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Complex interfacial phenomena and phase transformations that govern the operation of Li-ion batteries 

require detailed nanoscale 3D structural and compositional characterization that can be directly related to 

their capacity and electrical transport properties. For this purpose, we have designed model miniature all 

solid-state radial heterostructure Li-ion batteries composed of LiCoO2 cathode, LiPON electrolyte and 

amorphous Si anode shells, which were deposited around metallized high-aspect-ratio Si nanowires as a 

scaffolding core. Such diagnostic batteries, the smallest, complete secondary Li-ion batteries realized to 

date, were specifically designed for in situ electrical testing in a field-emission scanning electron 

microscope and/or transmission electron microscope. The results of electrochemical testing were 

described in detail in previous publication (Nano Lett., 2012, 12, 505-511). The model Li-ion batteries allow 

correlation of electrochemical properties with their structural evolution during cycling being analyzed in 

various imaging, diffraction and spectroscopic modes down to the atomic level. Employing multimode 

analytical scanning/ transmission electron microscopy imaging coupled with correlative multivariate 

statistical analysis and tomography, we have analyzed and quantified the 3D morphological and 

structural arrangement of the batteries, including textured platelet-like LiCoO2 nanocrystallites, buried 

electrode-electrolyte interfaces and hidden internal defects to clarify effects of scaling on the battery’s 

electrochemical performance. Characterization of the nanoscale interfacial processes using model 

heterostructure nanowire-based Li-ion batteries provide useful guidelines for engineering of prospective 

nano-sized building blocks in future electrochemical energy storage systems.  

 

Introduction 

Recent developments in nanostructured materials for electro-

chemical energy storage (EES) systems have demonstrated the 

potential to dramatically increase both energy capacity and power 

density1-4. These developments include use of novel electrode 

materials, such as layered Li transition metal oxides and polyanionic 

compounds for cathodes and Si, Si/CNT, transition metal oxide 

nanowires (NWs), Si-carbon composite nanoparticles, fibers, NWs 

and graphene for anodes as well as Li-S (air) batteries with 

mesoporous active carbons, etc.1-4. EES technologies cover diverse 

applications ranging from electrical vehicles with large distance 

range of action (>400 miles), high-altitude long-endurance 

unmanned aerial or ground vehicles to portable electronics, handheld 

tools, and implantable medical devices. These emerging applications 

require long-cycle life high-energy density light-weight rechargeable 

batteries with the capacity higher by an order of magnitude than 

those in existing Li-ion/polymer batteries (>1000 mAh/g) and 

specific energy density over 400 Wh/kg2,5. Rechargeable all-solid-

state Li-ion batteries (LiBs) with small footprint, on the other hand, 

are particularly attractive to power an emerging class of autonomous 

micro- and nano-electromechanical systems (MEMS/NEMS) and 

related optoelectronic or hybrid devices. Unlike conventional 

batteries, thin film solid state LiBs can be integrated directly in IC 

circuit packages alone and/or in the combination with other thermal, 

motion, vibration and electro-magnetic radiation energy harvesting 

devices potentially in any shape or size. Additionally, LiBs can be 

fabricated on flexible plastics by microelectronics integration 

technology6. The latter, however, often suffers from high impedance 

due to reduced Li conductivity of the solid state electrolyte, as 

compared to liquid electrolytes6, and therefore lower discharge 

efficiency when compared to conventional LiBs. Therefore the 

utilization of an active material and performance of the batteries at 

continuous high current discharge should be further improved via 

better cell design, smaller dimensions and more complex structures 

for electrode materials5. 

Novel high surface area battery architectures with functional 

interfaces that are interpenetrating in 3D are currently considered, 

e.g. trenches, inverse opals, vertical rods, self-similar arrays and a 

periodic ‘sponge’2,7-9. It is expected that advanced 3D designs will 

enhance the battery performance as compared to traditional 2D 

batteries by amplifying areal energy density while maintaining fast 

charge transfer kinetics and small footprint. Furthermore, deeper 

insights into mechanisms associated with charge transfer, nanoscale 

structural and phase transitions in the battery electrodes are needed 

to provide new breakthroughs in EES technologies. Among all 

instrumental methods used for these purposes, scanning and 

transmission electron microscopy (S/(T)EM) and associated 

techniques (diffraction, electron energy-loss (EEL) and energy-

dispersive X-ray (EDX) spectroscopies, tomography, holography, 

etc.) play an increasingly important role. Electron microscopy 

techniques are widely applied for the determination of structure - 

property relationships in EES materials by obtaining morphological, 

crystallographic and local chemical information down to the atomic 
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level10-20. S/TEM methods permit real-time examination of various 

types of batteries during galvanostatic (GS) testing of 

charge/discharge electrochemical reactions. These methods can 

additionally probe compression effects and the formation and spatial 

distribution of the solid-electrolyte-interphase (SEI) under varying 

processing conditions (temperature, pressure) in situ and ex situ4,21-

24. The research can be conducted using environmentally protected 

loading/transfer cell holders specifically designed for 

characterization and electrochemical processing of air-sensitive 

battery materials21,23,24. A MEMS-based platform utilizing sealed 

and open flip-chip assemblies for performing electrochemical 

measurements with volatile electrolytes inside a TEM has been 

proposed25. NW-based LiBs have been assembled inside TEMs for 

the purpose of cycling coupled with structural characterization in 

situ26-30 or for modification, e.g., electrochemical welding in cross-

contacted Si NW electrodes during cycling31. In reported 

configurations, however, only NW-based working electrodes (SnO2, 

Al or Si) were electron transparent. In these studies, the LiCoO2 or 

Li counter electrodes were bulk limiting the analyses to anode half-

reactions only. Also these one-of-a-kind nanobatteries could not be 

integrated into a microsystem, nor were their current-voltage-time (I-

V-t) characteristics reported. Alternatively, thin cross sections of thin 

film batteries have been imaged in the analytical S/TEM11,32. While 

extremely informative, they are prone to ion beam damage from dual 

beam focused ion beam (DB-FIB) sample preparation and do not 

capture the radial geometry characteristic of most 3D LiB designs. 

