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The optical extinction of single nanoparticles can be sensitively detected by spatial modulation spectros-
copy (SMS), where the particle is moved in and out of a tightly focused laser beam with a piezo-device.
Here we show that high sensitivity can be obtained by modulating the beam with a galvo-mirror system,
rather than by moving the sample. This work demonstrates an inexpensive method for making a SMS
microscope, and shows how an existing laser scanning microscope can be adapted for SMS measure-
ments. The galvo-mirror technique also allows SMS measurements to be performed in a liquid, which
is difficult to do with piezo-modulation. © 2013 Optical Society of America
OCIS codes: (110.0180) Microscopy; (300.1030) Absorption; (160.4236) Nanomaterials.
http://dx.doi.org/10.1364/AO.52.007806

Optical detection of single nano-objects with low fluo-
rescence quantum yields is challenging. Recently,
several absorption-based techniques have been
developed that can be used to study particles with
sizes of a few nanometers [1–6]. One widely used
method is photothermal heterodyne imaging (PHI),
where a nonresonant probe is used to detect the heat
deposited into the sample by a modulated pump
beam [1–3,7,8]. PHI has sufficient sensitivity to
detect single molecules [3] and can also be used to
study particles freely diffusing in a liquid [9,10].
However, PHI does not give direct information about
the extinction cross section of the nano-object being
interrogated [11,12], which is extremely useful for
characterization. In this regard, an attractive tech-
nique for studying small particles is spatial modula-
tion spectroscopy (SMS) [13–16]. In SMS the particle
is moved in and out of the laser focal spot, and the

change in transmitted power is recorded using a
lock-in amplifier. These measurements directly yield
the extinction cross section, which can be compared
to theory to determine the size of the particle [14,16].

In the standard implementation of SMS, a
piezo-device is used to laterally modulate the sample
position by a few hundred nanometers at kilohertz
frequencies [13–16]. In terms of sensitivity, single
5 nm nanoparticles can be detected with a signal-
to-noise ratio comparable to PHI [13]. SMS has also
been used to record the spectra of single metallic and
semiconductor nanostructures [14–17], which is
difficult to do with PHI [18]. However, an obvious
drawback to SMS is that it is a low-frequency
technique, which limits the sensitivity (due to 1∕f
noise), as well as the speed at which data can be
collected. Several recent papers have addressed
these issues. Fairbairn et al. improved the acquisi-
tion time of SMS by using a piezo-activated flexure
mirror to modulate the position of a beam focused
to a line at the sample, in conjunction with a line
camera [19]. They demonstrated signal-to-noise
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levels greater than 100 for 200 nm diameter gold
particles at video rates. Recently, Oudjedi et al. used
an acousto-optic deflector (AOD) to achieve modula-
tion frequencies of 100 kHz [20]. They were able to
measure the extinction cross sections of 10 nm gold
spheres with signal-to-noise of >20 for a 25 ms
integration time, as well as to detect isolated single
wall carbon nanotubes.

In this paper we describe the use of galvo-scanning
mirrors (GSMs, Thorlabs, GVSM0002) to modulate
the beam at the sample, rather than the sample at
the beam. Figure 1 gives a schematic of the experi-
mental setup. The reference output from a lock-in
amplifier (Stanford Research Instruments, SR830)
was used to wobble the GSMs, and the voltage
applied to the GSM system was adjusted to give a
modulation amplitude of 0.2 μm at the sample.
The deflection of the laser beam at the sample was
determined by calibrating the response of the GSM
with a ruled microscope slide. The beam from a
532 nm CW laser (Spectra Physics, Millennia Vs)
was directed through the GSM system, and then sent
to an inverted optical microscope (Olympus, IX71)
using a 4f lens system, where it was focused at
the sample with a high numerical aperture (NA)
objective (Olympus UPlan FLN, 100X 1.3 NA). A
second high NA objective recollimates the beam,
which is then directed to a Si photodiode detector
(PD) by a second 4f lens system. The 4f lens systems
project the beam from the GSM to the back aperture
of the focusing objective, and from the back aperture
of the collimation objective to the detector. This is
necessary to avoid clipping the beam as it is scanned
over the sample. The DC component of the PD signal
was recorded with a digital voltmeter (Keithley, 2000
Multimeter), and the in-phase (X) component of the
modulated signal was recorded by the lock-in ampli-
fier. Careful alignment of the lens systems reduces
the background in the SMS experiments to ΔI∕I <
10−5 (without the sample), which is similar to the
background levels in SMS experiments implemented
with piezo-stage modulation.

