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high-performance wearable CTFM array for practical applications.
As a potential application of wearable electronics, this study focuses
on monitoring heart rates. By interfacing with wearable Si amplifiers
and on-board electrodes, the heart rates after exercise stress tests, as
extracted frommonitored electrocardiogram (ECG) signals, are pro-
cessed and stored in CTFMs. The stored data can be retrieved later
for the diagnosis of cardiac dysfunctions.
RESULTS

Nanoscale charge confinement in an AuNP FG and its
experimental validation
First, an AuNP-based FG cell (insulator-FG-insulator-semiconductor
vertical structure) is fabricated(seeMaterials andMethods) toverifynanoscale
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charge confinement. A conductive atomic force microscopy (AFM) tip
with a 7-V applied potential contacts the top insulation layer of the FG
cell [blocking oxide (Box)] and injects charges following predetermined
patterns (see Fig. 1A). The potential difference between the AFM tip
and the bottom Si substrate facilitates the trapping of electrons in the
AuNP FG (see Fig. 1A, inset). Finally, a series of AFM writings finishes
the patterned charge injection.

The nanoscale charge confinement in an FG is characterized by the
modified AFMmeasurement. The local electric force produced by con-
fined charges is measured by topographical AFM coupled with electric
force microscopy (EFM) data to observe the confined charge pattern
(see Fig. 1B, top). The coupled image (EFM and AFM) clearly shows
nanoscale charge confinement (minimum linewidth, 70 nm; see Mate-
rials andMethods) without lateral charge transport (see Fig. 1B, bottom
left), in contrast to a blurred EFM image (see Fig. 1B, bottom middle).
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Fig. 1. Characterization of nanoscale charge confinement in AuNP FGs and their large-scale assembly for the wearable CTFM array. (A) Schematic

showing the process of charge injection to an AuNP FG using a conductive AFM tip. The inset shows themagnified cross-sectional structure of an FG cell (red
dashed box) and the charge injection mechanism. (B) Representative topographic AFM image coupled with EFM data (top) showing the nanoscale charge
confinement capability of AuNPs. Magnified image of the character “N,” showing particle-level charge confinement within sub–100-nm width (left bottom,
red dashed box) and the corresponding EFM image (middle bottom). Comparison of charge retention characteristics between AuNPs and an Au film (right
bottom). (C) Photograph of a 22 × 22wearablemultiplexed CTFMarray (top). Themagnified image shows fourmemory pixels interconnectedwithword lines
and bit lines (bottom). (D) Schematic showing the LB assembly process (top) and amagnified view (bottom) of the channel area of a single CTFM (red dashed
box) with AuNP FG assembled using the LBmethod. (E) Representative integrated system composed of a CTFM array, voltage amplifiers, and ECG electrodes
(top); its applied form on human skin (bottom left); and its magnified view in stretched mode (bottom right, black dashed box).
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The decoupled topographic image of the AuNP FG (see fig. S1A) shows
the actual roughness.

We also compare the retention property (see Fig. 1B, bottom
right) of the AuNP FG with that of the conventional metal (Au) film
FG. The Au film FG only retains ~60% of initially injected charges,
whereas the AuNP FG retains more than 90% of the charges, 24 hours
after the charge injection. The different retention time originated
from the difference in charge-trapping capability between AuNPs
and the Au film. The trapped charges can be retained at the surface
of AuNPs more efficiently because of the capping ligands that elec-
trically isolate each AuNP (42), whereas the trapped charges in the
Au filmmay leak out. The evaluation procedure of contained charges
in the FG cell is described briefly in fig. S1B. The efficient particle-
level charge confinement of the AuNP FG leads to CTFMs with a long
retention time and a large charge storage capacity, which is particu-
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larly important for next-generation nanoscale nonvolatile memory
devices (6).

Integration of CTFM and Si electronics as a wearable system
Figure 1C shows a 22 × 22 CTFM array (top) and its magnified view
showing four CTFMs (bottom) (see Materials and Methods). All
CTFMs in the array are based on Si transistors and are fullymultiplexed,
individually accessed, and readily programmed, erased, and read by
the off-chip control. The LB method can be used for the large-area
fabrication of a closely packed AuNP FG (see Figs. 1D, top, and 2, A
and B); this guarantees a highly uniform CTFM performance. The
AuNP FG is located between the tunneling oxide (Tox) and Box (see
Fig. 1D, bottom).

Figure 1E shows a wearable CTFM array (top right) with stretchable
electrodes (top left) and voltage amplifiers (top middle). The amplifier
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Fig. 2. Large-area and high-density assembly of AuNPs. (A) TEM images of AuNPs assembled using the LBmethod. The insets showmagnified TEM
images. (B) Images before (left) and after (right) LB assembly of AuNPs on T . The insets show the corresponding schematics for the cross-sectional
ox

structure of the FG cell. (C) AFM images and quantitative spatial analysis of AuNPs assembled using the LB method at nine locations [right, red dashed
boxes in (B)]. (D) TEM images of the CTFM (left). The inset shows a TEM image of the three-layer stacked CTFM.Magnified TEM image showing a detailed
cross-sectional structure of the CTFM and uniform AuNP FG embedded in dielectrics (right, red box). (E) High-resolution TEM image showing a detailed
structure of the dielectric-AuNP interface [blue box in (D)]. (F) Scanning TEM (STEM) image showing a cross-sectional structure of the CTFM (top left),
quantitative EDS analysis results obtained at the spots marked in the STEM image with colored asterisks (top right), and EDS analysis results obtained
along the yellow arrow shown in the STEM image (bottom).
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