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L
ocalized surface plasmon polaritons
(LSPPs) or surface plasmon resonances
(SPRs) excited in noble metallic nano-

particles have attracted great interest in the
past decade due to their potential applica-
tions in various fields of nanometer science
and technology.1 The collective oscillation
of their free electrons giving rise to large
scattering and absorption cross section
have been widely investigated and applied
to many applications.2,3 Recently, the pho-
toluminescence (PL) from gold nanoparti-
cles has proven to be a complementary
property to absorption and scattering for
imaging and sensing purposes.4�7 For ex-
ample, the PL from gold nanocubes have
been successfully applied in cell imaging of
human liver cancer cells8 and gold nano-
rods (GNRs) have been utilized as orienta-
tion sensors by defocused imaging their
single-photon PL.9

PL from noblemetals was first reported in
1969 by Mooradian.10 Since the spectrum
did not depend on the excitation wave-
length, the origin was not assigned to
Raman scattering but to luminescence.

This luminescence was originally described
as a three-step process. (1) The direct ab-
sorption of photons at the excitation pro-
motes electrons from energy bands below
the Fermi level into bands above it. (2) After
absorption, the electrons and holes rapidly
relax toward the Fermi level via electron�
electron and electron�phonon scattering
processes. (3) The luminescence then re-
sults from the low probability of radiative
recombination of these relaxing electron�
hole pairs.10�14 The PL quantum yield (QY)
of bulk gold is as low as on the order of
10�10.10 It was found that rough surfaces
can improve the PL QY of metals to be sev-
eral orders of magnitude higher.11,12 Boyd
et al. suggested that the local field enhance-
ment plays a dominate role on increasing
the PL from metals.11 This was then named
as “lightning-rod effect” (at sharp angled
surfaces)12 and applied to understanding
the PL enhancement in gold nanoparti-
cles.12,13 With the increase of the PL QY from
gold nanoparticles, a plasmon emission
mechanism was proposed to explain the
PL enhancement.15 It suggests that the
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ABSTRACT Fluorescent gold nanoparticles with high quantum yield

are highly desirable for optical imaging in the fields of biology and

materials science. We investigate the one-photon photoluminescence (PL)

properties of individual gold nanobipyramids (GNBs) and find they are

analogous to those of the extensively studied gold nanorods (GNRs). By

combining PL and atomic force microscopy (AFM) measurements with

discrete dipole approximation (DDA) simulations, we obtain the PL

quantum yield of single GNRs and GNBs. Compared to GNRs in the similar

surface plasmon resonance range, the PL quantum yield of GNBs is found

to be doubled. The stronger field intensity around GNBs can explain their

higher PL quantum yields. Our research would provide deeper under-

standing of the mechanism of PL from gold nanoparticles as well as be beneficial for finding out optical imaging labels with high contrast.
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energy from the recombination of electron�hole pairs
in the third step of the luminescence process is trans-
ferred to a plasmon excitation, which then emits a
photon. However, no conclusive mechanism has been
obtained yet.
Early experiments to understand the mechanism

of the emission have relied on ensemble measure-
ments.12,16 Although the enhanced PL QY of gold
nanoparticles is still several orders of magnitude lower
than that of organic dyes or quantum dots, their large
absorption cross section can compensates for this
drawback.9 Furthermore, without time-dependent
fluorescence fluctuations (photoblinking) and limited
lifetime due to irreversible photochemical changes
(photobleaching), they can be attractive alternative
labels for imaging applications.17,18

Among all the gold nanoparticles, gold nanorod
(GNR) possessing special anisotropic structure is the
most studied and interesting one because of its strong
and unique scattering,19 absorption,20 and PL21 prop-
erties. Very recently, based on single-particle measure-
ments, Yorulmaz et al. studied the PL QY of single gold
nanospheres and GNRswith different aspect ratios and
volumes. They observed an increase of QY by about
an order of magnitude for GNRs especially when
the plasmon resonance wavelength is longer than
650 nm.22 Their results are reliable because the volume
effect on the PL intensity of GNR was eliminated by
photothermal signal measurements. To further extend
potential applications of gold nanoparticles for optical
imaging in the fields of biology and materials science,
increasing their PL QY is essential.
On the basis of the shape of GNR, if we can increase

the lightning-rod effect with more sharp tips or edges,
the PL QY might be dramatically improved.8,13 A gold
nanobipyramid (GNB) consisting of two pentagonal
pyramids with base joined seems to be a suitable
candidate. Owing to their special geometric shape,
easy fabrication and strong field concentration at their
tips, they havebeen applied in biosensing,23 and surface-
enhanced Raman spectroscopy (SERS) detection etc.24