To be suited for electrical testing in a TEM in situ, the complete thin 

film nano-battery should have small dimensions (about 10 m x 30 

m x 100 nm) and therefore the working current should be in the 

range of a few pA. The latter is necessary to ensure that the actual 

current density will not exceed a few or tens of mA/cm2; otherwise 

the LiB will rapidly fail catastrophically32. 

Single NW-based electrochemical devices have the potential for 

probing the intrinsic origin for fading of electrode capacity, thus 

making possible to establish correlations between electrical 

transport, structure and electrochemical properties in Li-ion-based 

EES systems33. The effects of collective behavior characteristic of 

large arrays existing in real batteries could be eliminated in 

individual nanobatteries. This may simplify interpretation of results 

and reduce the probability that fabrication defects could lead to a 

catastrophic failure. The small dimensions enable imaging of the 

entire NW-LiB in a field-emission SEM (FESEM) and/or S/TEM 

during electrochemical cycling in a pA range18,19. Such approach 

involving mini-NW-LiBs can constitute a powerful engineering 

platform for diagnostics of nanoscale electrochemical processes that 

offers highly attractive opportunities for:  

(a) cross-instrumentation coordination, and comparison of 

employed imaging, diffraction and spectroscopy S/TEM and 

FESEM modes;  

(b) selection and optimization of prospective designs and 

individual components of LiBs, fabrication and assembling of 

nano-batteries with essential parts transparent to electrons (e.g., 

Au-catalyzed growth of uniform Si NWs and ordered NW 

arrays, deposition and processing of thin layers of cathode, 

anode, electrolyte materials);  

(c) DB-FIB-assisted battery integration using MEMS-based inter 

exchangeable chips compatible both with S/TEMs and FESEMs; 

(d) low-current electrical testing in situ complemented by 

modeling of battery’s performance under desirable operating 

conditions. 

Here, we report on a 3D S/TEM and tomography characterization of 

miniature diagnostic all-solid-state LiBs composed of a metal-

covered Si NW core utilized as a scaffold for the entire battery and 

radially deposited LiCoO2 (cathode), lithium phosphorus oxynitride 

(LiPON, electrolyte) and amorphous Si anode shells. LiCoO2 is a 

well-known cathode material commonly used in LiBs due to its high 

capacity, high operating voltage and long cycle-life2. LiPON is a 

solid electrolyte with the highest reported ion conductivity of 2.3 x 

10-6 S/cm at 25o C34, it is stable up to 5.5 V vs. the Li/Li+ reference 

electrode, and does not require a protection layer35,36. As anode 

material for LiBs, silicon received much attention due to its high 

capacity, corresponding to 4212 mAh/g in Li4.4Si, (4.4Li + Si = 

Li4.4Si)1. However, the large volume anisotropic expansion of over 

300% due to the formation of various LixSiy phases and the ionic 

character of the bulk Si result in enormous mechanical stress that 

lead to its rapid pulverization during the first few charge-discharge 

cycles and loses of electrical integrity. The radial Si NW (core) - 

LiCoO2/ LiPON/Si multishell heterostructure LiBs were assembled 

for electrical testing and examination in a FESEM and/or S/TEM. 

The electrical testing results of these smallest, complete secondary 

all-solid-state batteries realized to date were described in prior 

work37. We have found that the performance of such NW-LiBs 

strongly depends on the morphology, structure and phase 

compositions of the metallized core and cathode and electrolyte 

shells which have not been previously quantified. In this work, we 

discuss the role of Si NWs as primary structure scaffold followed by 

analysis of a NW-LiB’s radial core-multishell heterostructure 

arrangement in relation to its fabrication, and the down-size scaling 

effects on the battery’s electrochemical performance.   

 

Experimental 
 

Synthesis of components and battery fabrication 
 

Si NWs were grown in a hot-walled chemical vapor deposition 

(CVD) system at 900 °C and 600 Torr using SiCl4 vapor diluted by 

H2/N2 mixture. A vapor-liquid-solid (VLS) growth was catalyzed by 

100 nm Au nanoparticles dispersed on n-Si (111) substrates 

functionalized with poly-L-lysine. Gold catalyst nanoparticles were 

then removed using an aqueous KI-I2 etchant. After removal of the 

catalyst nanoparticles, the NWs were coated with a 10 nm Ti, 

followed by 30 nm Pt, 40 nm Ti, and 180 nm-thick layer of LiCoO2. 

All layers have been deposited using RF and DC sputtering in the 

same chamber without exposure to air. The coated NWs were 

annealed in oxygen at 700 oC for 2 hours. Following annealing, the 

samples were sputter-coated with LiPON of 110 nm to 180 nm in 

thickness, and finally with about 35 nm of phosphorus-doped a-Si 

anode layer.  

For electrical measurements, we contacted individual NW-LiBs 

dispersed on a Si wafer coated with 600 nm thick thermal oxide. Ion-

beam milling was used to expose the Ti/Pt/Ti cathode current 

collector near the narrow end of the NW-LiB, followed by electron 

beam induced deposition (EBID) to connect the anode and cathode 

to lithographically defined metal pads. A ‘ring’ of the amorphous Si 

anode was removed near the cathode contact with a DB-FIB to 

electrically isolate the anode and cathode. In a similar fashion, 

several NW-LiBs could be dispersed and contacted on silicon chips 

with 50 nm-thick SiNx membrane windows and Au contact pads for 

subsequent examination and/or electrochemical cycling in the 

S/TEM.   

 

Materials characterization  

 

As-fabricated NW-LiBs were analyzed using a cold field-emission 

gun Hitachi S4700 FESEM equipped with an Oxford high-speed 80 

mm2 Tmax silicon-drift (SDD) energy-dispersive X-ray detector. 

