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Noble metal nanostructures on different length scales exhibit a
variety of optical properties ranging from plasmon resonance1 and
Raman enhancement2 to fluoescence,3 providing novel opportunities
for bioimaging and sensing.4 In a regime where the particle size is on
the same order of the electron Fermi wavelength (∼0.5 nm for silver
and gold), metal nanoparticles (NPs) often display strong singleelectron excitations and emit fluorescence.3 However, as particle size
approaches electron mean free path length (∼50 nm for silver and
gold), fluorescence usually disappears and, instead, collective excitations of electrons become dominant, leading to plasmon resonance.
Large Raman enhancements have also been observed from nanoclusters5 and NPs6 of noble metals. It has been shown recently that
electron-phonon interactions within metal NPs can be modified by
the crystallinity.7 Thus, control of the particle size and structure is a
powerful strategy to modulate electronic structures and optical properties of metal NPs. Here, we report the observation that polycrystalline
silver NPs with grain sizes down to electron Fermi wavelength exhibit
both bright luminescence and a large enhancement effect on the Raman
scattering signals of proximal molecules (an effect being referred to
as “Raman activity” hereafter). The number of photons emitted from
these NPs exceeded that from quantum dots or dye molecules by
approximately 2 or 5 orders of magnitude, respectively.
We synthesized luminescent and Raman active metal NPs by
thermal reduction of silver ions in glycine matrix, taking advantage
of the solid-state matrix to control the nucleation and migration of
reduced silver atoms (see Supporting Information (SI) for synthesis
protocol). The glycine-coated NPs remained stable in aqueous solution
for more than 2 years at ambient conditions (Figure 1a). Transmission
electron microscopy (TEM) revealed particle diameters ranging from
2 to 30 nm. Different size fractions of NPs can be separated using
centrifugation (see SI). TEM images of two such fractions, with particle
diameters of 18 ( 3 and 3 ( 1 nm, are shown in Figure 1a and Figure
S1a-c.
Luminescence from these NPs can be readily detected at the singleparticle level. Comparison of the Rayleigh scattering (dark field) and
luminescence images showed that more than 95% of the NPs were
luminescent (Figure 1b). This was in contrast to colloidal silver NPs
prepared by typical solution-phase methods, of which only ∼2% of
the particles emit luminescence (Figure S2). TEM characterization
indicated that the great majority of the NPs appear as individual
particles rather than aggregates (Figure S3). These NPs created by
solid-phase synthesis are remarkably bright and photostable; under the
same excitation conditions, the half-lifetime of the 18 nm silver NPs
was 660 s, while the half-lifetimes of the Rhodamine 6G (R6G)
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Figure 1. Solid-phase synthesis creates silver NPs with bright and robust

luminescence. (a) Upper left panel: An aqueous solution of the 18 nm glycinecoated silver NPs. The photos were taken without (left) and with (right) 532
nm laser excitation; in the latter case, a 545 nm long pass filter was used to
block the scattered laser light. Lower panel: TEM image of the NPs. Upper
right panel: Size distribution of the NPs determined from TEM. (b) An overlay
Rayleigh scattering (green) and luminescent (red) image of the NPs. NPs with
yellow or orange color exhibit both luminescent and Rayleigh scattering. (c)
Absorption (solid black) and excitation (red) spectra of the luminescent silver
NPs. As a comparison, the black dashed line shows the absorption of the 20
nm nonluminescent silver NPs produced by solution-phase synthesis. (d)
Ensemble (black) and single-particle (red) emission spectra of luminescent silver
NPs. Inset: using a high-density grating, the Raman peak of the single-particle
emission spectrum was further resolved into multiple lines.

molecules and the commercially available quantum dots (CdSe/ZnS
core-shell, emission maximum at 605 nm) were only 0.4 and 37 s,
respectively (Figure S4). The average luminescence intensity from
individual silver NPs was 40 and 4 times larger than those from single
R6G molecules and quantum dots, respectively. Thus the total number
of photons emitted from individual silver NPs is nearly 70 000 times
larger than that from R6G molecules and nearly 70 times larger than
that from quantum dots. Using the previously determined number of
photons emitted from R6G (∼106),8 we estimated that a single silver
NP emitted on average 7 × 1010 photons before photobleaching. The
average number of photons emitted from the 3 nm silver NPs was
estimated to be 4 × 109 using a similar approach (Figure S1d).
To further explore the optical properties of these NPs, we measured
the absorption, excitation, and emission spectra of the 18 nm NPs,
which can be readily produced in high concentration to allow ensemble
spectral characterization. The absorption spectrum displayed a peak
near the plasmon resonance of nonluminescent silver NPs, but with a
significantly broader width (Figure 1c, black line), suggesting the
possible presence of additional optical transitions besides plasmons.1
The excitation spectrum adopted an almost opposite trend, exhibiting
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Figure 2. Structural characterizations of silver NPs by HRTEM. TEM images
of a nonluminescent NP created by solution-phase synthesis (a) and a
luminescent NP created by solid-phase synthesis (b). (c) Domain size
distributions obtained from luminescent (red) and nonluminescent (green) NPs.
In each case, 15 NPs were characterized. Domain sizes were measured as the
average of the long and short axes of the individual domains. (d) X-ray
photoelectron spectra (XPS) of luminescent and nonluminescent silver NPs.
The spectrum of the nonluminescent NPs (green) was fit to a Gaussian centered
at 368.3 eV (gray dashed line). The spectrum of the luminescent NPs (red)
was fit with two Gaussians centered at 369.9 and 368.3 eV, respectively (black
dashed lines).

