Term Cycling by Cross-section Scanning Electron
Microscopy. Journal of The Electrochemical Society 2020, 167, (2).

[7] Liu, X. H.; Wang, J. W.; Huang, S.; Fan, F.; Huang, X_; Liu, Y.; Krylyuk, S.; Yoo, J.; Dayeh,
S. A.; Davydov, A. V.; Mao, S. X.; Picraux, S. T.; Zhang, S.; Li, J.; Zhu, T.; Huang, J. Y., In situ
atomic-scale imaging of electrochemical lithiation in silicon. Nat Nano 2012, 7, (11), 749-756.

[8] Lee, S. W.; McDowell, M. T.; Choi, J. W.; Cui, Y., Anomalous shape changes of silicon
nanopillars by electrochemical lithiation. Nano Lett 2011, 11, (7), 3034-9.

[9] Goldman, J. L.; Long, B. R.; Gewirth, A. A.; Nuzzo, R. G., Strain Anisotropies and Self-
Limiting Capacities in Single-Crystalline 3D Silicon Microstructures: Models for High Energy
Density Lithium-Ion Battery Anodes. Advanced Functional Materials 2011, 21, (13), 2412-2422.

Authors’ response:
Thank you very much for your reference suggestions. We have added those references at the
respective locations within the text. Their reference numbers are as follows:

39. Goldman, J. L., Long, B. R., Gewirth, A. A. & Nuzzo, R. G. Strain anisotropies and self-
limiting capacities in single-crystalline 3D silicon microstructures: Models for high energy
density lithium-ion battery anodes. Adv. Funct. Mater. 21, 2412-2422 (2011).

40. Lee, S. W., McDowell, M. T., Choi, J. W. & Cui, Y. Anomalous shape changes of silicon
nanopillars by electrochemical lithiation. Nano Lett. 11, 3034-3039 (2011).
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Reviewer #2:

1) Do you think this Review is interesting and/or useful to other researchers working in the field?
Yes

2) Does the paper provide adequate critical discussion of the literature, or does it only summarize
previous research efforts?

Yes

3) Do you think the paper is sufficiently forward-looking, and does it provide guidance for future
research?

Yes

4) Are there any parts of the paper that should be expanded, or parts that you think should be
removed? For example, is the balance between topics appropriate?

None

5) Are the figures and tables useful in communicating the author’s key points?

Yes

Authors’ response:

Thank you very much for your comments. We appreciate your positive feedback. In addition, we
have improved the manuscript quality according to the comments from the other reviewers.
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Reviewer #3:

In this review, the authors summarize the basic conception and the latest development of 3D
silicon-based Li ion microbatteries according to the specific configurations. The review
organizes the connections between the structure and performance of batteries, which is helpful
for the future development of 3D Si-based Li ion batteries. I'd like to recommend it after some
revisions.

1. Some sentences contain abbreviation typos like PVdAF in line 317 and 320 and some
unnecessary repeated full name like lithium-ion batteries in line 1030. The author should unify
the expression.

Authors’ response:

Thank you very much for your comments and suggestion. We have checked the manuscript
thoroughly to correct any abbreviation-related errors or inconsistencies. The following changes
have been made in the manuscript:

A study by Chaudoy et al. demonstrated the application of a gel polymer electrolyte (GPE) based
on polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) linear polymer for a
macroporous Si anode!®!,

Miniaturized LIBs, or the so-called micro-LIBs, can answer the needs.
Additionally, we also correct some other abbreviation-related errors, for example:

It is reported that porous Nasicon (monoclinic structure) LisFea(PO4)3 was formed instead of the
orthorhombic crystalline LiFePOa.

Another important note is to develop better cell packaging to overcome the volatility of the
dimethyl carbonate (DMC) component in the ethylene carbonate (EC)/DMC electrolyte.

Using focused-ion beam (FIB) to prepare a cross-sectional view of the towers by scanning
electron microscopy (SEM), it is clear that there are at least three different regions formed after
5 cycles (see Figures Se and 5f).