Medium and high-resolution S/TEM imaging, selected-area electron 

diffraction (SAED), and energy-dispersive X-ray (EDXS) analyses 
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were performed in a Schottky field-emission FEI Titan 80-300 

analytical S/TEM with an information limit below 0.1 nm equipped 

with S-TWIN objective lenses and operating at 300 kV accelerating 

voltage. For high spatial resolution nanoanalyses in the STEM mode, 

the instrument was supplied with a Fischione 3000 model HAADF 

detector, FEI bright-field (BF-) and annular dark-field (ADF-) 

STEM detectors, a 30 mm2 EDAX Si/Li EDX detector with a 0.13 

srad acceptance angle and a Gatan Enfina electron energy-loss 

spectrometer. To ensure optimal counting rates, the specimens were 

tilted 15 degrees towards the EDX detector. To reduce a beam-

induced damage of the LiBs (LiPON appeared to be particularly 

sensitive to electron-beam radiation), the lowest electron beam doses 

were used as well as beam blanking between acquisitions during 

imaging and analyses. Tilt-series for STEM tomography were 

acquired with ±70o tilt angle and step of 2o and then aligned. For 

reconstruction, a simultaneous iterative reconstruction technique 

(SIRT) was applied using the FEI Xplore3D/ Inspect3D software 

suite. Segmentation was performed manually to define the features 

to produce the tomographic surface rendering of the reconstruction 

using Amira Visualization Software. 

 

Results and Discussion 
 

Single crystalline silicon NWs as a scaffold and radial 

heterostructure battery design 

 

High-aspect-ratio semiconductor NWs are considered as primary 

building blocks for assembling of prospective nanoscale devices and 

interconnects in future nanoelectronics, nanophotonics and high-

performance anode materials for LiBs1,38,39. Si NWs are especially 

attractive because their size (diameter, length) and shape as well as 

electronic, mechanical, and optical properties can be controlled 

during synthesis in a predictable manner. Functionality of NW 

nanoscale devices can be further advanced by creating 

compositionally modified semiconductor and/or metal/ semi-

conductor heterostructures either along the wire as axial hetero-

structures, or radially as core-shell NW heterostructures.  

Since Si NWs are used here as a scaffold for fabrication of nano-

batteries, the ability to grow large arrays of vertically oriented 

uniform Si NWs is essential to achieve uniform conformal coating of 

NWs with different electrode layers which constitute a NW-LIB.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. VLS-grown uniform single-crystalline <111> Si NWs: (a) Bright-field 

(BF-) TEM, as grown Si NW with a 100 nm Au speck. (b) a {112} faceted 

cross-section of a Si NW. (c) SAED, a NW’s cross-section, {220} point 

reflections at the [111] zone axis. (d) HRTEM, a Si NW cross-section near its 
edge displays {220} lattice fringes.  

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. A single-crystalline <111> Si NW: (a) HAADF-STEM, an 

enlarged upper inset in (a)) shows zoom of an edge region with 0.32 nm Si 

(111) lattice fringes near the NW edge,  a native oxide layer and no visible 

defects. (b) 3D STEM-EELS spectral line profiling acquired along 

green line in (a). (c) Plasmon resonance line shapes for different 

modes used to assign peaks from (b) indicate surface and bulk Si 

plasmons at 8.6 eV (green line, c), 17.3 eV and 34.6 eV (red line, c), 

respectively; Si/SiOx interface plasmon and 7.5 eV and SiOx plasmon at 22.2 
eV (blue line, c), respectively. 

 

The use of commercially available monodispersed Au nanoparticles 

resulted in a narrow diameter distribution of NWs (Figs. 1 and S1,  

Supplementary Information). A secondary electron image in Fig. S1 

shows uniform slightly tapered Si NWs arrays grown on a (111) Si 

wafer. Predominant vertical growth was facilitated by applying a 

two-stage VLS growth procedure reported earlier40. 130 nm to 170 

nm diameter <111> Si NWs with 50 to 100 nm Au particles at the 

tip appear often bent along the axis (Fig. 1a). A typical Si NW cross-

section is hexagonal in shape with {112} facets (Fig. 1b). The SAED 

pattern in the [111] zone axis (Fig. 1c) exhibits {220} point 
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reflections indicating a defect-free single crystalline structure of the 

diamond cubic type (Fd-3m space group). HRTEM observations 

(Fig. 1d) display two-dimensional 0.20 nm to 0.21 nm {220} lattice 

fringes near the NW edge which appear somewhat expanded as 

compared to 0.19 nm value for bulk silicon. HAADF STEM image 

of a Si NW in Fig. 2a shows an inverted contrast as compared to the 

BF-TEM image in Fig. 1a. High-resolution HAADF-STEM (inset) 

displays a side view of a NW with 0.32 nm (111) silicon lattice 

spacing with no visible defects and 3 nm to 4 nm-thick native oxide 

shell. The native oxide shell was confirmed by EDXS and EELS 

analyses (see Fig. S2, Supplementary Information and Fig. 2c, 

respectively).  

A 3D plot of EEL spectra (Fig. 2b) was obtained from a line 

scan across an isolated, suspended single-crystalline Si NW of 120 

nm in diameter over a large range of thicknesses ranging from 0 to 

about 0.8 of an inelastic mean free path for the 300 kV incident 

beam. The spectra at the ends near 0 and 190 nm are aloof in 

vacuum, those at 25 nm and at 130 nm are just grazing the surface, 

and those in between are penetrating the NW’s bulk. The bulk EEL 

spectra consist of bulk plasmon peaks at integer multiples of 17.3 eV 

(the first plasmon) and of 34.6 eV that correspond to the second 

plasmon. Interestingly, the Im (–1/ε) bulk energy-loss function 

predicts no peaks below 17.3 eV in silicon41. However, as the beam 

reaches and passes the edge of the material, the bulk plasmon peaks 

disappear very rapidly and are replaced with surface plasmons 

between 8 eV to 10 eV energy losses (Fig. 2c). According to 

calculations by Reed et al.42, the surface plasmon losses include a 

mixture of azimuthal mode numbers m and a direct interband 

transition at about 5 eV, which cannot be clearly separated from the 

background for such large NW diameter. The peak 7.5 eV is 

assigned to a Si/SiOx interface plasmon, which in the aloof mode  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 3. (a) FESEM, a NW-LiB’s cross-section. (b) BF-TEM montage, a NW-