However, there is no paper investigating the PL QY of
GNBs and only a few studies have investigated their PL
properties.25

Here, by tuning the polarization in the incident and
output optical circuits, we present a detailed study
of the PL and scattering properties of GNBs based on
single-particle measurements. We compare them with
those of GNRs and try to understand the radiating
mechanism of GNBs. On the other hand, we correlate
atomic force microscopy (AFM) and PL measurements
on single GNBs and GNRs and investigate their PL QYs
with different sizes and aspect ratios. As is known, AFM
can only measure the height precisely due to a con-
volution effect.26 We thus measure the height of the
monitored GNB/GNR and take their corresponding PL
spectra. When we combine their heights and positions

of SPR in the PL spectra, the aspect ratio and the
effective volume value can be calculated out by dis-
crete dipole approximation (DDA) simulations. In this
way, the volume effect can be eliminated and the
measured PL QY is relatively precise. To the best of
our knowledge, this is the first demonstration of
comparing the PL QY of GNRs and GNBs at a single-
particle level. After calculating and integrating the field
intensity over the volume surrounding individual GNBs
and GNRs, respectively, we find that the improved
PLQY can be ascribed to the strong field enhancement.
Our investigations would provide deeper understand-
ing of the mechanism of PL from gold nanoparticles.
This study will be beneficial for finding out optical
imaging labels with high contrast in the fields of
biology and materials science.

RESULTS AND DISCUSSION

GNBs and GNRs were both prepared chemically in
aqueous solutions by a seed-mediated method.27�31

The menu for fabricating GNRs is described in the
Supporting Information. To synthesize different sized
GNBs, the seed amount added to the growth solution
was tuned (35, 65, 150, and 300 μL), allowing the
production of elongated nanobipyramid with different
aspect ratios. Figure 1a illustrates the normalized
UV�vis extinction spectra of the fabricated GNBs
which exhibit two clearly distinct peaks. The peak
around 550 nm is attributed to a combination of

Figure 1. (a) Ensemble extinction spectra of GNBs taken in
aqueous solutions with average aspect ratios of 2.5 (seed
volume 300 μL), 2.7 (seed volume 150 μL), 2.9 (seed volume
65 μL), and 3.5 (seed volume 35 μL). (b) Corresponding
representative TEM images of GNBs. The scale bar dimension
is 50 nm. By statistically analyzing all the TEM results, the
apex angles between the extended side edge lines are found
to be 33.2� ( 1.5�, 31.9� ( 1.7�, 31� ( 1.5�, and 29.2� ( 1.8�
for the samples fabricatedwith the seed volume300, 150, 65,
and 35 μL, respectively. The first angle represents the aver-
aged value and the second one the offset. The top inset plots
the schematic of a GNB, in which W represents the width,
L the length and L/W the aspect ratio.
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interband transitions, transverse plasmon resonances
from the bases of GNBs and byproduct spherical
particles. The other peak at longer wavelength corre-
sponds to the longitudinal plasmon resonance of
GNBs. With an increase of the seed volume, the aspect
ratio L/W, which is defined at the top of Figure 1, and
the size of the byproduct nanoparticles were all
decreased.29 Thus, both the transverse and longitudi-
nal plasmon resonances blue shift while the longi-
tudinal one is much more distinct because of its high
sensitivity to the aspect ratio.28,29 Compared to the
extinction spectra of ensemble GNRs as shown in
Supporting Information Figure S1a, the longitudinal
plasmon band of GNBs is narrower, which is due to
their narrower size distribution during fabrication.28