The spiral structure of spiral microelectrode (sp-uED) displays a reversible capacity of 755 pAh
cm™, indicating that it can withstand the significant volume changes in silicon and germanium
without damage (Figure 7c).

2. In Section 2.1, many synthesis methods of cathode materials come along. More description
about the structures and advantages of different cathodes may be more focused on the core of
the part. Meanwhile, different anode materials like carbon or alloy material should also be
included in this section to complete and enrich the introduction of microbatteries. The following
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works (doi: 10.1002/adma.202006229; 10.1038/s41467-020-15045-x) are suggested to include
to inspire the readers.

Authors’ response:

Thank you very much for your input. It is indeed important to add more explanations regarding
different type of anode materials. However, we believe that the explanations should be added
earlier as in Chapter 2.1 the discussion of the anode is already aimed for 3D Si. Therefore, we
added the explanations on different type of anode materials in Chapter 1 “Introduction” as
follows:

The idea was to increase energy and power density by employing different materials and
processing techniques to produce a three-dimensional (3D) structure?? 2%, With regard to the
anode, many researchers have explored materials such as TiO2 due to their favorable operational
potential, cost-effectiveness, and non-toxic properties’’. However, its notable drawbacks, that is
poor conductivity, hinder its further application as it impedes charge transfer. Conversion-
reaction anodes, such as transition-metal oxides and sulfides, can also store high concentrations
of ions. However, their practical use in microbatteries is hindered by significant, typically 30%
to 50%, irreversible capacity loss during the initial cycles?®. Metallic zinc (Zn) and aluminum
(Al) can also be a potential candidate as they exhibit remarkable stability in atmospheric
conditions due to the formation of protective oxide layers on their surfaces. This stability is a
significant advantage for the large-scale production and processing of Zn and Al metal anodes,
essential for achieving higher energy densities. However, the challenge of poor reversibility is a
common issue in Zn anodes and various other metal batteries. Apart from previously mentioned
anode materials, alloying-type anodes like Si, Sb, Ge, and Sn can also be considered as they
provide high capacity and stability?’.

The following papers have been added to references:

26.  Sun, P, Li, X., Shao, J. & Braun, P. V. High-Performance Packaged 3D Lithium-Ion
Microbatteries Fabricated Using Imprint Lithography. Adv. Mater. 33, 2006229 (2021).

29. Ni, J. et al. Rooting binder-free tin nanoarrays into copper substrate via tin-copper
alloying for robust energy storage. Nat. Commun. 11, 1-8 (2020).

3. The language and graphics of this manuscript need to be further polished.

Authors’ response:

Thank you very much for your comment. We have revisited, read, and revised the manuscript
thoroughly to improve the language. For example, the explanation of cathode materials in
Chapter 2.1 “Concept of microbattery” has been polished and Figure 1 has been modified.

4. In section 3, the author gave the title Recent emerging applications of 3D Si micro-LIB.

However, in this chapter, the author discusses more about the structure of the 3D Li ion
microbattery. The authors should give a more accurate title.
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Authors’ response:

Thank you very much for your comments. We have added an additional chapter: Chapter 3.6
“Applicability of 3D Si micro-LIBs” to extend the discussion beyond the structural aspect of the
3D Si micro-LIB. We hope that the title of Chapter 3 “Recent emerging applications of 3D Si
micro-LIB” is now contextually suitable:

N
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5. Some recent reviews on 3D microbatteries (such as doi:10.1002/adfm.201704880;
10.1021/accountsmr.1c00175) are suggested to be included in the paper.

Authors’ response:
Thank you very much for your suggestion.
Both reviews have been added to references:

12. Ni, J. & L1, L. Self-Supported 3D Array Electrodes for Sodium Microbatteries. Adv. Funct.
Mater. 28, 1704880 (2018).

25.Zhu, S., Sheng, J., Ni, J. & Li, Y. 3D Vertical Arrays of Nanomaterials for Microscaled Energy
Storage Devices. Accounts Mater. Res. 2, 1215-1226 (2021).