LiB contacted with Pt pads, a cut was made by DB-FIB to reduce a leakage 

through the supporting silicon nitride membrane. 1 - (111) Si NW, 2 - 

Ti/Pt/Ti metal collector layer, 3 – platelet-like LiCoO
2
 crystallites in a 

cathode layer, 4 - LiPON electrolyte layer, 5 - n-Si amorphous anode layer, 6 

- voids.  

also may be due in part to retardation effects43. The wide peak at 

about 22.2 eV corresponds to a bulk plasmon in SiOx itself44. In 

summary, S/TEM imaging combined with high-spatial resolution 

EDXS/EELS analyses indicate possibilities for atomic-scale 

monitoring of NW structures, i.e. shapes, crystallinity, native or 

thermally induced insulating surface oxide layers, compositions, and 

electronic properties, which are critical for producing defect-free 

uniform functionalized NWs with controlled mechanical and 

transport properties. 

In order to understand how LiBs behave at reduced dimensions, 

we have created complete nanobatteries using Si NWs as a primary 

scaffolding structure onto which the various battery components are 

deposited sequentially by sputtering. LiCoO2 (cathode), silicon 

(anode) and LiPON (solid electrolyte) have been selected based on 

(a) their well-known electrochemical performance in macroscopic 

all-solid-state Li-ion EES systems35,36 and (b) to realize the 

advantages of a radial NW core-multishell heterostructure geometry 

regarding mitigation of the mechanical stress caused by significant 

volume expansion in silicon anode. Secondary electron images 

collected at different stages of fabrication are shown in Figs. S3a-c, 

Supplementary Information, respectively. Each NW-LiB consists of 

a Ti/Pt/Ti metalized core current collector coated with LiCoO2 

(cathode) and annealed at 700 oC, followed by deposition of a 

LiPON solid electrolyte, and an n-doped amorphous Si anode (Figs. 

3a and b). Structural analyses performed after fabrication confirmed 

that following annealing LiCoO2 was crystallized in the hexagonal 

phase (R-3m space group)37. The proposed battery fabrication 

scheme enables simultaneous production more than 106 cm-2 nearly 

identical batteries (Fig. S3d, Supplementary Information). Figs. S3e 

and S3f, Supplementary Information present cumulative and 

differential histograms on NW-LiB’s maximum diameter (dmax) and 

length (l) distributions, respectively. For count number, N = 300, the 

histograms point to the high uniformity of the LiBs with parameters 

close to those for the normal distribution with the average aspect 

ratio of 5.5. A montage of BF-TEM images (Fig. 3b) shows the 

assembled integrated NW-LiB on a SiNx membrane. At 0.5 m to 

1.2 m in diameter and up to 7 m in length, these all-solid-state 

NW-LiBs are the smallest, complete secondary batteries realized to 

date.37 

 

Multimode analytical STEM imaging and electron tomography 

of individual NW-LiBs 

 

This is a real challenge to visualize an internal structure of an 

individual NW-LiB due its complex core-multishell radial 

heterostructure arrangement, multiphase composition and large 

thickness. Using a series of detectors operating in selected ranges of 

collection angles, it is, however, possible to acquire multiple STEM 

signals for the same (pixel) position, which are compatible with the 

enhanced micro- and nano-analysis capabilities. A montage of 

STEM images of a NW battery (Fig. 4) recorded simultaneously in 

BF-, ADF- and HAADF-STEM modes shows its internal 

microstructure and demonstrates the value of multimode STEM 

imaging with the combination of detectors covering a wide range of 

scattering angles. Various contrast mechanisms and strong contrast 

variations resulting in complete contrast reversal (e.g., compare BF- 

and ADF-STEM images in Fig. 4a) reveal clearly important 

nanoscale features, i.e., textured platelet-like LiCoO2 nano-

crystallites, 80 nm to 120 nm-thick pinhole-free LiPON layer, and 

buried electrode-electrolyte interfaces even in 0.5 to 1.5 m–thick 

areas. The STEM offers evident benefits over the broad-beam 

illumination TEM, which normally requires thin samples less than 

100 nm in thickness (e.g., see Fig.3c and Fig. 4b). The main 

advantage for nano-batteries is that the HAADF signal is generated  
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Fig. 4. (a) STEM images of a NW LiB acquired simultaneously in BF-, ADF- 
and HAADF modes, respectively. Multimode STEM reveals an internal 

microstructure in 0.5 nm to 1.5 m–thick NW-LiBs, including 160 to 200 

nm-long LiCoO2 crystallites tilted by 70 o to 77o against the metallized NW 
surface, 80 nm to 120 nm pinhole-free LiPON layer and buried LiCoO2-

LiPON and LiPON-Si electrode-electrolyte interfaces. 1 - (111) Si NW, 2 - 

Ti/Pt/Ti metal collector layer, 3 - LiCoO2 cathode layer, 4 - LiPON 
electrolyte layer, 5 - n-Si amorphous anode layer. (b) HRTEM, a NW-LiB’s 

cross-section, a rough metal collector - LiCoO2 interface demonstrating 73o 

tilt orientation of (003) planes with 0.48 nm spacing in a hexagonal layered 
LiCoO2 nanocrystallite with respect to the metal film. (c) HAADF-STEM, a 

NW-LiB fragment. (d) Drift-corrected EDXS SI data acquired over the 

fragment marked by orange box in c. 
 

by the incoherent Rutherford-like electrons scattered out to high 

angles, in which the registered images have different levels of 

contrast related to the atomic number (chemical composition), the 

density and thickness (mass-thickness) of the battery component45. 

