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EXPERIMENTAL SECTION
Chemicals
Gold (III) chloride trihydrate (HAuCl4·3H2O, 99.9%), hexadecyltrimethylammonium bromide (CTAB, 99%), silver nitrate
(AgNO3, 99%), sodium borohydride (NaBH4, 99%), sodium hydroxide (NaOH, 98%), L-ascorbic acid (AA, 99%), potassium
iodide (KI, 99%), polyvinylpyrrolidone (PVP, average mol wt 29000), and 4-nitrobenzenethiol (4-NBT, 80%) were purchased from
Sigma-Aldrich (St. Louis, MO). Sodium citrate dihydrate (Na-Cit, 99%) was purchased from Fisher scientific (Waltham, MA).
Ethanol was purchased from Decon Labs (King of Prussia, PA). All chemicals were used as received without purification.

Synthesis of the Au nanoparticles (AuNPs)
The AuNPs with ~30 nm diameter were synthesized by the modified Turkevich-Frens method[1]. Typically, 50 mL of HAuCl4 (0.5
mM) aqueous solution was heated to boiling with vigorous stirring. Upon the above solution, 1.5 mL of Na-Cit (38.8 mM)
aqueous solution was added quickly. The solution was then boiled with moderate stirring for 10 min before cooling down
naturally. The obtained AuNPs were stored in the dark before use.

Synthesis of the Ag nanoparticles (AgNPs)
The AuNPs with ~30 nm diameter were synthesized by a seed-mediated growth method based on Lee-Meisel method [2].

The starting AgNPs seeds were prepared by adding 10 mL of Na-Cit (1%, w/v) aqueous solution and 37.5 mL of water in a
round bottom flask; then the mixture was heated to 70 °C for 15 min. After that, 0.85 mL of AgNO3 (1%, w/v) aqueous solution
was injected into the mixture, followed by the quick addition of 1 mL of freshly prepared NaBH4 (0.1%, w/v) aqueous solution.
The reaction solution was kept at 70 °C under vigorous stirring for 1 h before cooling down naturally. Water was added to bring
the volume to 50 mL. The resulting solution was used as starting AgNPs seeds.

To obtain AgNPs with ~30 nm diameter, stepwise seeding growth was employed. Typically, 1 mL of Na-Cit (1%, w/v)
aqueous solution and 37.5 mL of water were mixed and brought to boiling for 15 min. After that, 5 mL of starting AgNPs seeds
solution was added under vigorous stirring, followed by the addition of 0.85 mL of AgNO3 (1%, w/v) aqueous solution. The
reaction was continued for 1 h under vigorous stirring and boiling. Then, two more pairs of 1 mL of Na-Cit (1%, w/v) and 0.85
mL of AgNO3 (1%, w/v) were added into the solution at 1 h interval. Finally, the solution was cooled down naturally. Water was
added to bring the volume to 50 mL. The obtained AgNPs were stored in the dark before use.

Synthesis of the Au nanoplates (AuNLs)
The AuNLs used in our research were synthesized by a typical seed-mediated growth method, followed by isotropical growth[3-4].

The starting Au seeds solution was prepared by adding HAuCl4 (0.01 M, 1 mL) and Na-Cit (0.01 M, 1 mL) solutions into
water (36 mL), followed by adding a freshly prepared, ice-cold NaBH4 solution (0.1 M, 1 mL) under vigorous stirring. After being
stirred for 2 min, the resultant solution was aged for 2–6 h.

The AuNLs seed solution was prepared by three-step growth of the Au seeds. Three solutions were prepared for the growth
of the AuNLs. The first two solutions (solution 1 and 2) were made by mixing together CTAB (0.05 M, 9 mL), HAuCl4 (0.01 M,
0.25 mL), NaOH (0.1 M, 0.05 mL), KI (0.01 M, 0.05 mL), and AA (0.1 M, 0.05 mL) sequentially. The third growth solution
(solution 3) was made by mixing together CTAB (0.05 M, 90 mL), HAuCl4 (0.01 M, 2.5 mL), NaOH (0.1 M, 0.5 mL), KI (0.01 M,
0.5 mL), and AA (0.1 M, 0.5 mL). Thereafter, 1 mL of the abovementioned Au seeds solution was added to solution 1, followed by
gentle shaking for 5 s. 1 mL of the resultant solution was then added to solution 2, followed by gentle shaking for 5 s. All of the
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resultant solution was then added to solution 3. The obtained mixture solution was mixed by gentle stirring and then left
undisturbed at room temperature for 24 h. The formed AuNLs seeds were collected by precipitation and redispersed in 5 mL of
CTAB (0.1 M) solution for further use. The AuNLs seeds obtained in this step have a thickness of around ~8 nm.