Those references have been cited in Chapter 1 “Introduction” as ref 12 and 25, respectively.



Reviewer #4:

The review covers various key aspects of the latest developments in 3D silicon-based lithium-
ion microbatteries. It discusses their material compatibility, cell designs, fabrication methods,
and performance across various materials and architectures. Authors highlight the critical
relationship between device architecture and performance and provides comparisons between
various fabrication technologies. This review can be a good reference work, however, I have
several comments that may need to be addressed before recommending for publication.

General comments:

Authors’ response:
Thank you very much for your suggestions. We have added the following text in Chapter 2.1
“Concept of microbattery’:

N
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Authors took an effort to review the cathode materials in the introduction but do not really
discuss. It would be interesting to include a column in Table 3 and see where the community is
at (and possibly why). Without such discussion, the discussions involving cathode materials and
synthesis approach in the introduction seem unnecessary.

Authors’ response:
Thank you very much for your comments. We have modified Table 3 to include cathode and
electrolyte materials, and discuss them in an additional chapter, Chapter 3.6 “Applicability of 3D

Architecture Materials Capacity Rate Capacity  Coulombic  Cycle  Ref.
capability  retention efficiency
“Anode  Electrolyte  Cathode Areal Specific

capacity capacity

Thin film a-Si LiPONB Li metal 40 pAh B 800 pA - 99.99% 1500 105
cm? cm?

Thin film a-Si LiPON VO-LiPO 15.7 nAh - - 49% - 30 106
cm?

Thin film Poly-Si LiPON LiCoO2 - 000 mAh 40 mA - - 60 118

g-1 cm?

Interdigitated ~ SilGY LP30/FEC Li metal - 466 mAh  2C 75% - 65 124

structures graphite gt

Vertical c-Si su-8 NCA 1.8 mAh - 0.66 MA - 92% 100 71

pillars cm? cm?

Vertical c-Si LiClO4 NCA 9.4 mAh - 181 mA 83% 99.9% 200 70

pillars cm? cm?

Vertical c-Si LiClO4 Li metal - 093 mAh - - 98.9% 5 134

pillars gt

Nanowires B LiPFs Li metal 2mAhcm - 2mAcm - ~100% 346 121

SiPANI : :

Nanowires c-Si LiClO4 Li metal 3000 AL - 35 pA 43% - 20 91
cm? cm?

Coaxial a-Si LiPON LiCoO2 25 pAh - 27.6 uA - - 20 130

pillars cm? cm?

Coaxial c-Si LiPFs Li metal 400 pAh - 200 pA - ~100% 500 120

pillars [TiN/Sh cm? cm2

Swiss-roll Si-Ge LiPFs LiMn204 1053 yAh - 1.04 pA 67% 85% 50 93

structures cm? cm?

Mesoporous G581 LiPFs Li metal - 2480 mAh 500 pA 97% - 70 135

g? cm?

Macroporous  G58i PVDF-HFP  LiCoO> 226 Ah - 400 pA 98% 99% 15 101

cm? cm?

N
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Honeycombs LiPFs LiCoO; 0.15mAh - 0.5 mA - ~100% 500 159

SITiN/Ge cm? cm?

Several state-of-the-art inorganic solid electrolyte systems depend on high stack pressures,
sometimes exceeding 100 MPa, for optimal performance. However, it raises the question of
whether such pressures are viable for 3D electrode architectures, given their high-aspect-ratio
structures and the challenges associated with anisotropy.

Authors’ response:

Thank you for your insightful comment regarding the application of high stack pressures. We
would like to emphasize that the feasibility of employing high stack pressures on such systems
has indeed been demonstrated. Previous studies, some of which we reference in our review, have
successfully utilized inorganic solid electrolytes with 3D electrode architectures and achieved
not only functional stability but also mechanical robustness. Moreover, the improvement of
mechanical properties of Si by reducing the size to micro-/nanoscale 3D structures has also been
demonstrated by some studies.