SMS images were generated by raster scanning
the sample through the laser spot using a piezo-stage
(Physik Instrumente, P-527. 3Cl), or by scanning the
beams over the sample with the GSMs. Typically a
lock-in time constant of 10 ms was used, with a
30 ms pixel dwell time for imaging. Since this system
involves the deflection of the beam rather thanmove-
ment of the stage, it can (in principle) be performed
at a higher frequency. However, for our experiments
the frequency is currently limited to 2 kHz, due to the
feedback loop in the GSM drive electronics. Note
that this optical system is similar to the one reported
by Oudjedi et al. for SMS implemented with an
AOD [20]. As part of this work we compare the
performance of the GSM system to an AOD
(IntraAction Corp.); however, the majority of the
experiments were performed with the GSMs.

The samples in these experiments were syn-
thesized using standard wet chemical methods
[21]. Briefly, 750 μL of a 1% by weight sodium citrate
solution was added to 50 mL of a boiling solution of
0.01% HAuCl4 · 3H2O in water. The solution turned
black at first, followed by the formation of a ruby red
solution. The mixture was refluxed for another
10 min, and then cooled to room temperature. The
particles had an average size of 23� 2 nm (error
equals standard deviation), as measured by trans-
mission electron microscopy (TEM, JEOL 2010).
Gold nanoparticle samples with sizes of 35� 4 nm
and 51� 3 nm were also prepared by using 300
and 200 μL of the sodium citrate solution, respec-
tively. A gold nanoparticle sample with a nominal
size of 10 nm was purchased from BBI. Subsequent
TEM analysis of this sample shows a size distribu-
tion of 9� 1 nm. Samples for SMS imaging experi-
ments were prepared by spin coating a dilute
solution of the nanoparticles onto a glass coverslip.
For the correlation measurements described below,
a drop of nanoparticle solution was added to a cover-
slip, and the focus of the laser was adjusted to be a
few tens of micrometers above the surface of the
coverslip, within the volume of the solution.

For a nanoparticle with dimensions much smaller
than the wavelength of the light, the transmitted
power Pt of a laser beam impinging on the particle
is given by Pt � Pi − σextI�x; y�, where Pi is the inci-
dent power, I�x; y� is the intensity of the beam at
the position of the particle, and σext is the extinction
cross section [13–16]. For a small modulation in
either the particle or beam position (for example,
y → y� δ sin�2πf t�) the transmitted power can be
Taylor expanded into a Fourier series in the modula-
tion frequency, where the coefficients for the different
frequency terms involve σext, the spot size of the
laser beam, the degree of modulation δ, and the first,
second, third, etc., derivatives of I�x; y�. These differ-
ent terms can be separately measured by the lock-in
amplifier.

Figures 2A–2D show SMS results obtained from
a Au nanoparticle sample with an average diameter
of 23� 2 nm, using the GSM system for beam

Fig. 1. Schematic of the experimental scheme for SMS measure-
ments with a galvo-scanning mirror system. The inset shows the
setup with the AOD. DVM, digital voltmeter; AOD, acousto-optic
deflector.

10 November 2013 / Vol. 52, No. 32 / APPLIED OPTICS 7807



modulation. Figures 2A and 2C are contour plots of a
4 μm× 4 μm area recorded at the fundamental f and
second-harmonic 2f frequencies. The data at f and
2f have the characteristic lineshapes expected for
the first and second derivatives of a Gaussian beam
[13,14]. Figures 2B and 2D show line profiles of the
data in Figs. 2A and 2C, along with fits to the
data using the expressions given in Refs. [13–16].
In these fits the beam size and σext were used as fit-
ting parameters. We obtain σext � 380� 30 nm2 for
the particle in Figs. 2B and 2D, with a spot size of
w0 � 380� 15 nm (this value was determined by fit-
ting the response from a number of particles).