In STEM, partial temporal coherence may arise only because of the 
relatively low spread in energies of the illuminating beam if field 

emission sources used46. Contrary to TEM, STEM imaging is not 
limited by the spherical aberrations of the objective lens, which may 

cause contrast delocalization47. In addition, STEM enables higher 
contrast and less blurring in thick specimens at least up to 1.5 m in 

particular case. With sufficiently small convergence angles of the 

incident beam (1 to 2 mrad), one can increase depth of field so that 

the entire thick sample will be in focus along its depth, i.e., z-

direction. Utilizing an axial BF-detector instead of a HAADF-

detector reduces blurring of specimen features situated toward the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

bottom of thick samples. Even if diffraction effects are not 

completely avoidable, Z-contrast in the incoherent HAADF-STEM 

mode relates the image intensity monotonically to the atomic 

number, material density and thickness making a much better 

approximation to a mass thickness image than a coherent BF 

image45. The ability of HAADF-STEM to suppress diffraction and 

phase contrast, however, makes it insensitive to differentiating 

between crystalline and amorphous phases. Conversely, phase 

contrast BF-STEM provides both crystallographic and orientation 

relationship information. Ideally, by recording multiple STEM 

signals and analyzing correlations between the image intensity and 

elemental compositions, one can identify and ultimately quantify 

LiB’s phase composition. Drift-corrected EDS X-ray maps (Fig. 4d) 

acquired on the NW-LiB fragment marked by orange box in 

HAADF-STEM image (Fig. 4c) confirm elemental compositions of 

the major components, including metallized core (Si-K, Ti-K and Pt-

L X-ray maps), LiCoO2 cathode (Co-K and O-K X-ray maps), 

LiPON solid electrolyte (O-K and P-K X-ray maps) and thin outer-

shell n-Si layer (Si-K X-ray map) as well. Note that the intensity of 

the P-K line at 2.02 kV in the core region is artificially enhanced by 

overlapping with the Pt-M series (the Pt M1 at 2.05 keV) and 

therefore the resulting phosphorus map does not reflect its actual 

elemental composition.  

Correlative multivariate statistical analysis (MSA) used to 

analyze large datasets of multimode STEM images provides 

effective means for systematic multiparameter data evaluation and 

an unbiased classification of the phases48-50. In MSA, one can define  
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Fig. 5. Correlative MSA of BF-, ADF- and HAADF-STEM images of the 

NW-LiB shown in Fig. 4a. (a) Trivariate histogram of STEM intensities 

distribution with a resolution r = 128 pixels reveals distinct clusters of the 
major phases with the subtracted background (red). (b) Composite image 

showing extracted phases in line with EDXS SI data in Fig. 4d: metallized Si 

NW (blue), LiCoO2 cathode (green), LiPON electrolyte (yellow) and Si 
anode (light blue). Red lines mark parts 1, 2 and 3 (see Table 1 for details. 

 

an image by its components along the axis chosen in a hyper- 

dimensional space with as many dimensions as there are pixels in the 

image. It seeks correlations between the number of components and 

the “fingerprint” image or concentration of each component. Such 

components should be incorporated in a set of imaging and/or 

spectral data recorded from the samples in which the compositions 

of the constituent phases may vary with spatial positions13,51. In the 

present study, we have adopted multivariate scatter diagram 

construction using earlier described analysis routines50 in order to 

quantify spatial correlations between the intensities of three different 

input STEM signals and NW-LiB’s phase compositions. When 

considering the correlations between two or more images, the points 

could be distributed over an ideal curve corresponding to the 

ultimate correlation; the distribution width reflects the contribution 

of the statistical noise. A trivariate scatter histogram of STEM  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
 

 

 
Fig. 6. High-tilt STEM tomography of a pristine NW-LiB: (a) HAADF-

STEM, a single frame extracted from a tilt-series. (b) The reconstructed and 

segmented 3D side view of a NW-LiB’s tip showing lateral distribution of 
LiCoO2 crystallites around the metallized silicon NW core. 3D reconstruction 

of the metallized core reveals a void (4, barely visible in image (a), also 

shown in enlarged right bottom inset) near the NW’s tip likely formed in the 
process of thermal annealing at 700 oC in oxygen due to the reaction with a 

Pt-Ti metal collector. (c)  top view of a 3D overlay of the reconstructed and 

segmented LiCoO2 shell and the NW core visualizing the complex 
morphology of a LiCoO2 – LiPON interface (shown in green), where major 

electrochemical processes occur during cycling. 1 - Si NW with a metal 

collector layer, 2 - LiCoO2 cathode layer, 3 - LiPON layer covered with an 
amorphous n-Si anode layer. The volume of the bounding box of the 

reconstruction is (1451 nm by 1500 nm by 1730 nm.  
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Table 1. Volumes of LiCoO2 and maximum theoretical discharge 

capacity of an individual NW-LiB (I) and its parts 

 

Part External 

diameter, 

nm 

Estimated 

volume, v 

x106, nm3 

Maximum 

theoretical 

discharge capacity, 

pAh 

1 (top head) 610 23.81 0.016 

2 (middle) 480 84.17 0.058 

3 (bottom end) 423 39.05 0.027 

Total - 147.03 0.10 

 

intensities distribution in Fig. 5a revealed distinct clusters of the 

major phases with the subtracted background in red. The histogram 

is generated by comparison of the intensities contained within the 

source images and a sampling width w determined by the histogram 

resolution r as 

wsignal = [maxsurvey(I)-minsurvey(I)]/r,                                (1) 

where I is the intensities of BF, ADF or HAADF signals, 

respectively. The intensities are plotted as a fraction of the total sum 

of intensities for each pixel from the three source images after 

applying the intensity range limits to the source images and rescaling 

with the minimum intensity set at zero and the maximum at the 

specified histogram resolution. Such rescaling allows the 

contribution of each source image to be independent of its relative 

intensity. The composite image in Fig. 5b shows the phases 

extracted in agreement with EDXS SI data in Fig. 4d. Here, the 

metallized Si NW is in blue, LiCoO2 cathode is in green, LiPON 

electrolyte is in yellow and Si anode is in light blue. For the NW-

LiB’s components, MSA indicates the complete structural and 

compositional correlation that enables phase classification and 

quantification. 