Noteworthy is that when the seed volume is decreased
to be 65 μL, a small peak positioned by a dashed
magenta circle at a wavelength shorter than the longi-
tudinal plasmon band appears, which may be a higher
order SPRmode. Figure 1b and Supporting Information
Figure S1b show the corresponding transmission elec-
tronmicroscopy (TEM, JEM-2100HR) images. By analyz-
ing the TEM results, the average aspect ratios of GNBs
were estimated to be 2.5, 2.7, 2.9, and 3.5, respectively,
which were confirmed by DDA simulations through
fitting the experimentallymeasured extinction spectra.
The details for our optical experimental setup are

similar towhat is shown inourpreviouspapers9 and sche-
matically plotted in Supporting Information Figure S2.We
add a dark-field (DF) scattering measurement here.
Single-particle imaging and spectroscopy are essen-

tial to exclude ensemble effects and remove the
heterogeneity in the sample. We deposited the fabri-
cated GNBs and GNRs on 0.2 mm thick cleaned glass
coverslips at a very low concentration (the coverage is
less than 1 rod per μm2). It was found that GNBs are
much easier to separate from each other than GNRs.
Figure 2a shows a typical PL image of several individual
GNBs, while Figure 2b is the corresponding DF scatter-
ing image on the same area. The PL was excited by a
532 nm CW laser. Normally, more GNBs or GNRs can be
resolved by PL imaging than by DF scattering imaging
on the same microscope. For example, there is one

GNB in the PL image (circled by red dotted line) that
cannot be resolved by the DF scattering measurement
in Figure 2. The higher sensitivity for PL imaging is
mainly because the excitation laser could be focused to
a diffraction-limited spot which leads to a better spatial
resolution. Another pointwe can observe from Figure 2
is that a brighter GNB shown in the scattering image
does not definitely correspond to a brighter spot in the
PL image. This can be attributed to the polarization
difference of the excitation. In our system, the excita-
tion for PL is linearly polarized. When the long axis of
the GNB is noncollinear with the polarization, the
excitation would not be efficient. In the case of scatter-
ing, the excitation is unpolarized and unrelated with
the direction of the GNBs. Therefore, the brightness in
the scattering image can disclose the size of single
GNBs more directly in our measurements.
Figure 3a demonstrates four typical PL spectra and

their corresponding scattering spectra for individual
GNBs. Obviously, the longitudinal plasmon resonance
in the PL spectrum resemble closely with its scattering
spectrum independent of the aspect ratio. As shown in
Figure 3b, a typical longitudinal resonance spectrum
can be perfectly fitted by a Lorentz function (blue line),
revealing that the PL is really from a single GNB.22 We
note that there is a slight difference between the PL
and scattering spectra both in terms of peak position
and line-shape. This difference has also been observed
in gold spheres, disks and nanorods, which was attrib-
uted either to higher availability of excited electrons
closer to the initial energy of the laser excitation, or to
dynamic and photoinduced charging processes.32,33

However, the underlying mechanism needs to be
further investigated.
The polar plot for scattering and PL intensity inte-

grated under the whole spectrum as a function of the
excitation and detection polarization are plotted in
Figure 3c�f. As can be seen evidently in Figure 3c,e,
both the PL and scattering intensity versus the excita-
tion polarization exhibit dipolar behavior. In addition,
the emission and absorption dipole is collinear not only
for PL (refer to Figure 3c,d) but also for scattering (refer
to Figure 3e,f). To correlate the PL polarization proper-
ties of the GNB with its geometric shape, we scanned
its surfacemorphology by AFM in situ andmeasured its
PL intensity under different detection polarization.
The results are displayed in Supporting Information
Figure S3b. Those for GNR in Supporting Information
Figure S3a demonstrate that the relationship is similar,
i.e., the PL polarizations are both mainly along the long
axis of the GNB and GNR. One thing we have to point
out is that we cannot resolve the polarization charac-
terization of the transverse mode in our measurement
system because the PL shorter than 550 nm is cut by
the dichroscope.
Furthermore, by measuring the PL intensity under

different excitation power, the relationship between

Figure 2. (a) PL image of GNBs. (b) Corresponding DF
scattering image. The scale bar dimension is 2 μm.