The signal-to-noise level for the data in Figs. 2A
and 2B is approximately 90∶1. Figures 2E and 2F

show analogous contour plots (5 μm × 5 μm area)
and line profiles for a Au nanoparticle sample with
an average size of 9� 1 nm (error equals standard
deviation). The signal-to-noise for this data is
approximately 20∶1, which is comparable to the sig-
nal-to-noise levels obtained for SMS experiments
where the sample position is modulated. The
signal-to-noise in these measurements depends on
inhomogeneities in the substrate, which can cause
a background signal in SMS experiments. Improve-
ments in the signal-to-noise could be achieved by
using microscope oil to index match with the
glass slide.

The data in Figs. 2A and 2C show different
signal levels for different particles, which is due to

Fig. 2. A, 1f contour plot of the 23� 2 nm sample; B, line profile of a particle in A alongwith a fit to the data; C, 2f contour plot of the same
area as in A; D, line profile for the same particle as in B. The data were recorded with a lock-in time constant of 10 ms, a 30 ms pixel dwell
time, and an incident laser power of 100 μW. E, 1f contour plot of the 9� 1 nm sample; F, line plot of a particle with a fit; G, 1f contour plot
of the 23� 2 nm sample using an AOD; H, corresponding line profile and fit for a particle. The scale bar in all the images is 1 μm. The
circles indicate the particles analyzed in the line profiles.
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differences in particle size. The average cross sec-
tions measured for the two samples in Figs. 2A–2F
are 340� 108 nm2 and 40� 15 nm2 (error equals
standard deviation, approximately 40 particles
interrogated for each sample). The measured cross
sections can be converted to particle size by compari-
son with Mie theory calculations [13,22]. In these
calculations the effective dielectric constant of
the medium was set to the average value of glass
and air [22,23]. We obtain particle diameters of
20� 5 nm and 11� 3 nm, respectively, which are
in reasonable agreement with the average sizes
determined by TEM analysis of the samples.

In an attempt to improve the signal-to-noise ratio
in these experiments, we used an AOD to modulate
the beam position at a higher frequency [20]. The
AOD allows us to achieve modulation frequencies
of up to 500 kHz; however, the best images were
obtained at 50 kHz. In these experiments the first-
order diffracted beam from the AOD was directed
through the 4f lens system to the microscope. The
diffraction angle was then changed by changing
the frequency of the acoustic wave in the AOD. This
was achieved by applying a modulated voltage to the
frequency control of the AOD drive electronics. How-
ever, because the diffraction efficiency of the AOD
has a Bragg condition, we found it very difficult to
keep the intensity of the beam constant as it was
moved at the sample. Specifically, the Bragg angle
for the deflector is θB ≈ Fλ∕v, where F is the acoustic
frequency, λ is the wavelength of light, and v is the
velocity of sound in the AOD. Changes in F change
θB, which changes the diffraction efficiency for a fixed
alignment of the AOD. This creates a background in
the SMS image, which degrades the signal-to-noise.
Our best results were obtained using square-wave
modulation of the drive frequency, which creates
two spots at the sample, and adjusting the angle
of the AOD to minimize the background signal
(i.e., to equalize the intensity of the two spots).
Figure 2G is a contour plot of the 23� 2 nm sample
obtained using the AOD, and Fig. 2H is a line profile
from the image. The signal-to-noise level is approx-
imately 10∶1, and is clearly worse than that obtained
using the GSMs.

We have also used the GSM-SMS experiments to
study particles in a liquid. Figure 3 shows SMS time
traces for nanoparticles freely diffusing in water, and
in a water–glycerol mixture. Two samples were
examined, one with an average size of 35� 4 nm
(Fig. 3A) and another with an average size of
51� 3 nm (Figs. 3B and 3C). The smaller particles
clearly show faster diffusion, which is confirmed by
correlation analysis of the data [9,10,24,25]. These
measurements were conducted by recording the
magnitude of the fundamental signal from the
lock-in amplifier (R �

�������������������
X2 � Y2

p
), with a time con-

stant of 3 ms and a 10 ms bin time. (Equivalent re-
sults were obtained at the second harmonic, but with
worse signal-to-noise because of the lower signal
level.) The bin time limits the short time response

of the experiments, and means that the data in
Figs. 3A and 3B cannot be accurately analyzed to
yield a diffusion time [9,10,24,25]. We found that
reducing the lock-in time constant to less than
3 ms (in order to reduce the bin time) leads to a sig-
nificant increase in the noise for our 2 kHz modula-
tion frequency. Measurements were also carried out
in water–glycerol samples, which give slower diffu-
sion times. A time trace for the 51� 3 nm particles
in a 30% water–glycerol solution is shown in Fig. 3C,
and the corresponding correlation analysis is shown
in Fig. 3D. A fit to the correlation data using the
formula for three-dimensional diffusion is also pre-
sented in Fig. 3D [24]. This fit yields a diffusion time
of 360� 20 ms, which is consistent with previous
correlation measurements of gold particles diffusing
in water–glycerol solutions obtained using PHI [10].
Note that in principle, these experiments could be
performed by modulating the sample position with
a piezo-stage, as demonstrated by single particle
tracking experiments [26,27]. However, the modula-
tion frequency would be much lower in this case,
further increasing the bin time.

Finally, the GSM system can also be used to scan
the beam over the sample, as well as modulate the
beam position. In these experiments a DC voltage
generated by the computer is added to the AC signal
from the lock-in reference with a simple voltage
adder. The DC voltage controls the overall angle of
the beam from the GSM system and, therefore, the
position of the beam at the sample (as in a regular
laser scanning confocal microscope system), and
the AC voltage provides a small modulation of the
beam position along the x or y axis. SMS data for
the 51� 3 nm gold nanoparticle sample recorded
in transmission mode with the GSMs being used
to scan the beam are presented in Fig. 4A. Figure 4B

Fig. 3. A, time trace for diffusion of 35� 4 nm particles into the
laser focal volume; B, time trace for 51� 3 nm particles. Both
traces were recorded in water. The data were recorded with a
lock-in time constant of 3 ms, 10 ms between points, and a laser
power of 200 μW. C, time trace for the 51� 3 nm particles in a 30%
H2O–glycerol solution; D, corresponding correlation analysis of the
data in C.
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shows data recorded over the same region where the
piezo-stage was used to scan the sample position.
The two images are essentially identical.

Note that the signal-to-noise is slightly worse in
the beam-scanning experiment (Fig. 4A), due to
the appearance of small “waves” in the background.
We believe that these features arise from an etalon
effect in a 90% beam splitter before the microscope
objective (this optic is inside the inverted microscope
and is not shown in the schematic diagram of Fig. 1).
Specifically, the reflections from the two faces of the
beam splitter interfere at the detector. When the
GSM is used to scan the beam over the sample,
the angle of the beams at the beam splitter changes.
This causes small pathlength differences for the dif-
ferent reflections from the beam splitter, which cause
etalon effects in the detected signal. Images recorded
with the beam splitter turned around, so that the
reflective face is at the back, give larger fringes, as
expected for an etalon effect. We believe that this
effect could be greatly reduced by using better optics
in the measurements, or by constructing a home-
built microscope for SMS measurements that does
not have a beam splitter as part of the optics path.

In conclusion, this paper describes a modification
of SMS where a galvo-mirror system is used to
spatially modulate the beam at the sample. The tech-
nique is similar to the experiments recently reported
by Oudjedi et al., in which an AOD is used for
modulation [20]. The GSM approach offers several
advantages compared to the AOD: first (in our
hands) the signal-to-noise from the GSM system is
better. This is due to a background signal from the
AOD caused by changes in the diffraction efficiency
as the beam position is modulated. Second, the GSM
system is achromatic: the same degree of modulation
occurs for different wavelengths, unlike for an AOD,
where the amount of deflection at a given applied
acoustic frequency is proportional to the wavelength.
Finally, the GSM can also be used to scan the beam
over the sample. This means that a SMS microscope
can be constructed without a piezo-stage, resulting
in a significant cost reduction. These results also
show that SMS could be implemented on existing
laser scanning confocal microscopes, with only a sim-
ple addition to the electronics for the GSM system.

However, a disadvantage of this technique is that
it is still relatively low frequency; improvements in
signal-to-noise could be achieved by increasing the
modulation frequency.
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