The isotropic growth of AuNLs seeds was performed in CTAB solution with a lower concentration than in the last step.
Typically, growth solution was prepared by mixing together CTAB (0.1 M, 1 mL), HAuCl4 (0.025 M, 0.1 mL), AA (0.1 M, 0.055
mL) and water (10 mL). To initiate the isotropic growth, 0.8 mL of the AuNLs seeds solution was added into each overgrowth
solution to fabricate AuNLs with ~17 nm thickness.

Synthesis of the Ag nanoplates (AgNLs)
The AgNLs used in our research were synthesized by isotropical growth on small AgNLs (denoted as Ag NL seeds) reported by
Mirkin, et al.[5].

AgNL seeds were synthesized by mixing 25 mL of AgNO3 (0.1 mM), 1.5 mL of Na-Cit (30 mM), 1.5 mL of PVP (0.7 mM in
terms of repeating unit), and 60 μL of H2O2 (~30 wt. %) under moderate stirring, followed by quick injection of 250 μL of
fresh-prepared NaBH4 (100 mM) aqueous solution. The color of the solution will be finally stabilized in blue after 1 h reaction,
indicating the formation of AgNL seeds.

To perform isotropic growth of AgNLs seeds, 10 mL growth solution containing 1.84 mM AA, 0.7 mM PVP, and 2.24 mM
Na-Cit was prepared. At the same time, 1 mL of the AgNL seeds solution was centrifuged (14500 rpm, 5 min) and re-dispersed in
10. 5 mL of water. These diluted seeds solution was added to the growth solution under moderate stirring. After that, 10 mL of
AgNO3 (0.6 mM) was added dropwise to the above solution. The reaction will be finished in 30 min.
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Figure S1 (a, d) AFM images of other Au-Au SNSLs investigated independently. (d) contains two SNSLs denoted as Au-Au 1 and
Au-Au 2, respectively. The arrows and numbers show the size and thickness of the AuNP and AuNL, respectively. (b, e, g) are the
Raman spectra of SNSLs in (a), Au-Au 1, and Au-Au 2 in (d) under different excitations, respectively. The excitation power was
adjusted to 15 μW. The acquisition time is 10 s for (b, e, g). (c, f, h) are time-dependent SERS spectra of SNSLs in (a), Au-Au 1,
and Au-Au 2 in (d) under 660 nm (30 μW) excitation for 2 min. The Acquisition time is 3 s for (c, f, h).
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Figure S2 (a, d) AFM images of other Au-Ag SNSLs investigated independently. The arrows and numbers show the size and
thickness of the AuNP and AgNL, respectively. (b, e) are the Raman spectra of SNSLs in (a) and (d) under different excitations,
respectively. The excitation power was adjusted to 15 μW. The acquisition time is 10 s for (b, e). (c, f) are time-dependent SERS
spectra of SNSLs in (a) and (d) under 532 nm (30 μW) excitation for 2 min. (g, h) are peak intensity ratio between N=N and Nitro
peaks shown in (c, f) as a function of excitation time, respectively. The Acquisition time is 3 s for (c, f).
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Figure S3 (a, d) AFM images of other Ag-Au SNSLs investigated independently. (d) contains two SNSLs denoted as Ag-Au 1 and
Ag-Au 2, respectively. The arrows and numbers show the size and thickness of the AgNP and AuNL, respectively. (b, e, g) are the
Raman spectra of SNSLs in (a), Ag-Au 1, and Ag-Au 2 in (d) under different excitations, respectively. The excitation power was
adjusted to 15 μW. The acquisition time is 10 s for (b, e, g). (c, f, h) are time-dependent SERS spectra of SNSLs in (a), Ag-Au 1, and
Ag-Au 2 in (d) under 532 nm (30 μW) excitation for 2 min. The Acquisition time is 3 s for (c, f, h). (i, j, k) are peak intensity ratio
between N=N and Nitro peaks shown in (c, f, h) as a function of excitation time, respectively.
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Figure S4 (a, d) AFM images of other Ag-Ag SNSLs investigated independently. The arrows and numbers show the size and
thickness of the AgNP and AgNL, respectively. (b, e) are the Raman spectra of SNSLs in (a) and (d) under different excitations,
respectively. The excitation power was adjusted to 15 μW. The acquisition time is 10 s for (b, e). (c, f) are time-dependent SERS
spectra of SNSLs in (a) and (d) under 532 nm (30 μW) excitation for 2 min. The Acquisition time is 3 s for (c, f).
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Figure S5 SERS spectra of three independent nanocavities of various metal compositions: Au-Au (a), Au-Ag (b), Ag-Au (c), and
Ag-Ag (d). The excitation wavelength was 660 nm (15 μW) for all samples. The acquisition time for all the spectra is 10 s.
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Figure S6 Time-dependent SERS spectra of Au-Au SNSL shown in Figure 2a (a), Figure S1a (b), Au-Au 1 (c), and Au-Au 2 (d) in
Figure S1d under 660 nm (90 μW) excitation for 2 min. The Acquisition time is 3 s for all of the spectra. These spectra were taken
after taking spectra in Figure 3a-c and Figure S1c, f, h (660 nm, 30 μW).
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Figure S7 Time-dependent SERS spectra of Au-Ag SNSL shown in Figure 2d under 30 μW (a) of 660 nm excitation for 2 min,
then repeated the measurement on 90 μW (b). The Acquisition time is 3 s for all of the spectra. These spectra were taken before
taking spectra in Figure 3d-f (532 nm, 30 μW).
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Figure S8 Time-dependent SERS spectra of Ag-Au SNSL shown in Figure 2g under 30 μW (a) of 660 nm excitation for 2 min,
then repeated the measurement on 90 μW (b). The Acquisition time is 3 s for all of the spectra. These spectra were taken before
taking spectra in Figure 3g-h (532 nm, 30 μW).
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Figure S9 Time-dependent SERS spectra of Ag-Ag SNSL shown in Figure 2j under 30 μW (a) of 660 nm excitation for 2 min, then
repeated the measurement on 90 μW (b). The Acquisition time is 3 s for all of the spectra. These spectra were taken before taking
spectra in Figure 3j-l (532 nm, 30 μW).
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Figure S10 The intensity ratio between 1575 cm-1 and 1080 cm-1 bands shown in Figure 3e (a) and Figure 3h (b) as a function of
excitation time.
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Figure S11 Simulations of the normalized absorption cross sections of the nanocavities with (a) Au-Au, (b) Ag-Au, (c) Au-Ag,
and (d) Ag-Ag at difference gap distances. The simulation is based on the boundary element method. The resonant peaks of
Au-Au and Au-Ag are red-shifted from that of the AuSNP (530 nm). The resonant peaks of Ag-Au and Ag-Ag are red-shifted
from that of the AgNP (400 nm). The simulation may not be perfect since the relative positions of the SNP on the SNL can change
the LSPR of nanocavities, and the exact positions of the NPs are difficult to track. Also, imperfections of NLs shift the real LSPR of
nanocavities. Therefore, the simulation just provides a rough scope of the LSPR of the nanocavities. Besides, the simulation shows
the maximum gap distances for the quantum regime. According to ref. 6, the quantum limit in each case is smaller than the gap
distance (0.7 nm) in our experiment.
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Section S1 Tunneling current through molecules
We estimate the tunneling current � by the Landauer formula of the electron transmission:

� =
�
ℎ −∞

+∞
� � �NP � − �NL � ��� , (S1)

where � is the electron energy; �NP and �NL are the Fermi distributions of SNP and SNL, which are related to the materials
and the excitation; ℎ is the Plank constant; � is the electron charge. � � = �

��� �� is the transmission function. �� denotes
the transmission through the � ’s molecule. � is the total number of molecules between the SNP and SNL. To simplify the
transmission function, we can treat the molecule layer as a barrier. The tunneling rate depends on the charge transfer efficiency
through SNP-molecule, SNL-molecule junctions, and molecules, which is denoted by:

� � = �NP � �mol � �NL � , S2
where �NP and �NL are charge transfer efficiencies for the SNP-molecule and SNL-molecule junctions. �mol is the charge
transfer efficiency through the molecules, which can be given by:

�mol � = exp −�� , S3

� � =
2 2�∗ � − ����

ℏ
. S4

ℏ is the reduced Planck constant; �∗ is the effective electron mass. For a single molecule, ���� is the LUMO level participating
in the tunneling process. However, the value of ���� could be more complex when considering the self-assembled molecular
layer. A Lorentzian function can be adopted to describe the resonant tunneling at the SNP-molecule junction and the
SNL-molecule junction [7]. Then we can define the resonant energies of �NP � and �NL � as �NP and �NL. The broadening
effects of the molecular orbit due to the contact are described by γNP and γNL. �NP � and �NL � can be written as

�NP � =
γNP/2 2

� − �NP 2 + γNP/2 2 , S5

�NL � =
γNL/2 2

� − �NL 2 + γNL/2 2 . S6

Here, to have rough estimation, we first assume perfect junctions �NP = �NL = 1. The total current can be calculated as ~102 nA.
However, since γNP and γNL might be smaller than 0.1 eV for a single-molecule junction [7], the total current is only ~3 nA if
we assume our SNP-molecule junction is composed of 1000 molecules. Considering other imperfections, the total current could
be lower than 1 nA.
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