To underline this concern, we have added the following text to the electrolyte part in Chapter 2.1
“Concept of microbattery”:

The review mainly highlights inorganic solid electrolytes with a focus on LIPON-based
chemistries. They are reported to exhibit considerably lower ionic conductivities compared to
more recent systems. The adequacy of these conductivities for 3D microbatteries, where high
ionic conductivity is crucial for uniform lithiation/de-lithiation of 3D electrodes and achieving
the high power densities that make 3D microbatteries advantageous, needs consideration.

Authors’ response:

Thank you for your insightful comments and for pointing out the emphasis on LiPON-based
chemistries in our review. The choice to focus on LiPON, despite some reports indicating its
lower ionic conductivity compared to more recent systems, was deliberate and multifaceted.
Historically, LIPON-based compounds have been at the forefront of solid electrolyte research,

N
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crack initiation in Si anodes, is paramount, given the stresses micro-LIBs are subjected to during
operation.

While we acknowledge the importance of high ionic conductivity for uniform lithiation/de-
lithiation in 3D microbatteries, we believe that focusing solely on conductivity might
overshadow other equally vital attributes. LiPON, despite its conductivity challenges, offers a
suite of features making it a viable contender for 3D microbatteries. Moreover, by emphasizing
its current limitations, we hope to inspire targeted research efforts to augment its properties by
showing that some efforts have been done already to improve the ionic conductivity of LiPON.

To clarify this aspect, we have modified the following discussion in the electrolyte part in
Chapter 2.1 “Concept of microbattery”:

N
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around how to package a non-planar battery, particularly when it involves liquid or gel
electrolytes (which is the current state of the field) seems necessary. Addressing this challenge
is a critical need within the community and should be thoroughly discussed.

Authors’ response:
Thank you very much for your comments. The following texts have been added into Chapter 3.6
“Applicability of 3D Si micro-LIBs”:

Based on this review, the community has developed a number of different ways to achieve 3D
Si micro-LIBs, particularly for the prototype demonstration. It would be good to get authors'
perspective on what the technological gap is between these prototypes and the actual need for
implementation.

Authors’ response:

Thank you very much for your suggestion. We have added Chapter 3.6 “Applicability of 3D Si
micro-LIBs”, dedicated to the comparative discussion about different 3D structures and their
challenges for implementation:
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Specific comments:
Ln 285 "For electrode making, those cathode materials will easily follow the usual fabrication
methods for 3D Si micro-LIBs."

What is the usual fabrication methods for 3D Si micro LIBs? Is this in reference to Section 3?
Examples included in Section 3, such as RF sputtering and ALD, are certainly not easy nor usual.

Authors’ response:

Thank you very much for your comment. We have removed the mentioned statement to prevent
confusion. Moreover, the cathode material part in Chapter 2.1 “Concept of microbattery” has
been totally revised to provide clearer information about the fabrication of each variety of
cathode materials and is discussed in the context of 3D Si micro-LIBs:
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Ln 464 "the fabrication of a Si anode can be classified either as additive (bottom-up, see Figures
3a-c) or subtractive (top-down, see Figures 3d-f) methods"
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Figure 3 includes examples that do not include 3D Si anodes. It may mislead readers.

Authors’ response:
Thank you very much for your comments. We have replaced Figure 3¢ to refer the study that
demonstrates 3D Si anode fabrication:

Physical vapor deposition (PVD)

aAjoesqng
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‘V‘ Mask moving
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Metal-assisted
chemical etching (MACE)

prtype Si wafer
(Si-Blank)

Low pressure CVD VLS growth
Electrochemical
etching

Additive
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Ln 1055-1060,

The nanostructuring approach may bring some performance improvement but it necessitates
careful consideration.

Do we really need to further miniaturize our power sources? What are the power needs for
integrated electronics? Can nanostructured silicon effectively sustain 3D configurations?

Authors’ response:
Thank you very much for your comment and questions. We improved the following text in
Chapter 4 “Conclusions and outlook™ to better accommodate those concerns:
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