A
RTIC

LE



RAO ET AL. VOL. 9 ’ NO. 3 ’ 2783–2791 ’ 2015

www.acsnano.org

2786

them was found to be linear, which can be observed
obviously in Figure 4. This confirms that the PL from
GNBs under a CW excitation at 532 nm is due to a one-
photon process.
Summarizing the experimental results shown in

Figures 2�4, we can find that they are analogous to
those that have been reported for GNRs.22,33,34 This
suggests that the PL from GNBs originates from the
similar mechanism as that reported for GNRs.15,22,33,34

The reported PL QY of single gold nanoparticles
ranges from10�7 to 10�4, depending on several param-
eters such as size,8,35,36 fabrication method12,22,
shape8,22 etc. Among them, the shape is one of the
most important factors to determine their PL QY. For
example, by slowly reshaping a single GNR to a sphere,
Yorulmaz et al. confirmed that GNRs own a higher PL QY
than gold nanospheres because of the lightning-rod

effect.22 When we compare the geometric shape of
GNBs and GNRs shown in Figure 1b and Supporting

Figure 3. (a) PL (blue solid line) and DF scattering (green open circles) spectra of single GNBs. Please note that the PL shorter
than 550 nm was blocked by the dichroic mirror. (b) A typical PL spectrum (red dots) from a GNB can be perfectly fitted by a
Lorentz function (blue solid line). (c and d) The polar plot of PL intensity integrated under the whole spectrum (red solid
circles) versus the excitation/detection polarization direction. (e and f) The polar plot of scattering intensity integrated under
the whole spectrum (red solid squares) versus the excitation/detection polarization direction. The blue curves are drawn
according to the best-fitted cosine functions. In (c) and (d), therewas no polarizer in the detection path, while in (d) and (f), the
excitation was polarized along the long axis of the GNB.

Figure 4. Relationship between the PL intensity integrated
under the whole spectrum from a single GNB and the
excitation power (532 nm, CW laser). The linear relationship
confirms that the PL from GNBs is due to one-photon
excitation.
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Information Figure S1b, the two apexes of GNBs are
obviously sharper than those for GNRs, which is sup-
posed to lead to a more remarkable lightning-rod
effect. However, to the best of our knowledge, there
has been no research work conducted at a single-
particle level to confirm this point experimentally.
Here, we propose a new method to measure and
compare the PL QY of single GNBs and GNRs.
The PL was excited at a wavelength of 532 nm. The

PL intensity may be related with the wavelength
difference between the excitation and the PL peak;22

we thus chose a similar SPR range for GNBs and GNRs.
As the PL QY is determined by the ratio between the
emitted photons and absorbed photons, it is indispen-
sable to obtain the absorption cross section. At the
excitation of 532 nm along the long axis, the absorp-
tion efficiency is not much size-dependent both for
GNBs and GNRs, as can be seen in Figure 5 and
Supporting Information Figure S4. This is not unex-
pected because 532 nm is not close to the size-
dependent longitudinal resonant wavelength of GNBs
and GNRs.33 In contrast, the total absorption is strongly
dependent on the overall size of GNBs and GNRs as it is
proportional to the volume.36 Therefore, we have to

obtain the precise volume value in order to deduce the
PL QY from the PL intensity.
The geometric shape of the GNR and GNB is defined

as in Supporting Information Figure S1 and Figure 1.
The AFM technique was applied to estimating the
value of the volume since it is very accurate for mea-
suring the height of nanoparticles.26

At the beginning of the experiment, we scanned the
selected GNB and GNR by AFM and obtained their
morphology images as shown in the inset of Figure 6a
and Supporting Information Figure S5a. From their
cross section lines, the height H of the GNB and GNR
can be acquired. For GNRs, H =W. In the case of GNBs,
L/W was found in the range of 2.4�3.2 from TEM
statistical results, suggesting that they are strongly
elongated in our experiments. Depending on these
TEM data, H/W was estimated to be in the range of
0.923�0.954. We set H/W to be 0.939 which is in the
middle of the range.W can then be estimated after the
height H of the GNB is measured by AFM. Given that
the shape of the GNB is strongly elongated and thus
the range of H/W is small, the estimation error for
W and absorption cross section in this step is less than
4% and 8%, respectively. We scanned the height both

Figure 5. Calculated spectra of the absorptionefficiency (Qabs) for GNBswith thediameterfixed at 25 nmand lengths givenby
the legend. The excitation is along the long axis of GNBs.

