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Discussion

Calculations of sizes of as-synthesized and TBAB-, HAuCly-, N;H4-treated Ag NCs, and

Au shell thickness on HAuCly- and N,Hy-treated Ag NC

We calculated the size of the Ag NCs after TBAB-, HAuCl,, and N,Hy-treatment using the following Scherrer

equation (equation S1):

o _fxa Eq. (S1)

- Bxcos 6

where 1 is the mean size of the NCs, K is a dimensionless shape factor (about 1.2), A is the X-ray wavelength of

the copper Ka (0.154 nm), B is the full width at half maximum, and 6 is the Bragg angle.

By extracting 3 and 0 from the Ag (111) plane in the XRD plot of Figure 2d, the average sizes of the NCs were
calculated using equation (1), yielding 3.4 nm, 23.0 nm, 23.2 nm, and 23.1 nm for as-synthesized, TBAB-,
HAuCl,-, and N,Hy-treated Ag NCs, respectively. SEM and TEM image shows that the size of the ligand
exchanged Ag NCs are around 50-200 nm. The difference could be understood by the nature of polycrystalline
particles. As seen in SEM or TEM, each polycrystalline particle has single crystalline grains. The average size of

Ag NCs were ~100nm and the size of individual grains in NCs is ~23 nm.

To estimate the Au shell thickness, Ag-Au core-shell structure with a radius of core Ag, r, and the thickness of
Au shell, x, is assumed for HAuCl,- and N,H,-treated Ag NC. From TEM image (TBAB-treated Ag NCs), the
size of core Ag NC (2r) is assumed as 100 nm, and thus r is 50 nm. From EDX data, volume ratios of Ag and Au
in HAuCl4- and N2H4-treated Ag NC are 86 : 14 and 88 : 12, respectively. Therefore, the thickness of Au shell,

X, can be estimated by following equations:
r3: ((r+x)® —r3) = Ag : Au (volume ratio)

The thickness of Au shell, x is calculated to 3.0 nm and 2.2 nm for HAuCl;- and N,H,-treated Ag NC,

respectively.
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Oxidation resistance and stability analysis

In the case of the ligand exchanged and Au coated Ag NC thin film, the electrical resistance slightly increased
with increasing time. N2H4-treated films exhibited only slight changes in their electrical resistance over a
period of 30 days. We analyzed the oxidation resistance of the films under extreme conditions. The samples
were treated with UV-ozone for 30 min, after which their resistances were measured. The resistances of ligand-

exchanged, Au and reduced Ag NC thin films increased by 208%, 12%, and 12.5%, respectively.
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High Frequency Electrical Characteristics Simulations

To understand the high-frequency electrical characteristics of Ag NC conductors, electromagnetic simulations
were implemented using ANSYS High Frequency Structure Simulator (HFSS) v18.2, which is a commercial
software based on the finite element method (FEM). The transmission line and circuit models were built in the
HFSS according to the actual structures that we fabricated, as shown in Supplementary Figure 3. The
transmission lines and pads are designed based on ground-signal-ground (GSG) coplanar waveguide (CPW)
with 2-port lumped network. The width and gap of signal lines were set to 250 and 100 pm to achieve 50 Q
characteristic impedance at a polyethylene terephthalate (PET) substrate with thickness of 100 um. The
dielectric constant and loss tangent of PET were set to 3 and 0.002 as the PET manufacturer provided. The width
of upper ground planes was optimized until it does not change the total scattering parameter values. We set the
bulk conductivity of thin metal layers as a variable and varied it from 1 x 10° to 1 x 10’ S/m to calculate the
effective conductivity of the fabricated Ag NC films, as illustrated in Figure S3a. The results show that the
electrical conductivity of the Br-treated Ag NC films is in line with that of the transmission line with a bulk
conductivity of 2 x 10° S/m. The Ag NC films with ImM Au concentration correspond to the transmission lines
of bulk conductivities between 1 x 10° and 2 x 10° S/m, while the electrical conductivity of Ag NC films with
5mM Au concentration well agrees with that of transmission lines with bulk conductivity of 2 x 10° S/m.
Subsequently, the passive circuits are built in HFSS based on the transmission line analysis and the electrical
circuit parasitic values were extracted up to 20 GHz. Overall, the results agree well with the results of HFSS

simulations with less than 10% error on average.
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(c) Au

synthesized, (b) TBAB-treated,

Figure S1. TEM images of (a) as

scale bar is 2 nm for a) and 50 nm for b), ¢) and d)
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Figure S2. (a) I-V curves of the Ag NC thin films with different treatments. (b) EDX spectra of 1 mM and 5 mM

AuCly-treated Ag NC thin films (* indicates Au). (c) Variation in the resistance of Ag NC thin films with

different treatments as a function of time.
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Figure S3 (a) High frequency structure simulation (HFSS) schematic and (b) result for conductor-backed

coplanar waveguide transmission lines.



Table S1: Comparison of Ag NP technology in the literature

Bulk Ag | This work Conventional Ag NP Ag NP with State-of-the-art Sintering Process
IEEE J. Mat.
. IEEE APS IEEE IMS | ACS Nano | Adv. Mat. Adv. Mat. | ACS Nano
Paper N/A This work |5 1 Tzcofl’l;’l; 2016° 2010 20125 | Chem 20101 5067 20138
Sintering Ligand High-T High-T Room T Mlcrowa\{e UV-cure Mlcr.ovx'/ave Focused
rocess N/A exchange Laser (180/150°C) | (200°C) Polymer | & Photonic radiation laser
P (TBAB) (PDAC) sintering® @2.45GHz | scanning
P 6
Conductivit) ¢, 2 x10° 1.6 x10° [5.7/6.9x10°|  ~107 LAXI0T 15 51 7x107| 65%10° | 3% 106 1.4 x 107
y (S/m) 1.4x10
Application RF passive ‘Substrate— . RF Flexlbl; and Roll-to-roll Technology Flexible and
N/A S RFID tag | integrated- |interconnect| plastic N ” transparent
S circuits X . applications demonstration S
waveguide | & antennas | electronics applications
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