In EES systems the discharge capacity is one of the major 

parameter of their performance. The maximum expected discharge 

capacity of the battery can be determined by measuring available 

LiCoO2 volume. In line with XRD and EBSD analyses37, LiCoO
2
 

annealed at 700 oC in oxygen, corresponds to the electrochemically 

active -NaFeO2 type rhombohedral phase (space group R-3m; 

PDF#75-0532) with lattice parameters a = 0.282 nm and c = 1.405 

nm in the hexagonal setting and density  = 5.056 g cm-3. Table 1 

summarizes results of measurements of volume of three major parts 

of the NW-LiB as indicated by red lines in Fig. 4b. The maximum 

expected discharge capacity has been derived from estimated values 

of volume of LiCoO2 phase according to the following equation: 

Q = 0.5 FzV/M,                                                    (2) 

Here, Faraday constant F = 96485.3 C mol-1, number of electrons 

participating in the charge transfer z = 1, molar weight M = 97.87 g, 

and V is the estimated volume. It was assumed that only about half 

of available Li+ ions could be involved in an intercalation process 

during cycling without collapsing its crystalline structure. For 

comparison, the experimental capacity of similar NW-LiB measured 

with an electrical nanoprobe manipulated inside a FESEM was 0.03 

pAh, or 30% of the expected theoretical capacity. The lower 

measured value can be attributed to the excessive polarization losses 

due to the rapid discharge and possibly to the presence of passivated 

LiCoO2 phases which did not contribute to the battery capacity. 

In the hexagonal LiCoO
2
 structure refined by powder neutron 

diffraction profile analysis, fully ordered Li and Co ions occupy 

octahedral sites in alternating {111} layers within a face-centered 

cubic oxygen sublattice. The platelet-like LiCoO2 crystallites of 160 

nm to 200 nm in length and 30 nm to 60 nm in width appear to be  

Table 2. Volumes of LiCoO2, LiCO2/LiPON phase ratios and 

maximum theoretical discharge capacity of a NW-LiB (II) and its 

parts evaluated using electron tomography 

 

tilted by 70o to 77o against the metallized silicon NW surface, thus 

indicating a texture in the cobaltite layer growing around the 

metalized NW (Figs. 4a-c). A strong dependency of the LiCoO2 

crystal orientation in thin films on the chemical structure of the 

substrate surface and preferred (003) and (101) orientations for the 

annealed LiCoO2 films sputtered on bare and oxidized silicon wafers 

have been reported35,52. Due to a layered arrangement of the -

NaFeO2 type rhombohedral structure with Li-O-Co-… layers 

stacked in the ABC sequence, strong orientation effects significantly 

influence its electrochemical performance35. Because only 2D 

diffusion paths are available in the layered structure, Li+ transport 

through the active electrode can be seriously hindered if a LiCoO2 

film is deposited in a strongly preferred (003) orientation. 

Differences in orientation could result in a variation in Li+ 

conductivity of a few orders of magnitude53. LiCoO2 nanocrystallites 

tend to grow in radial directions around the metallized NW core as 

flower-like flakes occasionally leaving 20 nm to 50 nm voids at the 

bottom near the interface with the current collector (see Figs. 2d, e 

and 4a-c). Similar voids were found along a NW-LiB (Fig. 6a). The 

voids are likely formed under crystallization of LiCoO2 during 

annealing at 700o C in oxygen. Noteworthy, LiCoO2 nanocrystallites 

were uniformly coated with amorphous-like LiPON electrolyte. 

According to Kim et al.54, this enables higher capacity retention of 

up to 90% of the original capacity due to reduction in side reactions 

that could increase the cell resistance during the cycling.  

In addition to traditional 2D S/TEM techniques, single-axis tilt 

STEM tomography was employed for obtaining detailed quantitative 

information about the 3D NW-LiB’s structural arrangement and its 

expected discharge capacity. The reconstructed and segmented 3D 

visualization data (Fig. 6) demonstrate the spatial distribution of 

LiCoO2 crystallites around the metallized NW core embedded within 

LiPON. The dimensions of the bounding box are 1500 nm (x) by 

1730 nm (y) by 1451 nm (z). Interestingly, the 3D visualization 

shows the preservation of faceted metallized core (Fig. 6c) and 

reveals a void near the tip that is defect likely formed during thermal 

annealing process (a Kirkendall effect, Fig. 6a). This void can also 

be observed in within specific frames of the high tilt series STEM 

tomography (Fig. 6a). Due to the geometry of the void, the void is 

either obscured or less pronounced in specific orientations. The 

orthogonal alignment then enables a simple numerical integration of 

segmented reconstructed sections of the desired phase, e.g., along its 

long axis. Table 2 summarizes measurements of LiCoO2 volume, 

LiCoO2/LiPON phase ratios and maximum expected discharge 

capacity of another NW-LiB. The NW-LiB (II) was intentionally 

modified to increase its capacity as compared to the NW-LiB (I). 

The data presented in Table 2 indicate that electron tomography 

enables visualizing and quantification of the complex morphology of 

Part External 

diameter, 

nm 

Estimated 

volume of 

LiCoO2,  

v x106, nm3 

Maximum 

theoretical 

discharge 

capacity, 

pAh 

Estimated 

volume 

of 

LiPON,  

v x106, 

nm3 

LiCoO2/ 

LiPON 

volume 

ratio 

1 (top head) 1103 115.73 0.08 344.65 0.336 

2 (middle) 1051 131.98 0.09 284.42 0.464 

Total - 247.71 0.17 629.07 0.394 
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electrode and electrolyte phases in individual NW-LiBs and the 

maximum expected discharge NW-LiB’s capacity is estimated as 

0.1-0.17 pAh depending on the available LiCoO2 volume.  