Figure 6. (a) Surface height profile along the long (dark solid line) and short axis (red dashed line) as shown in the AFM images
of the target GNB. On the top is the schematic of the GNB sitting on the substrate. (b) Corresponding PL spectrum (green
circles) from the targetGNB. The blue solid line plots its corresponding simulated absorption spectrum, fromwhich the length
L of the GNB can be deduced.
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along the long axis and short axis, as shown by the dark
solid and reddashed lines in Figure 6a. The difference is
found to be less than 1 nm, confirming that the height
measurement is very accurate by AFM. The slope of
the cross section line along the long axis shown in
Figure 6a is observed to be sharper at the right side
which means that the left side of the monitored GNB is
sitting on the substrate (refer to its top inset). Then we
excited the target GNB and GNR by a CW laser (532 nm,
9 kW/cm2) and collected their PL spectra as displayed
in Figure 6b and Supporting Information Figure S5b
(scattered line). As have been pointed out in Figure 3a,
the PL spectrum follows closely with the scattering
spectrum. Therefore, it can be utilized as a reference to
calculate the extinction and absorption spectrum in
the DDA simulation. When we combine the width of
the GNB/GNR with the peak position in the absorp-
tion spectra, the length L and aspect ratio R can be
determined by DDA. The solid line in Figure 6b and
Supporting Information Figure S5b plots the simulated
absorption spectrum. Please note that when we calcu-
lated the extinction and absorption spectrum, we have
considered the difference between the spectrum of
PL and scattering based on the experimental results
shown in Figure 3a. On the basis of the obtained width
W and the length L, the effective volume of the GNB
and GNR can be calculated out. The red open stars in
Figure 7a,b summarize the relationship between the
aspect ratio and the effective volume for individual
GNRs/GNBs.
Another direct way to estimate the effective volume

of GNRs and GNBs is by TEM imaging. As we cannot
correlate TEM measuring with optical characterization
in our experiment, we made statistics analysis of the
size data of GNRs andGNBs and plot them in Figure 7. It
can be seen that all the volume value obtained by the
abovemethod is in the range of the TEMdata statistical
results, suggesting that the estimation is reliable.
On the basis of above analyses, we calculated the

PL QY of single GNRs and GNBs by combining their ab-
sorption efficiency Qabs calculated from DDA simula-
tions with the obtained effective volume. In Figure 8a,
b, we demonstrate the results for individual GNRs and

GNBs as a function of the aspect ratio ranging from
2.3 to 3.2 and corresponding SPR from 590 to 740 nm.
As can be observed, with an increase of the aspect
ratio, there is a slight increase of the PL QY for both
GNBs and GNRs in our investigation range. These
results are similar to what have been observed for
GNRs in another paper.22 The statistically analyzed
results shown in the caption of Figure 1 show that
the averaged apex angle between the extended side
edge lines of GNBs is increased from 29.2� to 33.2�with
a decrease of the aspect ratio. Therefore, the slight
increase of the PL QY with the aspect ratio for GNBs
may be originated from the decrease of the apex angle.
The more important result we observe here is that the
PL QY of GNBs is doubled compared with that of GNRs
in the similar SPR range. Given that the estimation error
for the absorption cross section being less than 8%, it is
convincing to conclude that the PL QY of GNBs is
obviously higher than that of GNRs.
According to Fermi's golden rule, the spontaneous

emission lifetime for a radiating dipole is dependent
on the density of states (DOS). Controlling the field
intensity can modulate the DOS and the radiative
recombination rate between excited electrons and
holes.37 Thus, the emission quantum efficiency can
be altered by the field intensity. As the lightning-rod
effect is frequency-independent, we consider the field
enhancement both at the excitation and emission
wavelengths. Previously, Kou et al. calculated the dis-
tribution of the field intensity around the GNR andGNB
along their symmetric cross sections.38 Since both the
volume and shape has a strong effect on the field
distribution, the results along one certain cross section
may not be able to comprehensively reflect its influ-
ence especially when the shape of the nanoparticle is
complicated. We thus conducted three-dimensional
calculations. As the field inside metallic nanoparticles
obtained by DDA simulations is not reliable,39 we use
the variation trend of the field outside (0.5 nm away
from the interface) the particle with the shape to
reflect its inside trend by integrating the field intensity
over the volume enclosing the GNR/GNB (with a
thickness of 5 nm as shown in Figure 8d). This is