a minimum at the absorption peak (Figure 1c, red line), and multiple
narrow peaks were also found to superimpose on the broad trend of
the excitation spectrum. These observations suggest that plasmons do
not make major contributions to the luminescence, rather the luminescence likely arises from single-electron excitations between discrete
energy states.1 The luminescence spectra of individual NPs exhibited
a narrow peak superimposed on a broadband (Figure 1d).The frequency
difference between the sharp peak and the excitation wavelength is
independent of the excitation wavelength, indicative of its Raman
scattering nature (Figure S5). The Raman peak can be further resolved
into multiple lines (Figure 1d inset), some of which are close to the
previous reported surface enhanced Raman spectra (SERS) of glycine9
(Figure S6). Therefore, the enhancement effect due to these silver NPs
allows the Raman scattering signal of glycine-coated molecules on
individual NPs to be readily detected. To obtain a rough estimate of
the Raman enhancement factor, we assumed that every silver atom
on the 18 nm particle was bound to a glycine molecule and obtained
a lower limit estimate of 1010 for the enhancement factor (see SI for
details). The Raman peak positions and intensities of the individual
particle fluctuated over time, and heterogeneity among particles was
also observed (Figure S6). While the Raman signal was encoded with
chemical information of glycine, the broad luminescence band from
the silver NPs did not appear to require a specific glycine coating.
With the same synthetic strategy, we also created acetate-coated silver
NPs, which also exhibited a broad luminescence band but different
Raman signature (Figure S7).
To investigate potential material structures responsible for the
observed optical properties, we used high-resolution TEM to probe
structural differences between the luminescent silver NPs created by
solid-phase synthesis and the nonluminescent silver particles of similar
sizes (∼20 nm) produced by solution-phase synthesis. The nonluminescent NPs typically showed single-crystalline or twined structures
with domain sizes averaging around 8 nm (Figure 2a,c). In contrast,
the luminescent NPs displayed a polycrystalline structure with numerous small domains. The domain sizes were primarily in the 1-2 nm
range (Figure 2b,c). As an alternative approach to probe the domain
size, we measured the binding energy (BE) of silver 3d5/2 electrons
for both nonluminescent and luminescent NPs using X-ray photoelec-

tron spectroscopy (Figure 2d). The BE spectrum of the nonluminescent
NPs showed predominantly a single peak at 368.3 eV, agreeing
quantitatively with the bulk value for silver (368.1 eV).10a In contrast,
the spectrum of the luminescent NPs contained an additional peak at
369.9 eV, which is 1.8 eV blue-shifted from the bulk silver value.
According to the previously determined correlation between the
electron BE of silver and the particle size,10b the blue shift corresponds
to an average domain size of 0.9 nm. We note that the BE of the 3d5/2
electrons of silver oxides are in the range of 367.3 to 368.4 eV10c and
cannot explain the blue-shifted 369.9 eV peak. The small domains
present in the NPs likely result in discrete energy states that give rise
to optical transitions, and different sized subnanometer domains may
result in different emission wavelengths (Figure 1d), consistent with
size-dependent luminescence from small silver clusters.3 Previous
calculations indicate that subnanometer silver clusters and their
junctions can give rise to a very large Raman enhancement due to a
combination of electromagnetic field enhancement and chemical
enhancement effect.11 Thus strong Raman enhancement may arise from
the observed granular structure which contains many small domains
and domain junctions.
In summary, we have created a new class of multidomain silver
nanostructures with individual domain sizes down to 1 nm or less using
a simple solid-phase thermal reduction method. These NPs exhibit
exceedingly bright luminescence and strongly enhanced Raman
scattering. These optical properties potentially allow the NPs to function
as new probes for bioimaging.
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