 

Structural model of a radial core-multishell heterostructure 

NW-LiB and down-size scaling effects on its performance 

 

In a model proposed to describe the radial heterostructure NW-LiB 

(Fig. 7), platelet-like LiCoO2 nanocrystallites with preferential (101) 

growth planes are aligned with the Si NW sidewalls, while (003) 

planes are tilted away from the normal to the NW axis by 10o to 20o  

 

 

 

 

 

 

 
 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

Fig. 7. Schematic of a NW-LIB showing its 3D morphological and structural 

arrangement: (a) Y-section, an enlarged view of a LiCoO2- metal collector 
interface (inset). (b) X-section. Red lines parallel to (003) planes indicate 

directions of preferential growth of LiCoO2 platelet-like nanocrystallites. 1 - 

(111) Si NW, 2 - metal collector layer, 3 - LiCoO2 cathode layer, 4 - LiPON 
electrolyte layer, 5 - n-Si amorphous anode layer, 6 - voids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Fig. 4b). EBSD analysis of the crystallites confirmed that they have 

rhombohedral R-3m structure and the misorientation angle between 

LiCoO2 [003] and Si [111] directions was about 8° 37. HRTEM 

observations (Fig. 4b), in line with Bohne et al.52, suggest that there 

is a tendency that oxidic substrates likely tend to favor a (101) 

LiCoO2 texture. This is because the preferred film orientation with 

angle to the substrate55. Since Li ion-containing layers are tilted by 

70o to 77o towards the metallized NW core, such configurations the 

(h0l) plane should possess LiCoO2 grains positioned at some favor 

the Li+ ionic transport from the cathode directly to the current 

collector. Otherwise, for the preferred (003) texture, when most of 

the grains are oriented with their (003) plane parallel to the substrate 

and cobalt oxide layers block the direct Li+ transport to the current 

collector35,56. The latter is consistent with the morphology of 

hydrothermally grown precisely size-controlled LiCoO2 nano-

platelets in the stacking direction of the CoO2 layers relatively to the 

basal plane as confirmed by XRD and TEM57. For NW-LiBs, the 

observed texture of submicron LiCoO2 layers is likely governed by 

the metal substrate/layers interactions. As the metallized Si NW core 

may be partially oxidized during the deposition and annealing in 

oxygen, the sputter deposition conditions may essentially influence 

the surface texture of a LiCoO2 layer. 

In situ electrical testing of the NW-LiBs was conducted in a wide 

range of currents from 0 V to 4.2 V in a FESEM and TEM (see Figs. 

S4 and S5, Supplementary Information and ref.37). Since the FESEM 

microstructural characterization is limited primarily to the NW-

LiB’s surface topography, it was complemented by ex situ S/TEM 

examinations. For testing in the S/TEM, MEMS E-chips with a 50 

nm SiNx membrane window and patterned Au electrodes have been 

used to mount electrically contacted NW-LiBs. Initial in situ TEM 

observations of NW-LiBs biased to 4.2 V (Fig. 4 in ref.37) indicated 

formation of voids at the LiCoO2/LiPON interface, which expanded 

substantially following eight charge-discharge cycles. The cathode 

and anode half-reactions during cycling of the solid state 

LiCoO2/LiPON/Si cell can be expressed as follows58:  

Cathode: LiCoiiiO2 = Li1-xCoivO2 +xLi+ + xe- (x ≤ 0.5)          (3) 

Anode: Si + x′Li+ + x′e- = Lix′Si (0 < x′ ≤ 4.4)                       (4) 

It is established that LixCoO2 can be reversibly cycled between 0.5 < 

x < 1, bringing the gravimetric charge capacity of a LiCoO2 

electrode at a theoretical maximum of 137 mAhg−1 9,55. This is 

equivalent to a volumetric storage capacity of approximately 700 

mAh cm−3 for a 0.097 nm3 Li3Co3O6 unit cell59. According to 

Reimers and Dahn59, for a favorable orientation of LiCoO2 cathode 

layer with respect to the electrolyte, a flat lithium intercalation/  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 

Fig. 8. Ex situ STEM, a cycled NW-LiB after 8th discharge. (a) BF-STEM. (b) ADF-STEM. (c) HAADF-STEM. 50 to 100 nm voids (1) at and near the LiPON-

Li1-xCoO2 interface, 10 to 40 nm spherical particles (2) located in the LiPON layer and partially delaminated 10 to 50 nm thick n-Si anode layer (3) are evident. 
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Fig. 9. HRTEM, a thin NW-LiB thin section. an area around a void reveals 5 

nm to 10 nm Li1-xCoO2 crystallites with 0.25 nm (101) lattice fringes and 3 
nm to 5 nm diameter amorphous particles. SAED pattern (right inset) 

displaying broadened (101), (104), (110) and (113) ring reflections. 

 

extraction plateau exist around 3.9 V vs. a Li/Li+ reference electrode. 

The plateau corresponds to a Li content of 0.75 < x < 0.93 in 

LixCoO2 and results from the coexistence of two different disordered 

hexagonal phases59,60. In addition, a monoclinic structure of LixCoO2 

may appear at higher potentials between 4.1 and 4.2 V. Detailed ex 

situ multimode STEM examination of the cycled NW-LiB (Fig. 8) 

revealed 50 nm to 100 nm voids (shown by black and white arrows) 

generated at and near the LiPON- Li1-xCoO2 interface under cycling. 

Another pristine NW-LIB was also imaged for comparison and it did 

not show presence of voids. We did not observe further formation of 

the voids in both cycled and pristine NW-LiBs after several hours of 

continuous examination using lowest beam intensities to minimize 

radiation damage. 10 nm to 40 nm spherical particles formed in the 

LiPON layer during its decomposition and partially delaminated 

areas of a 10 nm to 50 nm thick n-Si anode layer were also found. A 

drift- corrected X-ray line profile across the cycled NW-LiB (Fig. 

S6, Supplementary Information) showed reduced intensities of the 

phosphorus P-K and oxygen O-K X-ray lines at LiPON- Li1-xCoO2 

interfaces on the sides of the NW- LiB. Both STEM imaging and 

EDXS analyses have pointed to breakdown and decomposition of 

about a 110 nm-thick LiPON layer during initial stages of 

electrochemical cycling.  