Figure 7. The effective volume of individual GNRs/GNBs estimated by combining PL and AFM measurements together with
DDAsimulations (redopen stars) as a functionof the aspect ratio. The TEMstatistical results are representedby theblackopen
circles. Each individual dot stands for one particle.
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reasonable because the field across interfaces is con-
tinuity. The geometrical parameters were taken from
the experimental results. The results along the same
cross sections of the GNR/GNB (with the largest and
smallest aspect ratios in the experimental data) as
in the ref 38 are shown in Supporting Information
Figure S6. The similarity between them convinces the
validity of our calculations. As the volume effect has
been eliminated by taking into account of the absorp-
tion cross section in the experimental results, the
integrated filed intensity in the calculation is normal-
ized to the effective volume surrounding the GNR/GNB
and plotted in Figure 8c. Please note here that all the
field distributions demonstrated in our paper have
been normalized to the incident and thus it can be
called field enhancement. From Figure 8a�c, we can
observe a consistent trend for the field intensity and PL
QYs in a similar aspect ratio range. Therefore, we can
ascribe the improved PL QYs of individual GNBs to the
enhanced field intensity around them. However, as the
stronger field intensity can enhance both the radiative
decay rate of plasmon emissions and recombination

rate of election-hole pairs, we cannot provide a con-
clusive emission mechanism in this paper.

CONCLUSIONS

In conclusion, based on single-particle measure-
ments, we investigated the PL and scattering properties
of individual GNBs under different excitation and detec-
tion polarizations. We found that the PL and scattering
are spectrally overlapped and dominantly polarized
along with the long axis of GNBs. Their absorption and
emission dipoles are collinear. These results are analo-
gous to those from the well-studied GNRs, suggesting
that their emitting mechanisms are similar. Further-
more, by combining PL and AFM measurements to-
gether with DDA simulations, we introduced a new
method to evaluate the geometric parameters of single
GNBs and GNRs. TEM analysis results support its relia-
bility. When we compare to the PL QY of individual
GNRs, that for GNBs, which is in the similar SPR range,
was found to be doubled. The calculation suggests that
the higher PL QY is originated from the stronger field
intensity integrated over the volumeenclosing theGNB.

METHODS

Preparation of Gold Nanobipyramids and Gold Nanorods. The syn-
thesis procedure for GNRs is described in the Supporting
Information. GNBs were prepared chemically in aqueous solu-
tions by a seed-mediated method as described in previous
references.28,29 All solutions were prepared freshly for each

synthesis in deionized (DI) water. First, 20 mL of a solution of
0.125 mM HAuCl4 and 0.25 mM sodium citrate was mixed
followed by addition of 0.3 mL of 10 mM NaBH4 solution at
room temperature and stirring for 2 min. After the solution was
kept at room temperature for at least 2 h for complete reaction,
the color of the solution was dark pink and stable. Second,

Figure 8. Photoluminescence quantum yield of individual GNRs (green filled circles) and GNBs (red filled triangles) as a
function of (a) the aspect ratio and (b) plasmon resonance wavelength. Each individual dot represents one particle.
(c) Normalized field intensity integrated over the volume surrounding the GNR/GNB (the part between the purple and
golden surfaces with a thickness of 5 nm) as indicated in (d). (d) demonstrates the schematic diagram of the GNR/GNB, in
which the left side shows the cross section along the short axis of the GNR/GNB.
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0.5 mL of 10 mM HAuCl4 and 10 mL of 100 mM cetyltrimethyl-
ammonium bromide (CTAB) were mixed with 0.1 mL of 10 mM
silver nitrate to prepare the growth solution. Then, 0.2 mL of
1.0 M hydrochloric acid and 0.08 mL of 100 mM L-ascorbic acid
were added into the solution orderly. Finally, the seed solution
was added into the growth solution. The volume of the seed
solution varied between 35 and 300 μL to synthesize different
sizes of GNBs. These solutions were kept at 28 �C for several
hours and their color changed gradually from almost clear to
dark pink and remained.