Smaller electrode feature dimensions and inter-electrode 

separation are advantageous for improving power performance by 

minimizing electron and ion diffusion times and limiting Ohmic 

losses. Increasing the interface area is beneficial for lowering the 

local current density and the associated charge transfer 

overpotentials. The increased interface area requires more 

electrolyte, which may also function as the electrode separator. 

Reducing the electrolyte thickness below 1 m is essential for 

achieving higher power and energy density 3D LiBs54. The 

deposition of a uniform, pinhole-free electrolyte layer over a 

potentially complex and high aspect ratio structure may be quite 
challenging. At thickness much less 1 m, the ability of the 

electrolyte to prevent electronic current flow between the anode and 

cathode and its chemical stability, however, may be drastically 

compromised due to onset of space charge limited conduction 

(SCLC)61. The origin of the electronic current was clarified via 

detailed examination of the NW-LIB’s I-V characteristics by slow 

scan linear voltammetry (see Figs. S4 and S5, Supplementary 

Information). In the SCLC regime, there is a steep dependence of the 

leakage current on thickness as j  d-3. For thicker electrolyte layers, 

larger threshold voltage V1
* was found although the increased values 

were less than predicted by a d2 dependence likely due to the 

combination of the non-uniformity in the LiPON layer thickness and 

the roughness in the LiCoO2 SCLC is a bulk limited transport 

mechanism, implying facile injection of charge at the LiB’s contacts 

(LiCoO2 and Si in the present case). Finally, it was found excellent 

agreement between experimental and calculated I−V characteristics 

for the NW-LIB with thickness of the LiPON electrolyte layer of 

110 nm. 

thick LiPON layer sandwiched between Pt electrodes (a Li-ion 

blocking metal) at a potential of about 5.5 V, concomitant with 

formation of bubbles at the positive electrode34. A pronounced 

change in the impedance characteristics suggests the formation of an 

interfacial layer with large capacitance. The bubble formation and 

apparent breakdown of LiPON were assigned to the chemical 

reaction involving the cleavage of P-O bonds, formation of P-O-P 

chains, and generation of oxygen34: 

2Li3PO4 = Li4P2O7 +1/2O2 + 2e-                                            (5)  

Ex situ TEM examinations of the NW-LiB’s thin section (Fig. 9) 

have provided further details on nanoscale transformations occurring 

during the breakdown of LiPON. The SAED pattern (Fig. 9, right 

inset) displays diffuse (101), (104), (110) and (113) ring reflections 

but practically no most intensive (003) reflections. This is because 

Li1-xCoO2 crystallites were disrupted due to cation disordering under 

cycling followed with the formation of disordered hexagonal 

phases60. Around a void, we have observed Li1-xCoO2 crystallites 

with 0.23 nm to 0.25 nm (101) lattice fringes and 3 nm to 5 nm 

diameter amorphous-like particles formed during the electrolyte 

breakdown. 

 

Conclusions 
 

Semiconductor NWs are highly attractive as building blocks in novel 

3D multifunctional EES architectures that maximize areal energy 

density. Single-crystalline NWs can be grown directly on the 

metallic current collector providing improvements in rate 

capabilities in metal oxide cathodes due to efficient 1D electron 

transport, reduced defects, and facile strain relaxation. In this work, 

we have characterized radial core-multishell heterostructure NW-

LiBs designed for low-current electrical testing in FESEM and/or 

S/TEM. Such diagnostic batteries allow correlating electrical 

transport properties tailored for specific electrochemical 

performance with the structure on the same NW. At 0.5 m to 1.2 

m in diameter and up to 7 m in length, these all-solid-state NW-

LiBs are the smallest, complete secondary batteries realized to date. 

The individual pristine and cycled NW-LiBs have been analyzed 

using the combination of imaging, diffraction and spectroscopic 

S/TEM modes down to the atomic level. Multimode analytical 

STEM imaging coupled with correlative MSA and high-tilt angle 

STEM tomography have been used to clarify the 3D morphology, 

chemical distributions (phases), and structural arrangement of the 

NW-LiBs. This can further expand capabilities for meso- and 

nanoscale phase and interface analyses of inhomogeneous 

nanostructural composites, which could be difficult or impossible to 

analyze using conventional TEM, electron diffraction or EELS 
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because of the large thickness, complex morphologies and 

overlapping phases. Due to reduced image blurring and significant 

contrast variations which were obtained even in 1.0 m to 1.5 m 

thick LiBs, we have visualized and quantitatively analyzed the phase 

compositions and internal microstructures of deposited electrode 

layers, including platelet-like LiCoO2 crystallites and buried 

electrode-electrolyte interfaces. The texture of thermally grown 

hexagonal LiCoO2 nanocrystals of 160 nm to 200 nm in length and 

by 30 nm to 60 nm in width with preferential orientations of Li-

containing layers towards the core is favorable for direct Li ion 

transport from and into the cathode interior and to the current 

collector with respect to the direction of current flow in a NW-LiB. 

Using high-tilt angle STEM tomography, we have revealed hidden 

defects such as a void near the NW tip likely formed during 

annealing due to the reaction with the Pt-Ti metal collector (a 

Kirkendall effect) and visualized the complex morphology of a 

LiCoO2 – LiPON interface, where major electrochemical processes 

occur during cycling. Illustrating the importance of the metal 

substrate/electrode and electrolyte layers interactions, these findings 

provide useful guidelines for engineering of large interfacial area 

electrode/ electrolyte interfaces. Controlling textures of nano-

crystalline LiCoO2 layers, one can potentially promote efficient Li-

ion transport within sufficiently short diffusion length and create 

large interface area 3D electrode-electrolyte architectures with low-

resistance. We intend to apply this platform for in situ diagnostics of 

nano-sized building blocks of composite electrodes and other key 

components in future 3D EES designs that could be suitable both for 

a large scale-up synthesis and fabrication using existing 

semiconductor technologies.  
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