AFM and Photoluminescence Measurement of Individual GNBs and
GNRs. Two home-built systems demonstrated in Supporting
Information Figure S2 were utilized to conduct measurements.
The system shown in Supporting Information Figure S2a is
based on an inverted fluorescence microscope combined with
a DF scatteringmeasurement function. It enables us to measure
the luminescence and corresponding scattering properties of
individual nanoparticles simultaneously. The details of this
setup are described in our previous paper.9 For PL measure-
ments, the samples were excited by a diode-pumped solid-state
532 nm laser (CW, 9 kW/cm2) that was directed through an oil
immersion objective (100/0.6�1.3 NA Zeiss). A half-wave plate
was inserted into the incident circuit to rotate the polarization of
the excitation with respect to the laboratory reference system
from 0� to 360� with a 10� increment. With a dichroic filter and
a long pass filter to block the excitation light in the detection
path, the PL spectra from individual GNBs and GNRs were
collected by the same objective and detected using an electron
multiplying charge-coupled device (EMCCD) camera. PL images
were recorded with an intensified charge-coupled device (CCD)
(Carl Zeiss) camera. A broad-band polarization analyzer was
placed in the output optical path to examine the polarization
characteristics of the PL, which were recorded consecutively as
the analyzer was rotated at a step size of 10�. The dark-field
scattering images and spectra were conducted on the same
setup, with the dichroic and long pass filter removed. The white
light generatedby a halogen lampwas focused onto the sample
by a condenser (NA = 0.7) and collected by the tunable oil
immersion objective. Except for polarizationmeasurements, the
white light was randomly polarized. All the PL and scattering
measurements were conducted at room temperature.

The system shown in Supporting Information Figure S2b
consists of a home-built inverted fluorescence microscope
combined with AFM. The combined setup is utilized tomeasure
the PL properties of individual nanoparticles and their corre-
sponding heightH simultaneously. For detecting the height, we
used a tappingmode in AFMwith a scan rate of 0.5 Hz to record
the signal and thus construct its topographic image. PLmeasur-
ing is similar to the system shown in Supporting Information
Figure S2a and the excitation power was also 9 kW/cm2.

DDA Simulation. We performed extinction, absorption, scat-
tering and field intensity calculations using the DDSCAT 7.1
code.40,41 The particle was subdivided into N polarizable points
located on a cubic lattice with an interdipole distance d. The
particle volume is V = Nd3. The effective volume of the particle
can be represented by Veff = (4π reff

3)/3, inwhich reff is defined as
the radius of a spherewith a volume equal to that of the particle.

The dielectric function of gold was taken from the litera-
ture.42 The grid size was chosen to be 0.5 nm to obtain con-
vergent results. For GNRs, the ends are modeled as half spheres
with the diameter the same as the rod. In the case of GNBs, the
apexes aremodeled as spherical caps with five cut facets. As the
radius was found to be in the range of 2.7�3.4 nm by statically
analyzed all the TEM results, we fixed it to be 3 nm to simplify
the simulation. This estimation is reasonable because the varia-
tion of the radius in such a small range would not influence
the absorption spectrum strongly.39 The refractive index n of
the surrounding medium in solutions was chosen to be 1.33,
while that between air and the substrate was set to be 1.25.22

All the filed distributions have been normalized to the incident.
As the field intensity decays rapidly from the surface of the

metallic nanoparticles, we integrated the field intensity over
the volume (with a thickness of 5 nm from the surface, refer to
Figure 8d) surrounding the GNR/GNB. This calculation can
provide more comprehensive information about the influence

of the field intensity on the PL from nanoparticles. Considering
the lightning-rod effect is frequency-independent, the inte-
grated field intensity at the excitation and emission wave-
lengths are multiplied.11

Calculation of Photoluminescence Quantum Yield. The PL QY of
individual GNBs and GNRs was calculated based on the mea-
sured PL spectrum and estimated effective volume. Specifically,
it can be calculated according to the following equation:22,33,43

Φ ¼ Nem

Nabs
¼ Nsignal=Det:Eff

σabsI=hν352
¼ Nsignal

Det:Eff
hν352
σabsI

¼ Nsignal

Det:Eff
hν352

Qabsπr2eff I

where Nem and Nabs are the number of emitted and absorbed
photons excited along their long axes.Nsignal is the background-
corrected signal intensity and I is the incident laser intensity.
σabs = Qabsπreff

2 is the absorption cross section and Qabs is the
absorption efficiency at a wavelength of 532 nm. Qabs is
obtained from the DDA simulation. reff is estimated by combin-
ing the AFM measurement, PL spectrum and DDA simulation.
hν532 represents the energy for a photon at the excitation
wavelength of 532 nm. The detection efficiency, Det. Eff, was
estimated to be 5% in our measurement.
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